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Foreword by the Association for Robots
in Architecture

Since the beginning of the Association for Robots in Architecture, it has been our
goal to promote collaboration within the community, but also with partners from
industry and cross-disciplines. Robots in Architecture is proud to be associated with
leading research organizations within architecture, such as ACADIA, or eCAADe
but the scope of work that is being done by the community is starting to exceed the
field of architecture into many other new domains, and we feel that it is important to
accompany such steps. One measure to ensure the exchange across disciplines and
other domains is to open the community to disciplines such as engineering and
robotics by establishing common platforms where people can meet and exchange
their ideas and research. Together with Springer, the Association for Robots in
Architecture has therefore established a new Journal for Construction Robotics with
the first published issue at the end of 2017 to foster collaborative papers and
high-quality research in architecture.

Another goal for the Association was to join forces with associations in
Robotics. In 2016, Robots in Architecture joined euRobotics AISBL, the largest
public—private partnership involving robotics in Europe. Sigrid Brell-Cokcan
co-established a new Topic Group on Construction Robotics, acting alongside the
other established 30 topic groups within euRobotics, ranging from wearables,
bio-inspired robotics, health care, mining to infrastructure. In 2018, Sigrid has
joined the board of directors.

Through networks such as euRobotics, it is not only possible to promote a field
of research, but also to actively shape policy, so that the importance of Construction
Robotics is recognized, and appropriate research funding is allocated to relevant
topics. Through the Multi-Annual Roadmap in research for the EU and its Horizon
2020 programme, these initiatives not only reach a chosen few researchers in
academia, but also a wide range of commercial and non-commercial research
institutions, robotics developers and users alike in Europe and beyond.

This year, we recognize the importance of such public—private partnerships and
euRobotics by presenting euRobotics chairman Bernd Liepert with the Rob|Arch
Community Contribution award. It is our goal that more researchers within the
Robots in Architecture community will reach out to large-scale research and believe
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strongly that euRobotics AISBL is a prime example on how to combine economic
with academic and political interests, fostering the common goal of creating robotic
innovation.

Innovation is also one of the core qualities we are looking for when selecting
awardees. This year’s Pioneering Achievement and Pioneering Industry Award
goes to two very different architectural companies, who have greatly facilitated the
potential of robotic processes in their work.

The internationally highly reputed architectural office Snehetta was one of the
first architectural companies to invest in robotic arms, joining us for our first
KUKA|prc workshop in 2010 at the Advances in Architectural Geometry
Conference in Vienna. For them, the robot has been an important tool for proto-
typing new approaches and design, placed closely to the open office in Oslo.

The second awardee is Branch Technology from Tennessee in the USA, who
have gone even further by not just using robots as CNC machines, but by devel-
oping their own robotic processes for large-scale robotic 3D printing. What we feel
is special about Branch is that it is a company by architects who develop products
for architects. As such, they did not stem from academia but from practice and
therefore had to find investors to fund their ideas. Today they have a team with a
wide variety of backgrounds and have realized a number of large-scale projects,
collaborated with companies such as Foster + Partners and even won an award for
their joint vision of future construction on Mars by the NASA. We believe that this
drive embodies the true spirit of the community. We see in Branch a perfect role
model where robotics lies at the core to enable technology-driven creativity in new
business models.

By Yu Lei’s research at Tsinghua University in China and his own professional
workshop, we do not just honour a single person, who has made significant con-
tributions to architectural robotics in China, but also the entire Chinese community
of companies and researchers, where the past years have seen great developments
and a surge of new ideas and initiatives, as was demonstrated at this year’s
CAADRIA conference organized by Prof. Xu Weiguo and the DADA community.
While the potential for Construction Robotics in China is huge, there is also a great
need for education and research and thus educators like Yu Lei are important
trailblazers by sharing and starting new business models in architecture.

We also believe that it is important to recognize the researchers, without whose
work into robotics we would not have today’s sophisticated methods and machines
at hand, and who create tomorrow’s tools and processes today. Jonas Buchli,
director of the ETH Zurich Agile & Dexterous Robotics Lab, is one such pioneer
whose work spans across many disciplines—from neurobiology and human loco-
motion to service robotics and also architecture, where has been a Principal
Investigator of the NCCR Digital Fabrication, developing the In situ Fabricator (IF),
with the goal of enabling the machine to autonomously perform precise mobile
manipulation tasks in unstructured and unpredictable environments. We recognize
his work with a Pioneering Research Award.



Foreword by the Association for Robots in Architecture vii

In 2018, the Rob|Arch conference is back in Europe for the first time since
Vienna in 2012 and is being hosted at ETH Zurich. ETH Zurich, in particular
through the work of Gramazio Kohler Research, has been a central part of the
research community and further solidified that status with the creation of the NCCR
Digital Fabrication, a multi-disciplinary research cluster with more than 14 pro-
fessors. We see ETH Zurich and the NCCR Digital Fabrication as a prime example
how research can happen on a very large scale, with highly interdisciplinary and
diverse research teams. At the same time, we believe that innovative research can
also be done at a smaller scale, as it is demonstrated by this year’s 15 Rob|Arch
conference workshops, involving tutors from more than 25 institutions, that are
hosted centrally in ETH Zurich’s Robotic Fabrication Laboratory.

An effort like Rob|Arch 2018 is only possible when many people work together
towards a common goal. We would like to thank our local hosts at ETH Zurich and
the NCCR Digital Fabrication, the Scientific Board led by Jan Willmann and all
minds and hands involved in setting up such a big event.

We are grateful to Matt Jezyk (Autodesk) and Alois Buchstab (KUKA) for their
continuing and enthusiastic support of the community through their respective
companies, and we would like to thank all sponsors of this conference — Arup,
BCQG, Sika, Erne, Moog, and Bachmann Engineering — for this year’s collaboration
in making Rob|Arch 2018 a success.

Sigrid Brell-Cokcan
Association for Robots in Architecture

Johannes Braumann
Association for Robots in Architecture
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New Scientific Frontiers

The emergence of robotics with the creative sectors has led to an entirely new
epistemology of collective making that is inextricably open and future-oriented.
Challenged by increasingly complex technological and environmental problems,
architects, designers, civil and process engineers, and roboticists are seeking novel
practices of collaboration and exchange that deliberately overcome and dissolve
traditional disciplinary boundaries. This collective approach to working with robots
is not only revolutionizing how things are designed and made, but is fundamentally
transforming the culture, politics and economics of the creative industries as a
whole.

What distinguishes contemporary industrial robots from their industrial prede-
cessors—and indeed from other contemporary computer-controlled devices—is
their versatility. Like computers, today’s robotic arms are suitable for a wide variety
of tasks: they are “generic”, open-ended, adaptable and not restricted to any par-
ticular application or disciplinary focus. This versatility allows them to be readily
customized and programmed to suit a wide range of specific intentions, both at the
material and conceptual levels. It has also allowed us to shift our perception of
robots as mechanistic, utilitarian devices suited to standardized serial production,
towards understanding them as creative tools for exploring, designing and realizing
physical objects and the built environment. If the first robotic age—the age of
industrial automation—vastly improved our physical productivity, the second
robotic age will surely come to distinguish itself as a driver of creative capacity.

The present moment is ripe for connecting robot technology with imagination
and materialization, inspiring new fundamental discoveries and opening new sci-
entific frontiers. In fact, we have within reach access to volumes of information and
centuries of knowledge about how to design and realize the material world. Aided
by global digital connectedness, open-source ideals and collective encounters,
robotics rejuvenates traditional disciplinary wisdom with entirely new practices of
scientific collaboration and knowledge transfer. Now, more than ever, we are

ix



X Preface

coming to understand that robotics research should not be bound by constricting
disciplinary standards, constraints or ideologies lest we limit its potential. Yet to
explore this unprecedented potential requires not only a technical grasp of robots’
capabilities and limitations, but also an in-depth understanding of the disciplinary
consequences of robotics research. With its theme of “Radical Cross-disciplinarity”,
Rob|Arch 2018 facilitates this understanding by encouraging novel scientific
approaches, applications and collaborations, not just in robotics, but beyond.

Closing the Loop

The Rob|Arch conference series was first launched in Vienna, Austria, in 2012 by
Sigrid Brell-Cokcan and Johannes Braumann, the founders of the Association for
Robots in Architecture. Their purpose was to make industrial robots more acces-
sible to the creative industries—including art, design and architecture—by sharing
ideas, research results and technological developments. The series has since become
a biannual tradition in the international community (travelling to Michigan, US, in
2014 and to Sydney, Australia, in 2016) and has decisively boosted the exchange
and dynamics within.

In 2018, Rob|Arch lands at the Swiss Federal Institute of Technology in Zurich
(ETH Zurich), marking an important milestone for the digital fabrication commu-
nity: ETH Zurich is not only one of the leading international universities for
technology and science, it is also the institution where the first industrial robotic
fabrication laboratory for non-standard architectural fabrication processes was
installed in 2005. Closing this loop gives us the opportunity to foster novel
explorations and state-of-the-art knowledge, techniques and methods, while con-
solidating and advancing our collective understanding of the evolution and impact
of robotics in art, design and architecture.

It is no coincidence that Rob|Arch 2018 is also co-hosted by the Swiss National
Centre of Competence in Research (NCCR) in Digital Fabrication. Launched in
2014, the NCCR Digital Fabrication is itself a truly cross-disciplinary research
platform meant to foster the seamless combination of digital technologies and
physical building processes through cooperation and exchange beyond disciplinary
boundaries.

Content and Contributions

The Rob|Arch 2018 publication features the most important contributions to the
conference. Rather than featuring merely formalist or technicist robotic adventures,
this publication goes beyond pure built outcome to forward fresh approaches to
scientific innovation, knowledge exchange and cross-disciplinary collaboration.
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This includes designers, artists and architects, and also—and increasingly—com-
putation and robotics experts and builders, materials scientists and engineers,
process and systems specialists and manufacturers, to name just a few. As a con-
sequence, this book gathers exceptional, scientifically rigorous projects that not
only transform the way we design and make, but which also build collaborative
capacity in the field of robotic fabrication.

The structure of this publication addresses this “new territory” of collaborative
research. Stepping beyond theoretical observation, it outlines five distinct epicentres
of practical research, which range from design and simulation research to auto-
mated assembly and real-world applications. Robotics and material and structural
engineering play an integral role in each of these five areas.

Chapter 1 (“Design and Simulation) discusses new computational approaches
to image classification using neural networks, stochastic assembly and deep
learning for robotic construction; it also presents procedural fabrication workflows
and haptic programming techniques, automatic path planning methods, visual
feedback techniques, and function representation models.

Novel materials and material processes for robotic fabrication are introduced in
Chapter 2 (“Material and Processes”), including thermally tuned concrete panel
printing, time-based material deposition, and digitally controlled concrete injection
processes. This is complemented by research into the robotic manipulation of fil-
ament material and the automated control of material behaviour for spatial extrusion
processes.

In Chapter 3 (“Construction and Structure”), the emphasis is on new robotic
construction processes and structural applications, for example bespoke concrete
reinforcement, highly versatile wood processing, automated band-saw cutting for
complex timber structures, fabrication-aware methods for the realization of
non-standard timber shells, and an advanced hybrid subtractive-additive approach
to robotically construct double-curved concrete shells. Finally, the chapter presents
a novel approach to the construction of jammed architectural structures.

Robotic control, machinery, tooling and fabrication are discussed in Chapter 4
(“Control and Fabrication”), involving tubular composite fabrication with the aid of
robotic swarms, automated manufacturing of natural composites, 3D printing with
clay on freeform moulds, choreographic robotic wood manipulation, aerial con-
struction using a cyber-physical macro-material system, as well as adaptive robotic
carving. Also outlined in this chapter are approaches for multi-mode hybrid fab-
rication, robotic extrusion of functionally graded building components, as well as of
elements with non-standard topology, on-site robotic construction and additive
manufacturing techniques for non-woven textiles.

The transfer to larger scales of real-world applications and practices is addressed
in Chapter 5 (“Application and Practice”). Here we present automated slipforming
for facade elements, robotic brick printing and stacking, robotic sewing of wooden
shells, additive manufacturing of truss-shaped concrete pillars, and the realization
of topology-optimized concrete structures using abrasive techniques. Large-scale
bespoke timber frame construction and cooperative robotic brick assembly are also
discussed.
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Workshop Activities

Rob|Arch 2018 features a variety of formats and sessions to encourage creative
dabbling and encounters with different research topics, practices and field-wide
issues. Led by experts from academia, practice and industry, Rob|Arch 2018
workshops empower participants to learn and practise hands-on skills, and discuss
cutting-edge fabrication techniques and trends with their peers in a collaborative
environment.

This year’s workshops offer a broad range of topics, including multiple robotic
fabrication, industry-grade robotic programming using HAL, robotic real-time
control using Grasshopper, robotic fabrication through the COMPAS framework,
chainsawed wood joinery, cooperative robotic assembly of spatial timber structures,
large-scale robotic construction, hybrid robotic 3D printing of concrete shell
structures, autonomous robotic swarm systems, adaptive spatial 3D printing of
space frame structures, automated assembly in constrained sites, mixed reality
environments for complex steel structures, mixed reality simulation for collabora-
tive design exploration, as well as an introduction to KUKA|prc for Dynamo.

Beyond Boundaries

Rob|Arch 2018 aims to bring the community ground-breaking approaches to
robotic fabrication from the most innovative research laboratories in the world, all
while illuminating alternative pathways to boosting cross-disciplinary research and
exchange. This publication therefore highlights contributions that not only sub-
stantially advance the state-of-the-art in robotic fabrication, but also challenge the
reputedly clear division between research, practice and industry.

It is our belief that effective knowledge transfer and exchange between different
disciplines is crucial for the development of truly innovative and high-impact
research in robotics, a priori, rather than a posteriori. Specifically, Rob|Arch 2018
looks at new paradigms of scientific collaboration, along with the challenges, risks
and dynamics within this process. Given that our collective expertise includes
autonomous control systems, advanced construction, collaborative design tools,
computerized materials and structures, adaptive sensing and actuation, on-site and
cooperative robotics, machine-learning, human—machine interaction, large-scale
robotic fabrication and networked workflows (the list goes on), we can no longer
discuss cross-disciplinarity, cooperation and collaboration in abstract terms. Doing
so would be utterly inadequate to address the manifold cultures and practices of
robotics that have emerged to master the increasingly complex technological and
environmental challenges we face today.

While we have observed a growing capacity for knowledge transfer and
exchange in Rob|Arch submissions with each subsequent edition of the conference,
this year the blurring of disciplinary boundaries between creative-, scientific- and
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practice-based domains is particularly significant. We view this as a sign that
complex problems cannot be dealt with from a single disciplinary perspective alone.

Yet, while this blurring has yielded many new robotic explorations and
real-world applications, these have not taken place uniformly. For example, the
fields of intelligent computational design and simulation systems are particularly
benefiting from an expanded set of collaborations and exchange between
researchers and industry practitioners. Other areas that have especially benefitted
from collaborative exchange include: advanced robotic control systems, and feed-
back processes that enable robots to adapt to different material conditions and
changing environments. In all these cases, constant interaction and knowledge
transfer between architects, designers, engineers and roboticists are pivotal, both as
a result and as a catalysing instrument.

The fast pace of creative and scientific research documented by Rob|Arch is no
doubt a result of the bringing-together of diverse disciplines, competences and
cultures. Perhaps the emerging cross-disciplinary culture of robotic fabrication
research will, through the collaboratively built future environment, one day yield a
generational change in how we view the collaborative creative process more
broadly. As Richard Sennett once described it: it stimulates a gathering of creative
explorations similar to collective encounters that in the pre-machinic age used to be
related with, and venerated for, all things man-made.
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Abstract. Inspecting robotically fabricated objects to detect and classify dis-
crepancies between virtual target models and as-built realities is one of the
challenges that faces robotic fabrication. Industrial-grade computer vision
methods have been widely used to detect manufacturing flaws in mass pro-
duction lines. However, in mass-customization, a versatile and robust method
should be flexible enough to ignore construction tolerances while detecting
specified flaws in varied parts. This study aims to leverage recent developments
in machine learning and convolutional neural networks to improve the resiliency
and accuracy of surface inspections in architectural robotics. Under a supervised
learning scenario, the authors compared two approaches: (1) transfer learning on
a general purpose Convolutional Neural Network (CNN) image classifier, and
(2) design and train a CNN from scratch to detect and categorize flaws in a
robotic plastering workflow. Both CNNs were combined with conventional
search methods to improve the accuracy and efficiency of the system. A web-
based graphical user interface and a real-time video projection method were also
developed to facilitate user interactions and control over the workflow.

Keywords: Architectural robotics + Machine learning
Convolutional neural networks - Image classification

1 Motivation

Surface finishing is an essential domain in the architectural construction practice, which
requires high-skilled workers and demand accurate quality control procedures. By way
of example, the authors have developed a robotic workflow to use industrial robots for
decorative plastering techniques (Bard et al. 2016a, b). One of the remaining challenges
in this workflow is to implement an automated, precise, and reliable quality control
pipeline to guarantee satisfying results through a touch-up scenario. The touch-up
procedure would let the user automatically inspect the surface and detect any unwanted
fabrication artifact and command the robot to correct it.

Researchers have developed a wide range of scanning systems using different
combination of sensory data, including, but not limited to, multiple RGB cameras/view
(Vasey et al. 2014), RGB cameras combined with pattern projection (Rocchini et al.
2001; Zhang et al. 2002), RGB-D sensory data (Amtsberg et al. 2015), and depth data
(Bard et al. 20164, b) to reconstruct a digital representation of the physical models that
can be used in the feedback loop.
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Construction tolerances standards may vary from rough to finish application
resulting in different level of accuracy in each of these phases (Bard et al. 2016a, b).
The achievable level of accuracy by the above-mentioned techniques with respect to
the construction tolerances might not be desirable for such a delicate task as surface
finishing and touch-up tasks.

Our approach requires a vision-based solution to detect texture flaws (i.e., scrat-
ches, bubbles, ...) and small-scale 3D finishing issues (i.e., holes, unfinished patches).
It proposes a single-camera solution without 3D reconstruction as the main input for the
quality check workflow. This will result in simpler hardware setup, faster workflow,
and lower costs. This approach can also be useful for other fabrication workflows, for
example subtractive and deforming manufacturing.

The proposed system takes advantage of a state-of-the-art computer vision method
based on Convolutional Neural Network (CNNs or ConvNets) for image classification
and object detection.

Recently CNNs have dominated the image processing field, outperforming other
image processing and computer vision methods by a large margin. Since 1990’s CNNs
have been used for different applications, including, but not limited to optical character
recognition, medical image processing, feature extraction, object recognition, image
understanding, and optimization (Egmont-Petersen et al. 2002; LeCun et al. 1989),
thanks to their robust and real-time performance even in noisy spaces (Pal and Pal 1993).

The breakthrough advancements in computational hardware (efficient GPU archi-
tectures, possibility of distributed/multi-core/cloud-based/parallel processing, and
dramatic cut in the hardware and service prices), alongside the open-source and widely
accessible software platforms for machine learning, simplified and enhanced the
implementation of CNNs in different contexts. CNNs can now be deployed with a
reasonable budget and fewer technical challenges. These factors render CNNs as the
method of choice for image classification and object detection in the past few years.

2 Methodology

The authors tested two approaches to implement CNN for this task, (1) transfer learning
on Google’s Inception v3 model and (2) design and training a CNN from scratch. The
resulting CNN were tested for accuracy and efficiency in a robotic plastering workflow
as a vision-based feedback loop for surface touch-ups.

Since its public release, Inception v3 has been used as an almost off-the-shelf image
classifier for different use-case scenario. Several research teams leveraged this archi-
tecture for scientific studies, possibly most notably, for example detecting skin cancer
classification (Esteva et al. 2017). In its purest form, it only requires users to organize
the training dataset in a folder structure and run the provided script for a desired
number of epochs. This doesn’t necessitate any substantial machine learning knowl-
edge or advanced programming skills. On the other hand, design and training a model
from scratch demands for both but may provide simple and optimized results.
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2.1 Apparatus Setup

Hardware. The hardware setup consists of two different end-of-arm-tool assembly
(EOAT) and the connected computer unit. The first EOAT was designed to apply
plaster and the second one was dedicated to the quality control and feedback loop. It
includes a camera and a video projector to capture images and project results on the
probing surface (see Fig. 1).

Despite the resiliency and scalability, CNN algorithms are computationally complex
and expensive. While embedding computing solutions from nVIDIA, i.e. Jetson series,
are capable of running such CNNs, authors decided to centralize all the computational
process on a connected computer, leveraging GPU acceleration.

Fig. 1. End-of-arm-tools, left: plastering tool, right: camera and projector

Software." A user interface was developed as a web-based application using Django
framework. This architecture makes it possible to use HTML/JavaScript interactions at
the front-end while leveraging Python scripts on the back-end. User can interact with
the robot for motion commands, triggering the image processing workflow, and
monitor the results.

To control the cameras, an in-house library was developed leveraging GoPro’s
built-in Wi-Fi protocol that provides full control over the camera functionalities.

The robotic control module was developed based on project Open-ABB (Dawson-
Haggerty, n.d.). It communicates with the IRC5 controller to transfer motion com-
mands and inquire robot’s status (see Fig. 2).

2.2 Data Set

The data set consists of images taken from a series of plaster finishes applied by a robot
on drywall test panels. To collect the training samples, the GoPro camera was used to
take 5 mega-pixel images of available plastered panels. Due to the GoPro camera
significant lens distortion an image calibration method was applied using OpenCV, and

! Code for this project are available on GitHub (https:/github.com/Ardibid/RoboticPlasteringCNN).
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Fig. 2. System architecture
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only the central 1024 px x 1024 px region of each image was used. Images were
manually cropped and labeled into smaller sections as one of the three main classes:
(1) pass, (2) fail, (3) markup (see Table 1). Then the same data set was categorized in
five classes; perfect or near-perfect plaster regions were labeled as (1) pass, while
images containing fabrication flaws including: (3) holes, (4) scratches, and (5) unfin-
ished surfaces were categorized as fail. The markup class was left intact (see Table 2).

The markup class was dedicated to hand drawn characters that users could sketch
on the work surface to communicate with the robot. Markup training samples were
taken from hand drawn marks on a white surface in the same lighting condition as the

plastered panels.

Table 1. Training data set for three classes

Class Training samples | Validation samples | Test samples
1 Pass 77 23 26
2 Fail 135 42 52
3 User markup | 91 28 36
Total = 510 303 (~%60) 93(~ %18) 114(~ %22)
Table 2. Training data set for five classes
Class Training samples | Validation samples | Test samples
1 Bad finish |26 9 10
2 Holes 29 8 11
3 Rough finish | 78 22 29
4 User markup | 87 29 36
5 Pass 68 23 27
Total: 492 288 (~ %59) 91(~ %18) 113(~ %23)
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2.3 Image Classification Methods

In addition to designing and training a CNN from scratch, it is a well-established
practice to repurpose currently available CNN architectures and their pre-trained
models for a new task. Shin et al. categorized three methods to repurpose CNNs for
image detection as: (1) training CNN from scratch, (2) using available CNNs without
training the network, and (3) using unsupervised pre-training and fine-tuning (Shin
et al. 2016).

Transfer learning on Inception v3. In 2014, Google’s entry for the Large-Scale
Visual Recognition Challenge (ILSVRC2014), titled GoogleNet demonstrated aston-
ishing performance (Russakovsky et al. 2015; Szegedy et al. 2015; Szegedy et al.
2016). The core model behind GoogleNet was called Inception (Szegedy et al. 2016)
(Fig. 3) which adopted a relatively simpler architecture compared with other com-
petitors and was computationally less expensive. Since then, the inception model has
been used in cutting-edge research for object classification in different contexts, notably
medical image processing (Esteva et al. 2017).

What makes the Inception model an ideal platform for object categorization in
different contexts is its flexibility to be retrained for relatively similar tasks. This
approach, called transfer learning, is a well-practiced method to fine-tune and repur-
pose CNN models for new tasks with very small training data set to train a deep CNN
(Donahue et al. 2014).2

By only modifying the second to last layer of the model, transfer learning on
inception v3 eliminates the need for training a whole new model from scratch for every
new set of classes. Transfer learning could be a proper choice for this use case scenario
since (1) it has already been trained to detect a wide range of features and there is no
need to train it from scratch, theoretically this will save substantial amount of time;
(2) it performs well when the size of training dataset is relatively small; (3) it requires a

Inception V3 { } 0 } { { oee
o
Proposed CNN gocos
Convolution Average Pooling Max Pooling ~ (77) Concat (1) Dropout (@0 Fully Connected (@l Softmax Flatten

Fig. 3. Inception v3 architecture compared with the proposed architecture (Inception architec-
ture diagram is reproduced from (“Inception v3,” 2018))

2 In the same year, at CVPR2014, Oquab et al. and Sharif et al. also addressed transfer learning and
representation. For further information please look at (Oquab et al. 2014; Sharif Razavian et al.
2014).
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simple workflow to repurpose the model. In light of these three advantages, we decided
to exploit transfer learning technique as a possible back-end methods for our feedback
loop system.

Proposed CNN. A significant trade-off of using transfer learning is the heavy model
that it entails. Trained to classify one thousand classes of objects, the CNN trained
model occupies hundreds of megabytes on the system storage and requires expensive
computation to process a single image.

However, in our case, most of the captured images are of low contrast with pri-
marily white backgrounds and subtle changes in color. This color space requires dif-
ferent feature layers for an efficient classification. Accordingly, the authors designed
and trained a sequential multi-layer CNN. This architecture has already been proved its
performance in several state-of-the-art models, including AlexNet (Krizhevsky et al.
2012) and later VGGNet (Simonyan and Zisserman 2014).” The proposed architecture
is significantly simpler than of the Inception, resulting in a speed boost.

The authors designed and tested a series of CNNs using Keras with Tensorflow
back-end to find an optimum architecture. Several combinations of convolutional,
dropouts, and fully connected layers have been tested. In each architecture, all models
have been trained for a fixed number of epochs and the model with the highest f1 score
were selected. The results from each architecture were then compared with each other
to select the optimum architecture. The selected architecture demonstrated the highest
f1 score on both 5 and 3-class classification, while the others failed to demonstrate
same f1 score or took longer epochs to converge to the same score.

The proposed architecture consists of four convolutional layers (3 x 3 kernel)
paired with Relu activation function, and maxPooling (2 x 2), followed by three fully
connected layers and softmax at the end. To reduce the effects of overfitting, it also
leverages dropout to prevent inter-dependencies between hidden layer nodes (see
Fig. 4 and Table 3).

64x64x3  62x62x64 31x31x64 29x29x128 14x14x128 12x12x256 6x6x256  4x4x256  2x2x256 1024 128 128 5
| /
i /
= — e - I
O O Ttk
\
\
c Max Pooling C i Max Pooling C i Max Pooling C i Max Pooling Flatten Dropout F.C. Dropout F.C. Soft Max
3x3 Kernel 2x2 3x3 Kernel 2x2 3x3 Kernel 2x2 3x3 Kernel 2x2 05 05
RelU RelU RelU RelU

Fig. 4. Our CNN architecture for 5-class model

3 AlexNet architecture might be confusing at the first sight since it has two parallel pipelines.
However, the reason behind this dual pipeline is to train the model on two separate GPU
simultaneously.
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Table 3. Proposed CNN layers

Layer (type) Output shape Param #
conv2d_1 (Conv2D) (None, 62, 62, 64) | 1792
max_pooling2d_1 (MaxPooling2) | (None, 31, 31, 64) | 0
conv2d_2 (Conv2D) (None, 29, 29, 128) | 73856
max_pooling2d_2 (MaxPooling2) | (None, 14, 14, 128) | 0
conv2d_3 (Conv2D) (None, 12, 12, 256) | 295168
max_pooling2d_3 (MaxPooling2) | (None, 6, 6, 256) 0
conv2d_4 (Conv2D) (None, 4, 4, 256) | 590080
max_pooling2d_4 (MaxPooling2) | (None, 2, 2, 256) 0
flatten_1 (Flatten) (None, 1024) 0
dropout_1 (Dropout) (None, 1024) 0
dense_1 (Dense) (None, 128) 131200
dropout_2 (Dropout) (None, 128) 0
dense_2 (Dense) (None, 128) 16512
dropout_3 (Dropout) (None, 128) 0
dense_3 (Dense) (None, 5) 645

3 Training Results

3.1 Transfer Learning

We used the model from the Tensorflow GitHub repository and followed the steps
described in Tensorflow documentation (“Image retraining Tutorial,” n.d.). The result
after 4000 epochs are reported in Table 4.

Table 4. Training results, transfer learning (The training results in this chart directly result from
the script provided on TensorFlow’s GitHub repository after introducing new training samples.
No fine-tuning, modification, or custom loss function has been applied to the re-training process.
F1 score is measured on a test data set after the training phase.)

Three-class model Ave. time to process batch of
114 patches of 64 x 64
Train acc.: 1.000 | Val. acc.: 1.00 (N = 100) 10-11 s

Test. acc.: 0.964 (N = 112)
Test F1 score: 0.9469
Five-class model

Train acc.: 0.990 | Val. acc.: 0.79 (N = 100) 12-13 s
Test. acc.: 0.904 (N = 104)
Test F1 score: 0.8938

3.2 Our Model

In this model, the authors leveraged data augmentation to increase the data set size and
improve the model’s resiliency against small variations of the input data. Training and
test samples where reshaped to the same size (28 x 28 x 3) beforehand. The model
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Table 5. Training results, our model

Three-class model | F1 Score Ave. time to process batch of
114 patches of 64 x 64

Train: 0.9826 | Validation: 0.9892 | Test: 0.9736 19 ms

Five-class model | F1 Score

Train: 0.8559 | Validation: 0.9333 | Test: 0.9292 19 ms

was trained in two scenarios, one with (1) pass, (2) fail, and (3) markup labels* and the
second one trained to define different types of fail including (1) bad finish, (2) hole,
(3) rough finish (see Table 5 and Fig. 5).

3.3 Method Comparison

Comparing the speed and accuracy of the two approaches, signifies that the lighter and
less complex architecture of the proposed CNN is on par and even better than what we
could obtain using transfer learning. Transfer learning is significantly less complicated
method, from the user point of view, that doesn’t require significant understanding of
machine learning. However, it is not an efficient method for fast image classification
which is essential in this use-case-scenario.

On the other hand, designing, fine-tuning, and testing a CNN from scratch requires
additional skills and substantial amounts of time in advance. But it pays off with the
accuracy and efficiency it brings to the inspection process. Accordingly, we decided to
continue with this proposed CNN.

4 Testing Implementations Scenarios

The proposed CNN was used as the image-classification back-end for a robotic plas-
tering feedback loop, which consist of classification tool, user interface, and user
interactions.

4.1 TImage Surveying Methods

To survey each image, the algorithm divides it into a gird of 64 x 64 px patches that
could be fed into the classifier in batches.” With the hardware setup described above, it
took 50 ms on average to process a 256 x 64 x 64 batch of data, equivalent of a 1024 x
1024 image.

* Markups are simple user-defined drawings, i.e. circles and crosses, that can be used to communicate
with the system.

5 Although the authors first implemented Quad Tree search algorithm to compensate for the possible
slow classification pipeline, the final model performance was good enough to provide near real-time
experience. Accordingly, we opted for a grid search algorithm and avoided potential challenges that a
Quad Tree search would introduce. The biggest drawback being its tendency to ignore small features
in the initial steps of the search process when surveying large areas of the given image.



J. Bard et al.

12

=
S
E
2

o
] el
S Ei
2 <3

" <
% 8 4
= 2 e
= " <
2 £ g
2 2 2
=
5
E
2
° 3
o 2
b. m.ﬂ

bad

rough

rough

rough

rough

rough

Tough

rough

rough

rough

rough

rough

rough

rough

rough

rough

rough

rough

rough

rough

rough

rough

rough

rough

rough

rough markup markup markup markup markup markup

rough

markup markup markup markup markup markup markup

markup

markup

markup markup markup markup markup markup

markup

markup

markup markup markup markup markup markup

markup

markup

markup markup markup markup Pass Pass

markup

Pass Pass

Pass

Pass Pass Pass

Pass

Pass

Fail Fail Fail Fail Fail Fail Fail

Fail

Fail Fail Fail Fail Fail Fail Fail

Fail

Fail

Fail
Fail

Fail
Fail

Fail
Fail

Fail
Fail

Fail
Fail

Fail
Fail

Fail
i Fail
Fail

Fail Markup Markup Markup Markup

Fail

Fail

Markup Markup Markup Markup Markup Markup

Markup

Markup Markup Markup Markup Markup Markup Markup

Markup

Markup Markup Markup Markup Markup Markup

Markup

Pass Pass

Pass

Pass Pass Pass

Pass

Pass

Fig. 5. Test cases for five-class (Top), three-class (Bottom) models. Errors are highlighted in red
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4.2 User Interface/Interaction

Two models of interaction were designed and implemented for user interaction, first a
web-based graphical user interface (see Fig. 6). In this interface, the user can send
motion commands, make queries on the robot status and trigger the feedback loop
process. Moreover, the user can command the robot to trowel a new layer of plaster
and/or compensate for the detected flaws in a localized area of the surface.

Second interaction model consists of a real-time image projection over the working
area. Users can jog the robot to a specific region of the surface and trigger the feedback
process. In this case, a mounted projector highlights the detected flaws directly on the
surface in real-time (see Fig. 7). In this model of interaction, users do not need to use a
separate computer unit, making it more useable for on-site applications. Users can also
interact with the robot by drawing a series of pre-defined mark ups on the surface.
Using such markups, user can override the feedback loop results and force the robot to
add/remove specific regions to error/pass cases (se Fig. 8).

B /O s x|+ ~
<« SR oo x| h L@

‘f"f @
/o)~
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Fig. 6. User interface as running on a web browser

Fig. 7. Feedback-loop highlights on the finished surface (Left: scanning area, Center:
camera/projector calibration, right: projected results, highlighting fail regions)
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Fig. 8. Projection results on a surface with fine finish (Left: Original surface, Center:
Highlighted flaws, Right: Markup detection)

5 Conclusions and Next Steps

In this work, we proposed two vision-based feedback loops based on CNNs and
measured their performance in classification accuracy and speed. Due to the specific
visual properties of the scanned surfaces, a custom-made shallow model could suc-
cessfully accomplish the task in almost real-time fashion, outperforming state-of-the-art
deep CNN architectures in this application. The proposed models performed well on
both rough surfaces and fine finishes, using only one RGB camera.

As additive manufacturing techniques for construction mature, there will be an
increased demand for more robust finishing approaches when manufacturing viable
architectural components. In automated robotic finishing and touchup scenarios, inspection
feedback loops with a high level of hardware simplicity, accuracy, and capability of cat-
egorizing detected flaws are of great importance. As the authors look to develop this work,
we anticipate extending the application of the proposed model to more complex component
geometries (i.e. (Bidgoli and Cardoso Llach 2015)) and different finishing/touch up sce-
narios using a variety of building materials (e.g., concrete, metal, or wood).
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Abstract. Advances in contemporary 3D scanning and bespoke robotic tech-
nologies have enabled architectural structures to be directly constructed from
naturally grown wood. However, design precedents using natural wood logs are
still dominated by design approaches using predefined geometric models. The
limit of this approach lies in the necessity to model the form of every structural
member based on the captured geometries of all the materials before design
begins. Moreover, human designed rules for joining irregular components are
limited and solutions are prone to be limited by empirical knowledge. In this
paper, we introduce a method for assembling natural wood log structures with
higher goals autonomously using robotic stochastic assembly and deep learning.
The novelty of this method is that the design of structures does not rely on prior-
knowledge of the to-be-assembled materials but is generated by assembling
materials iteratively. A vision system with a position suggestion network based
on convolutional neural networks (CNNs) was implemented and trained to drive
an industrial robotic arm for negotiating between the topological changes from
potential connections and the local assembly constraints of the log. A robotic
hand-eye coordination database recording the assembly of birch logs has been
established and small-scale wood structures were built by the trained robot.
Results show that our robot can find desired structural configurations autono-
mously and can assemble unfamiliar batches of wood logs. The cost and gain of
using stochastic assembly and deep learning as a design strategy are discussed
and future research on using different learning strategies and large-scale
implementations are laid out.

Keywords: Natural wood structures + Stochastic assembly
Convolutional neural networks + Unprocessed material sensing
Generative design

1 Introduction

Despite the exploration of digital construction of timber structures in many directions
such as additive assembly, subtractive fabrication, topological optimization and auto-
mated large-scale spatial assembly, most of these studies use standard industrial wood
products such as plywood. Recently, researchers have shown that industrial material
processing is not necessary for developing spatial structures directly from unprocessed
natural wood using 3D scanning and bespoke robotic CNC technologies [21]. However,
the design intent for these natural wood structures was still predetermined by geometric
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models using prior knowledge of all the collected materials and human-designed fab-
rication toolpath. This approach will fail when the to-be-assembled materials are
unknown at the beginning of construction.

Deep learning (DL) studies in artificial intelligence (AI) have opened up promising
approaches for controlling robots to pick up and manipulate irregular-shaped objects or
interact with unknown environments only through visual data. Studies have proven that
machines can develop better control policies than human-designed rules [11, 14, 18].
However, designing structures with natural materials goes several steps further than
picking and handling unknown objects and is an open-ended design problem. The
geometric constraints of naturally grown materials influence possible assemblies and
how to position parts are not easily understood. Although path-planning for positioning
and grasping objects has been extensively researched [25], research on how to
assemble objects into meaningful configurations is still missing.

In this paper, we introduce a method for simultaneously designing and constructing
natural wood log structures using stochastic assembly. Our ambition is to enable an
architectural robot to autonomously search for potential structural configurations by
learning from the previous experiences of assemblies without following a prior geo-
metric design. The goal of the learning agent is not achieving the path-planning control
for positioning human-designed assemblies but generating the overall design intention
of the structures. To realize this, we built our own convolutional neural networks
(CNNs) to control an ABB IRB 120 Industrial Robotic Arm to negotiate between the
various elements of structural compositions and the local constraints of log assemblies.
Different from precedents, 3D scanning and fitting a picked-up log have been devel-
oped into one process so that decisions can be made immediately after a material is
scanned. A database containing the hand-eye coordination between the 2D images, the
3D volumes of scanned birch logs and robotic positions was established, different
training approaches were tested, and small-scale wood structures were constructed by
the trained robot. Results show that learning from the combination of multi-
dimensional data enables our robot to make decisions on finding desired assembly
positions even with material never seen before. The two approaches human-designed
geometric modeling and learning-enabled stochastic assembly are compared for their
potential as design strategies and the future implementations of large-scale structures
using other learning strategies such as reinforcement learning are discussed.

2 Related Works

Designing and Fabricating Natural Wood Structures

One method of using unprocessed natural wood in fabrication is 3D scanning and
reconstructing the geometries of collected pieces. In the “Woodchip Barn” and “Hooke
Park Biomass Boiler House” projects, tree trunks were laser-scanned to collect avail-
able 3D geometric resources for design [21, 26]. From the laser scanning data, axis
representations of the tree trunks and branches were extracted and the angles of branch
crotches were calculated for measuring the moment-bearing capacities [20]. Different
fabrication and design methods have been explored after collecting well-reconstructed
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natural wood geometries. After flattening the tree trunk sides, the curved trunks were
arranged into a curved wall in the Biomass Boiler House [26]. Robotic CNC milling of
notches was applied in creating customized joints for connecting to adjacent wall
section built from other materials [21]. Features of a wood plank have been studied by
cutting it into strips with minimal waste, and reassembling them edge to edge into a
wood surface approximating a designed target surface [12]. One key idea in the
precedent research is reducing the complexity of natural wood to a level that can be
understood with our current design knowledge. The workflow can be abstractly sum-
marized as planning irregular materials to best fit into a geometric design. However,
approaches based on human-designed geometric modelling of untreated wood are
limited, therefore we explored alternative approaches through deep learning.

Deep Learning (DL) for Robotic Manipulation

Deep learning has been used for defining robotic toolpaths without a geometric model
with promising results for manipulating irregular objects. The Robotics Institute of
Carnegie Mellon University has developed methods for driving robotic arms to grasp
objects with CNNs [18]. Further promising results have been released from Google’s
Robotic Arm Farm for successfully grasping objects with hand-eye coordination data
[15]. Recently, goal-directed path-planning control has been explored for training
robots to efficiently learn new tasks with visual data [22]. Inspired by this research, our
research focus became the translation of design problems into learning-enabled robotic
behaviors. But a key difference is that the above robotic studies concentrate on
manipulation or motion planning alone rather than understanding the configurations of
the manipulated objects.

3 Method - Part I: Stochastic Assembly

3.1 Design Modeling

Although the possible combinations for designing natural wood log assemblies are
infinite, we define the design task by computing only the next step joint positions of a
robotic arm according to the captured robotic hand-eye coordination data and build our
machine setup (Fig. 1). A widely adopted way of constructing wood structures is to use
a geometric model to mockup desired structural configurations and then include a path-
planning process to fix every piece [9]. In this direction, however, the approach is
limited to the way human designers understand the design task. We believe a prior
defined geometry as an indicator of the design intent is not always necessary, but
alternatively we propose an iterative process of generating the construction guided by
goal criteria of the design. Thus, our design task is defined as a robot trying all the
potential structural configurations stochastically to reach two bases and improving its
behaviors to create more desired configurations (Fig. 2).
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Birch Logs Two Bases il

Fig. 2. Generalization of designing natural wood structures following simple design goals.

3.2 End-Effectors, Scanning and Reconstruction

Unlike industrialized materials, naturally grown wood components such as the chosen
birch logs are unpredictable and there are endless geometric variations. To conform to
this variation in shape, we designed a three-finger gripper (Fig. 3) for tightly gripping
the irregular components. The fingers were designed, and 3D printed similar to Festo’s
“BionicCobot” [1] with Silicon-cast [2] soft grip pads and driven by linear actuations to
bend to adjust to the logs. The three-finger gripper has the freedom of rotating its
fingers so that it can adapt to local material variations (Fig. 3).

A Microsoft Kinect [3] sensor has been calibrated for partially scanning an attached
log and a customized scanning programme has been developed in Processing [4] for
generating the point cloud of the pieces (Fig. 6). The point clouds are automatically
reconstructed into a mesh geometry using the Grasshopper add-on “MeshEdit” [5] by
tracking the positions that were used for holding the log in front of the scanner (Figs. 4
and 6). Further cleaning operations were manually applied to reduce the noise of the
reconstructed mesh. The robotic arm then continuously holds the scanned log during
assembly to not lose the relative position between the material and the gripper.



Designing Natural Wood Log Structures 21

Linear Actuators

Meshing + Clean Log Geometry

Fig. 4. Scanning birch logs and reconstructing mesh geometries.

3.3 Stochastic Assembly

A human operator feeds a log into the gripper hand perpendicular to the fingers. After
that, the robotic arm drives the piece into a scanning position and next stochastically
positions it within the existing structures. Previous studies in computer graphics have
developed methods for finding the most relevant fitting features among broken frag-
ments [10, 24]. However, those fitting problems are solved by finding the most relevant
geometric features and image similarities to fit in. For designing structures with
unprocessed natural materials, there is no given solution to achieve a construction.
Another concern is avoiding collisions in both the finished state and in any in-between
states. Researchers have solved path-planning problems based on the orientations and
positions of to-be-assembled components [9, 13, 23]. But using naturally grown wood
increases the complexity of orientations and the environment changes when the
structures are updated with additional components. An alternative way of computing
both the topological connections and the in-between assembly states is necessary. Our
solution is to use evolutionary algorithms (EA) to reduce the cost C; created by the
conflicts between a random target position and the assembly constraints of approaching
the target from a defined start position (Fig. 5).
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Fig. 6. Workflow of the calibration, scanning and assembling process.

The robotic arm is set to assemble every log in 40 steps, during which the boundary
check of the construction base By (final step), the distance to the base for a log D, (final
step), the range check of working area W; (final step), the collision check O, (per step),
the joint out- of-range check J; (per step) are added to the cost function Cg p,w,0,)
with different parameters. For interconnecting log constructions, they cannot be fixated
in midair, so the distance between a to-be-assembled piece and the existing structures S,
(final step) is also added to the cost function Cg p w,0,ss). The overall goal of the
system is set to increase the height of the constructed structures H,, and the height is
calculated into a reward function R g, (Fig. 5). The evolutionary algorithm is computed
in the Grasshopper component “Galapagos” [19] for finding the maximum of the total
T, = R, — C;. The resulting positions are thus collision free (per step) and best fitting
into the structures (final step). Once the path is computed, the generated Rapid code
using “TACO” [6] is updated to the IRCS controller (Fig. 6). The robotic arm then
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drives the log through all the calculated positions leaving a final 1/8 to 1-1/2 in. gap,
and a human operator fixes the log with an electric drill and 3-in. screws (Fig. 7).

Fig. 8. (a) Construction one (b) Construction two — a series of labeled log constructions.

4 Method — Part II: Position Suggestion with Convolutional
Neural Networks (CNNs)

Each of the three cameras captures 40 images from three angles for the visual
appearance of all the steps and the 40 positioning coordinates are stored. To learn
innovative assembly principles from the previous sampling process, 33 birch logs were
assembled into two structures using the stochastic approach outlined above without any
guiding geometries (Fig. 8). The next stage concentrated on formatting the collected
training database and developing a position suggestion network for finding desired
assembly positions based on the stochastic trials.
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4.1 Data Collections

We understand the challenge of designing a wood log topology as increasing the
probability of assembling logs into more structurally relevant positions and decreasing
the chance of making irrelevant trials. Although positioning a log unconnected in
midair has been eliminated from the stochastic sampling process, many component
positions in assemblies resulting from the stochastic process are still not desirable.

Fig. 9. Illustration of the dataset of assembling a birch log.
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Fig. 10. Illustration of our convolutional neural network for generating future positions.

To capture those qualities, each log in the constructed assemblies was manually
labeled with a score of —1 or +1 based on if it is meeting the goal of bridging the bases
(Fig. 8). To increase the chances of generating desired configurations, the data with
positive label was duplicated 3 times more than the negative ones in training. To
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enlarge the assembly solution space of the robotic arm in the second structure, a key
step was generated randomly by evolutionary computing every five step of all the in-
between positions in a robotic arm-path and it resulted in a more spatially distributed
log assembly (Fig. 8b). The original database of the log construction process consists
of 40 x 3 x 33 = 3960 images registering an image for 40 samples of the assembly
process from 3 cameras for each of the 33 logs. Each recorded image is also linked with
the joint positions of the robotic arm holding the piece. The geometries of a to-be-
assembled component and the space occupied by the existing structure are recorded in
voxel form (25 x 25 x 24 and 25 x 25 x 48) for each step. For a better learning
efficiency, the joint angles have been recorded as radians in each different working
range (Fig. 9).

square error root-mean-square deviation test data

— Loss — Accuracy — TestLoss
— validation — validation — Test Accuracy

0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 [ 500 1000 1500 2000 2500 3000
Iterations Iterations Iterations.

Fig. 11. Training the CNNs with the collected database.

4.2 Position Suggestion with Regression Model

The position suggestion network has been implemented for computing a target position
for where the robotic arm is moving. The first approach is to directly map the pixel and
voxel data in the current step to the joint values of the robotic arm in the next step. The
meaning of this mapping is to consider the design generation as a statistic model and
the robot positions a log where similar material features and assembly conditions have
been recorded. This network takes the three input images I, the target positions taken at
that step P, the voxel of the scanned log I, and the existing structures S; as input. To
improve the learning efficiency, the input images with 3 RGB channels
(1080 x 1080 x 3) were reduced to the dimension 400 x 400 x 3. The 3D voxel
information was flattened into a one-dimensional list, repeated and reshaped into the
same dimension as shown in Fig. 10. The different reshaped input information was
further passed through five convolutional layers and three fully connected layers. To
avoid overfitting, validation (15% database) and testing (5% database) datasets were
constructed and the training progress is illustrated above (Fig. 11). Having high
dimensional data, the network was developed in Python 3.6 [7] with the Ten-
sorFlow GPU computing library [8].
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4.3 Position Suggestion with Classification Model

Inspired by the recent studies on applying convolutional networks in predicting the
positions of a controller for playing Atari games [16, 17], we tried to divide each
robotic joint domain into 50 positions and the collected positions in the database were
attached accordingly. Thus, the output of our network has 50 x 6 = 300 classes
linking the joint angles. The recorded positions were reformatted after being subtracted
from the next step. Thus, we understand how much relative joint movement is in every
step and the amount of change for the last step in a loop is 0.

5 Experiment: Generative Design Using Robotic Assembly

Through training, our CNN has learned a control policy that takes the real-time cap-
tured images, the current robotic joint positions, the voxel information of the scanned
material and the existing structures as the input and generates a suggested future
position.

Target

Fig. 12. Different solution accessibilities of suggested positions with classification networks.

Ideally, this procedure can drive the robotic arm to iteratively position a log in the
structures along a collision free tool-path. We experimented with the idea by using only
the learned control policy and by combining it with local evolutionary computing.

5.1 Combining the Classification Model and Evolutionary Computing

We started by investigating the combination of evolutionary sampling process with the
learned classification model. With the size of our current database, the learned model
cannot generate a human-level controlled tool-path towards a fixating position. Gen-
erating the assembly tool-path with the learned control policy was not satisfactory.
Reasons such as overfitting to the training dataset due to lack of data, error aggregations
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as well as real-time environmental noises can all cause those undesired behaviors. Thus,
evolutionary computing was integrated. At every step, the evolutionary computing
process finds an optimized local configuration, but if there is a collision ahead, the
robotic arm follows the suggested positions until the direct working range is clear
(Fig. 12). This is a way of finding a stable position by balancing random trials in a
solution space and an existing collected knowledge base. New structures have been
constructed which also creates new database with the data collection procedure
(Fig. 13).

5.2 Controlling Robotic Assembly with the Regression Model

Results show that the target positions generated by the regression model are more
satisfactory. Although the final distance between an assembled log and the existing
structures are still large, the learned control policy directs assembly positions for each
log to iteratively stay at a specific spot without collisions. In every step, the suggested
position changes every joint within a limited magnitude until a stable position is
noticed by a human operator. The evolutionary computing has still been included but
only for optimizing the touching positions of the final steps locally, so the logs can be
connected by screws. To generalize the experiment, branched logs which were never
used during training were feed to the gripper, scanned and assembled. In contrast to the
classification model, the assembled logs are better aligned with their adjacent members
(Fig. 14).

Fig. 13. Construction by combining learned control policy with evolutionary computing.
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Fig. 14. Construction using regression model and branched logs.

6 Conclusion

In this research, we presented an innovative design strategy for generating spatial
structures from natural wood logs with the applications of stochastic assembly and deep
learning. First, a sampling procedure has been developed through evolutionary algo-
rithms for stochastically generating tool-paths for robotically assembling birch logs.
Second, a convolutional neural network has been built and trained with the collected
database to suggest assembly positions of desired topological connections. Third, the
combination of the learned control policy and evolutionary computing has been further
tested for driving a robotic arm to position logs into desired structural configurations.

Compared with a human-designed programming method, machine learning has
enabled our robotic system to learn more complex control policies in working with
unknown natural materials. Experimental results show that the advantage of our
method is to find inspiring solutions within the constraints of the logs and the assembly
setup without any human intention. The disadvantage of our method is that a large
database must be collected to learn a more robust control policy. The data collection
takes not only considerable time but also raises the question of what information should
be recognized for designing natural wood structures. Future works should explore other
learning techniques such as using different network structures, various batch sizes and
other learning strategies such as deep reinforcement learning for a better control policy.

To conclude, robotic stochastic assembly can be developed further as a powerful
design strategy for solving structural configurations without planning out the geometric
design beforehand. This human design intuition has not been fully explored on
autonomous machines. Architectural robotics has the potential for the development of
novel creative principles by improving the assembly decision making with deep
learning. Compared to using target geometries as design drivers, now the structural
compositions can be less defined. To influence the appearance of an assembled
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structure, a designer now concentrates on providing evaluation criteria rather than
directly modifying the construction. Such a design control shift can further stimulate
designers to discover previously unknown design criteria and include them in the
conceptualization stage for finding innovative solutions. We believe the advances in
artificial intelligence and robotics can not only reactivate the applications of natural
materials, but also the possibility of becoming design generators to enhance our design
knowledge.
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Abstract. Standardization and increased specialization have slowly begun to
separate the means and methods of making from the process of architecture. The
introduction of digital tools towards the latter half of the century have func-
tioned to further this divide, removing any remaining traces of materiality and
scale. Accordingly, architectural design exploration primarily resides in the
creation and modification of digital objects, which must then be translated into
the physical world. This positions built architecture in a curious position of
constant catch up, chasing the impossible ideal of its digital counterpart. How-
ever, the tools predominant in architectural design and fabrication today (CAD,
CAM) may be appropriated, along with sensory feedback, towards the devel-
opment of a new material workflow. This paper presents a prototypical work-
flow which combines computational methods and robotic fabrication techniques
with the spontaneity of the human and the messiness and contingency of
material. The workflow is tested through the design of 1:1 heuristic architectural
fragments.

Keywords: Human-robot collaboration - 1:1 - Procedural fabrication

1 Introduction

The contemporary architectural workflow includes a stark division between design,
performance parameters, and fabrication techniques. Designs are iterated through the
use of CAD technologies, featuring the creation of geometry based surfaces and
meshes without reference to scale, performance, or material. These designs then acquire
performative, structural, thermal, or infrastructural, capabilities through the application
of predefined assembly systems, and are finally problem-solved through a set of fab-
rication protocols, mediating the translation from digital to physical. This positions
built architecture within a state of constant comparison to an idealized digital coun-
terpart. Within the contemporary workflow, performance and fabrication may be seen
as unfortunate aspects which corrupt the intention of the original design. However, an
earlier integration of performance parameters and fabrication methods into a threaded
workflow, operating simultaneously or in quick succession, may produce an integrated
design process resulting in designs which embody their performative constraints and
fabrication procedures.

© Springer Nature Switzerland AG 2019

J. Willmann et al. (Eds.): ROBARCH 2018, Robotic Fabrication
in Architecture, Art and Design 2018, pp. 31-43, 2019.
https://doi.org/10.1007/978-3-319-92294-2_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92294-2_3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92294-2_3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92294-2_3&amp;domain=pdf

Mockup Method: Heuristic Architectural Fragments 33

2 Related Work

Previous work in the weaving of design data into the material building process has
focused primarily on the augmentation of material with information [2, 3]. This
transforms modelling from geometry into digital organization of complex material
processes and phenomena. The integration of material, structure, and form into the
design processes is also examined in Oxman’s thesis Material Based Design Compu-
tation [8]. The move away from modeling with geometry, to modelling with constraints
in recursive explorations is discussed in Kilian’s thesis Design Exploration through
Bidirectional Modeling of Constraints [6]. This transforms the process of design from
geometry towards the design of dynamic rules and systems [7]. While this method-
ology focuses on means of integration and coordination of all internal constraints and
external influences [4], the interface and medium of design remains mediated through a
digital screen.

The use of a physical material as an interface for controlling a robotic manipulator
has been explored in a number of projects [5, 9]. These projects, however, generally
employ a hierarchical human-robot relationship, with the human at the head supervisor
and manager while the robot performs the labor. This work has been motivated by a
desire to leverage both the computational precision of automated labor and the gestural
hand of manual labor through an equal human-robot collaboration.

3 Digital Collaboration

Contemporary trends of architectural collaboration place emphasis on the digital
model, trading it back and forth between team members and consultants, with much of
the design’s history, development, detail, and specification embedded within a central
master model. While this may streamline collaboration across team members and
consultants, allowing multiple people to exchange and work on the model simultane-
ously, it emphasizes the conclusion of a design exploration/development exercise is a
digital model, increasingly separating design from fabrication.

Further compounding this separation is the increasingly linearized flow of infor-
mation throughout the design process. Design decisions cycle seamlessly around the
digital model, however once fabrication begins the design is frozen and become des-
ignated read only. Design, therefore ends at the 3D model (Fig. 1).

4 Architectural Fragments as Central Models

The proposed method involves the fabrication of 1:1 architectural fragments as the
primary medium of design. This positions built architecture at the center of the design
process, the physical artifact is in constant refinement as design development, clarifi-
cation, and production mediates through it. The architectural fragment takes on the role
similar to BIM’s central model, an aggregator and coordinator of all design inputs and
collaborators.
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Fig. 1. Stereotypical architectural workflow (top) vs. Proposed recursive real time modeling
workflow (bottom).

In the production of the design artifact are two collaborators: the human designer
and the robotic manipulator. The human designer works according to design intent,
mitigating design ideals and material reactions. While the robotic manipulator com-
pares sensed data against defined performance parameters, working to adjust areas of
non-compliance." Comparison to performance parameters occurs through either
physical testing of the fragment or through direct correlation with a simulated digital
model.

Communication between the collaborators happens through the physical material of
the fragment, as each actor’s work modifies the work of its predecessor. Design
exploration concludes upon the simultaneous cooperation of its actors: the human
designer, the material reaction, the robotic manipulator, and the performance param-
eter. This methodology allows the design agents to collaboratively work in succession,

! The robotic manipulator is an ABB IRB 7600 with a S4CPlus controller.
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taking turns throughout the design - fabrication process, working towards a design
artifact which is the embodiment of design intent, fabrication limits, material proper-
ties, and performance requirements.

5 Case Study: The Design-Fabrication of Insulated Concrete
Tilt-Up Walls

A full-scale test case was developed to show the coordination of digital simulation,
human design decisions, robotic manipulation, and material properties. Insulated
concrete tilt-up walls provided the necessary constraints to test the prototypical
workflow in various configurations. Supplying a format which exemplifies both robotic
responses to human proposals, and human responses to robotic execution, while
allowing for the use of both digital simulations and sensed values to be compared to
performance parameters. Additionally, the tilt-up wall typology includes its own set of
fabrication processes and limitations, including self-weight and righting counter-
weighting, which have been included in this case study.

Here, the steps within the design/fabrication narrative are presented sequentially,
however in reality much of the process happens simultaneously and disarranged, with
tasks operating in both foreground and background. This process repeats itself until the
human designer, digital simulation, fabrication process, and material are fully
coordinated.

5.1 Structural Loading

The structural component is primarily an investigation into the coordination of digitally
simulated, robotic and material responses to human proposals for the mold of a
monolithic concrete tilt up wall. This researched employed granular materials, in this
case sand, as the mold material for the concrete cast, providing a formative, rather than
additive or subtractive manufacturing process. The sand presents a material interface
which is easily and intuitively sculpted by both the human designer and robotic
manipulator without the need for complex machinery or tools.

The primary constraints in this segment is the human’s design of the surface and
section of the mockup and its structural capacity, this positions the human designer in
constant conversation with digital structural simulations through the manipulation of
the mold by either party (Fig. 2).

This method begins with the definition of a bounding box for the overall wall,
setting maximums for width, height, and thickness and a tilt-up direction. The robotic
manipulator, equipped with a purpose built end-effector, consisting of a material
depositor, material extractor, and a 3D scanner positions itself at a home position with
full view of the build volume. The 3D scanner provides a 3D point cloud of the build
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Fig. 2. Diagram of the coordination process between digitally simulated structural loading and
human sculpted exterior surface.
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area, which is converted from a mold negative into a digital positive and then structural
analysis begins.”

The structural analysis includes two steps: equilibrium of the structure when tilted
up, and the optional capacity to carry load. Identification of downward load placement
occurs through human drawn colored markings on the sand, which is then added into
the finite element analysis simulation.>* Considering the tilt-up direction, the software
reorients the 3D scan, places a virtual load, if applicable, and calculates the regions of
material which are most, or least, important for structural integrity using topological
optimization.’

While the computer is calculating structural necessity, the human designer may
sculpt the sand, adding, removing, or shaping material according to design intent.
When the human concludes design, an updated 3D scan is compared to the topolog-
ically optimized output mesh, locating problem areas with insufficient materials, or
excess materials. Insufficiency implies structural weakness, while excess refers to
manufacturing limits, such has material quantities or weight restrictions. These problem
areas are then translated into robotic toolpaths.® While the robotic manipulator is
executing its tool paths, the computer works to further optimize the structural load,
while the human is invited to contemplate design decisions,

Once the execution of the tool path is finished, the robotic manipulator heads back
to its home position, scans its work, and once again compares the 3D scan to the most
recent topologically optimized mesh. The tool path may be stopped at any point in
time, as new tool paths are constantly written as 3D scans are being updated. This
allows for the human designer to change the load location, add or remove structural
loads, or re-sculpt the mold at any time in the design-fabrication process (Fig. 3).

5.2 Casting Concrete - Center of Mass/Tilt up Operations

Once the mold is satisfactory, concrete is mixed and poured into the mold. While the
human is mixing and pouring concrete, the computer works to calculate the location of

2 A Microsoft Kinect V2 was used as a 3D scanner in tandem with Hojoong Chung’s Grasshopper
Plugin: Hojoong Chung, Project Owl. Accessed: 20 February, 2017. https://github.com/hodgoong/
grasshopper-kinect2.

3 The colored markings are detected by their Hue range using HSV color space in Processing, a
programming language, with the OpenCV for Processing Library and the Microsoft Kinect V2’s
Color Stream option as the webcam. Greg Borenstein, OpenCV. Accessed: 5 March 2017. https:/
github.com/atduskgreg/opencv-processing.

* Communication between Grasshopper and Processing occurred through OSC, the contour’s vertices
were sent as an array from Processing and reconstructed as a curve in Grasshopper using oscP5
library for Grasshopper and the Grasshopper Plugin gHowl. The center of this closed curve was used
as the load location for the topological optimizations. Andreas Schlegel, oscP5. Accessed: 10 March,
2017. http://www.sojamo.de/libraries/oscP5/. Luis Fraguada, gHowl. Accessed 10 March, 2017.
http://www.grasshopper3d.com/group/ghowl.

3 Topological optimization calculations are processed in Swapan’s Grasshopper Plugin: Panagiotis
Michalatos and Sawako Kaijima, Millipede. Accessed: 15 February, 2017. http://www.sawapan.eu/.

S Toolpaths are generated using Greyshed’s Grasshopper Plugin: Mussel. Accessed: 14 January, 2017.
http://www.grasshopper3d.com/group/mussel.
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Fig. 3. A fully coordinated upright concrete tilt-up wall.

the lifting hooks, used to demold, maneuver, and tilt-up the concrete wall. The cal-
culation, assuming uniformity in the concrete, divides the most recent 3D scan into
X amount of equal volumes for equal weight distribution using an evolutionary solver.’
When ready, the robotic manipulator drives to each point, dropping a small amount of
sand, marking the placement of the lifting hook for the human to insert into the wet
concrete. Before lifting, the robotic manipulator places itself in a lift position, locating
itself between all four lift points for equal weight distribution upon initial lift off.

5.3 Thermal Performance

As a direct response to the design-fabrication act that precedes it, thermal insulation is
applied as a result of the thermal performance of the structural layer. The architectonic
elements in design at this stage are the wall’s overall interior section, interior surface
articulation, and the wall’s thermal resistance (Fig. 4).

7 The evolutionary solver used is Galapagos for Grasshopper. While Galapagos slowly works to
equalize the volume into X equal parts, the human designer has plenty of time to begin mixing and
pouring concrete.
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Fig. 4. Diagram of thermal response to the preceding the structural act.

Once the concrete has cured, the wall is demolded and lifted to a heating bed where
its exterior face is heated and its interior face is monitored by a thermal camera.®
Thermal readings are saved as both temperature arrays and color maps. The temper-
ature arrays are correlated to their relative spatial position on the fragment. As the rate
of extrusion for the insulation foam remains relatively constant, volume is built up by
varying the speed of the robotic manipulator, slowing down in areas with high thermal
transmissions to increase their thermal resistance.

Whereas the temperature array is used by the computer, the color map provides a
legible interface for the human designer to read, making legible the parameters that the
computer and robotic manipulator will be responding to. The human designer may also
intervene in the deposition process by indicating areas of more or less insulation by
drawing directly on the material with two different colored chalks. Once these colors
are recognized through computer vision, the robotic manipulator’s speed is adjusted
accordingly within these boundaries. Additionally, the human designer may also add
insulation manually, adjusting the interior surface articulation or overall section. This
process also repeats itself, checking the insulated concrete for thermal weak points
throughout the process (Fig. 5).

8 A FLIR Lepton Micro Thermal Camera Module was used and controlled with an Arduino Due using
Josep Bordes Jové’s sketch, FLiR-lepton. Accessed: 13 March 2017 https://github.com/josep
bordesjove/FLiR-lepton.
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Fig. 5. Sectional relationship between the structural concrete exterior and the insulated interior.

6 Standards

Rather than the application of dimensional standards onto idealized geometric forms,
we propose contractual standardization in the form of constraints that exist throughout
a recursive design process. Minimizing the process of “rationalization” and “opti-
mization” of drawn or modeled architectural forms, and producing an end result which
embodies the parameters from the beginning. The embodiment of constraints
throughout a design process allows architectural design to move away from problems
of translation from drawing, or 3D models, to building.
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The move from dimensional standards to contractual standards suggests a shift
from representation to verification. Whereas dimensional standards rely on thicknesses
and products, contractual standards confide in on-site verification. Favoring the sensing
and testing of materials and assemblies over drawings and installation instructions.

7 Holistic Design

While the experiment was mostly tested within the realms of the architectural fragment,
a similar process may be applied across an entire building. The parameters from the
preceding sections would be taken into account when constructing the next, incorpo-
rating a set of trade-offs and accommodations. If none of the preceding fragments can
accommodate the necessary structural load the later walls must get thicker, if insulation
isn’t sufficient in a certain section, another may make up for it. As structural load,
thermal requirements, and infrastructure move around the plan of a building, walls
acquire or lose thickness. Throughout the design process the building is simultaneously
all of its possibilities and none. Possible results are removed as the design is imple-
mented, and the final form is narrowed down (Fig. 6).

E___
SRr=1in:
—

Fig. 6. Plan diagrams demonstrating the transformation of poche based on varying structural
load configurations. Load bearing walls shown in black, insulation shown in grey.
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8 Discussion

The nature of the mock-up in this project is not to confirm specified materials or test
contractor craft, rather the mock-up is treated as an exercise to explore the cooperation
and coordination of design intent, material properties, fabrication protocols, and per-
formance requirements. It proposes the architectural mock-up as the site of design
research and investigation. It grants physical material artifacts the role of aggregator
and coordinator of all design inputs, parameters, and collaborators, a maquette which is
in constant refinement throughout a recursive design process.

Insulated concrete tilt-up walls were the primary case study in this project,
exploring the coordination of human design intent, structural requirements, thermal
performance, and sand cast concrete. Expanding the potential of this workflow would
require greater experimentation in both assemblies and their requirements. Addition-
ally, this project focused design development from exterior inward, however this
relationship is also ripe for development.

By working directly with a material artifact, fabrication and construction is not
considered as a separate phase, but as a critical piece intertwined with the design
process. An integration of fabrication protocols directly into the design process pro-
vides additional room for the discovery of architectural form through the contingency
of material.

Fig. 7. Exterior and interior faces of an insulated concrete tilt-up wall.
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This then transforms the nature of standards, moving towards the use of on-site
verification, shifting from dimensional standards to contractual standards, allows for
the settlement of performance parameters to be developed and negotiated rather than
applied or solved. The sensing and testing of materials and assemblies would also allow
architectural components to appropriate other roles, for example conduit could take on
the role of structure.

The proposed workflow breaks out of the paradigm of monotasking within the
architectural design process towards a multi-task, recursive, approach where each part
is fabricated and compared to a series of parameters (Fig. 7).
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Abstract. Current industrial robotics focuses on the utilization within clearly
defined and structured production environments. However due to increasing
product variety, a paradigm shift away from repetition of static task towards
dynamic human-robot collaboration is noticeable. Due to the fact that static
automation can only be achieved at a prefabrication level within the construction
industry, this shift towards adaptable robotics can be utilized for new concepts
for on-site robotic assistance. We extensively illustrate our approach towards
robotics that adapts to changing environmental conditions and material features,
while retaining a degree of predictability necessary for effective collaboration.
Furthermore, by integrating human-robot collaboration with parametric mod-
elling a feedback to design is established. The term haptic programming is
coined in order to illustrate the direct interconnection between parametric model
and human-robot collaboration. First application examples are shown to illus-
trate the use of a priori knowledge from the design phase in combination with
haptic interaction primitives to enable intuitive human-robot collaboration.
Haptic programming allows the exchange of knowledge between the user and a
robot on a physical level.

Keywords: Robot programming * Visual programming - Haptic programming
Construction robotics * Human-robot collaboration

1 Introduction

The current degree of automation within the construction industry is still low especially
compared to industrial production [1]. Figure 1 illustrates some of the problems
employing industrial solution on-site. Nevertheless, a number of previous attempts at
automation were made using specialized machines for specific tasks [2, 3].

These approaches however failed for a number of reasons. Specialized machines
are mainly low in flexibility, while construction tasks can be highly complex, especially
if only single tasks are automated, while the rest are manually executed. This leads to
necessity for construction work being adapted towards automated processes, which
causes additional cost and can be time consuming (see Fig. 1). Additionally, a number
of high cost result out of the development, implementation and maintenance of a
solution, which can only be used for a small specific and individual application. While
these might be acceptable within the field of industrial mass production, the required
time for setup, removal and the resulting cost is often too high for the field of
construction.
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Fig. 1. Problems in converting a solution for industrial production to the construction site.

The applicability of a solution highly depends on its market range. However, there
are a number of factors which reduce the market range of specialized solutions with
demanding requirements such as separation of work area, workspace constrictions (e.g.
straight walls, leveled floor, low dirt tolerance, etc.), exact storage of work material and
more. In addition to the small lot sizes within construction, high tolerances and vari-
ation are very common especially when working with natural materials.

Building components are therefore fitted manually on-site. Even though industrial
robotics is not specifically suited for such environments, they allow a free workspace
layout and can be seen as a general purpose machine. As robotics is able to process
digital data towards physical manipulation it can act as a mediator between design and
construction. Having said this, a number of adaptations towards uncertainties within the
unstructured nature of the construction environments are still necessary.

Efforts are made to mediate this through tighter process control and detailed digital
representation within Building Information Modeling (BIM) [4, 5]. BIM allows the
parameterization and placement of intelligent objects, containing a number of prop-
erties, in a common environment for different parties involved in the planning process.
However, to inform construction workers accordingly these models still need to be
broken down to physical plans. This leads to a very loose correlation of the current
model and the actual unstructured environment of the construction site. These devia-
tions have to be taken into account for on-site automation approaches.

Rather than creating a specialized machine for a static execution of specific con-
struction tasks and letting the workers compensate material tolerances and planning
deviations, we want to achieve an environment using flexible and intelligent machines
to compensate the conditions on-site. Yet for a universal solution this requires a level of
intelligence within the programming, that takes into account all possible and often
unpredictable events and is therefore beyond the scope of current technologies.

These difficulties can however potentially be mediated through new developments
within human-robot collaboration. Tellex et al. [6] demonstrated the idea of “asking for
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help” if the robot fails at an assembly task. This however also requires a common
knowledge base between robot and operator. By shifting information from the planning
phase directly towards the robot controller we try to use the design model as a
knowledge base for the robot. Throughout the multitude of planning phases and
through the experts integrated into BIM a very intensive a priori knowledge of the
environment and the task at hand is created in the form of a digital model.

This knowledge can therefore be employed to create an assembly plan for the robot.
Through the concept of Haptic Programming we create a physical interaction with this
data, as well as create contingency strategies to compensated deviations through
human-robot collaboration.

For our test cases we use an industrial robot with six Degrees of Freedom (DoF) on
a mobile platform with three DoF as a flexible machine. Specifically, we are using the
KUKA iiwa robot mounted on the KUKA mobile platform kmr. The kmr uses an
advanced robot controller, where the KUKA SunriseOS allows us to use object ori-
ented programming via JAVA. Additionally, the KUKA iiwa hardware has force
torque sensors in every axis, which makes it suitable for human-robot collaboration,
due to the fact that this allows the detection of contact on every part of the robot.

As this maximal load of the robot is 14 kg and the mobile platform is not suited for
dusty environments the relevance of this concept for actual construction tasks still
needs to be verified. Within our future work we will transfer our approach of haptic
programming towards other kinematics and controllers, which are better suited for
construction.

2 Design to Construction

While the use of BIM is still not as widespread as desired, the use of Computer Aided
Design (CAD) is by now a standard practice within Architecture Engineering and
Construction (AEC) industries. CAD models encompass different degrees of detail
ranging from simple geometric models, over meta data pertaining to materials and part
spacing, towards intelligent objects containing parametric digital models that allow
immediate dimensioning of objects according to the required specifications. In order to
achieve an efficient workflow from the design phase to part production it becomes
necessary to link geometry and fabrication process [7].

Most Computer Aided Manufacturing (CAM) software allows for the path gener-
ation of gantry kinematics based on CAD. However, in this case fabrication parameters
are often connected to specific motion commands and not to a parametric design model.
Fabrication with articulated robot arms with six DoF increases the complexity, while
simultaneously allowing the fabrication of new geometries as well as surface aligned
fabrication. Even though gantry robots are less likely influenced by external forces and
therefore achieve higher accuracies, the flexibility of articulated six DoF robot arms
results in different fields of application.

Parametric robot control systems such as KUKA|prc [8, 9] work within a para-
metric design environment and directly link CAD geometries and fabrication through
direct KRL code generation out of the model. This allows the dynamic fitting of the
design model towards specific conditions. KUKA|prc builds upon CAD software
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Rhinoceros from Robert McNeel & Associates and in particular the visual program-
ming environment Grasshopper 3D. KUKA|prc allows the definition of fabrication
strategies through visual programming linking geometry and robotic toolpath through a
parametric model. Additional components allow simulation and analysis of the tool-
path. Changes to the source geometry propagate through the parametric model and are
directly reflected by the simulation result. Although CAD environments work with
idealized data this still allows the fabrication of a high number of product variations
enabling mass customization. Building on top of this approach we were able to identify
a number of advantages within parametric robot control.

Employing parametric models as a basis for robot path planning allows the
reusability of existing definitions for similar tasks within the same topology. The
parametric definitions allow the introduction of deviations and modification of the
source geometry.

However, CAD is unable to fully represent physical reality and its complexity.
Although high resolution scans might be able to create an extensive geometric repre-
sentation they are unable to accurately predict and recreate material properties espe-
cially for inhomogeneous materials. Furthermore, a detailed analysis of every part is
often too time consuming to be applicable.

While this idealized planning environment might be useful for single part fabri-
cation at assembly level material tolerances become even more influential and create a
higher complexity. These simplified models based on human perception and the ability
to create abstract representations are however very useful for the decision making
process. Therefore, building upon these idealized models gives us the possibility to
create an intuitive interface for task planning.

The field of constraint-based robot programming [10-12] introduced a first
approach towards handling complex sensor-based robotic tasks, which consider geo-
metric uncertainties. The approach employs the description of geometric features to
create a dependent constraint space. Within this approach the actual path planning
becomes a multi-criterial optimization problem. However, constraint based program-
ming describes a model control theory based approach for robotic adaptivity rather than
a programming methodology. A major disadvantage of this approach concerns its
usability. Planning of task sequences is very time consuming. Definition of the con-
straints also requires detailed knowledge of control theories.

Alternatively, methods of learning by demonstration can be used, however auto-
mated generalization of tasks and the efficient usage of the recorded data is still as
major challenge within this field [13]. The field of Kinesthetic Teaching showed the
intuitive nature of teaching robotic task through direct physical interaction [1314-16].
As part of learning by demonstration it faces similar difficulties of reusability. Addi-
tionally, the required knowledge lies entirely by the operator, as the robot acts com-
pletely passive. In most cases even kinematic constraints are not indicated before they
are reached.

For these reasons our approach towards haptic programming started out as a way to
combine the advantages of these different methods [17].

We use an idealized CAD environment to plan our assembly sequence using
parametric part representations. Simultaneously we can employ KUKA|prc to create a
priori simulations of the toolpath. Parametrizing the CAD model in a number of



Haptic Programming 49

variations, we are able to analyze reachability and possible collision scenarios to
optimize our sequence towards flexibility. The resulting CAD based description of the
assembly sequence in terms of a robot toolpath also creates a certain predictability,
which is often required within industrial robotics for reproducibility of results.

In contrast to parametric robot control however we link the geometry and the
resulting toolpath not to a fabrication logic but towards parameterizable assembly
skills. Meaning that instead of simple trajectory planning we plan assembly operations
(see Fig. 2).

Fig. 2. Demonstrator implemented as part of the Hannover trade fair 2016 illustrating basic
assembly operation pertaining to the main categories of assembly. From left to right: handling;
checking; adjusting; joining.

As the assembly process are defined parametrically, we can use this information to
define constraints as part of the parameter space. We can then very easily introduce
deviations and re-evaluate the process based on adaptations. While simultaneously
transferring the core parametric of the geometric design model towards the controller.

In turn this leads to a shift in the knowledge basis towards the robot allowing for a
basic understanding of the design intent and its constraints. We therefore differentiate
between the robot coordinate space and the parameter space generated through the
parametric design model (see Fig. 3). However, in worst case scenarios on site devi-
ations might lead to an oversized search space. We therefore added constraints for
timely execution, if the search and adaption to the environment takes longer than
acceptable or deviations exceed the parameter space human help is requested for faster
adaptation.

Furthermore, on-site adaptation of construction requires an approach that allows
people without prior experience in robotics to work with the robot. Due to changing
lighting and dust the use of vision systems on constructions sites is very difficult.

For the use of robotics on-site it is also very important that the configuration of a
robotic setup is fast and easy. Therefore, we used the internal force torque sensors of
the robot to extend the assembly operations through haptic interaction primitives.
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Fig. 3. The main programming concept employs an abstract parametric design model that is
interconnected with the robot coordinate space through robotic operations. While this link is
created within the visual programming framework the actual operation execution is implemented
on the controller side. This allows the execution of operations based on the abstract parametric
model contained within the robot controller. Operations are further enriched through haptic
interaction primitives for configuration, adaptation and contingency planning. The feedback of
the haptic interaction primitives can in turn influence the original abstract parametric model.

3 Haptic Interaction Primitives

Using the described concept, assembly sequences are planned based on the parametric
design data — similar to offline robot programming. However, the generated positions
do not define the entire movement of the robot, instead they only provide the under-
lying programme model that is the basis for the adaptive assembly process.

If this is combined with the kinematic constraint space, by overlaying both models
a description of both adaptivity and design constraints is achieved for each operation,
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Fig. 4. Example constraint space visualization. Constraints which describe the outer hull of the
parameter space are superimposed from different model inputs. These are constraints from the
abstract parametric design model, process constraints and kinematic constraints.

as illustrated in Fig. 4. In order to achieve an easily verifiable kinematic constraint
model a spherical description of possible orientation and position based deviation is
precalculated for each operational position.

We use haptic programming of robots in order to adapt model parameters as well as
positions. If time constraints are met or further information is required, the haptic
programming mode is triggered. Visually the robot signals their coworker for help and
is then manually adjusted through direct contact with the robot.

Similar means of programming such as Kinesthetic Teaching differ from this
approach. For one the taught motion is not used as a demonstration for imitation, but
the required information is extracted in the form of parameters. Also, the robot cannot
be moved around arbitrarily, but instead leads the user passively, within its parameter
space through dynamic compliance. Dynamic compliance is achieved by increasing
joint stiffness of the robot close to the parametric and kinematic constraints.

Following a quick confirmation, the information regarding the current position of
the robot is used to adapt the current parameterization of the model. This in turn can
affect the following robot operations. This is specifically the case if the haptic pro-
gramming employs force-torque feedback not only for the human-robot collaboration
but to adapt model parameter through direct interaction with the environment (e.g.
dynamic measurements of a work-object/base affecting later motions).

Another way in which we use haptic programming is the initial parametric con-
figuration of the task on-site. In these cases, we use haptic programming instead of
CAD software to define parameter. For this the user manually guides the robot in
dynamic compliance. This is in turn used to inform the assembly process, allowing
each produced structure to be unique.

As the robot controller does not contain a geometric modelling library only simple
geo-metric models can be used as a basis. Therefore, only planes, curves, surfaces
(described through two perpendicular curves) as well as boxes, cylinders and spheres
are used as an abstract model basis.

This is interconnected through operations, which describe the geometry based path
as well as the adaptation strategy. This creates a direct link between robot coordinate
space and the abstract parametric model. Operations are in turn interconnected with



52 S. Stumm and S. Brell-Cokcan

haptic interaction either in the form of operation configuration or as contingency
strategy. Through the abstract parametric model, dynamic compliance within each
operation is achieved through haptic interaction primitives. Depending on the operation
a number of parameter modifications become possible (see Fig. 5).

Fig. 5. Examples from different implementations illustrating haptic interaction primitives. From
left to right: initial geometry parameterization, positional adaptation and material handover.

For the initial parameterization this means for example that the control points
within a curve can be moved in accordance with the defined parametric. Each assembly
operation is defined using a target frame, a type of operation, an origin frame as well as
a number of parameter.

However positional information within each operation is seldom adapted directly.
As each operation is linked to the parametric design model we are able to modify the
parametric model directly. Within the controller structure a meta controller for oper-
ation handling was created. Each operation consists of the following four parts:

e Direct execution of the motion resulting from the parametric model in the robotic
coordinate space

e Opverlay of a sensor based control strategy for online adaption of the motion

e Adaption strategy of the dynamic search space through modification of the
parameter space resulting in a motion change
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e Contingency strategy for constraint violation handling (including timing con-
straints) through haptic programming

Accepting the restrictions on the side of the robot and communicating these
visually and haptically can improve the human experience of robotics, when working
together. Moreover, the robot is able to lead the user along its task, which helps humans
to understand the tasks as well as the capabilities and restrictions of the robot directly
and can therefore be naturally used to improve knowledge. If the digital a priori
knowledge does not correspond to the constructional reality a reciprocal transfer of
information between operator and robot becomes possible.

4 Adaptation for Future Task Execution

Current adaptation is limited to a few process parameters; However, every operation
execution creates a significant amount of data. The integration of further data into the
model could potentially allow for a learning process creating new operations.

These operations can also be combined with optimization approaches as described
within the field of constraint based programming. The advantage here is for one is an
easier modeling of constraints through the abstract parametric model. Splitting tasks
into operations also reduces optimization to single operations, which reduces the search
space and therefore leads to faster optimization results.

2000.00

Haptic
Configuration

Kinematic
Constraint

Fig. 6. Example digital model and real world application in a wall painting demonstrator. This
illustrates the abstract parametric model allowing for wall length configuration.

Example applications of haptic programming (see Fig. 6) were shown open to the
public in a first version at the Hannover Fair 2016 (HMI) as part of the KUKA
Innovation Award (see Fig. 2), the Robotic Art Festival Robodonien 2016 (Robodo-
nien) in Cologne (see Fig. 7), as well as at the Aachener Werkzeugmaschinen Kol-
loquium 2017 (AWK) (see Fig. 8), which employed the HMI setup and extended it
towards the use of mobile robotics. These first results showed that the adaptation
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Fig. 7. Process sequence and haptic interaction within the Robodonien 2016 Demonstrator.

process is easily understood and executed. Layman where able to grasp the concept
quickly and help the robot in the construction of interwoven foldable elements
(Robodonien) and wooden rod structures (HMI).

The HMI and Robodonien demonstrator worked in different environments and
showed the scalability of the task execution due to the parametric model. Modification
to the haptic programming framework between the demonstrators focused mainly on
data transfer, and the extension through new haptic interaction primitives.

While the work shown at the HMI still required a manual transfer of model
parameter to the controller, this process was fully automated for Robodonien and could
be achieved either via file transfer or a direct Ethernet connection, between design tool
and robot. However, for task execution no additional information is required from the
CAD environment except for the first design abstraction.

With the HMI demonstrator wooden rods where joined with a wooden base
structure. The initial on-site parmeterization of the tasks consisted of manually guiding
the robot along a curve atop the assembly structure with dynamic compliance. The
required constraint space is similar to the one illustrated in Fig. 4.

By capturing the movement, a curve is parametrized that informs the fabrication
process, making every generated structure unique. Based on this data, a list of assembly
operations is generated, consisting of the following steps further described in [14]:

e Separation and gripping of a rod from a supply station, where rods of different
length are stored within a range of about 50 mm.

e Measurement of rod length through establishing contact between the rod and the
base platform, and using the distance between the toolframe and the static mea-
surement frame on the base platform.

e Placement of the rod in a processing station.
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e Cutting the rod to length using a common circular saw, with the length corre-
sponding to the previously parametrized target curve.
Re-gripping the rod from the processing station.
Joining the rod to the base station, this is achieved by moving the rod to the
approximate position of each mounting spot as known from the design. Due to the
high material tolerances a force torque based search for the exact position is trig-
gered. Once a significant change is detected in the force values, it can be concluded
that the target position was found and the joining operation is concluded.

e Repetition of the steps for a number of assembly positions, continued by retrieving
the next rod.

Fig. 8. Demonstrator implementation for the AWK 2017 illustrating the positioning of the
mobile robot. The workstation is identified through laser scanner data. The motion within a larger
workspace is implemented through human guidance. Positional deviations are compensated
through sensor based adaption and haptic programming.

Haptic interaction primitives allow for an adaptation if problems occur, meaning
collisions, position or sensor data values outside the expected range, etc., or if timing
constraints are met for any operation, human interaction is requested by the robot, by
turning on an easily visible light on the flange of the robot.

Within the Robodonien exhibition instead of using wooden rods with a length of
400 mm up to 1000 mm and a diameter of 12 mm we used metal and wooden rods of
approximately between 180 mm and 240 mm length and diameters ranging from 2 to
3 mm. These where then interwoven in a specific pattern to create foldable parts.

In addition to the joining and handling operations from the previous exhibit, we
created the possibility for material handover through haptic programming. By pressing
onto the robot with the material the robot grips the material and continues the assembly
process. If the robot is pressed without any material the missing material is detected in
the next joining operation and the handover operation is restarted. Due to the inter-
weaving pattern the necessity to rewind the programme in order to fix the pattern was
added.
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ROl in no time.

Fig. 9. Possible haptic parameterization of design model from the HMI demonstrator.

The employed abstract design model can also enable the flow back of information
from the execution to design (see Fig. 9). This allows for the representation of the
actual process executed and gives us further inside into future planning scenarios.

Due to the haptic interaction primitives connected to each operation the user is also
able to influence the design on-site in accordance with the environment and his per-
sonal expectations. Directly influencing the design through fabrication data of actual
placement and work-piece correlations can lead to new forms of design.

From the perspective of construction automation, the repetition of patterns and
taught motions on-site enables an intuitive interface for robotic assistance. Most
applications of automation in construction still require an adaptation of the workers and
the environment. Our approach tries to adapt robotics towards humanly taught input.

5 Synopsis and Future Work

Within this work we described some of the inhibiting factors towards the application of
automation in construction. A direct transfer of approaches used for structured pro-
duction environments leads to high costs and requires the compensation of inflexibility
by the worker on-site. However, by trying to take advantage of more flexible methods
for robot programming, which allow for degrees of uncertainty, through the combi-
nation and extension of these methods we introduced the field of haptic programming.

We took first steps in compensating for material tolerances and uncertainties
through adaptive operations and human-robot collaboration. Through this approach we
try to bridge the gap between the digital model and the complexity of practical real-
ization, without the necessity for robot reprogramming on-site.

However, the creation of the employed operations is still quite complex. Addi-
tionally, a simplified abstraction of parametric design model need to be created and
interconnected with these operations.
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In our Future work we will focus on extending the adaptability as well as creating a

more extensive set of haptic interaction primitives. The definition of operation inter-
faces and design parameter still requires simplification. Furthermore, design implica-
tions of the information feedback from the construction process needs to be analyzed.
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Abstract. This paper discusses the integration of automatic robot path planning
into the computational design environment. A path planning software interface
is presented that allows to support fabrication-aware design of robotically
assembled structures with discrete elements. Using the large-scale Robotic
Fabrication Laboratory (RFL) as test-bed, the software interface is validated
through three experiments, in which building members need to be guided around
obstacles and which are fabricated using two cooperative robotic arms. Specific
focus of this paper is the investigation of strategies to narrow the path search by
adjusting design and path planning parameters in order to achieve a calculation
time that is suitable for design applications. A close integration of automatic
path planning and design is presented, which does not only enable the negoti-
ation between design intention and fabrication feasibility, but allows for an
understanding of the constraints present in robotically fabricated spatial struc-
tures. Thus, this research contributes to expand these structures’ design and
fabrication space.

Keywords: Automatic path planning - Computational design
Spatial structures + Cooperative robotic processes

1 Introduction

Today, several robotic simulation and visualization tools for computational design
environments (e.g. HAL [1], PowerMill Robot [2], MORSE [3]) are assisting architects
in designing robotically fabricated structures. These tools however, require the designer
to manually draw and adjust auxiliary curves (toolpaths) until the robot can follow the
curves without any collision. This is a tedious and time-consuming process, especially
if the structure consists of a high number of building elements that need to be
maneuvered to intricate positions or into gaps. Apart from such CAD-based robot
programming tools, there exist several offline robot-programming tools [4] (e.g.
Moveit! [5] with Gazebo [6]) that are based on the Open Motion Planning Library
(OMPL) [7]. These libraries could enable automatic path search while taking robot
disruptions, such as collisions and robot axes limits into account, but are not easily
accessible from within computational design environments used in architecture. Thus,
this hinders architects to fully explore the design space offered through the integration
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of automated path planning, which limits their possibilities to work with over-
simplified models of fabrication.

To solve these restrictions, this paper introduces a Python software interface, which
connects the design environment Rhino/Grasshopper [8] with specific capabilities of
the OMPL. It is developed and evolves through several experiments, from a tool for
post-rationalization of a computationally designed structure, towards a tool that can be
tightly integrated in the structure’s generation. This enables fabrication-aware design,
which in particular considers cooperative robotic assembly with obstacle avoidance.
The research is conducted in collaboration with the projects “Multi-Robotic Prefabri-
cation of Spatial Lightweight Structures” [9] and “Spatial Timber Units” [10], which
physically validate the approach through three experiments and their respective 1:1
prototypes. Experiment 1 and 3 are conducted within the first project and Experiment 2
within the second project. Using the large-scale multi-robotic laboratory RFL [11], the
projects build upon the same assembly logic, in which two cooperating robotic arms
alternate their function along the fabrication process. While one robot supports the
structure temporarily by holding a building member, the other robot positions the next
member (see Fig. 1), and conversely in the following step [9]. After placement, the
member is manually joined to the existing structure through either welding (Experi-
ment 1 and 3) or screwing the connection (Experiment 2).

robot 2

robot 1

Fig. 1. Diagram of a cooperative robotic assembly process showing robot 1 avoiding collisions
with robot 2 and with the built structure in order to assemble a building member (blue), while
robot 2 stabilizes the structure
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2 Path Planning Software Interface and Integration
of Collision-Free Robot Path Generation
into Computational Design

The main challenge in the development of the software interface between the com-
putational design environment and the path planning setup is the achievement of a
calculation time suitable for design applications. It is also important to define the
interface’s in- and outputs, which consist of path planning parameters controlled from
within the design environment, and of information from the automated path planner
that is useful to feed back.

The software interface builds upon a library (OMPL) containing algorithms for
robot path planning (e.g. RRT [12] and RRT* [13]), which, however, is independent of
a specific collision checker or visualization tool [7]. Therefore, the software interface
accesses the library through the simulation platform V-REP [14], which extends the
functionality with fast collision detection through the definition of collidable entities
[15]. A GhPython component [16] in Rhino/Grasshopper allows to interact with the
software interface'. Additionally, Grasshopper can be used to visualize the robot paths
calculated by the planner. At a later moment in the development (see Experiment 2),
the software interface was enhanced with simultaneous search capabilities through
containerized instances of V-REP using the Docker platform [17] and a TCP/IP
coordinator (see Fig. 2). This allowed to improve the workflow by increasing the path
search success rate and contributed to the software interface’ practicality, since V-REP
could run as headless software.

Computational design environment Path planning interface

Design derived parameters:

Geometry of building member
Collision meshes v-rep
Design model |-»| A >
Start configuration Collision-free path:
End pose »  OMPL [ Robot configurations
Gripping position Robot geometry
Insertion pose r
N OMPL parameters: RObOti_C setup: d’
& /%. Algorithm name Robotic scene
) Collision checking resolution End-effector docker

Fig. 2. Visualisation of the integration of the path planning software interface into the
computational design environment

! The software interface could also be integrated in any CAD software that includes a Python
interpreter (e.g. Blender [24] and Maya [25]) or through frameworks supporting algorithmic design
(e.g. COMPAS) [26].
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In order to simulate the pick and place assembly process of a computationally
designed structure within a specific robotic setup, several parameters have to be set in
advance. This includes (1) the computational representation of the robotic setup,
(2) OMPL path planner parameters and (3) design-derived parameters.

In V-REP, the robotic setup (see Fig. 2.) is defined by collision meshes including
scripts that access the geometrical objects programmatically by specifying their joints
and respective types in a hierarchical structure [18]. In the presented experiments, the
robot model consists of four six-axis robots (ABB IRB 4600-40/2.55) mounted on a
gantry system (Giidel) that adds three linear axes to each robot, resulting into nine
DOF. Additionally, the geometry of the respective end-effector including its tool centre
point (TCP) has to be defined®.

Through the software interface it is possible to control three OMPL parameters (see
Fig. 2): the name of the path planning algorithm, the collision checking resolution and
the robot axes metrics. In OMPL, the 25 available path planning algorithms are cat-
egorized into geometric planners and control-based planners [19]. For the presented
experiments, only geometric planners have been used since it was only necessary to
consider the geometric and kinematic constraints of the system and not its dynamics
(e.g. acceleration of the robot). The distance between the steps on a calculated robot
path derive from the parameter collision checking resolution [20]. Furthermore, the
robot axis metric can be defined for each joint as a floating-point value between 0 and 1
(from not constrained to blocked), which allows to constrain its movement.

Finally, design derived parameters (see Fig. 2) include the building member’s
geometry, which is picked at a defined gripping position with a start configuration
(robot’s joint and axes values) by the robot name (as defined in the robot model) and
placed at the end pose (frame of reference). Additionally, other collision meshes can be
added for collision checks, such as for example the representation of the already
assembled structure. If the search with the described parameters is successful, the
collision-free path, which consist of angular and translational values (joints and linear
axes) can be visualized in Rhino/Grasshopper. On the contrary, if the path search is not
successful, a message indicates if the problem occurred during the initialization of the
planner (e.g. the robot in the start configuration is colliding with an obstacle), or if no
solution was found due to collisions along the path between the start and the end
configuration. Once all feasible paths are calculated, fabrication starts by sending each
path via a custom robot control interface to the IRC5 ABB robot controller, which
executes the received commands.

Finding collision-free paths is a time-intensive task since it is a highly complex
problem [21] that requires to recurrently check for collisions [22]. Therefore, inde-
pendent of the path planning algorithm, the resolution of the meshes, or the collision
checking resolution, it is important to evaluate if design parameters can already con-
strain the search space of the path. Therefore, in this paper a strategy is presented, in
which the path planner does not calculate the full path from the building-members’
picking station, to its final position in the structure, but only to a certain offset from it
that will be later referred to as insertion pose(s).

2 Flexible parts such as cables and hosepipes are not included in the model.
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While for certain computationally designed structures path planning can be applied
as post-processing step for fabrication (see Experiments 1 and 2), for other structures,
deadlocks might occur. This means that for a given geometrical configuration no
possible path can be found, which would require redesigning/regenerating the complete
structure and starting the path search from the very beginning. Experiment 3 presents a
case, in which the path planner is already called in the design generation process, after
defining a part of a structure. This approach allows reacting locally by adjusting the
geometry of one building element once a path search was not successful, therefore
omitting deadlocks through fabrication-aware design.

3 Experiment 1: Post-rationalization of Spatial Metal
Structures Using Sequential Robot Path Search

The first experiment presents a workflow for post-processing the computational design
of a spatial metal structure to enable its robotic construction using two cooperating
robotic arms. The structure is generated in a computational design setup [9] and
comprises 72 tubes (tube size: 16 mm &, 1000-1200 mm length) positioned in space
that are connected through a reciprocal interlocking node, creating 23 non-regular
tetrahedra that concatenate into a spiral configuration (see Fig. 3).

Fig. 3. Visualization of placing one tube into the spatial metal structure indicating robot start
configuration i, insertion pose F;, final pose F>

For each tetrahedron, the computational design tool assigns a preliminary fabri-
cation sequence, which describes the order of how to stably assemble the tetrahedron.
An insertion pose (see Fig. 3, F)) is calculated for each metal tube, representing the end
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pose of the path planner’s robot path. The insertion pose is a robot end-effector position
in an offset (20 cm) to the structure that defines the last section of the robot path before
reaching the building member’s final position. It is calculated by taking possible col-
lisions of the inserted building member with the existing structure into account. In the
fabrication process, the movement from the insertion pose to place the tube in its final
pose (see Fig. 3, F») is performed through a linear movement in the robot’s tool space.
Despite this movement is not considered in the collision check of the planned path,
collisions were not registered during the experiment.

The procedure to validate the structure’s fabrication feasibility consists of iterating
over the tetrahedra along the fabrication sequence and searching for collision-free
assembly paths for the tube within each tetrahedron (see Fig. 4), considering the above-
mentioned robot alternation of stabilizing the structure and placing a building member.

Each path starts with the robot start configuration (see Fig. 3, i) for picking the pre-
cut tubes and ends at the robot insertion pose (see Fig. 3, F;). Within the path search,
the path planner does not only check for collisions of the manipulated building member
with the existing structure, but also with the other robot that is temporarily stabilizing
the structure. The path search is automatic, however, assigning the respective robot to
each building member, selecting the next tube within the fabrication sequence and
changing the algorithm name, etc. is performed manually.

for : in tetrahedra (1-23):
for building memberin (a, a,, a, ):

'

‘ Design derived parameters P

Path
planning |

‘ OMPL parameters P interface

Collision-free
path

Fig. 4. Diagram of the parameters and processes involved during the sequential path planning
for the first prototype

Finding paths is occasionally not possible, for example, if the selected robot
workspace is highly constrained by the other robot’s configuration or the insertion pose
is almost inaccessible. Therefore, it is necessary to change the path planner’s parameter
settings and restart the search. Preliminary empirical tests hint towards the use of fast
algorithms, such as RRT, for paths planned in a less constrained search space and
algorithms, such as SBL [19], for intricate paths for which the robot can hardly
manoeuvre building members without colliding. However, changing only the algorithm
does not always lead to success. In order to counteract such deadlocks it is also
necessary to adjust the fabrication sequence, the gripper position/orientation along the
tube and the insertion pose as well. In this experiment the total of 72 paths were found
by a combined manual adjustment of the fabrication sequence, the gripping position
and the insertion poses.
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Fig. 5. Assembled structure of Experiment 1 during the AAG Conference in the RFL (left),
detail of the structure showing a reciprocal welded connection (right)

The successful realization of the structure proved the usability of the software
interface to find collision-free assembly paths for a multi-robotic spatial assembly
process (see Fig. 5). However, during the experiment several problems could be
identified that require further improvements. The workflow was very slow due to the
considerable amount of manual steps that required multiple adjustments until finding
valid paths.

In average, it took 30 min of testing and adjusting different parameters settings to
find one path, while the path’s calculation took approx. 30 s. Nevertheless, using the
strategy of the insertion pose, rather than the final pose of the building member, proved
advantageous since it narrowed down the search space of the path planner, by avoiding
to calculate the insertion move from the insertion pose to the building member’s final
position. A test comparing the use of the RRT algorithm to calculate paths to the final
pose (see Fig. 3, F>) and to the insertion pose (see Fig. 3, F|) showed that the cal-
culation time could be reduced from 487 s in average to 34.86 s in average. Conse-
quently, this approach reduced the amount of trial and error to find a collision-free path
and speeded up the entire path planning process. Therefore, this strategy was further
used in the following experiment in a different design and material system.

4 Experiment 2: Post-rationalization of Spatial Timber
Frame Structures Using Parallel Path Search

As discussed in Experiment 1, finding collision-free paths depends on multiple
parameters and often requires multiple trial and error steps that considerably slow down
the workflow. Thus, the path planner was enhanced with simultaneous search capa-
bilities, which allowed checking in parallel for several paths (two paths per processor
core) with different parameter settings. The validity of this approach was tested in the
Experiment 2, which investigates the post-processing of a spatial timber structure to
enable its construction. The structure represents 81 freely oriented beams of different
lengths (20004600 mm) and cross-sections (200 x 80 mm, 120 x 100 mm,
120 x 60 mm).
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Fig. 6. Visualization of four collision-free paths (s;—s,) and one path ¢ colliding with robot 2 and
the insertion pose F as part of the planning needed to collaboratively assemble a beam (blue) of a
corner triangulation

Besides the geometry of the structure (meshes oriented in space), and the additional
robot poses for cutting, drilling and milling the beams, the computational design model
calculates a preliminary fabrication sequence and an insertion pose for each beam. The
fabrication sequence describes to assemble the floor (beams c;—c3) first, then the walls
(beams al-a3, b1-b3, c4 and c5) and finally the ceiling (beam cg) (see Fig. 7). In this
experiment, all beams can be placed with only one robotic arm, except for the two
corner triangulations (beams a;—a; and b;—bs), which require a cooperative assembly
process with two alternating robots. Similar to Experiment 1, the insertion pose is
calculated with an offset to the structure (20 cm) and describes the last section of the
robot path before reaching the building member’s final position (Fig. 6).

In the path search process the parallelization can be used to calculate the assembly
paths for beams c;—cg all at once, since they are placed with only one robotic arm and
the other robot does not need to be considered as a potential obstacle. The robotic paths
to assemble the beams of the corner triangulations (a;—a; and b;—bs;) have to be
sequentially searched for, considering the fabrication approach with the two alternating
robots (see Fig. 7).

The construction of the timber prototype (Fig. 8) validated the approach for post-
rationalizing the spatial structure, but in contrast to Experiment 1, for a different
construction system with elements of different size and geometry. The average cal-
culation time for a sequentially planned path was 22.5 s. This however cannot be
compared with Experiment 1 due to different parameters settings and differently sized
building elements. In a separate benchmark test 103 beams were tested by searching 4
paths per beam for which at least one valid path was found. Therefore, the parallel
search speeded up the general planning workflow by saving several manual trial and
error steps. This strategy could be further developed in an automated approach for
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for building member in beams (¢ — ):

parallelly l
% planned beams i i Path Collision-free
— (<)) ‘ Design derived parameters P planning | oath
‘ OMPL parameters P interface
CA C5

al \i’l a’J bl bZ b3
¢ sequentially
1 c c, a\a

2 planned beams 1 a 3

(a,—a,, b-b) | for 2 in corner triangulations (a,—a,, b,-b,):

for building member in corner triangulation (a,, a,, a, ):

!

‘ Design derived parameters P

Path
planning
%’ interface

Collision-free
path

‘ OMPL parameters

Fig. 7. Diagram of the parameters and processes involved to sequentially and parallel planned
robot assembly paths for the beams of Experiment 2

Fig. 8. Physical prototype of Experiment 2 (left) and a detail of the cooperatively assembled
corner triangulation (right) with screwed t-butt joint.

testing and evaluating parameter combinations to achieve a better performance, which
is partly implemented in the next experiment.

5 Experiment 3: Fabrication-Aware Design of Spatial
Structures

In Experiment 3, the computationally designed structure builds upon the same recip-
rocal node configurations as in Experiment 1. However in this case, the 10 tetrahedra
are arranged around one point in space (see Fig. 9). This results into a highly complex
structure of 33 tubes (tube size: 25 mm &, 1070-1900 mm length), which, in order to
avoid deadlocks, requires fabrication feasibility checking already in the design gen-
eration process. Here, in comparison to the previous experiments, the path planner is
tightly integrated in the computational design tool of the structure.
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Fig. 9. Possible design adjustments for one element (blue) showing potential poses Fy, F», F3
for a tube, respective connecting points ([by, b>], [c1, 2], [d1, d>]) and vertex position p that can
be tested in order to find a valid path

The computational design tool iteratively generates only three tubes with the
respective robot insertion pose and a preliminary fabrication sequence before running
the path planner. The insertion pose defines the position and orientation of the gripper
at a distance of 20 cm before reaching the final position of the building member. This is
calculated considering the movement to interlock a tube in the reciprocal connection
without colliding with the structure and with the other robot.

Similar to Experiment 1, solution paths are searched for each tube in the order of
the fabrication sequence inside the tetrahedron considering the robot alternation (see
Fig. 10). However, this time the adjustment of parameters is automated, except for
adjustments of the insertion pose. Also, the path planning algorithm was not changed
since SBL provided a high success-rate for intricate path planning with high resolution.
If even the automated search was not successful, the designed geometry was adjusted.
In the context of this experiment this was performed manually through changing design
parameters of the tetrahedron, such as the vertex (the approximate position of the tubes’
meeting point, see Fig. 10, p) or the connection points (see Fig. 10, [a;, a>], [b1, b1],
[c1, ¢2]), which are geometrically defined within the design script by considering
requirements of the connection system® [9]. At a later state of implementation, it is
foreseen to automate these changes.

The experiment shows the potential of using the software interface to explore
fabrication-aware design of cooperatively assembled spatial structures. It exemplifies

3 Adjustments of the design do not take structural considers into account.
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for building member in /\ (a,a,a,):

N !

Design derived parameters —»]

| Path Collision-free
planning > path
interface

OMPL parameters —>

Fig. 10. Diagram of the processes involved during the negotiation between design and
fabrication feasibility showing possible design parameters: the tetrahedron vertex position p,
which represents the intersection points of the three tubes of a tetrahedron and connecting points
([b1, b2], [c1, c2], [dy, d>]) of the tubes with the existing structure

that for a certain structural complexity the early integration of path planning in the
design process is inevitable and contributes to expand the design space of feasible
structures.

The strategy of automating fabrication parameter adjustments was successful and
allowed to reduce the required manual input. Twenty-three of the thirty-three paths
were found automatically through adjustments in the fabrication parameters, such as
fabrication sequence and gripping position on the tube. In four cases, the path search
had to be paused since no path was found, but could continue after adjusting the
insertion pose. Finally, six tubes required changes in the overall design, since no other
measures led to a successful path generation. The changes involved choosing one of the
different connection pairs (see Fig. 10, [by, b>], [c1, c2], [d}, d>]) which allowed to find
a valid path. Further advancement could comprise the integration of evaluation criteria
for the effects of parameter changes to speed up the search with more effective
adjustments. Additionally, a modular set-up of the search procedure could facilitate a
faster identification of high-impact parameters and optimize the number of iterations
needed to find a path (Fig. 11).

Fig. 11. Physical prototype of Experiment 3 (left) and detail of the reciprocal welded node
(right)
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6 Conclusion

The presented work demonstrates the use of automatic path planning for enabling the
robotic assembly of spatial structures showcased through three experiments. The fab-
ricated prototypes built with different assembly logics (individually and cooperatively
assembled members) and consisting of building members in varied scales, show its
successful application for constructive systems with linear building members, thus
expanding the design and fabrication space of robotically assembled spatial structures.

However, several aspects of the path planning interface still require further
development. While over the course of development the software interface was already
enhanced by simultaneous search capabilities (see Experiment 2) and the possibility to
automate parameter combinations (see Experiment 3), the performance could be
improved further. Instant design adjustments according to the interface’s feedback
requires a more radical reduction of calculation time. This could be pursued through the
mentioned strategy for the identification of high-impact parameters for specific design
scenarios. Additionally, the definition of multiple optimization objectives for the
optimal planners available in OMPL (e.g. RRT* and PRM*) would allow to automate
the adjustments of the OMPL parameters. More radical approaches towards improving
performance would include the optimization of OMPL path planner algorithms through
fine-grained parallelism [23]. Additionally, to improve the interface’s usability, the
ability to specify the robotic setup from the computational design environment would
allow using the software without any knowledge of V-REP.

The conceptualization and materialization of robotically assembled spatial struc-
tures that are truly aware of fabrication require the consideration of tolerances that sum
up not only vertically as for layer-based assemblies, but also in multiple directions. In
Experiment 2 sensors measured deviations of material deformations and of the structure
during fabrication. These tolerances were fed back into the design environment and the
design was adapted accordingly. Topic of further investigation is to simulate tolerances
and to visualize deadlocks in the design in order to investigate strategies to counteract
thereon.
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Abstract. In this paper we present an installation which explores a robotic
fabrication process through real time human-machine interaction using natural
interfaces. Aiming to contribute to the debate regarding automatization pro-
cesses described by the industry 4.0, we suggest a future collaborative approach
to distributed and participatory design. The installation invites participants to
shape a physical object through a robot that interprets the acoustic signal of their
voices. The object is then fabricated in near real-time through robotic hotwire
cutting. The visitor is gifted with the result of its exploration to take home as a
souvenir of a possible future. The negative traces of voices are aggregated
through an algorithm in a sculptural wall.

Keywords: Natural interfaces - Collaborative fabrication - Hotwire cutting
Parametric design

1 Introduction

1.1 Aim

The installation Communication Landscape was commissioned for the exhibition
“Imminent Commons” at the first Seoul Biennale of Architecture and Urbanism.
Among the stated aims of the biennale is to open the debate about the dramatic
challenges global cities are facing - may they be social, ecological or technological. On
this occasion HENN presented together with the Technical University Darmstadt an
interactive installation which explores the idea of industry 4.0, digital craft and human-
machine interfaces.

This installation aims to place itself in the current debate about industry 4.0 and
digital craft, offering a vision for future production and an optimistic view of the
automatization of production.

We try to argue that innovative, lean and clean production methods would enable a
departure from the centralized industrial model of the XX Century and create smaller,
decentralized production units that can be better integrated in the urban and social
fabric. In this sense this would be a return to the craftmanship based model prevalent
prior to the industrial revolution (Gershenfeld 2005).
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In such context, production would no longer reside within the artisan, but with a
machine. It is here postulated that the definition of interaction strategies between
machines and users will enable the creativity of individual production to be distributed
among the wider population rather than being concentrated with a single individual.
This shift would create a new category, the prosumer -in equal measure producer and
consumer of its own goods (Ritzer et al. 2012).

Emerging Fabrication Labs (FabLabs) around the world and Tech Start-up com-
panies such as the membership based TechShop in San Francisco are substantiating
these assumptions that access to industrial manufacturing processes acts as a beacon in
democratizing invention. It allows young start-ups ventures and the so-called “Do it
yourself” community to explore new ideas accentuated by state-of-the-art technology
and weaves the industrial fabrication site back into the social fabric of the inner cities.

1.2 Natural Interfaces for Fabrication

Naturally, intuitive man-machine interfaces are crucial to this process as they would
provide people with easy and direct access to production.

In recent years, with ever more ubiquitous computing, a lot of research has gone in
the topic of natural interfaces, where the computer itself seems to disappear and more
intuitive, human-like interactions take place (Francese et al. 2012).

The apparent disappearance of the computer (at least in it classical mouse-
keyboard-terminal configuration) actually promotes a closer relationship with the
machine (Willis et al. 2011), enabling different interaction modes, which can be
integrated with logics of gamification of such interactions (Savov et al. 2016).

Creating custom software and interfaces especially for computer-aided manufac-
turing software (CAM) further liberates the end user from the necessity to understand
programming and native robot code and allows him/her to focus on the design tasks at
hand and further amplifies additional design of custom robotic tools or methodology
development referred by Brell-Cokcan as production-immanent design (Brell-Cokcan
et al. 2013).

Such an advancement naturally comprises educational benefits and has the potential
to release some pressure addressed by the demographical changes in the upcoming
future. Less skilled labour will be present in the future and therefor the need for
intuitive and collaborative interfaces and interaction for/with robotic fabrication is
relevant (Petereit et al. 2012).

The Commonly known linear fabrication approach, where an object will be defined
inside a CAD environment and then exported for robotic fabrication only scratches the
surface of the capability this technology contains. More responsive and dynamic
investigations using physical scanning of the environment with devices such as the leap
motion, Kinect and depth sensors and real-time feedback loops, possible by machine
learning processes allow for natural or conscious fabrication behavior (Rossi et al. 2017;
Mueller et al. 2012). Further encouraging progress is made in the field of virtual and
mixed reality (VR/MR). Using the visual and haptic sensation and immersion enabled
by AR/MR, dynamic and in-situ modelling in the user natural environment highlights
more creative and hands-on manufacturing methodologies. (Peng et al. 2018).
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Additional Voice user interfaces (VUI) explorations of audio-visual design strate-
gies, where the form generation is concluded by an audio input emphasis an additional
humane sensorial parameter (Lim 2014).

The vocal tract is the source of human sound and while the vocal chords are the
primary source of sound generation, other mechanisms further feature sound making
abilities such as whistling. In conjunction with contextual and emotional meta level
meaning of the spoken sound, the human voice offers a plethora of filterable entry
parameters. It is not surprising that VUI in combination with artificial intelligence
(AI) are one of the leading frontiers when discussing commercial user interfaces
showcased by VUI products such as Apple’s Siri or Amazon’s Alexa.

1.3 Robotic Hotwire Cutting

Robotic hot-wire cutting processes offer the possibility of quickly and efficiently
generate 3-dimensional shapes, due to the fact that the process of material removal is
volumic, allowing on to process an entire ruled surface with a single motion, avoiding
the need for layer-by-layer processing, typical of other processes, such as milling
(McGee 2012). Additionally, hot-wire cutting produces two parts where both sides are
usable, avoid the production of waste from the removal of the upper part when a block
is milled (Ruttico et al. 2016). A variety of projects (McGee 2012; Schwartz 2012a, b;
Brell-Cokcan and Braumann 2014, Bidgoli and Cardoso-Llach 2015; Sendergaard
et al. 2016) have demonstrated the efficiency and reliability of hot-wire cutting as
method for fast processing of large volumes, offering a high level of accuracy and
repeatability, as well as the ease of integration with other production methods (Sousa
2017).

2 Methodology

2.1 Installation Set-Up

With this background, the installation is an attempt to explore a future collaborative
approach to distributed and participatory design. It consists primarily of a microphone,
a video screen and a robotic arm.

The visitors are invited to speak in the microphone. This simple act triggers a
custom algorithm to generate in real time an evolving 3-dimensional representation of
the speaker’s voice. The live feedback on the screen creates an immediate learning
loop, where the visitors, almost instinctively, learn how to shape the virtual object by
modulating their voice. Once the visitor is satisfied with the object displayed on the
screen, they can save their configuration. This automatically activates the robot arm to
carve out the desired shape out of a block of foam through a custom attachment.

The process of extracting the “shape of a voice” out of a foam block creates
simultaneously the desired object and its negative form. The visitor is gifted with the
result of its exploration to take home as a souvenir of a possible future. The negative
traces of voices are aggregated through an algorithm in a sculptural wall.
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The result is an endless range of individually formed pieces, composed of a pat-
terned surface that represents the physical/digital translation of the visitor’s sound input
and individual voice, whether it’s a word, a scream, a song or simply a breath.

Also the role of the designer is redefined: as the end user gains access to more
powerful customization tools and easily accessible interfaces, the designer no longer
needs to determine the final form or configuration of his creation but only its initial
state and the limits of what’s possible are left to the individual user to explore.

This overall fabrication and design process evokes a more top-level and tangible
meditation about the cognitive design making choices from both the producer and
consumer (Sharif 2013; Sharif et al. 2015). Recent scientific assumptions about the
dynamic and distributed nature of cognitive processes as in interplay of the brain, body
tool, material, product and society illustrate the complexity of the act of design making
(Malafouris 2004). This premise is interesting because it promotes the notion that the
learning process between human and machine can be multidirectional and that by
learning more about human cognition and design choices the digital processes can
factor more actively in the production of artifacts (Fig. 1).
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Fig. 1. Installation workflow

2.2 Voice-Controlled Modelling

It was crucial to establish a resilient workflow allowing to extract the voice pattern and
translate it into numeric data that can be modified within the computational logic. To
accomplish this, we used the plug-in Firefly. The plug-in primarily enables real-time
data flow between Grasshopper and micro-controllers such as Arduino.

One of the digital tools in the firefly audio library is the Frequency Spectrum. It
allows the user to feed real-time sound patterns via a microphone.

We extract the real-time values representing the volume and the corresponding
frequency levels.

We limit both the minimum and maximum boundary conditions of the ranges to
cull outlier values and ensure that geometric properties do not exceed fabrication
constraints. One of the main challenges in this process was to control the rescaling of
the voice recordings caused by the firefly component. If one would imagine the filtered
and unique voice trace as a scatterplot illustration, then depending on the input the two
numeric dimensions would always adjust according to the new input range. By a more
hands-on evaluation process we had to determine those ranges manually. The two
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numeric lists are used to generate two curves illustrating the volume and frequency
wave pattern over the recorded time, subsequently building the guiding ruled surface
for the robotic cutting motion. The ruled surface is allowed to turn in a 90° angle. The
level of rotation hereby is controlled by the participants peak frequency value (Fig. 2).

Fig. 2. Base module generation

2.3 Custom User Interface (CUI)

Once the core logic of the set-up was operating, we investigated a variety of options
how to visualize the user interfaces. The main focus hereby was to ensure that the
participant understands fast and intuitively how to modulate the displayed digital object
with his/her voice. A combination of the Grasshopper plug-ins Human and Human UI
enabled us to design a CUI The plug-in Human UI enables the design of interactive
user interfaces within Grasshopper.

The main element displayed in the interface is a revolving 3-dimensional repre-
sentation of the digital foam block. As soon as the user presses and holds the record
button, a trigger is activated in the software and the block is shaped according to the
volume, frequency and duration of the recording. If no sound is emitted into the
microphone the block will be presented as a flat white box. The more diverse the audio
input the more the deformation and rotation of the block becomes readable.

On the right side of the interface we located three infographics and the interactive
control station. The placement map on the top of this section highlights in red where
the current block will be placed. We will explain the placement logic more in depth in
Sect. 4. This approach enables the user to choose not only the geometry of the object,
but also gives him the freedom to choose the placement of his negative foam piece. The
user can also assess the graphs of the guiding curves and change the recording if he is
not satisfied with the outcome. Once he is satisfied the user then writes his name and
presses the save configuration button, hereby activating the robotic fabrication (Fig. 3).

2.4 Real-Time Data Broadcasting

Caused by the programmatic nature of the installation, two scripts had to run simul-
taneously on two different PCs, one controlling the interface and the other one for
robotic fabrication. The installation depends on the real-time input of the user and a
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Fig. 3. Interface interaction

method had to be defined that enabled the interface button to trigger events in both
scripts synchronously. Speckle Streams is a plug-in for Grasshopper that enables the
broadcast of real-time data via the internet through a sender and receiver methodology.
The data can be sent to any receiver within any Grasshopper script, that is connected to
the internet. Utilizing the capabilities of Speckle the interface script could now send the
data via live stream to the fabrication script. This liberating ability to send real-time
data inside the Rhinoceros and Grasshopper framework and even across platforms
increased the speed of idea and fabrication flow drastically. One of the central aspects
of our installation was precisely the ability to send the command for fabrication just by
the act of triggering a digital button. The profound process behind the translation of the
desired geometry into robotic path motion, evaluation and debugging of the same,
executive instruction generation for the physical robot arm and the fact that this digital
framework acted independent from the actual operating system of the form generation
interface and could have been located anywhere globally are all hidden and condensed
for the visitor into one embodied act.

3 Robotic Hotwire Cutting

In order to create a direct link between the geometry, generated by the participants’
voices, and robotic cutting motion, the Hal Robotics plug-in for Grasshopper (Schwartz
2012) was used to translate the incoming curves first into ruled surfaces, and then into
planes to be followed by the robot motion. The combination of constraints on the
generation of shapes, and a custom-designed hot-wire end-effector, specifically
dimensioned in order to allow maximum flexibility in the cutting possibilities, allowed
to ensure the feasibility of the cutting within robot and fabrication setup constraints.
The direct integration of constraints within geometry generation and its direct
translation into robotic toolpaths, allows to remove the complexity of robotic pro-
gramming from the interaction space of the user, and hence enables the design of natural
interfaces, where voice is directly translated into robotic motion, creating a more direct
connection between user and fabrication process. This allows to robotically fabricate
infinite design variants, each adapted to the user’s voice parameters, avoiding the need
to pass through multiple export/import steps from CAD to CAM to the robot (Fig. 4).
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Fig. 4. Digital to physical translation of the hotwire cutting process

4 Panel Clustering and Installation Assembly

The placement of the randomly generated foam pieces had to be derived by a super-
ordinate logic in order to establish a correlation to each other.

The placement logic is assigning each individually generated piece of foam with a
vector representing its properties. The vector itself is calculated by summing up the
properties of the two guiding curves and the rotation value that generates each foam
piece. In its initial state the placing map generates a default map of values as shown in
Fig. 5. The rectangles labelled with a —1 are to be understood as empty containers
resembling the entire capacity of locatable objects. In order to initialize the placing
process we feed a hidden row of values to serve as an orientation for the bottom-up
construction.

I EE—

Fig. 5. Simulated placement logic

As soon as a new vector is generated the algorithm iterates through all the values in
the default map and locates the new value by calculating the immediate neighbours
sharing similar traits. Once this process is finalized the default map gets replaced by the
newly generated placing map, containing the previous located vector. Subsequently the
location of every new value is defined in such a way, that it can only be placed in
immediate proximity to other existing vectors.
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5 Results

Before the opening day of the exhibition we pre-assembled 50 pieces to encourage the
participation. Over the course of the installation 50 visitors per day on average inter-
acted with the installation. It was quite remarkable how well overall the methodology
was perceived and implemented by the visitors. Almost intuitively curious visitors
would come by the microphone and instantly start to interact with the Interface. The
need for clarification of the process was low. Visitors across all ages would within
minutes learn to modulate their desired artifact and activate the fabrication. In order to
ensure the safety on site we closely monitored the fabrication process. This monitoring
quickly transformed into an in-situ observation of the nuances each individual voice
trace played on the form generation and to what degree presumably the personality
factored substantially into the equation. Due to the sensitivity and even limitations of
our set-up in respect to the ambient noise of the environment and the preset boundary
constraints of the volume and frequency range the visitor often was compelled to
swiftly overcome reservations and really engage with the microphone. If the visitor was
too hesitant the result of his/her exploration was more modest in contrast to the more
extravert form generations by other visitors. Unsurprisingly the more the visitors would
depart from linguistic patterns and start to playfully generate abstract sound the more
exceptional the resulting form would be.

Within minutes the robotic fabrication was finished and together with the designer
we then manually installed the piece onto the evolving sculpture. Perhaps the most
notable interactions took place between children and the robotic process. Proving that
even a small child was able to intuitively comprehend the design task and successfully
interact with it with ease and joy (Fig. 6).

Fig. 6. Installation interaction and final result

6 Conclusion and Outlook

In retrospect the calibration of the volume and frequency boundaries that where preset
for this installation would have benefitted from a more generous field testing. This also
transfers to the geometric variability of the formable ruled surface that our interface
could offer and the geometric equity of the foam pieces that when aggregated resulted
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into a simple vertical 3-dimensional extrusion. It would be of interest to explore more
spatial and contextual sculptural forms. In addition one could try to aggregate the
sculpture using a set of differently shaped foam pieces. The most important improve-
ment however would be to orchestrate the assembly process more efficient and maybe
even utilizing other means of interface technology such as mixed reality.

This installation offers an optimistic view of the automatization of production. New
lean and clean production methods enable a departure from the centralized industrial
model of the XX Century and create smaller, decentralized production units that can be
better integrated in the urban and social fabric. In this sense this would be a return to
the craftsmanship based model prevalent prior to the industrial revolution. The pro-
duction would no longer reside with the artisan, but with a machine. It is here pos-
tulated that this will enable the creativity of individual production to be distributed
among the wider population rather than being concentrated with a single individual.
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Abstract. Robotic additive manufacturing methods have enabled the design
and fabrication of novel forms and material systems that represent an important
step forward for architectural fabrication. However, a common problem in
additive manufacturing is to predict and incorporate the dynamic behavior of the
material that is the result of the complex confluence of forces and material
properties that occur during fabrication. While there have been some approaches
towards verification systems, to date most robotic additive manufacturing pro-
cesses lack verification to ensure deposition accuracy. Inaccuracies, or in some
instances critical errors, can occur due to robot dynamics, material self-
deflection, material coiling, or timing shifts in the case of multi-material prints.
This paper addresses that gap by presenting an approach that uses vision-based
sensing systems to assist robotic additive manufacturing processes. Using online
image analysis techniques, occupancy maps can be created and updated during
the fabrication process to document the actual position of the previously
deposited material. This development is an intermediary step towards closed-
loop robotic control systems that combine workspace sensing capabilities with
decision-making algorithms to adjust toolpaths to correct for errors or inaccu-
racies if necessary. The occupancy grid map provides a complete representation
of the print that can be analyzed to determine various key aspects, such as, print
quality, extrusion diameter, adhesion between printed parts, and intersections
within the meshes. This valuable quantitative information regarding system
robustness can be used to influence the system’s future actions. This approach
will help ensure consistent print quality and sound tectonics in robotic additive
manufacturing processes, improving on current techniques and extending the
possibilities of robotic fabrication in architecture.
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1 Introduction

With the advent of new, robotically enabled fabrication methods comes the ability to
design new materials and geometries with new functionalities. Additive manufacturing
methods have been rapidly developed for several new materials from the starting point
of thermoplastics to silicones (Rodrigue et al. 2015), concrete (Lloret et al. 2015), and
hydrogels (Barry et al. 2009), and many more. Approaches to robotic 3D printing have
also started to go beyond in-plane, 2D layer-based methods towards freeform 3D
material depositions (Hack and Lauer 2014; Laarman et al. 2014; Soler et al. 2017).
These advancements bring about the ability to design not only novel forms, but also
new performative material systems that produce variations according to local stresses
or to respond to environmental conditions. These new material systems are possible in
mono-material additive manufacturing and their potentials are greatly expanded with a
move towards multi-material 3D printing. However, to fully leverage these functional
capacities, a greater control of the material deposition is required.

Additive manufacturing processes comprise a complex ecology of interactions
between a diverse set of parameters, such as the rheological characteristics of the
material, the rate of material flow from the extrusion nozzle, the rate of cooling or
curing of the material, and the structural capacities of the pre-cooled or -cured material
as additional material is deposited. The complexity and non-linear interactions of these
parameters make it challenging to predict and ensure the accurate deposition of material
during the 3D printing process without extensive and computationally intensive sim-
ulations of the entire process prior to commencing the print.

In order to accommodate some of these parameters and overcome the challenges
several researchers have taken an open-loop approach of explicit tool-pathing and
control of the robotic processes. Hack et al. (2013) implemented a series of explicit
robot motions including amplifying the z-direction movements, short stops for cooling,
and air pressure changes to increase the level of control and predictability over the
material behavior. McGee et al. (2017) implemented an explicit “pressing” motion path
with additional tolerances embedded within it to ensure fully-fused joints between all
3D printed connections in a tensile mesh.

Approaches to robotic systems can be divided into two categories; open-loop
systems and closed-loop systems (Vidal-Calleja et al. 2010). To a large extent, open-
loop systems are the predominantly used approach in the field of architecture and
design. As an alternative to the previously described open-loop approaches, there exists
an opportunity to equip the robotic system itself with sensing capabilities and decision-
making agency (Paul et al. 2009) to ascertain the accuracy of previously deposited
material and adjust future toolpaths (Paul et al. 2015). Research suggests that closed-
loop systems, are critical to the success of robotic fabrication processes in which the
material does not behave predictably or in situations where conditions can change or
lead to inaccuracies (Giftthaler et al. 2017). In robotic additive manufacturing pro-
cesses, surveying the position of the previously deposited material, would give the
system agency to take corrective action to these inaccuracies by recalibrating robot
trajectories and accurately executing tectonic motion paths like the pressing motion
developed previously.
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Vision-based feedback systems are generally classified depending on the number of
cameras, the position of the camera with respect to the robot or the design of the error
minimization function used to control the robot (Hutchinson et al. 1996). When con-
sidering the position of the camera, two main configurations exist; end-effector
mounted (eye-in-hand) or fixed in the workspace (bird’s eye). Feedback approaches are
further classified into position-based, image-based, and hybrid-based and motion-based
feedback systems. In a position-based feedback system, the online analysis of the scene
is performed in what is referred to as the task space, whereby image information is used
to reconstruct or map the scene via the a priori calibrated camera model (Zhang 1999).
This provides geometric information of the scene in the industrial robot’s base
coordinates.

To leverage geometric information of the scene, metric maps are utilized to build
accurate representations of the environment. An algorithm proposed by Elfes (1989)
and Moravec (1988) known as Occupancy Grid (OG) mapping, utilizes grids to model
the environment’s free and occupied space. In 3D grid map representations, techniques
such as voxel hashing and octrees discretize space into voxels. Each voxel possesses a
position in space and a probability of occupancy; occupied, free-space or unknown
(Paul et al. 2015). It is common to combine probabilistic approaches in conjunction
with mapping methods as sensors are subject to measurement noise. Algorithms such
as extended Kalman filters, Bayesian filters, and particle filters have been widely
explored to provide improved state estimates (Thrun et al. 2005).

This paper proposes a framework for online visual-feedback in robotic additive
manufacturing processes (shown in Fig. 2) via image analysis and probabilistic OG
maps (Elfes 1989). The framework sequentially takes an image as its input, segments
the current area, utilizes the a priori calibrated camera model to build a map in task
space and probabilistically fuses the information into an overall OG map of the printed
areas.

2 Methodology

The research described here seeks to verify the accuracy of previously deposited
material during additive manufacturing processes. The design process generates a set of
task space waypoints for the Tool Center Point (TCP) to track. The robot is controlled
so that it tracks the trajectory while images are acquired via a calibrated camera. As
shown in Fig. 4, gathered images are processed such that the deposited material is
segmented from the background. The classified images are transformed into task space,
and sequentially fused into a probabilistic OG map.

2.1 Robot Eye-to-Extruder Calibration

The eye-in-hand configuration proposed in this work possesses a camera located on the
filament extruder system as shown in Fig. 1. As the TCP moves through a given
trajectory, the images gathered from the camera are unable to be related unless the
transformation between the camera and robot base is known.
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UR10 INDUSTRIAL ROBOT
POINT GREY RGB CAMERA
STEPPER MOTOR

ALUMINUM HOUSING
FILAMENT-DRIVING GEAR
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DEPOSITED MATERIAL
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Fig. 1. URI10 robot with wrist-mounted filament extruder system, Point Grey Blackfly RGB
camera and heat bed (in blue) while printing part B30.

ROBOT CONTROL AND MAPPING FRAMEWORK

CALIBRATION
DESIGN WAYPOINTS ROBOT CONTROL POSE CAMERA
MODEL ? &

A A

PARAMETERIZED !
_____________ FEEDBACK [ wiEalie IHECES
VOXEL GRID
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Fig. 2. Overview of the proposed robot control and mapping framework for closed-loop
additive manufacturing processes.

Accurate geometric information of the environment obtained from the camera
requires two types of calibration, intrinsic and extrinsic. Intrinsic calibration determines
the intrinsic matrix that represents the projective transformation from the 3D camera
coordinate system into a 2D image coordinate system. This calibration utilizes the
perspective projection camera model and procedure proposed by Zhang (1999) and
implemented by Bouguet (2000). Extrinsic calibration is used to determine the camera’s
pose (i.e. rotation and translation) in a defined coordinate system, or robot base, oT..

Hand-eye calibration is the process that ascertains the camera coordinate system
relative to the reference frame of the robot’s TCP. Well-known approaches can be
based on determining the rotation and translation consecutively (Daniilidis 1999),
simultaneously (Strobl and Hirzinger 2006), or considering time-offsets (Furrer et al.
2018).
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Fig. 3. Eye-in-hand calibration to determine the extrinsic calibration of a camera so the pixels in
the camera coordinate frame can be transformed to world or robot base coordinate frame.

The hand-eye calibration implemented in this work requires a set of known points,
P € R3, defined in robot base coordinates and corresponding points defined in camera
coordinates. Determining the rotation and translation can be formulated as an opti-
mization problem. As shown in Fig. 3, a calibration target with known dimensions is
needed to obtain the 3D points in camera coordinates from the points in the 2D image.
To recover the points defined in camera coordinates requires P to be visible from a
known camera location.

Given the homogeneous transformation describing the base location, °T, of the 6
degree-of-freedom robot with joint angles as a vector, q = [q1, . . .q6]T, the last link
location can be computed using forward kinematics, *T¢(q). Consequently, the addition
of an end-effector, i.e. the extruder system, requires a known transformation of the TCP
relative to the last link, f7,. Thus, it is possible to determine the location of the TCP
relative to the base location of the robot using, °T,(q) = °T,*T;(q)"T,. Moving the
TCP to P, yields a series of known transformations in robot base coordinates.

The translation is the difference between the two sets of points and incorporates the
optimal rotation obtained via singular-value decomposition. Given °T,(q) and the
calculated transformation °7, the camera relative to the TCP, "T,, can be obtained.

2.2 Deposited Material Segmentation via Image Processing

To segment the image into deposited material and background, the image undergoes a
series of image processing steps. Initially, the image undergoes a color space con-
version. Since the RGB color space suffers from variations in light intensity, the HSV
color space is used as data represented in HSV is less susceptible to these changes.
A threshold is applied to the image, then normalized to effectively occupy its range of
pixel intensity values. Median filtering is applied to the image to remove noise from
normalization. The image is then converted to a binary representation and undergoes
median filtering again to remove noise that may have been a product of conversion.

The output of the process is a segmented image that categorizes the original values
from the data into deposited material or background, ultimately represented as a binary
matrix. This output is then fused into one probability map for further analysis as
discussed in the next section.



Towards Visual Feedback Loops 91

converTros V’ "’ X
RGB START: MEDIAN FILTER
-> —> VALUESTOHSV —> 4 ’
MaGE > LoaD IMAcE —> YALUES TO HSY IMAGE “ ' ’4‘
CONVERT VALUE OUTPUT: ‘
\—) IMAGE To BINARY —> eV AN FILTER 5 egmenTED ‘ (
AN USING THRESHOLD IMAGE P\ A

Fig. 4. Image processing procedure, takes in color images, processes them and then outputs the
classified deposited material and background.

2.3 Deposited Material Occupancy Mapping

Mapping in robotics is the process of building a representation of the environment,
commonly based on sensors. Given the intrinsic calibration and transformation, °T.
(Sect. 2.1), images can be sequentially fused over time to infer whether a location in
task space is occupied by deposited material. A Deposited Material Occupancy Map
(DMOM) is used to represent the printed space.

The images obtained for fusion are a mapping of 3D points to a 2D surface,
forming a 2D representation of the environment. Since this process involves the loss of
depth information, depth to the printing surface can be obtained as the camera pose is
known. Extending this approach to 3D map representations like octrees can be
achieved using the method described by Paul et al. (2015).

The Occupancy Grid (OG) mapping method addresses the problem of generating a
consistent map from noisy or incomplete sensor data and possesses potential use for
data fusion (Stepan et al. 2005). As the eye-in-hand configuration limits the field of
view of the camera, the probabilistic nature of OG mapping allows the images captured
to be fused. Each grid cell in the OG map, DMOM in this case, is individually treated
as having a mutually-exclusive probability of existence of deposited material. Since
there is overlap in the data observed by the camera, the certainty of deposited material
occupying a grid cell is dependent on whether deposited material is observed at a
location, and the frequency it appears at that location. The probability is updated using
a Bayes update (Thrun et al. 2005), where higher trust is given to more recent mea-
surements. The probability that a grid cell is occupied is independent of the location of
the image pixel and distance from the camera. Due to this independence, it is assumed
that at each point that is classified, regardless if it contains deposited material or not, is
equally trustworthy.

3 Experiment Setup

The approach is tested in a pilot study towards the production of a site specific, partially
dynamic tensile surface installation covering over 25m? as shown in Fig. 5. The
installation was designed and simulated using the Kangaroo Physics plug-in for
Grasshopper, developed by Piker (2013). The overall form of the installation is divided
into 59 panels to facilitate the printing of each panel within the reach of the robot.
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Fig. 5. Detail of robotic 3D printed functionally graded net installed on site.

The topology of the tensile mesh is functionally graded to respond to the simulated
differences in tension forces across the surface. By employing a bespoke computational
method, the resulting graded mesh is flattened to embed the 3D geometry within the 2D
pattern for printing McGee et al. (2017).

3.1 Physical Hardware Setup

To facilitate the manufacturing of the tensile meshes, a custom work cell was con-
structed. The setup consists of a Universal Robot (UR10) robot mounted to a frame
housing a custom heat bed measuring 1.2 m?. The extruder end-effector consists of a
stepper motor that feeds filament to the nozzle, where it is melted by two heat car-
tridges embedded in the nozzle, with a thermocouple for temperature regulation.

A downward-facing global shutter Point Grey Blackfly RGB camera is mounted to
the extruder. The resolution of the camera is 648 x 488 pixels, which results in an area
of 138 x 104 mm when the print nozzle is in contact with the heat bed. The offset
position of the camera relative to the TCP, fT. was estimated as [-43, —72, 187] mm.

3.2 Software

The toolpaths are developed from the form-found digital mesh output from the Kan-
garoo physics system. These meshes are translated into the final, continuous line
toolpaths through a series of scripts which eliminate odd-valence vertices by replacing
each edge in the mesh with a vertex, making connections between the mesh faces that
share the original edge, a process which always results in an even-valence at the new
vertices. The toolpaths are also constructed to ensure that the order of lines produces
full cross over joints at each intersection for improved structural performance, rather
than joints where the two polyline segments attempt to meet at a point which are failure
prone.
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The UR10 toolpath for each panel is initially solved through Robots Grasshopper
plug-in. A list of target joint angles and their corresponding TCP locations are pro-
duced from the plug-in and passed to ROS to communicate with the robot. Addi-
tionally, the commands are distributed through ROS to overcome the limited number of
points that can be sent through the Grasshopper plug-in. ROS enables the state of the
hardware to be queried at 125 Hz providing a means to have positional feedback,
whilst the images are acquired at 7 Hz and processed in MATLAB.

3.3 Measurement Test Using Generated Map

To test the validity of the map, quality experiments have been conducted including:
intersection detection, filament thickness, and alignment assurance.

The detection of intersections between lines is necessary so that the additional
“pressing” process can occur to create structurally sound joints at each crossing. To
perform intersection detection, a point in the image is found and denoted as the start of
the line. From this point, a series of smaller image segments are generated in order to
locate the lines in 3D space. The result is a vector between a start and end point that can
be iteratively checked to determine if there are intersections with any of the previous
lines found before.

The thickness of the extruded filament affects the strength of the overall print, and
should remain consistent throughout the print. However, unintended variances can
occur due to issues with extruder speed or filament feed, heating element inconsistency,
or imperfections in the original filament. The map can hence be analyzed to check that
the extruded filament line width is within expected tolerances.

During the printing process, it is possible that the extruded filament fails to fully
adhere to the heat bed surface, resulting in misaligned or otherwise incorrect geome-
tries. To detect if there are any misalignment issues and to incorporate quality control,
the map can be compared against the expected location of the print in the map. If there
are large variances, particularly global orientation differences, then it is likely there is
an alignment issue and the print should be aborted and the user notified.

4 Results

Several experiments have been conducted to collect data during the printing process.
The intersection points are taken from the geometry generation process and form the
baseline ground truth from which the observed intersection points can be compared.

Varying illumination sources on the printed filament and background presented
challenging conditions for developing a robust method of detection. Two image seg-
mentation results are shown in Fig. 6. The lighting in the room was a mixture of natural
and artificial light that was not specifically controlled.

The proposed approach demonstrates the segmentation of RGB images into binary
representations of deposited material and printing surface. However, it has been shown
that the process is unable to distinguish between the current print and residual filament
from previous prints due to similarities in color properties. Noise from varying illu-
mination sources challenges the robustness of the image processing procedure. Thus,
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Fig. 6. Given two input images of deposited materials: cream-colored and red with varying
lighting conditions on the background, the image processing results are shown.

probabilistic fusion during map generation allows each pixel to possess a better esti-
mate of the state (as areas of the print are observed multiple times).

A series of images shown in Fig. 7 demonstrate the progression of the print based
upon the observed data fused by using the Bayes update. Each grid cell in the DMOM
represents 0.2132 mm?, with each possessing an intensity ranging from a maximum
value of 1 (white) and a minimum value of 0 (black), and the initial state and final state
of unseen grid cells possess a value of 0.5 (gray). The DMOM after 35 min of printing
and 1575 processed images is shown in Fig. 7. As more images are fused, the certainty
about the existence of printed material at that location is increased, converging upon
known to be empty (i.e. a value of 0), or known to be occupied (i.e. a value of 1).

Fig. 7. Part A28. Results of a series of extrusion classifications as they are fused together into
the task space DMOM. (Left) Detail of DMOM resolution. (Right, Top row from left) After 225
images and 5 min of printing; After 450 images and 10 min of printing; After 900 images and
20 min printing; (Right, Bottom row from left) After 1350 images and 30 min printing; Final
DMOM; the actual complete print.

The printed piece shown in Fig. 8 contains a total of 466 intersections, with 15.88%
of the intersections considered as unseen due to the trajectory, 5.15% of the inter-
sections considered as unseen due to misalignment and 7.73% of the intersections
considered as seen, although incorrectly mapped. Since the eye-in-hand configuration
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Fig. 8. (Left) Simulation of the robot with the final DMOM,; (Right) Actual photo of final print
overlaid with top-down view of the DMOM. Red markers indicate unseen intersections due to
camera field of view and trajectory, blue markers indicate unseen intersections due to
misalignment, green markers indicate detected intersections at incorrect locations due to
misalignment.

relies on the given trajectory to observe the print, Fig. 8 illustrates an incomplete
DMOM shown with missing, incorrect and misaligned intersection points, due to
incorrect mapping and unobserved locations.

The average thickness of the print is determined using the probabilistic OG
map. A set of print thicknesses were obtained by randomly sampling 30 locations of the
print, then measuring the thickness. The average thickness is 9.03 grid cells with a
standard deviation of 1.20 grid cells, translating to 1.93 mm and 0.26 mm respectively.

Applying a binary classification test, the statistical measures of performance:
accuracy, sensitivity, and specificity are obtained by comparing the classified pixels to
the ground truth. A true (or false) positive occurs when a grid cell is correctly (or
incorrectly) identified as containing; a true (or false) negative occurs when a grid cell is
correctly (or incorrectly) identified as not containing deposited material. The accuracy
of the print is 91.8%, indicating a high percentage of correctly classified grid cells. The
sensitivity (40.2%) indicates a relatively weak ability to correctly identify grid cells that
contain deposited material, and the specificity is 95.8% which indicates a strong ability
to identify grid cells that are free of deposited material.

5 Discussions and Conclusions

This paper has presented an approach to online feedback using a map-building tech-
nique that utilizes data from the robot and camera. The system probabilistically fuses
the obtained data to construct an overall map of the print during the additive manu-
facturing process, enabling quality assurance processes to be applied. Throughout the
research, the team has gained several insights towards this process. First, vibration of
the extruder and camera system was noted during the extrusion process due to robot
dynamics. This produces slight inaccuracies and misalignments with the camera’s
captured images but has no noticeable effect on the print quality. Future work is to
close the control feedback loop by triggering pre-programmed localized actions, such
as the pressing motion necessary for the tensile mesh extrusion when the system
predicts an upcoming intersection.
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Abstract. The use of Function Representation (FRep) to synthesise and specify
geometries for 3D printing is finding renewed interest. The usefulness and
extension of this representation in the synthesis and analysis of geometries for
the process of large-scale, layered concrete 3D printing has been previously
articulated by the authors. This paper fully extends the implicit representation
used previously in shape-design to fabrication-related processing of compressive
skeletal structures for realisation by robotic 3D printing of concrete. In partic-
ular, we use an initial value formulation of a propagating front to process the
nodes and bars of a given funicular spatial structure.

Keywords: 3D printing - Implicit modelling - Function representation
Shape design - Funicular skeletons - Robotic concrete printing

1 Introduction

The use of Function Representation (FRep) to synthesise and specify geometries for 3D
printing is finding renewed interest (Keeter 2013; Lu et al. 2014). The extension of this
representation for the synthesis and analysis of geometries for layered process of large-
scale concrete 3D printing has been previously articulated by the authors (Bhooshan
et al. 2018). The shape-design framework described there is motivated by the rapid
growth in large-scale, robotic 3D printing and lack of appropriate shape-design tools.
Further, the framework is based on a novel insight regarding the applicability of design
methods used in unreinforced, compressive masonry to layered 3D printing with
materials of relatively low tensile capacity such as concrete. This paper further extends
the FRep, used previously in shape-design, to fabrication-related processing of
geometries. In particular, the framework is applied to process compressive skeletal
structures for realisation by concrete printing. Lastly, physical results demonstrating the
application are shown.
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1.1 Compressive Skeletal Structures and 3D Printing

Skeletal structures are commonly realised in steel and timber (Rian and Sassone 2014).
Historically, they have also been realised in stone, prominently at the Sagrada Familia
cathedral in Barcelona. Their realisation in cast concrete is perhaps most famously
executed by Architect-Engineer Luigi Nervi (Perugini and Andreani 2013) and Engi-
neer Robert Malliart (Zastavni 2008). However, the use of concrete for their realisation
is nowadays often hindered by the high cost associated with the use of custom-tailored
moulds and formwork (West 2001). There have been some efforts to alleviate this
short-coming with the use of knit and fabric formworks (Popescu et al. 2016; West
2016). Of relevance to the current discussion however, are recent developments in the
use of large-scale 3D printing with concrete to produce such skeletons. These efforts
are currently restricted to the production of outer casings into which regulation-
approved concrete is subsequently poured (XtreeE 2017).

1.2 Contributions and Outline

In considering a shape representation that is appropriate for both design and fabrication
processing of skeletal shapes for concrete printing, we may highlight the following:
(1) An ideal shape representation includes both the centre-lines of structural action and
the layers of printing; (2) the shape representation makes no or little a priori
assumptions regarding the topological complexity of the skeletal networks; and (3) the
shape representation is amenable for fabrication-related processing addressing the
particular constraints of concrete 3D printing such as heuristics related to maximum
overhang, preferably planar assembly interfaces etc. The main contributions of this
paper relate to outlining the extension of our FRep-based framework to address the first
two aspects above (Sect. 3.1), whilst detailing its application to address the third
(Sects. 3.2 and 3.3).

2 Related Work

Given the dual intention of both previous and current work, to support interactive and
exploratory shape design whilst ensuring adequate representation of critical fabrication-
related aspects, relevant domains of precedent work include the areas of computer
graphics and computer-aided-geometric-design (CAGD). Medical imaging with its
history of representing topologically complex and solid 3D shape via a stack of 2D
images resonates with the requirements of representing the process of layered 3D
printing of concrete. It thus provides another rich, if unusual, domain of precedent work.

2.1 3D Printing and Implicit Shape Representation

Implicit representation has widespread use in various domains including design and
animation of articulated characters (Ji et al. 2010), modelling of biological shapes
(Sherstyuk 1999a), computer-aided-design (Rossignac 1985), physically based ani-
mation (Desbrun and Gascuel 1995), rendering of fonts (Green 2007) etc. However, to
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the best of our knowledge, their use has not yet been adapted to synthesise shapes for
concrete printing, apart from our previous work and its application by our collaborators
(Bhooshan et al. 2018).

All forms of implicit representation share the following advantages (Opalach and
Maddock 1995): (1) efficient to check for whether a given point is inside or outside the
object, (2) efficient boolean operations, (3) easy-to-make topological changes, (4) effi-
cient blending between objects, etc. We thus believe it is a natural representation
scheme to be adapted for shape design for robotic and layered 3D printing of concrete,
as well as its fabrication-related processing.

2.2 Implicit Modelling

In implicit representations, the shape of an object is represented by defining a scalar
field (also called potential field or field function) that assigns positive values to points
in the field that are outside the represented object and negative values for those inside.
Thus, the surface of the object is implied as the boundary between the inside and
outside of the object so represented. Technically, the surface of the object is the zero
iso-surface of the scalar field. In contrast, Boundary Representations (BRep) para-
metrically define the surface of the object. For more on implicit surfaces, we refer the
reader to the seminal paper by Bloomenthal and Bajaj (1997).

2.3 Skeleton Based Implicit Modelling and Function Representation

Given the requirements of the shape representation in relation to and its manipulation
via a skeletal, centre-line graph of vertices and edges, skeleton-based implicit mod-
elling becomes relevant precedent work (Bloomenthal and Shoemake 1991; Sherstyuk
1999a). Here, the scalar fields are defined in relation to the distance from a given
skeletal graph with distances on the inside of the object being negative and those
outside positive. Thus, sometimes a related terminology of signed distance fields
(SDF) is used in this context (Hubert and Cani 2012). Lastly, various models of
implicit representations are unified into the so-called Function Representation (FRep)
(Pasko and Adzhiev 2002).

2.4 Medical Imaging and Layered Printing

The trajectories that the print head of the 3D printer has to traverse - the so-called task
graphs (Khoshnevis et al. 2006) — are usually generated by processing BRep surfaces
(Fig. 1). Alternatively, the layered process of 3D printing, like brick masonry, can be
considered as advancing or propagating ground-upwards, one layer at a time. Further-
more, this view is particularly instructive in understanding the stability of the layers
whilst printing, apart from foregrounding the layers themselves as opposed to the
geometry from which they are derived. In this context, precedent work from the field of
medical imaging becomes relevant. Front propagation or advancing front can be
modelled as a parametrically represented boundary curve that evolves in time (boundary
value formulation) or as the zero iso-contour of a scalar field that itself moves or evolves
through time (initial value formulation) (Kass et al. 1988; Sethian 1998). Both methods
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Fig. 1. Processing of mesh representation to generate (a) horizontal and (n) field-aligned task
graphs.

are used in medical imaging to recover shapes from a stack of 2D images. This approach
has also been recently used to minimise the amount of support structures required for
overhanging parts in 3D printing and architecturally, to recreate the columns of Sagrada
Familia (Cacace et al. 2017; Monreal 2012).

2.5 Previous Work

The authors have previously articulated and utilised the boundary value formulation to
model and realise shapes in 3D Printed concrete (Fig. 1(c, d)). However, such
parameterised boundary representations encounter difficulties when the curve expands
or shrinks along its normal field and sharp corners and cusps develop or pieces of the
boundary intersect (Cohen 1991). This can be seen in some of our previous results

(Fig. 1(e)).

3 Processing of Funicular Networks for Concrete Printing

In comparison to previous work (Sect. 2.5), in the current work and paper, we utilise
the alternative, initial value formulation and adapt it to model the layered geometries of
concrete 3D printing. In particular, we combine them with a skeletal graph represen-
tation of 3D funicular networks to process them for physical realisation.

3.1 3D Skeletons and Initial Value Formulation of Front Propagation

It would be possible to use a BRep-based approach to process nodes and bars for 3D
printing via the procedural thickening of the skeletal graph and subsequent contouring
of the meshes that represent nodes and bars of the network (Fig. 2(a—d)). However,
such geometric processing of nodes and bars increase in complexity when processing
nodes requiring overhang support and/or with increased topological complexity. This
approach holds further complications with regard to assignment of ideal print directions
to the node in addition to resolving complex interfaces between the print layers of the
nodes and bars (Fig. 2). Furthermore, local processing of print layers does not guar-
antee good alignment with the funicular force flow over the node.

Our approach, on other hand, capitalises on the rich and easy-to-implement oper-
ation set of FRep to alleviate this complexity, easily handle topological changes from
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Fig. 2. (a—c) Generating convex hulls around nodes and bars of a graph, (c) contouring the
combined mesh. Alignment and interface problems with task graphs.

one print layer to another, naturally specify interior task graphs (printing paths) that add
stability to the print and more importantly directly model the task graphs and their
evolution in time (Fig. 3).

R

(@) ® (c) (d

Fig. 3. (a) and (b) two scalar fields. (c) set-theoretic difference operation of (b) on (a). (d) the
natural extension of specifying interior task graphs as contours of a scalar field, (e) Natural
handling of topological change of many closed curves at the bottom layer to a singular closed
curve on the top layer.

3.2 Primitive Field Functions and Operations

There are wide varieties of field functions that have been developed to adapt the use of
Function Representation within various application domains. We currently use two
simple-to-implement, two-dimensional SDF functions and their booleans, blends and
evolution along a normal direction to generate the task graphs. The first field function is
the so-called soft-objects field function (Wyvill et al. 1986), which is specified in
relation to distance of field points from the nodes of an input graph (Fig. 4(a)). The
other field function uses the same function, albeit in relation to the shortest distance
from the field point to each of the edges of a 2D input graph (Fig. 4(b)). These simple
functions may be replaced by more involved convolution field functions that improve
the short-comings of these simple functions (Sherstyuk 1999b; Wyvill and Wyvill
1989).
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()
Fig. 4. (a) Signed distance fields (SDF) in relation to (a) nodes and (b) edges of a skeletal graph.
Booleans

We use standard set-theoretic definitions to specify the Union, Difference and Inter-
section between two scalar fields (Bloomenthal and Bajaj 1997) (Fig. 5(a—e)).

Fig. 5. (c) Difference, (¢) Union and (d) Intersection operations on primitive fields (a) and (b).
(f) Consequence of trim operation on the scalar field. (h) (g) trim operations can be successively
applied.

Trim with Plane

When we use a trim operation using an input plane, we replace the field values of all
field points that are on the negative side of the plane (w.r.t its normal) with a value of 1
(Fig. 5(f-h)). In other words, all points on the negative side of the plane are considered
outside the object. We use this operation primarily to aid the assembly of printed parts
or interface between parts that are consecutively printed (while the first part is still wet).

Blend

We currently use a simple linear additive interpolation function between two given
scalar fields to specify a blend (Fig. 6(a and b)). It is common to use the so-called
smooth step function to improve the behaviour of the blend at the extremes.

3.3 Processing Nodes

Each of the nodes is printed separately. However, the parts of every node are printed
consecutively whilst the previous part is still wet, enabling a material bond across the
node. In terms of the processing of the node, this does not pose any additional
difficulty.
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Fig. 6. (c—g) Blend sequence of the zero contour as scalar field (a) blends to scalar field (b). The
effect of a faster blend rate on the shape of the geometry described by the stack of zero-contours
is shown in (i).

The simplest procedure to produce the task graphs is by translating a circular front
along the edge, and simultaneously trimming against the bisector planes defined
between pairs of edges (Fig. 7(a)). In other words, in this simple method, the front does
not really evolve.

(@

Fig. 7. A nominal procedure of translate and trim to synthesise task graphs for each node
segment. (b) Task graphs of one of the four parts meeting at node shown in Fig. 10.

In most practical cases on the other hand, the moving front needs to evolve features
to ease steep overhangs and to provide internal support (Fig. 7(b, ¢)). In such cases, the
evolving front utilises the full range of operations: booleans, blends and trims (Fig. 8
(a)). The input primitive fields for these operations are generated by first extracting an
oriented sub-graph from edges that meet at a node. This sub-graph is projected onto the
ground-plane to get a 2D skeletal graph, which is subsequently used to generate the
primitive fields (Fig. 8(b, c)).
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Fig. 8. (a) Secondary composite primitives formed by Boolean operations on primary primitives
(b). (b) Primary primitive scalar fields generated as SDFs in relation to the vertices and edges.
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4 Robotic 3D Printing

The conversion of the task graphs generated using the procedures previously described
(Sect. 3.3) into motion instructions for the robot uses industry-standard procedures.
The only significant geometric detail worth mentioning is that consecutive layers of
task graphs need to be assembled into a single tool path. This involves first ensuring
that the end of one layer and the start of the next are in proximity and subsequently
adding a segment that will carry the print head smoothly across layers (Fig. 9).

=S

(@

Fig. 9. Computer generated images show (a—c) printing sequence of the constituent parts of a
node and (b) end result highlighting the groove feature that adds internal support to the print.

4.1 Path Planning

In current work, the bounding volumes of the each of the nodes is well within the
operating sphere of the robot used. Further, the dimensions of the print head and
apparatus in relation to the size of the print are also such that the need for extensive
collision avoiding path planning is not necessary. However, we simulate and visually
inspect the entire print trajectory of the robot along with the print head to ensure there
are no collisions, particularly of the print head with the ground (Fig. 10).

Fig. 10. Print trajectories and visual inspection of potential collision of print head with the
already printed parts and/or the ground
4.2 Results

All results use C25 concrete (Fig. 11). The print duration for each of the prints is
approximately 30 min and each segment of the nodes typically consists of 90-100
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Fig. 11. Photographs showing materially bonded node parts (a, b) and the various types of
nodes that vary in valence and angles between incident edges (c).

layers of 4 mm each. The diameter of each of the node segments is approximately
15 cm.

5 Future Work

The current proof-of-concept implementation of FRep for the shape design and its
processing for fabrication of robotic 3D Printed concrete demonstrates the novelty and
utility of the proposed framework. However, we envisage the following significant
avenues of further investigation in the immediate future. Each of the avenues, we
believe, are critical to the full-scale realisation of spatial structures: (1) Evolution of the
front subject to constraints to ensure the shapes are guaranteed to be stable during print
(Bhooshan et al. 2018). Current work circumvents this constraint by using very con-
servative layer height and overhangs; (2) Automated, structurally informed segmen-
tation of skeletons larger than the print volume. In this regard, the formulation and
modelling of equilibrium of rigid-block assemblies would be an important considera-
tion (Frick et al. 2015); (3) Automatic insertion and growth of brackets at nodes that
exceed allowed overhang angle; (4) Automatic inclusion of features to enable and ease
fixings.

6 Conclusions

The current shape-design and physical results, whilst being early, already demonstrate
the following: (1) Adaptation of skeleton-based FRep modelling for shape design for
robotic 3D printing of concrete; (2) The subsequent adaptation of FRep to generate and
represent tool-paths in robotic 3D printing; (3) First proof-of-concept implementation,
opening further possibilities of adapting more sophisticated features from FRep and
initial value formulation of front propagation. In particular, the mathematical frame-
work of front propagation that can handle constrained evolution of the front, can be
expected to be essential in handling several process and stability related constraints;
(4) Potential for translating the proposed method as novel and alternative method of
generating geometries of unreinforced, masonry.
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In conclusion, the proposed use of a FRep shape representation schema as an
alternative to ubiquitous BRep schemes is already providing novel results whilst easing
fabrication-related post-production. We believe that this initial work will provide a
strong foundation for exploring the design aspects of large-scale concrete printing, the
unified representation of design and fabrication related parameters and thus the
development of a novel architectural language of concrete extrusion.

References

Bhooshan, S., Van Mele, T., Block, P.: Equilibrium-aware shape design for concrete printing. In:
De Rycke, K., Gengnagel, C., Baverel, O., Burry, J., Mueller, C., Nguyen, M.M., Rahm, P.,
Thomsen, M.R. (eds.) Humanizing Digital Reality, Design Modelling Symposium 2017,
pp- 493-508. Springer, Singapore (2017)

Bloomenthal, J., Bajaj, C.: Introduction to Implicit Surfaces. Morgan Kaufmann, San Francisco
(1997)

Bloomenthal, J., Shoemake, K.: Convolution surfaces. In: Proceedings of the 18th Annual
Conference on Computer Graphics and Interactive Techniques (ACM SIGGRAPH 1991),
pp- 251-256. Las Vegas (1991)

Cacace, S., Cristiani, E., Rocchi, L.: A level set based method for fixing overhangs in 3D
printing. Appl. Math. Model. 44, 446455 (2017)

Cohen, L.D.: On active contour models and balloons. CVGIP Image Underst. 53, 211-218
(1991)

Desbrun, M., Gascuel, M.-P.: Animating soft substances with implicit surfaces. In: Proceedings
of the 22nd Annual Conference on Computer Graphics and Interactive Techniques (ACM
SIGGRAPH 1995), pp. 287-290. Los Angeles, CA (1995)

Frick, U., Van Mele, T., Block, P.: Decomposing three-dimensional shapes into self-supporting,
discrete-element assemblies. In: Thomsen, M., Tamke, M., Gengnagel, C., Faircloth, B.,
Scheurer, F. (eds.) Modelling Behaviour, Design Modelling Symposium 2015, pp. 187-201.
Springer, Cham (2015)

Hubert, E., Cani, M.-P.: Convolution surfaces based on polygonal curve skeletons. J. Symb.
Comput. 47, 680-699 (2012)

Ji, Z., Liu, L., Wang, Y.: B-Mesh: a modeling system for base meshes of 3D articulated shapes.
In: Computer Graphics Forum, pp. 2169-2177. Wiley Online Library (2010)

Kass, M., Witkin, A., Terzopoulos, D.: Snakes: active contour models. Int. J. Comput. Vis. 1,
321-331 (1988)

Keeter, M.: Hierarchical volumetric object representations for digital fabrication workflows. In:
Proceedings of the 40th Annual Conference on Computer Graphics and Interactive
Techniques (ACM SIGGRAPH 2013), Poster, Anaheim, CA (2013)

Lu, L., Sharf, A., Zhao, H., Wei, Y., Fan, Q., Chen, X., Savoye, Y., Tu, C., Cohen-Or, D., Chen,
B.: Build-to-last: strength to weight 3D printed objects. ACM Trans. Graph. 33, 97 (2014)

Monreal, A.: T-Norms, T-Conorms, aggregation operators and Gaudi’s columns.In: Seising, R.,
Gonzélez, V.S. (eds.) Soft Computing in Humanities and Social Sciences, pp. 497-515.
Springer, Berlin, Heidelberg (2012)

Pasko, A., Adzhiev, V.. Function-based shape modeling: mathematical framework and
specialized language. In: Winkler, F. (ed.) ADG 2002: 4th International Workshop on
Automated Deduction in Geometry, Hagenberg Castle, Austria, pp. 132-160. Springer,
Heidelberg (2002)



Function Representation for Robotic 3D Printed Concrete 109

Perugini, P., Andreani, S.: Pier Luigi Nervi’s columns: flow of lines and forces. J. Int. Assoc.
Shell Spat. Struct. 54, 137-148 (2013)

Popescu, M., Rippmann, M., Van Mele, T., Philippe, B.: Complex concrete casting: knitting
stay-in-place formwork. In: Proceedings of the IASS 2016 Annual International Symposium:
Spatial Structures in the 21st Century, Tokyo, p. 1278 (2016)

Rian, .M., Sassone, M.: Tree-inspired dendriforms and fractal-like branching structures in
architecture: a brief historical overview. Front. Archit. Res. 3, 298-323 (2014)

Rossignac, J.: Blending and offsetting solid models Ph.D. thesis, University of Rochester (1985)

Sethian, J.: Fast marching methods and level set methods for propagating interfaces. In: Comput.
Fluid Dyn. Annu. Lect. Ser. 29th, Rhode-Saint-Genese, Belgium (1998)

Sherstyuk, A.: Interactive shape design with convolution surfaces. In: Proceedings of the
International Conference on Shape Modeling and Applications, Shape Modeling International
1999, pp. 56-65. Aizu-Wakamatsu, Japan (1999a)

Sherstyuk, A.: Kernel functions in convolution surfaces: a comparative analysis. Vis. Comput.
15, 171-182 (1999)

West, M.: Fabric-formed concrete structures. In: Proceedings of First International Conference on
Concrete and Development, pp. 133—-142. Tehran, Iran (2001)

West, M.: The Fabric Formwork Book: Methods for Building New Architectural and Structural
Forms in Concrete. Routledge, Abington, OX (2016)

Wyvill, B., Wyvill, G.: Field functions for implicit surfaces. Vis. Comput. 5, 75-82 (1989)

Wyvill, G., McPheeters, C., Wyvill, B.: Soft objects. In: Kunii, T. (ed.) Advanced Computer
Graphics: Proceedings of Computer Graphics Tokyo 1886, pp. 113-128. Springer, Tokyo
(1986)

XtreeE (2017). Post in Aix-en-Provence. http://www.xtreee.eu/post-in-aix-en-provence/. Acces-
sed 3 Sept 2018

Zastavni, D.: The structural design of Maillart’s Chiasso Shed (1924): a graphic procedure.
Struct. Eng. Int. 18, 247-252 (2008)


http://www.xtreee.eu/post-in-aix-en-provence/

Material and Processes






)

Check for
updates

Thermally Informed Robotic Topologies:
Profile-3D-Printing for the Robotic
Construction of Concrete Panels, Thermally
Tuned Through High Resolution
Surface Geometry

Joshua Bard(g), Dana Cupkova, Newell Washburn, and Garth Zeglin

Carnegie Mellon University, Pittsburgh, PA 15213, USA
{jdbard, cupkova, washburn, garthz}@cmu. edu

Abstract. This paper explores the thermal design and robotic construction of
high-performance building components. The complex surface geometry of these
components actuate specific thermal behavior in passive building systems
through implementing the principles of convection in thermal mass. Our
seamless design-to-fabrication workflow uses optimization methods that com-
bine measured thermal data and simulation feedback with advanced modeling
and emerging robotic manufacturing techniques. Bridging an understanding of
thermal performance, geometry, and manufacturing we suggest direct formal
relationships between the behavior of airflow to tool-path planning for a robotic
arm. This paper will focus on describing an experimental process we term
Profile-3D-Printing that demonstrates a novel approach to the construction of
concrete panels with complex surface geometries. This hybrid construction
method combines material deposition with tooled post-processing to achieve
high-resolution surface definition. The process entails automated delivery of
material for selective deposition of panel geometry, and tooled shaping of rough
and finish layers for the physical production of computationally generated
forms.

Keywords: Additive manufacturing - High-Performance design
Digital concrete - Thermal performance * Robotic fabrication

1 Introduction

Thermally Informed Robotic Topologies is a research project that explores the inter-
section of high-performance building design and advanced robotic manufacturing. This
paper describes Profile-3D-Printing, a novel robotic fabrication process developed by
our research team at Carnegie Mellon University. This hybrid additive/subtractive
process combines deposition of concrete for rough layup with precision tooling for
surface finishing. The motivation for inventing this technique is rooted in previous
research by the authors (detailed in the Sects. 1.1, 1.2) regarding the design of geo-
metrically actuated high-performance building components and the robotic manipula-
tion of soft materials for additive manufacturing. In validating the fabrication approach
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we champion forward design for building performance—in contrast to reverse engi-
neering after initial design—through the design and fabrication of an array of concrete
facade panels, thermally tuned to passively reduce heating and cooling loads through
precise definition of surface geometry. The robust implementation of our Profile-3d-
Printing method could positively impact not just the range of creative expression in
architectural form making, but also the ecological footprint of the built environment at
large.

1.1 High Performance Building Component Design and Advanced
Manufacturing

This project builds on research exploring the seamless design of high-performance,
passive building systems that are rooted in the combination of form and matter:
topologically complex shapes using engineered materials. The authors have previously
demonstrated that these components can be designed as passively activated thermal
mass panels, optimized for local climate and tuned to specific heat transfer coefficients
through the articulation of surface geometry [1]. We have argued that by using the
passive behavior of thermal mass more aggressively it is possible to manipulate the
surface geometry [2] of architectural elements to strategically tune the thermal per-
formance of building envelopes to specific climate while reducing heating and cooling
loads [3]. However, such surface geometry results in complex form design that requires
bespoke mold based manufacturing procedures.

Current building practices struggle with high levels of building component cus-
tomization, because they heavily rely on mold based production and subtractive milling
(Fig. 1). Mold based fabrication methods limit the diversity of construction due to the
economics of mold reuse and material waste. Thus, current building practices exclude
the greater formal range often required for high-performance building components that
are both site and solar-geometry specific. High-performance building design puts
pressure on the building industry to develop new methods for the automated manu-
facturing of custom components.

Fig. 1. (left) Prototyping and (right) thermal testing of mold-cast UHPC panels with complex
surface geometry.
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1.2 Additive Manufacturing for Construction

Additive Manufacturing (AM) techniques afford geometric complexity across scales,
the possibility for customization, and the elimination or reduction of costly molds [4].
These technologies applied to construction (Additive Manufacturing for Construction,
AMc) hold promise for the manufacture of high-performance building components, but
are not yet ready for large scale industrial production. Over the past two decades AMc
research has addressed some of the barriers to entry for architectural 3D printing in
terms of build volume, production time, and economically viable mix design [5]. Soar
and Andreen, early pioneers in AMc argue that if AMc is to have a larger impact on the
construction industry, “It must realize greater performance than free-form aesthetics
alone. It will enable design freedom combined with greater function, and it must
address sustainability head-on” [5]. Thermally Informed Robotic Topologies addresses
these research challenges with particular emphasis on the creation of novel robotic
construction processes and simulation-driven design tools.

Our team at Carnegie Mellon University has developed and tested a hybridized
additive manufacturing system for high-performance, modular concrete building
components. The workflow is a complete path from modeling and simulation of
thermally efficient surface geometries to the robotic deposition and finish tooling of
concrete facade panels. The work explores the linkages between the geometric affor-
dances of high-performance panel design and the kinematic freedoms of robotic motion
and tooling. This connection between forward design for performance and robotic
construction suggests a viable model for addressing the challenges related to the
demand for customization of high-performance building components.

2 Methodology

2.1 Mix Design

As part of producing an initial concrete mix for application in a tooled-deposition
process, we considered the three factors of workability, strength and aggregate size. It is
known that lower water-to-cement ratios (w/c) increase the ultimate strength of concrete
[6], however this reduces the workability of concrete. Workability is a measure of yield
stress and consistency that is difficult to measure quantitatively, but is usually evaluated
in terms of slump or slump spread [7]. For Profile-3D-Printing, the concrete has to
remain workable enough for effective and efficient deposition, while being stiff enough
to maintain its shape after being troweled. Due to this factor, concrete sand with a large
percentage of aggregate fines was selected for easy deposition and smooth incorporation
into the concrete panels through troweling.

In order to reduce the w/c ratio while improving workability, admixtures were
added to the concrete mixture. One such type of chemical admixture to obtain work-
ability at low w/c ratios are superplasticizers (SP). During the 1980°s a copolymer of
polymethacrylic acid and polyethylene glycol methacrylate (PEG) formed polycar-
boxylate ether (PCE) superplasticizers. These became one of the most widely used
admixtures due to their ability to lower yield stress at low dosages in low w/c ratio
cement [8, 9]. For our mix, a commercial grade superplasticizer was obtained from
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BASF. We also included a viscosity modifying agent (VMA), used to both reduce
segregation and bleeding along with modifying flow properties [10]. A commercial
VMA was also obtained from BASF and added to allow a thicker concrete for more
controlled flow and to not allow separation to occur between the aggregate and water.

Type I/II Saylor’s cement was obtained and used for testing and ordinary tap water
was used. The table below (Fig. 2) shows the mix for a typical optimized batch:

Batch Mix

Material Amount | .

Aggregate (kg) |10

Cement (kg) 5

Water (kg) 2
SP (ml) 32
VMA (ml) 45

Fig. 2. (Left) Table: proportions of materials for a batch mixture, (Right) early mix tests and
finished panel prototype.

At these proportions a 0.4 w/c ratio was used to tune workability. Both the
superplasticizer and viscosity modifier were added in ratios consistent with BASF
recommendations, and a delayed addition of SP and VMA was utilized. Addition of
10% of the total water content was followed by one minute of mixing until the rest of
the water and additives were added and mixing was completed.

2.2 Component Design and Simulation

Our approach to high-performance passive thermal mass design is based in designing
specific mass to surface area ratios for each panel. This requires variation of distributed
mass depth across the surface, combined with control of surface smoothness or
roughness that results in varied heat absorption and re-radiation rates [1]. Our team’s
implementation of Profile-3D-Printing serves as a proof of concept in a larger effort to
explore a highly customizable design space that links performance based design to
large scale additive manufacturing. In contrast to the common design-to-construction
pipeline which relies on reverse engineering of design intent to meet performance and
fabrication criteria, our project stresses forward design for performance and fabrication.
This approach requires the incorporation of computational methods to integrate sim-
ulation and construction planning with generative design tools.
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The principles for modeling the geometry to produce controlled thermal delay in
thermal mass have been described by the authors in previous publications [1, 3, 11]. To
summarize this approach, we used genetic algorithms to optimize the key geometric
constraints of surface geometry related to area to mass distribution that directly affect
thermal performance. Critical factors are the ratio between panel mass and surface area;
smoothness of surface features varied through curvature degree of drive geometry; and
increase of surface area over identical mass through point-vector displacement con-
strained to u,v subdivision of base surface. Through multiple rounds of physical testing
and thermal simulation we identified a set of modeling principles that rely on curvature
degree, scale, and orientation of surface pattern to delay or speed up heat re-radiation.
As a result we were able delay heat re-radiation of 35 °C by 75 min within 3 h. [1]
This is a significant thermal effect that argues for architecture and manufacturing that is
tightly tuned to its thermodynamic design framework, while utilizing logics of com-
putational geometry.

Thermal performance can be generalized through the difference between surface
geometry and airflow geometry. Thermal pockets and their size play a significant role
in thermal behavior. The visualization of thermal pockets and their relationship to
curvature degree is shown in Fig. 3. The link between the modeling of performance
based geometries and the possibility for robotic construction was natural in the case of
thermally tuned building components with thermal pockets. Panel geometries produced
by Profile-3D-Printing are a combination of tool motion and profile knife geometry.
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Robot tool paths can be directly translated from target surface contours and custom tool
profiles can be directly back-engineered from surfaces generated based on thermal
principles. While the direct link between thermal simulation and robotic fabrication is
not yet fully automated, tool paths and tool profiles that produce surface geometry
based in principles of thermal performance were tested extensively.

1 Degree o, Sets 3 Degree o, i Sots
Profiles 1Dagree brive CLva[41] 3 Degrea Drive Cuve [4.3] 3 Degree Irfersecticns 5] Profiles 1 Degrea Drive Curve [41] 2 Degrae Driva Curve [43] 3 Degres |tersections (5]
14 oA

P11R P3 1R

Fig. 4. Matrix of test panels exploring relationship of UV based generation and Profile-3d-
Printing fabrication approach.

Based on this rubric we generated a simulation test set to validate the concept of
robotic surface figuration guided by performance logic. Design modeling of surface
geometry using the UV constraints described above leads directly to toolpath and tool-
profile generation—the combination of which determines panel figuration. Our team
captured a matrix of recorded simulations achievable with this fabrication approach
(Fig. 4). As a set, the simulations explore performative parameters of the system related
to size, depth and feature slope. A subset of these simulations were physically fabri-
cated using Profile-3D-Printing and are discussed in the results section below.

2.3 Fabrication Approach

Current AMc approaches are not well-positioned to address the unique set of chal-
lenges inherent to constructing high-performance building components with thermally
actuated surface geometries. All AMc must overcome the difficulties of building large
objects at an economically viable time-scale. This typically entails a course contact
zone—combining higher material delivery rates, larger step sizes, and expanded sur-
face contact where finish tooling is involved. Larger contact zones result in a lack of
resolution where global form can be approximated, but surface features are not always
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possible. Thermally actuated surfaces, however, often require a high ratio of surface
features to overall surface area. Traditional AM approaches address resolution through
fine contact zones, sacrificing build time. Fabrication approaches like Profile-3D-
Printing address these competing constraints of high volume output and fine surface
feature resolution and could be broadly applicable to high-performance component
construction requiring surface detail.

Tooled-Deposition

Our team has developed a novel approach to the construction of high-performance
concrete building components with complex, thermally driven surface geometry.
Profile-3D-Printing is a hybrid additive and subtractive process combining automated
delivery of concrete for rough layup and a profile knife for precise shaping of finish
surfaces. A profiling knife is used to achieve final shape by removing a small amount of
material as the tool is swept across the rough layup. The removal process can be
represented as the union of a set of sweeps of the tool profile along a collection of
motion paths (Fig. 5).

0 Tool1 [327

1

Fig. 5. (left) Trowel toolpath for surface geometry. (right) Sample concrete panel prototypes
built with robotic work cell.

This approach is closely related to traditional running moulds and benefits from the
high level of surface detail and variation common to these techniques [12]. Unlike
traditional running moulds however, Profile-3D-Printing incorporates the kinematic
freedom and repeatability of robotic motion planning. The profile can be swept with
6 DoF and multiple sweeps can intersect each other to aggregate over larger areas. For
architectural building components, like the facade panels demonstrated by the authors,
the process results in seamless construction with near perfect fit to target geometry.
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Troweling vs. Profiling

Profile-3D-Printing is similar to but distinct from Contour Crafting, a pioneering
technique in the AMc domain combining mechanized extrusion and surface troweling
[13]. Both processes apply bulk material along precise computed paths using robotic
motion control and subsequently shape it using a profiling tool. However, Contour
Crafting exclusively uses a troweling tool in a single deposition-and-shaping pass with
a single trajectory, and consequently contacts the surface only once. Profile-3D-
Printing uses multiple tooling passes to both decouple the deposition and shaping
trajectories and allow iterative refinement of the tooled surface.

The contrast between troweling and profiling plastic materials is stark when con-
sidered through the lens of AMc resolution. With troweling approaches similar to
Contour Crafting there is a near one-to-one correspondence between extrusion step
height and tool contact, where the smoothing action of a straight trowel is used to refine
global shape resulting from layered build-up. As a result seams between layers are
often visible and cold joints between layers can be an issue [14]. In contrast Profile
Printing uses a profiling technique to shape fresh concrete that can be rapidly deposited.
For any given tool step, the knife profile can be shaped with smaller features than a
trowel. As evidenced by historical molding profiles, profile knives can be fairly
intricate. In the case of concrete fabrication the limit for profile detail is constrained by
the aggregate size used in the mix design. Thus given tools of equal width, a profile
knife can render significantly finer features than a trowel with the same path of travel
(Fig. 6). Another affordance of Profile-3D-Printing is that tooling and deposition can be
asynchronous. This allows the profile knife to revisit areas to improve finish quality and
for greater freedom in motion planning for panel form generation. All of these char-
acteristics combine to make Profile-3D-Printing high-output and high-resolution.

w W ; W/2 i W/4 W/8

Trowel Profile Knife

Fig. 6. (left) Profile knives can have significantly more features than a trowel of the identical
width.
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3 Results

3.1 Workcell Development

Our team has prototyped a robotic Profile-3D-Printing workcell using an ABB IRB
6640 robotic arm. Custom end-of-arm tooling includes an aluminum tool chassis to
receive manually interchangeable profiling plates. The 175 mm wide profiling plates
are waterjet cut from 1.5 mm thick stainless steel. A custom 3D printed nozzle
mounted in front of the profiling knife produces even material distribution across the
width of the blade for concrete delivery. Concrete material is delivered from a pres-
surized canister (5-10 psi) mounted off-arm. Material flow is controlled via an inflatable
bladder located in the delivery nozzle. Canister pressure and bladder inflation are
actuated using digital outputs from the ABB robot controller. Material flow rate at peak
delivery is roughly 15 L/min with a maximum tool traverse speed of 30 mm/s.
Depending on overall panel thickness and edge geometry reusable formwork can be
used to support boundary walls. Layup without perimeter formwork is possible but
requires robotically trimming panel edges after finish shaping.

3.2 Panel Test Series 1: Testing for Process Constraints

After initial setup and verification of the Profile-3D-Printing process our team con-
ducted empirical tests on eight different test panel geometries. The goal of the physical
prototyping was to develop heuristics for estimating material behavior and choosing
tooling constraints. These constraints impact overall fabrication quality and directly
inform the design space of potential surface geometries. Key parameters of the process
related to finish quality and panel design include: maximum depth of panel per build
(determined by toolZ translation of profile knife), maximum slope of surface features
(determined by profile shape and toolX rotation during travel), and maximum rotation
of the profiling knife out of plane with the frame perpendicular to the direction of tool
motion (determined by toolZ rotation during travel) (Fig. 7).

3.3 Panel Test Series 2: Demonstration of Tooled Deposition
Geometry Space

In order to explore and demonstrate the geometric constraint space of Profile-3D-
Printing our team created a design system for panel generation and tested the physical
fabrication of eight panels from a series of digital target models, selected from the
design simulation process described in Sect. 2.2. These tests confirmed that Profile-3D-
Printing affords the ability to create varied surface geometries with fine to coarse
resolution control of surface features relative to total panel area. Designers can interact
with two primary drivers to explore overall panel geometry: 1. knife profile geometry
and 2. toolpath controlled through robot motion planning (Fig. 8). The combinatorial
results of these two drivers creates a robust space for design and thermal performance.
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End of Arm Tool (EOT) Details

Robotic Workcell and End of Arm Tool Development

Hose

Material and tooling constraints ;
for tooled-deposition \ v - 1 Transfer System
¢ ey < 4
Max tool slope 45 degrees Custom sy
{taolX] End of Arm Tool \: J:
Profile Knife Attack | Normal to drive srf. 1
{toolY) Concrete —
Max tool rotation 60 degrees Facade Pane!
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Heuristics developed from physical tests pancls.

Fig. 7. Heuristic material and tooling constraints garnered from empirical testing of panel
creation.
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Fig. 8. Large geometric constraint space combining two main parameters of robotic fabrication
process: tool profile and toolpath.

4 Conclusion

Thermally Informed Robotic Topologies validated a design to fabrication pipeline
enabling forward design for performance and fabrication. Our team tested methods of
form generation optimized for thermal performance and robotic fabrication. In doing
so, we developed a novel approach to Additive Manufacturing for Construction
(AMc) using Profile-3D-Printing. The key benefit of this approach is the combination
of high-volume material deposition and multi-resolution feature definition without
significant increases in production time. AMc approaches like Profile-3D-Printing are
important as high-performance design of architectural building components drives the
need for advanced manufacturing techniques with high levels of customization.
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The complexities of high-performance component design represent significant chal-
lenges and opportunities for architects. We argue that emerging modeling, simulation,
and fabrication technologies should inform the work of architectural design at its early
stages and provide seamless integration between creative exploration and verification
of design performance (Fig. 9).

Fig. 9. Tooling process and finished panel demonstrating Profile-3D-Printing.

Our central hypothesis is that a forward approach to facade panel design can
simultaneously achieve high-performance thermal design and cost-effective manufac-
turability in individually customized components. The forward approach closely inte-
grates geometric optimization with a parameterized fabrication process to satisfy
thermal objectives within the space of feasible tooled surfaces. Our prototyped system
demonstrates a forward design workflow using geometrically induced thermal rate
coefficient values and the novel Profile-3D-Printing robotic fabrication process. Our
experiments to date have produced concrete panels with high geometric tolerance and
fine surface finish within acceptable fabrication costs. We believe this represents a
scalable solution with strong potential for future commercial production.

We are still actively engaged in furthering this research and are currently working
to develop a number of key projects components. These include: (a) developing and
testing design toolkits that automate the interaction of performance simulation - cur-
rently explored through machine learning, (b) fabrication path planning, and tool
design with a design friendly user interface; (c) optimizing the Profile-3D-Printing
process with new end of arm tooling for better control of material layup and a higher
capacity material delivery system; (d) and constructing a full scale wall mockup for
thermal testing and process verification.
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Abstract. This paper introduces an architectural design approach that is
founded on working with digital fabrication machines, materials, and time. This
approach is called Machine Delay Fabrication. Machine Delay Fabrication is
contextualized within the lineage of productive delays using two examples from
other creative disciplines. It is then contrasted with the “real-time” approach to
digital fabrication research and practice. The concept of machine delay is out-
lined along with the three types of machine delay that are pertinent to digital
fabrication. A new concrete 3D printing method called pointillistic time-based
deposition, or dripping, is introduced as an example of Machine Delay Fabri-
cation. The setup and variables of dripping are discussed, along with some
experimental findings. Finally, dripping is used to demonstrate the constructive
and aesthetic possibilities of Machine Delay Fabrication in architectural design.

Keywords: Materiality - Temporality - Robotic deposition
Architectural design - Concrete 3D printing * Productive delay

1 Introduction

Robotic fabrication has reached a turning point in its relatively short history as a
discipline: now, it can, and should, depart from its manufacturing origins and establish
evaluative criteria beyond utility and efficiency. Recent research has explored the
deliberate misuse of machines in order to study robotic fabrication in alternative aes-
thetic and constructive contexts [4, 11, 13]. This paper builds upon those projects and
offers architectural designers a way of working with digital fabrication machines in the
contexts of temporality and materiality: Machine Delay Fabrication.

2 The Productive Delay: Stockhausen and Pollock

The productive potential of delay is nothing new for creative disciplines such as music
and the visual arts. We will begin by briefly discussing two historical examples of
productive delay in order to elucidate the creative differences in Machine Delay
Fabrication. We will see that robotic fabrication engages with workflows that develop
modes of productive delay not possible in these other disciplines.

The composer Karlheinz Stockhausen (1928-2007) is considered a pioneer of
electronic music primarily for his experimentation with tape loops. Stockhausen
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developed a unique compositional method in which he recorded his soloists with a tape
recorder and then, following a delay that he had specified, played the recording back
while the instrumentalist continued playing. The soloists were asked to anticipate,
remember, or respond to the feedback of the tape loop. The duration of the delay, as
well as the duration of the recording, determined how the musician improvised upon
the composition and, ultimately, how the improvisation became the piece itself."

Jackson Pollock (1912-1956) also drew upon productive delay as a method of
improvisation; however, his process was necessarily solitary. Pollock is famous for
innovating “drip painting,” in which he laid canvas on the ground and used different
techniques to cover it with paint from above. By physically distancing himself from the
canvas, Pollock was able to simultaneously witness the paint as it fell and decide where
to move next. The delay in movement between artist and paint—the paint always one
step behind the artist—gave Pollock a fuller understanding of the fluidity of the
material.”> With this knowledge, Pollock could tune his mix and drip-styles to better
control the time that it required for the paint to reach the canvas. For example, if the
artist were moving quickly while dripping viscous paints from greater heights, the
delay between artist and paint would be longer and sparser lines would land on the
canvas.

Fig. 1. The line on the right was printed at 100% speed and the line on the left was printed at
10% speed. The bulbs that form at the ends are a result of the material process continuing after
the machine process has stopped. The bulb—or delay—is reduced by moving slower, not faster.

! Harvey, Jonathan. The Music of Stockhausen. Berkeley and Los Angeles, University of California
Press (1975). pp. 97-98.

2 Cernuschi, Claude and Andrzej Herczynksi. “The Subversion of Gravity in Jackson Pollock’s
Abstractions.” Art Bulletin 90 (4). pp. 616-639 (2008).
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3 Being Real-Time

Both current architectural design research in robotic fabrication and digital fabrication
in general embrace the benefits of real-time techniques without interrogating their
disciplinary implications [2, 5, 15]. Architectural designers must question the domi-
nance of real-time techniques in order to assert the uniqueness of their own discipline.

In real-time digital fabrication, researchers equip machines with various sensing
mechanisms so that they can immediately respond to, or interact with, the material, the
designer, and/or the environment. Digital input, via the sensors, and machine output are
so tightly coupled that the process gives the impression of instantaneous interchange—
everything appears (to a human) to occur in “real time.” However, what we perceive is
only the appearance of simultaneous cause and effect: not real time itself, but a concept
of real time. In fact, the electronic signals that enable this processing speed must be
carefully sequenced for the real-time feedback loops to function efficiently, or at all—
one thing must happen after another and delays, although imperceptible, must and do
take place. The alternative approach introduced in this work examines what architec-
tural design possibilities arise when we experiment primarily with the delay rather than
with the inputs and outputs. It also examines what design processes emerge when we
dwell in, look at, and embrace the delay rather than try to pretend that it is not there.

Real-time digital fabrication techniques are always delayed by the properties of the
materials they operate on [10]; machine impulses can move faster than materials can
react. Therefore, the digital fabrication machine invariably has to be tuned to the speed
of the material process in order to carry out its expected function. When this does not
happen, material failures occur. For an architectural designer, this tension between
speed and materiality is significant because it means that employing real-time tech-
niques is often, though not always [8], equivalent to attempting to control material
rather than to work with it. As a discipline that is necessarily concerned with issues of
materiality and uncertainty, architecture must consider whether or not the appropriation
of real-time is beneficial for architectural design processes. Further, we should weigh
the delegation of sensing to real-time feedback systems against the encapsulation of
material knowledge by machines. This research does not advocate for a return to the
intuitive methods of Pollock but rather for a way to combine the virtues of the robot,
(e.g., repetition) with that of the human designer (e.g., improvisation).

4 The Concept of Machine Delay

Machine delay is the time between machine latency and machine work. In digital
fabrication machines, this is the time between digital input and physical output. Nor-
mally, designers accept this delay in order for machines to function as expected. In
other words, we are the ones that are delayed. This paper introduces the Machine Delay
Fabrication approach in order to create a new designer-machine symbiosis. In this
approach, we materialize and manipulate the time taken by digital fabrication machines
to do work in order to produce new architectural design possibilities.

Three kinds of machine delay that pertain to digital fabrication have been identified,
and each one corresponds to a different scale of time:
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— Integral-machine Delay: the machine is delayed by its own work, e.g. clock speed
or information processing;

— Interactive-machine Delay: the machine is delayed by the designer’s work, e.g.
programmed delays or the time between instructions;

— Material-machine Delay: the machine is delayed by the time taken for materials to
do their work, e.g. curing, heating, or cooling (Fig. 1)

This paper will focus on an example that combines elements of Interactive-machine
Delay and Material-machine Delay.

5 Pointillistic Time-Based Deposition

Pointillistic time-based deposition, or dripping, was invented to explore Machine
Delay Fabrication. Dripping is enacted by a six-axis robotic arm that has been trans-
formed into a concrete 3D printer (Fig. 3). Small-scale tests were done using a pro-
prietary pneumatic extruder, which utilized the pneumatic outputs on the wrist of the
robotic arm. Larger-scale tests were done using a custom printing nozzle and peristaltic
pump, which communicated with the robot through a solid state relay. In both
instances, digital outputs were controlled in the robot code. Whereas other research in
3D printing concrete is focused on refining machine and material parameters to opti-
mize buildability [3, 9], the dripping system utilized a deliberately minimal system to
focus on working with the material in order to produce a concrete “drop.”

5.1 Delaying the Machine

In the dripping workflow, the designer programs the robot to deposit concrete at
specific points in space, and then instructs the robot when to revisit each point and in
what order. This instruction is an example of Interactive-machine Delay. Each point, or
drop, has two delays that manipulate the machine delay: extrusion time, which is the
duration for which the extruder is active at the drop, and wait time, which is the
duration for which the extruder waits before moving to the next drop. This is com-
parable to the “Pause” technique developed by W. Andrew Atwood [1]. However, here,
the print is composed only of pauses: concrete is laid like bricks.’

The time elapsed between each visitation of a drop is the sum of the extrusion times,
wait times, and accumulated travel times between drops. This in-between time—or,
delay—determines the local structure and aesthetic of the print. For example, a drop that
has not been visited for a long duration will conform less to a new deposit than its more
recently visited neighbors (Fig. 2). A similar exploration of “revisitations” in concrete
3D printing was conducted in the “Firewall” project by Bekkering Adams [16].

The robotic arm can revisit the exact location of drops in space and repeat the exact
count between revisitations—it is both spatially and temporally precise. Dripping
realizes the potential of this precision by turning the robot into a “material clock” that

3 To see video demonstrations of the dripping system, please visit: https:/vimeo.com/270990944 and
https://vimeo.com/270990912.
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simultaneously materializes and keeps track of time. The dripped thing slowly emerges
from the clock and assumes a materiality that is representative of the time that went into
its making.

Extrusion Time
(Largest Drop)

Wait Time
(Largest Pausc)

Fig. 2. Longer wait times produce less conformity; longer extrusion times produce larger drops.

Format Drops
Create Drop 5| Order Drops | —> Add Delays Lo into Kuka Robot
Cloud to Drops
Language
Software
Hardware
Aluminum Pegz:il;c Solid State 6-Axis
Nozzle w/ AC Motor Relay Robotic Arm
Locomotion

Fig. 3. The software and hardware workflows of the large-scale dripping system.

5.2 Designing the Mix

In the initial experiments (Figs. 4, 5, and 6), white grout was used as the printing
material. The material was mixed before being fed into the pneumatic extruder’s
cartridge. Each test was equal to the cartridge’s volumetric capacity (283 g or 10 oz).

Optimizing the water-to-grout ratio proved to be the most challenging part of
system development. The objective was to use a mix that would extrude, or leak, even
after the pneumatic impulse had desisted, thereby invoking an instance of Material-
machine Delay. If the cement was too thick, the mix would only extrude with pressure
from the plunger. If it was too thin, the material would slip out and slump into a puddle.
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Fig. 4. The cement cured as it was printed, which resulted in a natural material gradient.

Fig. 5. The extruder was not allowed enough wait time between drops and failed to print.

The mix, air pressure, and wait time of each drop had to be calibrated with one
another to ensure the continual production of drops. For example, if the mix was too
thick and deficient wait time was allotted, the extruder failed to generate enough
repeated pressure to deposit material. This failure suggested that the wait times were
not only materially productive—e.g., building relationships between drops—but also
necessary in that they allowed for the extruder to recover amidst its repetition.
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Fig. 6. Longer delays cause drops to remain separate from one another.

5.3 Finding Materiality

In the initial experiments that used the pneumatic extruder, all variables were kept
constant except for extrusion time and wait time. The constants included course height,
order of drops, proximity of drops, mix ratios, air pressure, and nozzle diameter. The
tool path was also the same in each experiment: left to right at every course, as well as
staggering every other course to create more structural stacks of drops.

In the first tests, excessive wait times (fifteen seconds) between drops resulted in the
material curing while it was being printed. Initial courses contained drops; however,
less than thirty minutes later the cement became filament-like and distorted the reading
of the course altogether (Fig. 4). The resulting materiality was intriguing, but it also
cautioned that too much delay could result in fotal machine or material failure.

Reducing the wait time to five seconds between each drop produced more uni-
formity but did not allow the machine enough time to recover (Fig. 5). As a result,
there were less drops on one side of the print than the other. This suggested that the
time (approx. three seconds) that it took the robot to traverse back to the starting side
after finishing one course added enough recovery. In the penultimate test, the quick
curing of the drops prevented them from completely melding into one another upon
revisitation. Instead, small holes were formed between successive courses. These voids
pointed to one architectural possibility of Machine Delay Fabrication (Fig. 6).

6 The Architectural Design Possibilities of Dripping

Dripping was scaled—in machine, material, and time—in order to speculate on the
architectural design possibilities of the initial experimentation in greater detail. The
following experiments utilized a specially-tailored concrete mix, along with the
aforementioned nozzle and peristaltic pump system. Due to the increase in machine
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size, the delays (extrusion and wait times) only needed to be increased by five to seven
seconds or, depending on the scale and kind of experiment, sometimes not at all. For
scale, please note that each test was printed on 19 mm (3/4") thick plywood.

Two kinds of architectural design possibilities will be discussed in this paper:
constructive and aesthetic.

6.1 Constructive

Recent research has uncovered creative alternatives to the inflexibility of conventional
slicing-to-layering 3D printing workflows [6, 12]. The pointillistic nature of dripping
similarly introduces new ways to build with 3D printers, as well as new forms of
architectural components that can be built.

The Wall. Dripping further breaks up the concrete fabrication process—from pours to
slices to drops (Fig. 7). Drops can create more structural integrity between layers of 3D
printed concrete by increasing the surface area of the connections. Alternatively, cold
joints can be strategically distributed to weaken the structure in certain areas. In other
words, dripping can allow architectural designers to design failure modes into walls.

Fig. 7. A standard stack of interlocking eight-second drops with ornamental anomalies.
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The Corner. The corner condition poses a unique problem for concrete 3D printing
systems (and architectural design in general). If the designer does not programme the
machine to slow down or add a radius at corners, the concrete will twist and/or tear.
This is because the material cannot change directions as quickly as the machine can.

Dripping allows designers to tune the machine process to be even slower than the
material process. The only acceleration at the corners of dripped things is the down-
ward acceleration of the material. Instead of twisting or tearing, dripped corners can
melt or bleed (Fig. 8).

Fig. 8. A single wythe of drops with various extrusion times bleeds at the corner.

The Column. If the delays are long enough, drops can stack vertically to form a
column (Fig. 9). The assembly of the column can be facilitated by deliberately
decreasing the drop height so that the nozzle becomes partially submerged and leaves
behind a small depression in each drop. This depression becomes a mechanical joint
that ensures that the subsequent drop locks into place and maximizes the surface area of
the drop-to-drop connection.
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Fig. 9. Drops can stack vertically if they are given time to support themselves.

6.2 Aesthetic

Dripping has a unique architectural grammar that is expressed by pairing the repetition
of the robot with the unpredictable amorphousness of the material and improvisatory
impulses of the architectural designer. In dripping, and in Machine Delay Fabrication in
general, repetition occurs in the process, e.g., in thythmic extrusion times, but not in the
product. For example, the same delay can produces drops that are nearly identical in
size, but contain distinct wrinkles, folds, ripples, or marks. This is importantly different
from the work of artists who have experimented with 3D printing: Anish Kapoor, for
example, is more concerned with creating sculptural products than repeatable and
adaptable processes [17].

The repetition in dripping can be tuned to create subtly differentiated architectural
patterns. This tuning is similar to the systematization of falling fluid deposition that is
described in Klein et al. [7]. Ornaments or apertures can be inserted into dripped
patterns by building relationships between the rate of deposition and the rate of curing.
For example, longer delays can result in ornamental excess, textural variation, or gaps
between neighboring drops (Figs. 7 and 10). Tuning the machine to the material in
order to achieve these various aesthetics can be a new form of architectural craft.



Hold Up: Machine Delay in Architectural Design 137

Fig. 10. Apertures and wrinkles result from drops resisting conformity.

7 Outlook: Deferring the End

Future development of dripping will continue scaling the system into a construction
method. More specifically, dripping will be used to produce both prefabricated and
in situ architectural components for old and new buildings. For example, columns
could be dripped into dilapidated existent structures as part of their reconstruction.
Tests will be carried out to determine the load-bearing capacity of dripped parts, as well
as how they can be reinforced and integrated with other construction systems in order
to achieve this objective.

Digital fabrication machines are moving from studios and labs to homes and
construction sites. As a result, architectural designers need to cultivate ways of inter-
acting with digital fabrication machines that maintain the vitality of their discipline, yet
can also evolve to produce the architectural design of the future. Machine Delay
Fabrication is a platform for this kind of new design thinking. It aims for a future in
which architectural design remains in place, in touch, and, above all, in time.

Acknowledgements. The author thanks: MIT Architecture Researcher Justin Lavallee; MIT
Architecture Professors Mark Jarzombek, Sheila Kennedy, Caitlin Mueller, and Mark Goul-
thorpe; and Joshua C.A. Cohen.
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Abstract. This paper explores the volumetric modification of material prop-
erties through precise injection of chemical agents as a new method of concrete
fabrication. We inject concrete while in its slurry state with a hydrated alu-
minium solution, triggering an effervescent reaction. This reaction causes
changes in material density which affect the structural integrity and visual
characteristics of the end-product once it is set. The process is administered by a
purpose-built end-effector attached to an industrial robotic system and guided by
a parametric design system. Being able to produce localized differentiation,
suggests for an innovative approach to a fabrication technique of texturing, 2D
and 3D forming of concrete.

Keywords: Digital fabrication - Additive manufacturing
Architectural robotics

1 Introduction

1.1 Chemical Reaction Between Ordinary Portland Cement
and Aluminium

As Ordinary Portland Cement (OCP) cures, it undergoes an exothermic hydration
reaction producing a highly alkaline chemical environment that reacts with locally
injected aluminium particles to produce hydrogen gas. The immediate and vigorous
formation of bubbles within the slurry results in a spectacular material transformation.
The aluminium oxide which normally develops in the presence of atmospheric oxygen
on the surface of the metal and prevents its corrosion, is attacked and converted by the
lime in cement, emitting hydrogen and building pressure within the concrete. Shortly
after the reaction has completed, all visual traces of the events that took place —
including local discoloration, fumes exhausted and intense foaming — dissipate, leaving
no immediate evidence of something different from a regular sloppy concrete pour.
However, once the concrete has hardened, removed from the formwork and carefully
examined, some quite remarkable properties can be observed which give rise of a
spectrum of material effects (Fig. 1).
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Fig. 1. Left-to-Right: Hydrogen gas seen escaping, concrete of high porosity with some
unreacted aluminium, textured concrete is revealed when concrete of high porosity is removed.

1.2 Density Modulation

Hydrogen trapped within the slurry produces volumetric porosity as minute pockets are
formed after the concrete has set and all gases have escaped. The presence of micro
cavities affects the bulk density characteristics of the composite producing a result which
belongs to the family of lightweight, autoclaved aerated or foamed concrete materials.
Indicatively, the density of OCP is circa 3,150 kg/m® (Lafarge 2015), medium density
concrete at circa 2,000 kg/m® and thermal conductivity of 1.35 W/mK, while aerated
concrete can reach as low densities and thermal conductivities as 300 kg/m® and
0.1 W/mK respectively (ISO/DIS 10456 2007). Nevertheless, permeability and often
lower load-bearing performance characteristics are also associated with this material
innovation dating back in the 1920’s (Mathey and Rossiter 1988).

Recent emphasis in sustainable development and the circular economy has resurged
interest in aerated concrete for reducing bulk usage of cement and while recycling dross
by-products of industrial manufacturing for ceramic materials additives (Studart et al.
2005; Maziah 2011; Kinoshita et al. 2013; Liu et al. 2017). Relevant to this is research
in controlled density modulation of material properties for functionally graded mate-
rials (FGM), originating from the fields of mechanical engineering and material science
(Mahamood and Akinlabi 2017). Examples of influential architectural work include
gravity and formwork induced variable porosity in aluminium-based aerated concrete
(Cooke 2012) and functionally graded rapid prototyping (Oxman et al. 2011; Duro-
Royo et al. 2015). Further development in controlled modulation of material properties
at the scale of construction fabrication could lead to architectural innovations such as
pre-cast concrete panels that have high structural and thermal performance in the same
domain, removing the need for material assemblies such as concrete sandwich walls
(Fig. 2).
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Fig. 2. Detail of porosity characteristics

1.3 Concrete Fabrication

Basic concrete casting techniques involve the use of formwork into which concrete in
its slurry state is poured. After a duration of time, the concrete cures into a solidified
form, and is subsequently separated from the mold. The fabrication of customised
formwork has enabled the manipulation of resultant concrete forms, illustrated by
projects such as Ronchamp by Le Corbusier, and Pier Luigi Nervi. Traditionally, the
fabrication of such geometries was incredibly tedious and difficult to achieve, however
recent innovations in formwork fabrication such as the use of non-rigid tensile fabric as
formwork has allowed an easier approach to the creation of non-orthogonal concrete
structures that are 3-dimensionally complex and textured (Veenendaal et al. 2011).

2 Background

Our project is situated within the domain of digital design and fabrication. It investi-
gates creative material transformation processes (Lefteri 2007). It is informed by
conventional waterjet cutting, the Direct Ink Writing (DIW) 3D printing for FDM
(Lewis 2006) and research work in suspended matter within viscous media (Johns et al.
2014). The paper is organized by the following research tasks: (1) Material Studies:
investigation of chemical reactions between OPC and additives, (2) Software and
Hardware: development of servo-motor controlled syringe injection system, integration
of micro-controller dispensing logic with industrial Programmable Logic Control,
translation of design geometry to robotic motion, (3) Fabrication and prototyping:
design and development of artefacts demonstrating the capabilities of injection fabri-
cation process.

2.1 Material Studies

Initial tests aimed at creating porosity were conducted using such substrates as
hydrogen peroxide (Morgulis and Levine 1920) and aluminium powder, known to
produce gas bubbles over time and hence material porosity to varying extents. These
substrates were directly added and uniformly mixed with slurry concrete to investigate
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its global effects, with the ability to create and control this porosity as twin goals for
these tests. Once set, the concrete samples weighed in less than the control setup but
varied in degree of porosity and structural strength. Hydrogen peroxide resulted in a
sturdy material with a mixed porosity of different-sized bubbles. However, majority of
which formed in the peripheral regions around a nearly-solid concrete core. The
addition of yeast as reaction catalyst resulted in a consistent porosity coupled with low
structural integrity, possibly due to an over-creation of voids that weakened the cured
material.

The aluminium resulted in a similarly-porous material to the latter, with a rea-
sonable degree of structural integrity. The reaction between aluminium and cement
creates the formation of bubbles within the slurry. This results in a spectrum of effects:
from creating low porosity when minute gas bubbles are trapped internally, dramati-
cally affecting its density producing results affine to aerated or insulated concrete; to
producing high levels of chemical erosion and material discontinuities when large
volumes of gas reach the surface and escapes. Furthermore, only a small amount of
aluminium to cement ratio is required to alter the porosity. This process combined with
precise and controlled dispensing capability offers the opportunity for achieving local
material differentiation which is profoundly unique compared to conventional additive
or subtractive manufacturing processes.

In view of these outcomes and tests showing that small amounts of aluminium
powder were able to generate high levels of porosity, the metal was deemed a suitable
substrate with a reasonable degree of control for further experimentation (Fig. 3).

Fig. 3. Left-to-Right: Cement mixed with hydrogen peroxide, cement mixed with hydrogen
peroxide and soap, section of localized injection of aluminium mixture.

2.2 Software and Hardware

The instrumentation of our experiments progressively transformed from lab testing
using hand tools to the development of a specialized digital design and fabrication
process for precise injection. We deployed an ABB IRB1200 series industrial articu-
lated six-axis robot as a programmable and accurate positioning mechanism. Never-
theless, a three-axis cartesian system would have also sufficed as the spatial orientation
capabilities of the machine were not required or perhaps not thoroughly explored.
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We developed a purpose-built syringe dispenser to control the volumetric injection
of the aluminium solution. The end-effector was fabricated using lasercut acrylic
sheets, its mechanical components were standard hardware such as threaded rods and
metric nuts and miscellaneous bespoke parts such as reduction gears were 3D print.
The actuator is powered by a RhinoRMCS high-torque servo motor with integrated
encoder and controller electronics. Assembly of these components forms a linear
actuator which mechanically depresses and retracts a 10 ml medical syringe’s piston.
Associated speeds of rotation (RPM) with volume dispensed were measured using the
gradations of the syringe to derive the flow-rate formulation (Fig. 4).

Fig. 4. Robot integrated with an actuator that injects controlled amounts of aluminium. Injected
aluminium is initially grey, however once the aluminium has successfully reacted with the
cement, the colour changes to white as seen at the left side of the cement mould.

For integrating and coordinating the all mechanical sub-systems, from the robot
itself to the injector, we developed a simple Programmable Logic Control (PLC) sys-
tem. The driver logic was integrated in an ArdBox PLC, a low-cost industrial interface
device using Arduino as its microcontroller unit. The benefit of this system is that it can
be programmed using standard C/C++ and it mediates SVDC logic-level signal shifting
to the industrial standard of 24VDC required to communicate between the servo motor
driver and robot controller. A firmware was developed to convert a digital array of bits
from the robot controller to signed speed instructions for the servo drive. As such the
dispenser could be controlled by ABB RAPID programming without need for external
control and synchronization logic.
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Workspace calibration, motion planning, simulation, off-line programming and
communications with the robot were performed using the Jeneratiff Digital Design and
Fabrication library for the Rhino/Grasshopper visual programming environment. Using
parametric modelling techniques enabled rapid experimentation and fine-tuning of
critical for the process settings such as motion speed and injection feed-rate and
eventually automating the production of prototypes (Fig. 5).

Fig. 5. Left-to-Right: Robot setup, exploded diagram of end-effector and electronic logic

2.3 Fabrication and Prototyping

We designed and fabricated a series of prototypes comprising of flat panels or thicker,
narrower blocks of varied dimensions. The goal of these prototypes was to evaluate the
potential applications of various process parameters through their small-scale
fabrication.

Surface Texturing

The creation of varied surface textures was tested by injecting aluminium of a range of
concentrations into a concrete panel of dimensions 400 mm by 500 mm and 15 mm
thick. Localisation surfacing texturing was achieved as seen in a point injection of an
image, rasterized into a grid of 2-dimensional points. Effects were more localised at
points where the aluminium was injected at a later time frame of the fabrication
process, allowing the material to have cured to a greater extent. Point grid injections
should take place within the window of 20—-60 min after the initial pour to ensure best
results (Fig. 6).
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Fig. 6. (a, b) White and regular Portland cement patterned by aluminium solution. (c, d) White
and regular Portland cement after the surface has been washed off. (e) Point grid image that is
half-washed off.

Cutouts

Continuous extrusion of aluminium mixture along a closed pathway while in its slurry
state creates a continuous trail of high porosity within the material after it cures.
Weakened concrete in the trail of the needle enables the enclosed geometry to be
removed physically. Injection right at the base of the mold is crucial in forming a
successful cut-out, as the depth of the weakened area when cured would be from the
bottom of the slab to the surface, rendering the cut out being easier to extract. After the
concrete has cured the porosity results in weakened material regions that can be
removed with a high-pressure water hose. A sufficient level of material discontinuity
created by a high level of porosity enabled us to create 2-dimensional, geometric
cutouts within a horizontal concrete panel, an outcome similar to CNC milling or water
jetting processes.

With the possibility of creating geometric cut-outs, patterns were generated in a
panel of similar dimensions 400 mm by 500 mm and 15 mm thick to test the cus-
tomizability of cut outs with different shapes and sizes. For this process a mixture of
aluminium powder (1-3 pm) and water at a concentration of 29.3 mol/dm® was used.
With the success of introducing different geometries into the cut-out process, therein
lies the potential of casting without custom molds, and achieving customizable geo-
metric patterns via the injection process only (Fig. 7).

We designed and fabricated a large prototype comprised of three white cement
panels with dimensions of 1,650 mm by 850 mm and 35 mm thick in total. The
objective of the prototype was to evaluate the process parameters beyond the previ-
ously created small and medium size prototypes. The design is comprised of 335
perforations derived from an algorithmic process blending imagery data from multiple
sources. The combined weighted sums of overlapped raster image intensities were
converted to an abstract perforation pattern artwork.

The range of diameters used, span between 5 mm and 30 mm, with minimum
distance between circle perimeters at least 5 mm. The constraint was derived empiri-
cally, where below this nominal tolerance the concrete became too brittle for further
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Fig. 7. (a) Circular cut-out sample motion (b) Cut-out of vernacular ventilation brick panel
(c) Segmentation by continuous variable injection experiment

processing. The syringe needle of 0.75 mm internal diameter was ground flat and
depth-set at the very bottom of the acrylic mould. Linear motion speed was 75 mm/sec
and injection flow rate at 0.375 ml/sec. Those settings ensured full penetration of the
solution with enough material available to reach the top surface.

To dislodge the non-fully disconnected concrete plugs from the panels we used a
power washing system for ejection. The hole diameters were surprisingly consistent,
with average error of +1.2 mm or approximately between 0.2 mm to 3 mm with
respect to largest and smallest programmed hole sizes. In addition, due to upward
direction of escaping gasses, the interior wall finish of perforations was rough including
a nominal draft angle similar to waterjet cutting edge-tapers but with inverse orienta-
tion. The prototype panels weight 16 kg each, required approximately 20 min of the
injection process, at least 24 h of curing and 5 min of high pressure water blasting.
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Fig. 8. (a) Top view of panels after the cement has cured (b) Top view of panels after water
blasting, (c) Top detail view of aluminium not reaching the mold’s bottom hence some areas
were not fully cut. Grey areas indicate excess unreacted aluminium whereas white areas indicate
concrete of high porosity. (d) Bottom detail view of highly smooth surface finish due to acrylic
mold. (e) Top detail view of the textured perforations with approximately square draft angle.
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Each panel used in total 30 ml of equal aluminium-to-water solution by weight. The
excess aluminium solution that reached the top and pooled around the perforation
produced a highly patterned, unforeseen and beautiful result which combines both the
cutting and texturing features of the process (Fig. 8).

3D Sculpting

Varying the vertical height during continuous extrusion of the aluminium mixture leads
to the transformation of the entire material surface, similar to a manner of sculpting.
The extrusion was injected into a block-shaped mold of vertically thicker dimensions
100 mm by 200 mm by 30 mm to allow a greater vertical range of variability. For this
process a mixture of aluminium powder (1-3 um) and water at a concentration of
29.3 mol/dm?® was used. Using a lower motor speed led to incomplete trails as the robot
arm moved along the line (trail on the right). The width of eruptions across each line
varied from 20-25 mm due to the increasing amount of aluminium injected as the
motor speed increases. Beyond a motor speed of 15, the width of the eruption does not
increase as the motor speed increases. However, the width of the cavity trail after post
processing was generally the same at 5 mm (Fig. 9).

Fig. 9. 3D Sculpting on a concrete brick

3 Conclusion

Prototypes created from experiments thus far point at the potential of material injec-
tions as a concrete fabrication system for a wide range of applications. An alternative to
existing 3D printing technologies which build up material differentiation in fine res-
olutions, we offer a case study in influencing material densities using controlled con-
ditions that trigger inherent material properties and their reactions. By controlling the
depth, motion and injection flow rate, we can produce direct cuts and even surface
contours similar to those created by milling machines. At this phase, we have not
exploited the capability towards a concrete functional objective, such as modulation of
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structural or environmental performance, but focused on developing experience and
understanding the process parameters towards controlling end results. This requires
additional work in Design of Experiment models to enable prediction of composite
properties based on parameters such as concentration of aluminium mixture affecting
the porosity of concrete, the amount of aluminium injected in relation to the depth of
the concrete component affecting the degree of the resultant effervescent reaction, and
spacing between the toolpath affecting the resolution of concrete texture.

This multi-material process allows for an integrated building process that could
change the current concrete pre-fabrication workflow. In conclusion, our wet injection
method suggests for an alternative approach to concrete fabrication for some appli-
cations potentially may be a faster and more cost-effective, or just purely aesthetically
and creatively interesting. Through this process, the technique of material injections
can be seen as a fabrication system for differentiated materials that is at the intersection
of additive and subtractive manufacturing.
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Abstract. The research presented in this paper explores the concept of
deploying collaborative heterogeneous robot systems where machines are
working together towards a common fabrication goal. Augmenting or replacing
existing industrial-robot fabrication processes with task-specific architectural
construction machines has the potential to expand the design space of digital
fabrication methods beyond the limitations of previously existing strategies. The
proposed system implies the development of a library of hardware solutions as
well as a digital control tool to enable successful execution of fabrication tasks.

This research is focusing on heterogeneous mobile robotic fabrication
strategies specific to filament materials. Deploying smaller robots for manipu-
lation of lightweight thread-like materials allows building significantly larger
structures. Multiple task-specific machines developed in this research are
designed to carry, manipulate, anchor and pass filament materials in an on-site
architectural environment of interior space. This paper presents the current state
of the catalogue of robot species developed in this research as well as the
experiments and demonstrators performed to evaluate them. Ultimately this
research aims to create a larger toolbox of hardware and software tools and
methods for heterogeneous teams of custom single-task fabrication and con-
struction robots.

Keywords: Heterogeneous robot teams *+ Mobile robots - Filament material
Task-Specific robotics + Robotic ecosystems

1 Introduction

Advancements in digital fabrication in the past few decades have been transformative
to both the geometrical complexity of architectural objects one can produce and their
properties, perpetually expanding the design space. Shifting from the Industrial
Revolution paradigm in construction towards a customized approach to unique fabri-
cation processes largely became possible through deploying computer controlled tools
for construction. At the forefront of this development are research initiatives that have
been appropriating industrial robots to architecture through augmenting them with
custom tools and software. However, these machines introduce rudimentary limita-
tions, inherited from the assembly line processes they were initially designed for.
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The research presented in this paper aims to demonstrate the potential of further
expanding the design space of architectural form and materiality through augmenting
or replacing off-the-shelf industrial machines with a catalogue of task-specific mobile
robot species (see Fig. 1). The current catalogue was explicitly developed for fabri-
cation with filament materials as their unique scale and weight affordances intuitively
suggest a low payload high reach fabrication system, diametrical to the conventional
industrial arm. Building upon the existing knowledge in the field, this research aims to
apply robotic filament winding techniques in fabrication scenarios beyond the con-
straints of a production hall. Comparatively effortless deployability of small mobile
machines suggests an opportunity for using existing interior architectural environments
and their features as anchoring areas and frameworks for temporary filament archi-
tecture capable of adapting and relocating based on programmatic requirements of the
space.
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Fig. 1. The catalogue of filament-specific mobile robotic species

2 Background

The essential distinction between manufacturing and construction processes, expressed
in the physical relationship between the product and the robot, requires significant
rethinking of an automation process towards a system where the product that is the
building is stationary, and robots must change their location [1]. Construction robots
that emerged as a series of off-site task automation processes in the early 1980s have
gradually proceeded to a construction site to become robotic on-site factories towards
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mid-1990s, combining tasks into an integrated process. However, recent developments
in management approach, digital workflow and integration made it possible for con-
struction companies today to re-visit the concept of Single-Task Construction Robot,
creating multi-machine systems where automation operations are not directly and
rigidly connected, providing workshop-like flexibility, which is becoming more
desirable when more individuality of a product is demanded [2].

Currently deployed Single-Task Construction Robots in the industry primarily aim
to supplement existing work tasks in conventional and at best slightly altered con-
struction environments [2]. However, a diametrical approach can be seen in the aca-
demic and research community. Growing availability and variety of robotic tools along
with an increase in ability to handle computational complexity has produced a sig-
nificant leap in methods and materials one can apply in the context of architectural
construction, thus increasing the design space of architectural form.

Filament materials, such as fiber composites that have been a promising technology
in construction since the late 1950s [3, 4] are now gaining new value, being freed from
the limitations of conventional manufacturing methods through the implementation of
industrial robots and complementing fabrication processes like coreless filament
winding [5] and integrated formwork [6]. While these industrial machines allow for high
inbuilt flexibility through reprogramming [7], they still introduce severe limitations in
workspace scale and mobility, residual from the static manipulator - moving product
logic of an assembly line (see Fig. 2a). A way to avoid these limitations is to produce
smaller modules for assembly of larger architectural elements [8] (see Fig. 2b) or to
augment industrial machines with other types of robots designed for large-scale material
manipulation and transportation [9]. This approach allows creating scenarios where
multiple machines operate collaboratively performing tasks they are best suited for.

Fig. 2. a) Fabrication process of the ICD/ITKE Research Pavilion 2012 (image copyright:
ICD/ITKE, University of Stuttgart). b) Fabrication process of the ICD/ITKE Research Pavilion
2013-14 (image copyright: ICD/ITKE, University of Stuttgart)

Collaboration of multiple machines in a task space has been an area of interest in
robotics and computer science since late 1980’s [10]. Today one can observe a growing
interest in applications of mobile robotic swarm concepts to construction. Projects like
TERMES [11] deploy multiple mobile robots for assembly with a designed material,
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clearly demonstrating the potentials of swarm-based and multi-robot methods in
architecture. In the Aerial Construction research conducted by Gramazio Kohler
Research group of the Eidgendssische Technische Hochschule in Zurich [12], a team of
aerial machines is deployed to create tensile structures out of rope. Through the
choreographed movement of aerial robots in relationship to each other, connections
between threads are achieved, making the integrity of a tensile structure possible,
clearly demonstrating the potential of creating new configurations of material
arrangements through machine-machine collaboration, beyond merely increasing the
efficiency of an existing process.

Single-Task Mobile Robots allow to distribute the increasing complexity of fab-
rication goals across families of simpler machines, utilizing a concept of a heteroge-
neous robot team [13] in an architectural context as is demonstrated in the Minibuilders
project by TIAAC research group [14], where task-specific machines perform their
functions in a hierarchy of steps, each building upon the result of the previous
machine’s construction sequence.

3 Methods

The presented research aims to create a library of tools, locomotion systems and
integration devices for custom filament material-based fabrication robots completed
with matching software for object design and robot control. Development of the library
is an on-going process, and this paper demonstrates its current stage.

Evolution of the tools in the library, as well as the decision-making process on
which machines or systems are to be added, is approached in an experimental
framework of iteratively completing on-site demonstrator objects. Site and program-
matic requirements of the objects become input for new machine iterations, while
identified machine limitations inform the properties of the demonstrator, thus
employing a co-design strategy for the robot and the object created by it.

3.1 Demonstrator 01

Setup. Demonstrator 01 was conceived as an experimental setup for validating pre-
dicted fabrication capabilities of collaborating mobile robotic units with a minimum
number of two robots. While only one type of robot was deployed for this demon-
strator, it became a preliminary exploration of mobile robotic filament winding system
prior to the introduction of a heterogeneous robot team which is described in the next
chapters. For this demonstrator a custom robot capable of locomotion along vertical
surfaces of a typical interior space and filament material manipulation [15] (see Fig. 3)
was designed. This Wall Climbing robot uses vacuum strategy to adhere to the surface
[16], and thus requires a continuous high voltage power supply which results in a
tethered configuration.

A furniture-scale object and a complementing winding sequence were designed
incorporating the limitations of the tethered locomotion system, such as maximum
travel distance and the requirement for entangle-free path planning strategy. The
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Fig. 3. Wall climber robot’s custom material manipulator

winding syntax was developed based on the coreless filament winding technique [17]
where a series of layers are applied iteratively with an increasing offset to create a
hyperbolic surface.

Localization and Control. In order to accommodate autonomous navigation in the
fabrication environment, each Wall Climber was augmented with an external camera
and a reacTIVision marker [18] attached to the body of the robot. This perception
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system allowed to continuously receive information about robot’s current position and
orientation with a 5-10 mm accuracy on a given two-dimensional surface and correct
for locomotion system’s wheel slippage.

Path planning input received from a custom computational design tool was broken
up into a sequence of target points and action flags. The robot received one target point
or action flag at a time. Once the information from the camera verified that the point
was reached in the physical space or the routine was performed, the next item in the
sequence was processed, and a new target point or routine execution was triggered.

The computational design tool consisted of a sequence of 3 steps: (1) computing
optimal anchor positions based on user’s input regarding the desired geometry and
available on-site locomotion areas; (2) deriving the winding syntax; (3) generating
robot path based on an A* path planning algorithm [19] for winding. The system
allowed for two modes of operation: autonomous, where machines were controlled
entirely from the software, relying on the perception system for feedback, and a manual
mode that could be triggered by the user at any time during the fabrication process to
troubleshoot, or make adjustments to the on-going task execution.

Results. Throughout the fabrication process, the Wall Climbers have successfully
performed locomotion, interaction and anchoring routines in the semi-autonomous
mode with user interference for high precision operation adjustments. The result was a
2,5-m-long and 0,5-m-wide doubly curved hollow fiber structure capable of supporting
a human (see Fig. 4). It consisted of 35 layers of thread, anchored to 26 anchors. Total
count of passes is 455, and the total length of thread used is 800 m. Winding process
took approximately 50 h.

Fig. 4. Demonstrator 01 result
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Demonstrator 01 has proven the feasibility of using custom wall climbing robotic
units for fabrication of on-site architectural objects and has provided ground for further
expanding the robotic system towards a heterogeneous robot team. Limitations dis-
covered in the process of completing the structure are to be taken into consideration in
future development: travel distance of a tethered locomotion unit, geometric restrictions
of a 90° passing routine, imprecision of the chosen localization method and tensioning
system for the material.

3.2 Demonstrator 02

Setup. Demonstrator 02 meant to further explore the scalability of the collaborative
mobile robot strategy as well as to examine the potential of a heterogeneous robot team
building upon the Demonstrator 01. The goal was to increase the span between the
anchoring surfaces creating a structure that would span between two parallel walls
positioned at a distance from each other. To achieve this, a new fabrication robot type
was developed, extending the capabilities of the passing routine: The Thread Walker.
This robot was designed to move along a fiber or a rope spanning the overall distance
of the fabrication space. It was equipped with an electromagnetic cartridge-carrying
effector that would allow passing of the material between the two fabrication surfaces.
The Thread Walker picked up the filament cartridge from one of the Wall Climbers,
then crossed the distance between the anchor walls, passed the cartridge to the other
Wall Climber, which in turn attached the filament to one of the anchors (see Fig. 5) and
then passed the cartridge back.

Fig. 5. Demonstrator 02 setup schematics
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Localization and Control. Like in Demonstrator 01, the Wall Climbing robots were
controlled autonomously using an external perception system and visual markers. For
this iteration, the perception hardware was upgraded to higher resolution cameras, and
the visual marker strategy was changed from Fiducial to ArUco markers [20] which
provided higher tracking accuracy and speed. The Thread Walker was using a more
straightforward positioning strategy, as its movement is one-dimensional. The machine
was equipped with a pair of optical interrupters that were coupled with pre-calibrated
positioning plates installed directly on the transportation thread. During the Thread
Walker movement, the optical interrupter would flag that the passing position was
reached and the robot would stop and wait for the signal from the Wall Climber to
release or engage the cartridge-holding effector. One full cycle of anchoring, passing
and anchoring a single thread took approximately 3—-5 min (depending on anchor
location) in autonomous mode and 10-13 min in manual mode. The critical time
constraint for one cycle was a result of speed limitation of the Thread Walking loco-
motion system, as well as Idle Time' for wall climbing robots waiting for the anchoring
routines to be completed by its robot counterparts.

Results. The result of Demonstrator 02 was a 7.5-m-long structure made of polyamide
thread spanning between two surfaces, fabricated on site in an exhibition space (see
Fig. 6) over the course of 10 days prior to the exhibition opening.

Fig. 6. Demonstrator 02 result

! Idle Time - The unproductive standstill of a machine from end of completion to the beginning of the
processing of the next material [2].
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Unexpected direct sunlight on-site conditions have impacted the perception system’s
precision and reliability which resulted in only part of the structure being fabricated
autonomously during no-daylight hours, while the rest of the process had to be per-
formed with manual user control. Filament tension in the system was relying on the
mechanical friction inside of the material cartridge, however depending on the anchor
position that was not always sufficient for providing enough force over the large
distance, thus an actuated tensioning system is to be implemented in the future
iterations.

3.3 Demonstrator 03

Setup. For Demonstrator 03 the nature of the on-site fabrication logic has been
changed significantly to provide an experimental setup for evaluation of a tether-less
locomotion system. Building upon the knowledge acquired from preceding demon-
strators, this iteration addressed issues of idle time and tethered locomotion. The
anchoring surfaces of this demonstrator were not an on-site architectural feature, but
rather designed objects that could be easily moved and installed at various sites.

The setup consisted of two one by two meter suspended frames with transparent sheets
of polycarbonate completed with pre-installed anchors. The frames were positioned
opposite each other at a two-meter distance. The thickness of the sheet material
accommodated for deployment of a custom magnet-based sheet locomotion robot
performing the anchoring routine on each of the two surfaces: The Sheet Climber. Its
locomotion system consists of two parts: actuated wheeled unit and its passive coun-
terpart, both equipped with strategically placed magnets that ensure that the sheet
material is always clamped in-between the aligned units. This system allows for two-
dimensional navigation along the surface of any inclination and curvature.

Two transportation cables were span between the surfaces prior to the fabrication
process, each occupied by a Thread Walker, performing passing routine previously
developed for Demonstrator 02 (see Fig. 7). Matching the number of thread walkers to
the amount of anchoring robots allowed to significantly reduce idle time of the overall
fabrication process.

As magnetic locomotion method does not require power for surface adhesion, the
robot was designed to be powered from a battery, which eliminated the need for an
actuated anchoring effector, replacing it with a pre-choreographed movement of the
robot around an anchor to attach filament. Tether-less locomotion units’ ability to freely
maneuverer between anchors provided an opportunity to execute more complex
winding syntax, including planning filament interactions with previously placed layers.
Thus the design criteria for the demonstrator was to leverage this feature of the new
robot. The outcome of the fabrication process was described by two sets of arrays of
straight non-intersecting filaments span between the two surfaces. Two colors of fila-
ment were used to highlight the winding logic of a fabrication process with two
bobbins used simultaneously by four robots.
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Fig. 7. Demonstrator 03 setup schematics

Additionally, upgrades were made to the tensioning system through implementa-
tion of an actuated tensioner and sensor inside the material cartridge. The actuator was
installed on the material spool and was rotating it based on the sensor data whenever
the tension was too high or too low.

Localization and Control. For Demonstrator 03 significant upgrades were made to
the localization system. The camera system was replaced with an off the shelf infrared
laser-based external machine vision system and active markers placed on the back side
of the anchoring robot, ensuring that they were not obstructed by the structure. This
system provided a more reliable and precise (up to 2—4 mm tolerance) position tracking
throughout the fabrication process.

Results. The result of Demonstrator 03 was a sculptural object suspended in the center
of an exhibition space, providing the viewers with an opportunity to explore it from any
vantage point (see Fig. 8).

The structure was fabricated semi-autonomously by robots over the course of
5 days prior to the exhibition opening. Robots were exhibited as part of the installation.
Improvements made to the localization system allowed to increase the amount of time
the robots were running autonomously to 70%, occasionally requiring user interven-
tions for passing routines between anchor and thread robots.

For the future stages of this research, the Sheet Climber could provide a promising
strategy for locomotion along full-scale sheet construction materials, such as windows,
facade, and interior finishing panels. To achieve this, sufficient upgrades to the loco-
motion system hardware are to be considered, including more powerful magnets and
motors.
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Fig. 8. Demonstrator 03 fabrication process

4 Results and Reflection

The presented series of experiments demonstrate the potential of using heterogeneous
robotic systems for achieving complex tasks in fabrication scenarios. However, several
aspects of the system require further development to match the efficiency of existing
off-the shelf machines.

The control system that is currently centralized implies limitations on the compu-
tational capabilities of the setup, reducing the possible complexity of tasks as well as
the number of units deployed in one fabrication space. Distributing the control system
across multiple onboard computing units for each robot would allow for a combined
strategy of local and global control, where global fabrication tasks are dispatched by
the central server while local tasks such as pathfinding are performed locally on each
machine. This development requires upgrades on the hardware side of the perception
and sensing systems. While perception systems used in the experiments have proven to
be increasingly successful, each introduces its unique limitations, which become more
present with growing complexity of desired structure geometry. A promising path
towards a robust localization would be an augmentation of existing perception
strategies with a variety of additional sensors, introducing a level of redundancy that
would guarantee successful localization in situations of camera/marker obstruction.
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5 Outlook

Realization of a series of physical prototypes at an architectural scale demonstrates the
benefits of deployment of heterogeneous collaborative robotic systems for creating
filament structures. This approach is deployed to explore a catalogue of new fabrication
scenarios that would have been unachievable with a single machine. In the future
increasing the number of robots simultaneously operating in the fabrication space
would potentially require approaching these systems as heterogeneous swarms,
leveraging low price and deployability of mobile robots towards increasing the com-
plexity and efficiency of tasks.

In the current state of research machines and control software are redesigned and
reprogrammed for every iteration. Potentially the system would become more uni-
versally applicable through the introduction of concepts of modular design and pro-
gramming. Currently independent processes for object design, robot design, and robot
control can be combined into a single digital co-design tool that would allow creating
dependencies between the parameters and limitations of machines, structures, and their
environment. A digital tool relying on the expanding library of filament fabrication
robots and modules as well as off-the-shelf industrial machines would provide an
Object-Oriented Hardware system [21] where the design space becomes accessible for
exploration by a larger pool of users.

The proposed system together with other work of research in robotic applications in
architecture demonstrates the possibility of building a hierarchical multi-species robotic
ecology capable of navigating in the future construction site environments and per-
forming fabrication tasks cooperatively. Introducing modularity and a level of control
and sensing redundancy would allow to move away from material-specific machines
towards a broader ecosystem of tools that can be deployed for construction. Through
adding or removing hardware and software modules, one can significantly adapt the
fabrication process to changing requirements.

Heterogeneous robot teams introduce the discourse of robotic ecosystem, moving
towards observing fabrication strategies as “relationships between organisms and their
environment” [22]. Ultimately, the research aims towards multi-material applications
that can expand the possibilities for computationally designed and digitally fabricated
architecture across the spectrum of scales and construction methods.
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Abstract. Current digital clay fabrication techniques comply with the innate
material behavior of clay by extruding in two-dimensional layers. This method
inevitably uses an excess amount of material and is a time-consuming process
that does not take advantage of the viscous properties of clay. However, by
utilizing spatial print trajectories with embedded print parameters (e.g. print
speed and extrusion rate), the extrusion behavior of the material can be con-
trolled via simulating actions like anchor, drag, and pull of the clay at the nozzle
tip. The aforementioned spatial print trajectory can then form a voxel that can be
heterogeneously controlled in order to quickly form self-supporting complex
geometries with different density, macro-porosity, and structural rigidity. The
print path can also be scaled up to exploit the potential of digital fabrication at
the construction scale.

Keywords: Digital soil fabrication - Spatial print trajectory - Material behavior
Print speed - Print path - Extrusion rate + In-situ printing
Self-supporting lattices *+ Return-loop

1 Introduction

Construction scale 3D printing has been developed for over two decades (Penja 1997),
yet major obstacles remain to be overcome. Printing solid concrete or ceramic com-
ponents is typically based on extruding the material in continuous layers over the
previously deposited material. The process continues to be slow and lacks precision.
Openings cannot be properly configured since the wet concrete or clay is unable to
bridge unsupported spans. The print results remain limited in their performative as well
as formal qualities. Polymer printing, on the other hand, has demonstrated the ability to
not only bridge unsupported gaps, but even produce mesh-like forms that accelerate the
overall build speed in construction (Hack and Lauer 2014). Polymer mesh printing
creates truss-like, triangulated geometries which are challenging to print with viscous
materials like concrete and ceramic due to the relative softness of the material, and the
time needed for it to harden.
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This research aims to address the challenge of 3D printing complex geometries that
are non-conforming to the innate material behavior of clay, with the expectations of
having aspects of the work translate into a 3D printing method cognizant of the specific
behaviors of the material being printed to exploit the inherent behaviors in pursuit of
novel form. The work focuses on extrusion based clay printing, which is a widely
adopted principle modeled after polymer printing that uses fused filament fabrication.
Resulting data on a series of experimental studies that test a computational workflow
was recorded to compensate for the anticipated deformations of unsupported clay
extrusion, which culminated into the ability to deposit wet clay over unsupported spans
of up to 20 mm. The work presented is potentially far reaching. First, it is possible to
3D print mesh-like geometries on the construction scale out of ceramic materials.
Doing so shortens print time and enhances material efficiency. Second, the work
presented opens up opportunities for 3D printing of both porous and solid conditions
through the careful choreography of nozzle movements. The resulting porous material
patterns can potentially allow for a modification of insulation and mechanical prop-
erties through a controlled variation of solid to void ratios. The principles — here
developed through the microcosm of printing clay — can apply to other materials. Of
particular promise appears to be printing lattice-systems with high-tensile strength fiber
concrete. The ability to do so with concrete opens up applications for on-site printing
but not for clay due to the need to fire the material. Towards the end of the paper,
possible applications are sketched out. Concrete lattices can produce visually porous
forms, but can also serve as a substructure for the quick application of spray-on
concrete.

2 Background Review

Institutions like the IAAC and digital fabrication manufacturers like WASP are uti-
lizing robotic fabrication to extrude and deposit clay at a constant speed along a linear
print path. Both projects, Pylos (IAAC) and Big Delta (WASP), show potential
applications of clay to a large-scale construction in a time and cost efficient manner.
Even though much research has been done on the 3D printing of clay, controlling
porosity of the end product entirely through the 3D printing process remains chal-
lenging. For construction scale printing the generation of insulating (hence porous) and
solid (hence load bearing) areas could be pivotal. Integrating porosities has been shown
primarily at a millimeter scale, with ceramic extrusion diameters between 0.25 and
0.41 mm and voids in the same order of magnitude (Minas et al. 2016). A master’s
thesis produced porous patterns while avoiding unsupported areas, but did not supply
any thermal performance evaluation (Hinz 2016). The ratio of solid to void largely
determines the thermal conductivity of the cellular solid (Gibson 1999). The research
claims that, in order to increase thermal resistance, maximizing the pathway of thermal
energy through the mass should minimize heat flux through the solid. Lattices with
fewer connecting areas and unsupported bridge features can be expected to perform
better as thermal insulators.

Extrusion of concrete for 3D printing has been widely demonstrated. The transfer
of knowledge from the clay-based work presented here to concrete, however, requires



170 S. AlOthman et al.

that the concrete quickly strengthens in order to bridge unsupported areas. Work on
large scale concrete extrusions demonstrates the technical feasibility of this assumption
(Guerrini and Roberta 2014). Extruding unsupported concrete forms then opens
opportunities such as the ones shown in the Mesh-Mould project at the ETH Zurich
where a non-concrete mesh was sprayed with concrete as a mold and in turn became
the reinforcement. This will be discussed later in the paper.

3 Overview of the Experiment

The process of developing a method for 3D printing clay without support involved an
experimental approach focused on three aspects: materiality, controllability, and scal-
ability for potential application in large scale construction. A key parameter was the
choice of the most suitable clay body, and several different types were tested. The
viscosity of the wet clay body relates closely to the required extrusion speed at the
nozzle, and both relate to the pressure supplied in the clay reservoir. In the case where
the clay mixture was too liquid, the extrusion rate was easily controlled but the clay
trajectory was unpredictable, and the intended geometry was difficult to achieve.
Through multiple tests and evaluation processes the controllability and plasticity of the
clay mixture was optimized, resulting in the selection of a cone 6 porcelain clay for all
experiments. This type of clay is stiff enough to allow for the printing of self-
supporting lattice systems utilizing novel spatial print trajectories. The ramifications of
scaling the print path, heating the printed geometry, and mixing fibers for tensile
reinforcement were also studied, with a particular interest in larger scale meshes and
porosity for use in the construction context.

3.1 Experimental Setup

The DeltaWASP 20 40 with LDM (Liquid Deposit Modeling) extruder was used to
carry out the experiments. A stationary 3 L clay container was pressurized with 5-7
bars of pressure. Clay flowed through a flexible %" diameter hose to a nozzle mounted
on the print head. Nozzles with 9.50 mm, 7.37 mm and 3.20 mm diameter openings
were tested. The work provided the knowledge on how the variables of air pressure,
nozzle diameter, cartridge volume, as well as clay composition relate to the ability to
create predictable unsupported printed geometries. The research also investigated the
influence of alcohol and additives in the clay body, as well as the application of heat
through a heat gun in order to preempt sagging of unsupported areas immediately after
deposition. Clay, water, alcohol, and nylon fiber were mixed at the ratio of 1 kg clay to
70 g of water, 2 spray shots of alcohol, and 5 g of fibers. The inclusion of the fibers
was found to greatly improve stiffness of the freshly extruded clay.

3.2 Procedures

Clay is malleable in the wet state, but takes longer to harden than polymers, metal or
concrete. The time delay involved in the drying of clay to the green state allows it to be
manipulated as the clay can be printed by first anchoring and then pulling the material
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along through a spatial drag-movement of the nozzle. Folding the clay extrusion upon
itself induces a self-supporting loop that can withstand the dead-load of more loops that
are printed on top. The self-supporting loop can be arrayed like voxels in a series of
return-loops to form a complex geometry. The positioning of these return-loops can
vary to adjust the macro-geometry, porosity, density and structural rigidity of the
overall intended structure. The aforementioned processes require a specific mix of clay,
print speed, extrusion rate and a predetermined print path. The mix of clay inherently
affects the pressure needed to push the clay and also the plasticity of the material being
extruded. In order to create the effect of anchoring and stretching the clay, the afore-
mentioned clay body helps to avoid cracks during drying.

The geometry of the loop was parameterized into curve divisions. The angle
between the curves divisions are recorded, and the difference between two consecutive
angles is calculated. The latter value relates closely to the print speed parameter,
reflecting a high print speed at low differences between two angles, and a low speed at
high differences. The speed changes throughout with a maximum speed of 10 (mm/s)
and a minimum speed of 4 (mm/s) in the looping areas. Next, a supplementary modular
print path is needed to produce successive layers, cross-link previously produced
forms, and achieve a stable, taller overall component. The secondary print path expands
and fortifies the surface area above the vertical return-loop structure by rotating the
subsequent return-loop to its side, thereby increasing the points of contact for
anchoring and creating lateral supports. The goal was to achieve a double curving
lattice structure to prove the print path’s capability of printing complex geometries in
less time, with less material and with self-sustaining structural capacity.

3.3 Impact of Spatial Print Paths on the Anchor, Drag
and Pull Maneuver

The spatial print path is one of the key factors in reproducing the anchor, drag and pull
maneuver needed to generate spatial clay lattices. After testing several different heights
of the drag path within the loop structure it was observed that the height of the print
path has a minimal effect on the actual height of the loop structure produced. Whether
the height of the drag path was 25 mm, 30 mm, or 40 mm (Fig. 1), the height of the
drag path had almost no influence on the resulting print.

3.4 TImpact of Incremental Print Speed/Extrusion Rate on the Anchor,
Drag and Pull Maneuver

The anchor portion of the print motion is primarily dependent on the speed and contact
point of the nozzle. Congestion occurs when the nozzle is slowly extruding very close
to the point of contact - here a surplus of material builds up. This induces a tapering
effect of the material when quickly extruded vertically or horizontally from the anchor
point (Fig. 2). The tapering of material is the drag portion of the print maneuver and
innately has structural implications that allow the material to stretch and span to the
next anchor point without disconnecting or drooping. Following anchoring a swift
pulling motion with the nozzle creates a return-loop—double loop—and a lateral
connection between the loops (Fig. 2). As lateral connections are made the points of
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Fig. 1. Increase in drag height (25 mm, 30 mm and 40 mm) vs. height of loop extruded

contact are thickened for the next floor of return-loops because they share the same
anchor points. This creates increased surface area that permits a denser anchor for the
return-loops above. By creating a network of loops and bridges, the structure evenly
distributes the weight, vertical and lateral forces making it stronger.

3.5 Modular Return-Loop Prototypes

Three types of return loops were prototyped, each based on the angle between the
loops: 90°, 45° and 0°. Each type incorporated an incremental speed across an array of
return loops for both the anchor and the drag paths. The 90° version had a lower range

Drag

Release

Anchor Point
Congestion

Fig. 2. The nozzle releases the congestion of surplus material and pressure at the anchor point
(L). Material can be extruded horizontally from the anchor point to bridge a connection with
another anchor point (R).
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of extrusion speed since more clay was required at the anchor, and the straight path
enabled the clay to remain in its position as more clay was deposited. This type featured
a higher resulting path, but with less surface area for the next level to anchor. On the
other hand, the 45° and 0° return loops were printed with a larger range of incremental
speed as their anchor paths were not straight and thus had less support when deposited.
These two types featured more surface area for anchoring consecutive levels and also
acted as a bracing element for the vertical return loop (90° loop).

4 Results

4.1 Print Time, Density, and Structural Integrity

Each modular return-loop prototype has corresponding total print times and densities.
The 0° return-loop required 6 levels with a total print time of 1 h and 52 min. It is the
densest prototype with 0% porosity across the shape (Fig. 3). The resulting element
was extremely durable and capable of withstanding dead loads or gravity and itself
without visible deformation. The 45° return-loop required 6 levels with a total print
time of 47 min making it the next densest prototype with 18% visibility (Fig. 3). The
slanted nature of the print path induced a loop structure that leaned on itself in order to
be structurally stable. Thus, the structural rigidity was very similar to the 0° return-loop
since there were no free standing elements. Crevices that are formed in between each
of the slanting loops created porosity and led to reduced overall density. The 90°

Fig. 3. The 0° return-loop: 6 levels, 1 h and 52 min print time, 0% porosity (Top L), The 45°
return-loop: 6 floors, 47 min, 18% porosity (Top R), The 90° return-loop: 4 floors, 6 min print
time, 35% porosity (Bottom L), The 90°//0° return-loop: 6 floors, 25 min print time, 25%
porosity (Bottom R)
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return-loop required 4 floors with a total print time of 16 min which made it the least
dense prototype with the highest porosity at 35% (Fig. 3). The tradeoff for this print
path was that the loops were freestanding and relied on the anchor points to hold itself
up. Any sort of force applied laterally shattered the structure in its entirety. Therefore, a
hybrid formation of either the 90°//45° or 90°//0° was necessary to achieve structural
rigidity and height with efficient use of materials. The 90°//45° did not yield promising
results because the slants of the 45° return-loop hugged and toppled the 90° return-loop
below. The 90°//0° return-loop, on the other hand, provided the necessary reinforce-
ment at the anchor points and secured the 90° return-loop below with lateral support.
The 90°//0° return-loop required 6 levels with a total print time of 25 min which made
it a slightly denser prototype with 25% porosity (Fig. 3). The structure was able to
accommodate dead and live weight.

Heating each layer immediately after printing for about a minute at 450 °F was
necessary to ensure sufficient anchoring for the consecutive layer without deforming
the layer underneath. Otherwise, any weight that the loop encountered at the green state
either deformed or broke the print. Heating the printed geometry at higher temperatures
above 650 °F rapidly evaporated the water in wet clay, which caused the printed layer
to crack. Furthermore, the temperature and time of heating each layer directly impacted
the material bonding between layers, which in turn compromised the overall structure
of the resulting print. Anything above 8 s and 650 F would make the printed layer
insusceptible to bonding with the wet layer of clay printed on top. The printed layers
would wedge apart from each other as the clay dried, no longer providing a connection
to distribute the dead load. However, with the prescribed amount of heat over time, the
layers bonded even better than non-heated layers due to its ability to maintain form and
the printed layer’s affinity for the moisture in the consecutive print above.

4.2 Predictability

The 45° return loop was introduced to make an alternating 90°//45° return-loop struc-
ture. The intention was to lay the 45° return loop structure on top of the 90° return loop
in order to create lateral connections and provide more surface area for the next layer of
90° return loops. However, the 45° return loops innately used the starting point as the
anchor and the rest was printed in air, which induced the extrusion to embrace the 90°
return-loops below by going around and in between. In some cases the trajectory of the
extrusion collided with the printed return-loops below causing deflection. Without a
proper anchor point to execute the anchor, drag and pull maneuver, the material
behavior cannot be controlled and is subject to deformation by deflection. In reference to
the aforementioned observations, a 0° return loop was necessary between each 90°
return loop to keep the latter stable and in tension, and to minimize the tendency to
disconnect at the anchor point by providing more surface area for anchoring.

The 90° return loop was selected in an aim to generate a block-like geometry with
the maximum possible height while self-supporting itself. The prototype had reached
28 levels after the clay tank was emptied. Unlike the 45° and 0° return loops, the 90°
return loop had a small surface area for anchoring succeeding level, which undermined
the rigidity of the overall geometry when printing several levels. In addition, it was
necessary to shift each level on the longitudinal axis to accommodate for the slight slant
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caused by the drag action. Heating each printed level led to shrinkage and cracking,
which meant a smaller surface area for anchoring and the connection between the
anchor and the top of the loop structure started to crack apart (Fig. 4). This discon-
nection from the designated anchoring surface or the highest stress point further
undermined the overall structural rigidity of the prototype. Moderate vertical force or
any measure of lateral force dismantled the 90° return loop structure. Lateral supports
and extended surface area for anchoring was necessary.
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Fig. 4. Uncontrolled deformation due to deflection and insufficient anchoring (L), 90° return
loop structure is offset every level. (M), and Cracks due to shrinkage after heating (R)

4.3 Discrepancy in Digital Print Path and the Actual Print

The combination of 90° and 0° return loops was adopted to create a series of levels in
order to form a double curved volume. The process began with dividing the modeled
surface into voxels and a constant width for each level. Then the return-loop was
modeled within the defined boundaries of each voxel, allowing the articulation of the
surface through a voxelized return loop system. After printing the first level of 90°
return loops, a heating process was introduced to solidify the clay. This facilitated the
anchoring process of the consecutive level and also maintained its height despite the
small compression force from anchoring the next level. The actual loop height was not
implemented within the generative print path, and thus it was necessary to obtain the
measurement of each level’s height after printing and heating it. Then, each succeeding
level was modified based on the resulting deflection after printing and heating to anchor
properly. It was essential that the nozzle tip did not touch the top of the anchoring
surface or else the contact disrupted the printed level or the friction led to shifting of the
already printed levels out of the printable boundary. Without considering the deflection
caused by the material plasticity, 14 levels of a combination of 90° and 0° return loops
articulated the overall double curved surface (Fig. 5). Nevertheless, 14 levels only
reached 74% of the target height recorded with a substantial decrease in print path
length, which is almost half of that when printed with a 2D layering technique (Fig. 5).
It was concluded that the articulation of the material system to form a double curved
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Fig. 5. Printed physical height (R) vs. Projected digital height

surface helped minimize the amount of clay required for printing and thus enabled a
significant reduction in print time. In addition, the material system achieved a 25%
visibility within the articulated surface, allowing light and air to penetrate through.

4.4 Nozzle Diameter Scalability

Several limitations were seen after using the 9.5 mm diameter nozzle, including the
printer’s bed size being 20 x 20 cm and the limited volume of the clay tank. Thus, a
scaled down version of an extruding nozzle (3.2 mm diameter) was selected for printing
the next prototypes. The switch in nozzle diameter brought up the need to understand the
relationship between the extruder’s nozzle diameter and the resulted print height, which
in turn relates to the deflection of the 3D printed loop. It was recorded that when the
height of the print path of a loop geometry with a 9.5 mm nozzle ranged between
30—40 mm, the resulting height after printing ranged between 24-26 mm, reflected a
deflection of 6-14 mm. On the other hand, scaling down the loop size by the ratio of a
diameter change (from 9.5 to 3.2 mm, thus by a factor of 0.33) with a similar mor-
phology yielded a resulting height of 17 mm with a deflection that ranged only between
1.5-2 mm. Scaling overall geometry and nozzle diameter by a factor of 0.33 scaled
deflections by a factor of 0.25 to 0.14 — a highly non-linear correlation.

The deflections were recorded after printing. In order to build higher prototypes
with more levels it was important to calculate the deflection through structural analysis,
and using the material properties of wet clay. Once deflections can be anticipated
through analysis the print path can be corrected in order to achieve an outcome that is
closer to what has been envisaged. The structural analysis tests were performed using
Karamba, a structural analysis plug-in in Grasshopper 3D. Under linear static analysis
for loops with heights of 40 mm and 19 mm, and cross sections of 9.5 mm and 3.2 mm
accordingly, it was found that the deflections decreased by a factor of 6, confirming
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approximately what had been experimentally observed. This result not only helped in
the process of printing each level at the correct height, but it also showed that knowing
the relationship between the nozzle’s cross section and the height of the loop could
contribute to creating more precise geometries with many levels considering (Figs. 6

and 7).
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Fig. 7. Lateral supports for return-loop structure.

5 Conclusions and Outlook

The experiments have shown that the process of depositing wet clay over unsupported
spans can form mesh-like structures that optimize print time, material use and structural
performance. The process is controlled by the amount of clay deposited from the print
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head, which is configured by the print speed parameter. Reducing the print speed
exhibits more material deposition with a thicker clay extrusion. This provides a good
structural support for the subsequent model layers to build on with less deformation.
On the other hand, bridging between thick clay extrusions required less material
deposition that was achieved by increasing the print speed to an appropriate value
without disconnecting the clay extrusion or letting it sag. These processes were
embedded in an integrated computational workflow that ensured alternation between
two values of material deposition to continuously print mesh-like structure with any
given form.

We have shown that a double curved mesh-like form can be printed with the
developed computational workflow. A feedback system would be desirable in order to
correct the location of each successive level of the printed model. Manual measure-
ments of the deflections showed a range of difference between 1 and 4 mm. Defor-
mations varied between each level of the printed form. These measurements were
averaged, and the value was fed back into the computational workflow to correct the
location for the next level. The disparity of the deformation values necessitated col-
lecting data for each single level of the printed model, which slowed down the printing
process. Hence, integrating a digitally driven sensor environment in a closed loop
system will allow for simultaneous feed of deformation values for each support con-
dition while printing to ensure proper model correction.

The material deposition of the clay printing process can be manipulated in several
ways in order to introduce variation in the porosity across the mesh-like structure. For
example, increasing the material deposition at the vertical support of the print path
translates into a slower print speed and the print will have less porosity and more
structural support. On the other hand, a decrease in material disposition would increase
the porosity level and result in less structural support. Additionally, by combining
different return-loop morphologies including, vertical, horizontal or slanted morphol-
ogy, varying porosity levels and structural performances can be achieved. It has to be
noted that the structural performance was merely evaluated by the angle of the return
loops, which dictated the amount of surface area for anchoring the consecutive layer
above and how well it was able to withstand the dead load. For example, the 90° return
loop resulted in the least amount of surface area and bracing needed for anchoring, and
thus less structural support. Fired prototypes were also observed to have a noticeable
improvement in structural integrity without any further cracking. However, a large-
scale structure cannot be fired in a kiln and thus does not pertain to the scope of this
research. For future work, compressive tests are necessary to precisely evaluate the
structural performance of each return loop morphology in its green and fired state. In
addition, we can also control the porosity by combining both strategies: the amount of
material deposition and print path morphology. This intrinsic behavior of the printing
process opens the opportunities to integrate mechanical and thermal properties into the
system, which can be varied across any given geometry by controlling the ratios of
solid to void through the aforementioned strategies.

This research constitutes a strategy for extrusion-based clay printing to rapidly
construct mesh-like forms with controlled mechanical performances. The process
enables a viscous material—clay—to be deposited over unsupported spans to struc-
turally connect extrusions. The amount of material deposition and print speed can
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potentially be tailored to accommodate the material behavior of other, similarly viscous
materials, in particular ultra-high strength fiber concrete. It is conceivable that truss-like
forms could be printed with ultra-high strength fiber concrete (UHSFC), such that these
could act as formwork and reinforcement for spray on concrete much like in the mesh-
mould project discussed earlier. Given the good tensile and bending strength of
UHSFC, it is conceivable that these systems could provide an alternative method for
on-site concrete printing, or even be used to print regolith for extraterrestrial con-
structions (Figs. 8 and 9).
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Abstract. We present research work on a manufacturing process deploying
natural composite materials. The objective of the project is to create a sustain-
able manufacturing process integrating materials, hardware, software and fab-
rication logic from the ground up. We deploy a bioinspired natural composite
comprised by renewable, widely available, biodegradable and low-cost natural
components. Material properties closely resemble those of high-density foams
or low-density timbers and it is produced without any petrochemical or harmful
solvents associated with adverse environmental effects. We designed a mobile
material deposition system using the Direct Ink Writing method, with work
envelope of over 3 m vertically and indefinite horizontal range, comprised of
industrial robotic hardware and purpose-built mechanical mobile platform. We
performed testing in characterizing material properties with and without the
introduction of the printing process, tightly integrated material behavior with
manufacturing and developed design software for direct transition from design
to production. To address scaling, we approached the fabrication process from
the perspective of fusing the best principles from both additive and subtractive
manufacturing, offering geometric freedom and material efficiency of additive
manufacturing while targeting production and quality efficiencies of subtractive
and forming processes. We believe this process has the potential of significant
impact on general manufacturing as well as the building industry.

Keywords: Robotics - Additive manufacturing - Natural composites

1 Introduction

While great leaps in the development of additive manufacturing technologies have and
actively take place in nearly every domain of design, two fundamental challenges
persist, namely addressing the problem of transition from small to large scale as well as
sustainable integration of additive manufacturing materials in ecological cycles. Even
though our research work is fundamentally motivated by investigating the implications
of prioritizing sustainability in additive manufacturing, using environmentally benign
bioinspired materials, we also demonstrate a method for achieving large-scale artifacts

with unexpected physical and mechanical properties.
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Scaling additive manufacturing is complex: Firstly, increase in physical size cannot
be achieved in reasonable timeframes by deposition of microscopic layers of material.
Production time scales at a cubic asymptotic rate to the size of the product at worst.
Secondly, products exhibit multiple scales both physically and conceptually. If their
finest details dictate deposition and production rate, an approach that enables multiple
resolutions is required to avoid stalling the entire process. Finally, material processes
do not scale linearly without significant effort. Indicatively, the surface finish deteri-
orates by scaling the layer thickness; process parameters such as temperature, cooling
and drying are coupled with heat transfer and dimensional range of fabrication;
mechanical performance is related with the scale at which material is fused.

Our approach on the challenge of scale proposes a hybrid fabrication process
combining concepts from additive and subtractive manufacturing (Fig. 1). We deposit
material and perform shape modifications, such as conforming dimensions, smoothing
surfaces and eventually aim at adding features at lower scales than the fixed-size
deposition range. The objective for such approach is to retain the geometric freedom
and material efficiency of additive manufacturing processes but increase production
speed of to achieve large-scale at reasonable rates. The dimension of time is more
critical parameter than geometry or space in approaching the notion of scalability.

Fig. 1. A hybrid additive manufacturing system based on the direct ink writing method
comprised of an industrial robotic arm, material supply and precision dispensing components.

2 Material Design

Popular materials for 3D printing, especially those used for rapid prototyping [1, 2], are
derived from petroleum products such as thermoset and thermoplastic polymers. Not all
plastics however are equal from a sustainability point of view, as thermoplastics such as
ABS can be recycled and PLA is compostable in controlled environments [3]. Inor-
ganics such as plaster [4], clay [5, 6] or sand [7] as well as organics such as wax [8], if
unmodified, may be considered environmentally friendly due to modest embodied
energy. Metal alloys and glasses can be considered eco-efficient for their high
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recyclability content. Biological composites offer a profoundly different value propo-
sition when the entire life cycle impact is considered.

The material used here originates in prior research work on bioinspired composites
[9, 10]. Its composition is derived from the cell wall of a family of fungus-like
microorganism comprised of a cellulose-chitin organic composite. Its components, first
and second most abundant natural polymers on earth, are sourced in industrial grades or
from waste by-products of timber and food processing. The physical and mechanical
properties of the bio-composite such as bulk density and stiffness, are circa 0.4 kg/m’
and 0.2 GPa respectively, which are within the range of high-density polyurethane
foams and low-density timbers. Its appearance, when wood particles are used, resembles
fiber board products while in pure form it resembles compressed paper (Fig. 2).
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Fig. 2. Left: Ashby plot of the material’s physical and mechanical properties situated within
range of common natural and synthetic polymers. Right: Material ingredients before mixing,
cellulose and wood flour samples and electron microscope photography of fibrous composite.

Cellulose is notorious for being a difficult to dissolve and bond, requiring solvents
and adhesive resins [11] often used for production of plywood, fiber boards and
additive manufacturing wood-plastic composites [12]. Introduction of those chemicals,
results to the transformation of an otherwise highly sustainable material into products
which cannot be easily recycled or disposed [13]. Unlike general wood-plastic com-
posites, fully biological materials present a sustainable alternative. Relevant material
science work includes study for wood bio-composites fused by glutinous [14] or lig-
neous [15] organic adhesives from agricultural sources and additive manufacturing
with organic composites such as starch [16], protein-based adhesives from animal
byproducts [17], and gelatinous bio-composites [18] with chitinous matrices.

Key challenges of this project are in the concurrent design and development of the
material along with its manufacturing process. Variations of ingredients and admixtures
produce significant changes in material properties associated with process parameters
such as flow control, due to viscosity changes, dimensional stability, due to shrinkage
under evaporative hardening, phase separation, due to grain size distribution and even
mold growth, due to contamination.
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3 Fabrication System

While our fabrication process resembles Fused Deposition Modeling, due to its pro-
gressive linear bead extrusion, it is also affine to the Direct Ink Writing method [19, 20].
Unlike FDM where linear filament is fed from a spool, our process deploys a viscous
colloid transported hydraulically by a pump. As the material cures at ambient condi-
tions, the process does not require temperature control for thermoformed dispensing and
fusion. However, convective air flow accelerates drying and various modes such as
robot mount air supply or external fans have been used.

The system is comprised of several integrated hardware and software sub-systems:
(a) Spatial Positioning, (b) Material Transport, (¢) Hardware-Software Interfaces and
(d) Design-to-Fabrication CAD/CAM. The positioning system is based on an industrial
articulated robot, namely a commercial six-axis robot with 20 kg payload and
1650 mm horizontal reach. The machine is mounted on a hydraulic scissor-lift mobile
platform. The platform’s vertical travel, up to 1600 mm from the ground, allows for a
combined maximum vertical reach of 3700 mm while horizontally, with some cali-
bration effort after relocation, it can be expanded indefinitely (Fig. 3).
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Fig. 3. The digital fabrication system is comprised of an industrial robot mounted on a hydraulic
scissor-lift mobile platform. The controller and material supply are separate mobile units.

The material supply system is composed of two units, namely a material unloading
pump with 50 Lt capacity and a precision dispensing unit mounted on the robot. The
unloading system offers the ability to transport viscous materials without pulsation or
shear artifacts present in reciprocating pumps. In addition, the dispensing unit deploys
an auger screw cavity transport design, which unlike solenoid valves systems, allows
for precise flow control enabling drip and tail prevention. The nozzle’s inner diameter
can be at maximum 12 mm while flow rate can reach up to 3.5 ml/s. For shaping
operations, we employ a PTFE coated nozzle jacket and for subtractive operations we
deploy a pneumatic die grinder mounted at 90° about the extrusion nozzle.

Integration between the material supply and positioning system is done via
Programmable Logic Control. The firmware design is kept to a minimum, namely
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digital-to-analog conversion for dispensing flow control and digital switching for
peripherals. Control logic is pushed upstream on the design-to-production software
based on more modern programming paradigms. The digital fabrication library [21],
within the Rhinoceros/Grasshopper parametric environment, is used for kinematic
simulation, machine code generation and bidirectional communications.

4 Process Parameters

The most challenging aspect of the process is achieving dimensionally predictable and
repeatable results. To define the various controllable process parameters such as bead
size, nozzle offset, feed rate and motion speed, during production and after printed
artifacts are cured, is a complex multi-dimensional problem which required significant
effort in mathematical modeling. Through a series of empirical measurements, a
numerical approximation model [22] was fitted and verified as per its capabilities of
predicting the process outcomes (Fig. 4).
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Fig. 4. Left: Material fusion evaluation using universal testing equipment. Middle: Dimensional
control testing using optical measurements. Right: Multi-parameter optimization model results.

Process parameters currently used are conservative, with bead sizes of 7 mm, flow
rate of 2.2 ml/s and feed rate of 42 mm/s. In comparison to widely available low-cost
desktop 3D printers, this amounts to approximately three orders of magnitude faster
build rates. The nozzle offset used is 3 mm which due to compaction results into
12 mm wall thickness. Interlayer dependency affects typically three layers below the
current except for the bottom and top three which due to print-bed interface and
absence of material above, as at the bottom adhesion prevents shrinkage at the same
rate as interim layers, while at the top, larger exposed surface area accelerates drying.
The success of the model is evident by the nearly uniform layer height achieved
vertically.
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5 Process Fusion

For generating machine pathing from design geometry, we developed several seg-
mentation and motion planning algorithms. Initially implementations followed a pro-
cess very similar to FDM, where a solid is decomposed into layers, exterior contours
are traced to achieve best surface finish and interior is fractionally infilled with a
structural support patterns. However, as bead sizes used here are substantial in size, the
exterior surface is bound to rough layered finish. In addition, while the material is
highly resilient when cured, in its wet state it exhibits viscoelastic mechanical char-
acteristics which prevent large spanning and cantilevering. We thus had to funda-
mentally rethink the process logic to respond to material opportunities and limitations.

Fig. 5. Top: Raw and smoothed samples. Bottom: Surface finishing and smoothing passes.

The interior structure of the solid is first constructed at high build rates, preferably
with maximum porosity to accelerate drying. Then exploiting the self-adhesive char-
acteristics of the material, we first coat the support and then shape it to smooth finish.
The process fuses concepts from additive and subtractive manufacturing by decoupling
roughing and finishing guided by material affordances while targeting increased pro-
duction speed and product quality. In recent iterations of the still under development
process, we begun performing deposition and forming in overlapped mode. This allows
to take advantage of the window between wet and dry state. Benefits of such approach
are: the ability shape geometries, externally and internally, that could not be machined
after the built is complete, due to physical access constraints; improve dimensional
accuracy and/or relax extrusion constraints, as the secondary process can enforce
surface boundaries by performing conforming actions (Fig. 5).
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6 Geometric Modeling

The first family of algorithms for support structures is based on dimensional reduction
from orientable solid to closed contours and then to scan-lines. Scan-lines stacks seen
from section, are patterned by top-down injection of cavities and incremental expansion
into protruding arches. This fractal heuristic, inspired by false-arches, produces vault-
like structures aligned with the compressive logic of the material (Fig. 5). Unfortu-
nately, due to challenges that emerge from abrupt flow rate modulation required to
achieve stripping, we moved to a method that aims to retain fixed flow rate when
possible while minimizing backtracking (Fig. 6).

Fig. 6. Left: Computer simulation of continuous sweep line (red) and vault-like support structure
(blue). Right: Support structure prototypes based on various continuous sweep algorithms.

The second family of algorithms is based on a parallel sweep-line method as each
layer is scan-converted into a serpentine path with minimal state transitions. Modifi-
cations of this approach catering to material and fabrication process include interpo-
lated edge-smoothing and fusion of the scan-line boundaries for achieving consistent
exterior finish and patterned inter-scan-line overlapping for stiffening and control of
shrinkage. This approach enables fractional volume filling of typically under 50% rate
which improves air circulation for faster drying.

7 Fabrication and Evaluation

Numerous parts have been printed during iterative improvement of the process.
Evaluation models include linear and circular primitives to allow measuring dimen-
sional accuracy, layer compaction, shrinkage uniformity, tensile and bending perfor-
mance. Even if the material is still medium in viscosity, resembling toothpaste in
consistencys, it is possible to build single walls of up to 250 mm high. To demonstrate
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the efficiency of the process and versatility of the material we produced an airfoil
measuring 1,200 by 300 by 100 mm. The blade is comprised of two printed halves
which required 1.5 h each. After drying for 24 h, they were fused and coated using a
thin layer of the material and the surface was finished using sanding. The blade weights
approximately 5 kg, it is comprised of one material which can be 3D printed, used as
adhesive and processed using conventional wood working techniques (Fig. 7).
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Fig. 7. Left: Vase design evaluating the buckling height of single wall extrusion. Right: Wind
blade design evaluating mixed-mode fabrication combining 3D printing and woodworking.

To investigate the ability to create larger scale objects we are developing a pro-
totype for a composite column installation design (Fig. 8). The geometry is expressed
as an implicit surface and segmented into layers. As of now, we have not embedded in
the machine planning code the ability to continuously vary the process parameters such
as motion speed and flow rate. This means that differential drying is a major challenge
as extended printing time may result to departure from the pre-set geometry used for
motion planning. The pre-set model currently is statically generated from the original
design geometry and its dry steady-state after its shrinkage prediction, from the
mathematical approximate model, has been incorporated to stretch the original model.
For instance, to achieve 100 mm vertical sections, the model must be scaled vertically
to 150 mm to account for drying and forced layer compaction for density and stiffness
modulation.

Nevertheless, we are investigating the option of either ultra-lightweight single wall
segmentation with conservative height-step of 200 mm or composite double wall
profiles which target 500 mm high segments. The composite profile parametric model
incorporates a double wall design with interior webbing for increased stiffness, micro-
patterning the exterior surface and it is produces a continuous path per layer to optimize
production time.
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Fig. 8. Left: Elevation of composite column model. Middle: Parametric pathing with various
web and surface texture options. Right: Prototypes of under construction installation.

8 Conclusions

We presented results on the development of a composite manufacturing process using
natural composite materials. While there is a lot more work to understand and control
every parameter of the material and fabrication process, there is good evidence that it
can produce sustainable artifacts at literally large scales. We do not know the limits of
such scaling but it would be naive to assume that no assembly will be required to span
the orders of magnitude and systemic complexity covered by architectural artifacts. In
this respect, it makes sense to target minimizing the production time to leverage
scaling. Our process suggests that fusing the best aspects of additive and subtractive
manufacturing processes may be a reasonable way forward. As this is a fundamental
technology research work, little time has been devoted to specific targeted applications.
However, there are foreseeable uses based on material properties, in both product and
interior design, such as furniture and finishes, industrial such as from packaging and
naval to aerospace, and architecture, such as insulated lightweight partitions, acoustical
panels or even free-form precast molds. Success in digital manufacturing with two of
the most globally abundant and locally available biological material in the world,
positive steps towards this direction were presented here, may have significant impact
upstream in design as well as downstream in general manufacturing and overall a
sustainable future.
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Abstract. This project explores the development of an additive manufacturing
technique for nonwoven textiles. Nonwoven textiles, based on natural materials,
synthetic polymers, or blends of the two, have numerous performative aspects,
including excellent acoustic absorption, thermal insulation, and tactile charac-
teristics. Felt is a typical example of a nonwoven material, and can be manu-
factured by both wet or dry processes. One example of a dry process involves
needle felting, whereby fibers of the textile are meshed and entangled when
punched together. This process binds the material together seamlessly without
the addition of sewn thread or adhesives. Needle felting can range in scale from
hand craft techniques with a single needle to large scale web processing. Inte-
gration into a robotic process not only enables precision and speed in manu-
facturing but also extends needle felting as a three-dimensional process,
allowing for local differentiation of stiffness and other properties across a
homogeneous solid. Through a customized digital workflow, formal and
material properties can be varied at local level within a component. By devel-
oping a fully integrated design to production methodology for influencing these
properties, this research opens a wide range of potentials for nonwoven textiles
in architectural applications. The research involves three areas of development;
the process tooling for robotic felting, the digital workflow that enables the
formal and material properties to be specified computationally and embedded
into the machine code, and prototypes of architectural elements such as acoustic
panels and furniture demonstrating different techniques and processes.

Keywords: Robotic needle felting - Nonwoven textile
Additive manufacturing - CNC manufacturing

1 Introduction

Felt is a nonwoven textile produced by pressing or matting fibers together. The fibers
can be natural (wool, bamboo), synthetic (polyester), or blended (viscose). The natural
type, commonly wool, is considered one of the world’s oldest known textiles, and has a
wide variety of uses including furniture, clothing, rugs, musical instruments, etc.
(Pietsch and Fuchs 2016) In industrial applications, technical felt is often used in
gaskets for vibration dampening or for moisture control. It is fire-retardant and self-
extinguishing. (Dent 2009) It absorbs sound (Ballagh 1996; Berardi 2016) and can be
molded or impregnated with gelatin or resin for stiffness. (McKracken 1856) Due to the
highly interlocked nature of the fibers, felt can be cut easily without the edges fraying.
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Natural felt has thermal, mildew-resistant, and water-resistant qualities that make it
ideal for architectural applications such as interior surfaces as padding or as a buffer
between high-moisture areas. (Corscadden et al. 2015) These applications and char-
acteristics highlight the versatile properties of felt and encompass an even longer
history of human making in its manipulation. From traditional handcrafting techniques
passed on from nomadic tribes such as ‘wet-felting’ - to contemporary industrial
processes of steam pressing for mass-production, felt can be considered one of the most
adaptive and transmutable materials available to designers.

It is within the extensive trajectory of felt that this project is positioned. This
research seeks to expand the processing of felt beyond traditional textile fabrication
methods like cutting and sewing. Typically, felt is patterned, cut into parts, and joined,
using equipment similar to a sewing machine or layered together with adhesive. The
project seeks to link an industrial process for manufacturing felt, namely needle felting,
with computational design techniques and robotic automation. Needle felting, tradi-
tionally done by hand with a barbed needle, is a technique whereby fibers of the textile
are meshed and entangled when punched together. (Pietsch and Fuchs 2016) This
process is seamless and does not require the addition of thread or adhesives. Robotic
needle felting extends this into a three-dimensional process, enabling the capacity to
work with complex geometric forms while developing variability in the characteristics
of felt. Stiffness and deformation become manipulatable aspects of a composition, and
layers are bonded together mechanically to produce a homogenous whole.

Additive manufacturing (AM), commonly known as 3D printing, has revolution-
ized the design to production workflow in a wide range of disciplines. While AM
processes have been developed for a wide range of materials, from ceramics to plastics
to metals, there have been very few investigations into their applications for textiles.
While notable examples exist, such as weaving and 3D knitting, (Ahlquist 2016) these
processes impose limitations on the resulting thickness and fiber density. Given the
unique capacity of felt to be seamlessly “added” into a cohesive solid, it presents a
unique opportunity to investigate the potentials of an AM approach to fabricating
geometrically complex components. By developing a digitally controlled methodology
for influencing the properties of nonwoven textile, this research opens a wide range of
potentials for architectural design applications.

2 Robotic Felting

Needle felting, as a process, straddles two extremes. At one end are traditional craft-
based techniques that involve hand punching, and the other, industrial-based manu-
facturing with mechanized processes. Hand felting is labor and time-intensive but
offers nimble control over the material in ways that industrial web manufacturing
(continuous roll) is not capable of. This manual technique allows punching from any
direction with different depth for each punch, and the amount of force and speed
applied to the punching can be variable, responding to feedback from the material. The
advantages of mechanized felting, as done for the mass production of web materials,
are speed, automation, and consistency of the rate and the force of punching. The
disadvantages are that it only punches in one axis, is limited to producing a layer of
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consistent thickness, and the force and speed for punching is typically not varied across
the course of a production run.

Since the industrial revolution, industrial processing for felt manufacturing has
remained relatively consistent. (Dent 2009) The novelty of robotic felting combines the
advantages of hand felting with an automated process, whereby the designer can
control the direction and speed of punching synchronously with the motion of the
machine to layer material variably across a substrate. This research specifically focuses
on the development of the felting tool as an automated manufacturing process for
dealing with complex geometries as well as various techniques to create an inventory of
specific performance characteristics (Fig. 1).

Fig. 1. Robotic end-effector V1.0.

3 Research, Development, and Implementation

The development of the robotic felting process involved three interrelated aspects,
including materiality, process tooling, and geometric design parameters. Within each
are a series of variables that affect the calibration of the other two to achieve the desired
effect. These challenges are highlighted below.

3.1 Nonwoven Textiles

Nonwoven textiles can be natural (wool, bamboo, et al.), synthetic (polyester, aramid,
et al.), or a blend of both. The characteristics of the textile can vary based on the
thickness, density, and composition of the fibers in terms of length and shape. Pressed
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felt is a quasi - isotropic material (with random directionality of fibers within the planar
direction of the sheet), higher density and strength of the fiber is generally proportional
to the stiffness of the textile. Sheets can range from highly elastic to rigid. The fiber
length also affects the mechanical properties; felt made from short fibers has less tensile
strength and stiffness as they become disentangled more easily (Fig. 2) (Ghosh 1994).
Less dense felts are more elastic given the ability of the fibers to slide past one another.
The complexity of working with nonwoven materials involves understanding not only
the material specification but also how it was produced, whether by steam pressing,
needle felting, or hydro-entangling. There is a significant interaction between the
properties of a given felt and the parameters of the joining process.

3.2 Process Tooling

The development of the robotic end-effector for the felting process included a number
of fundamental goals. Virtually all additive manufacturing processes rely on some type
of material discretization. The fundamental unit can range from the scale of a brick
(Bonwetsch 2006) to a continuous fiber (Vasey 2015), with new methods constantly
under development. Given the availability of nonwoven textile as a rolled sheet
material, a continuous tape was identified as the unit of material. As a precedent, the
automated tape lamination process, used widely in the aerospace industry for composite
layup manufacturing, was adapted (Taylor 1980). Previous work by the authors
(Seyedahmadian et al. 2015) explored this process in the use of thermoplastic matrix
composite tows to produce differentiated surface geometries. In this application, the
process has the additional capacity to tailor material properties along a continuous
stripe of the felt tape.

Fig. 2. Felting needle (left), Fiber meshing (center), Multi-layer felting (right)

The felting process can be further divided into two functions, which can be con-
trolled independently. The needle punching is based on a reciprocating mechanism,
identical to small scale felting and sewing machines. There are a wide variety of barbed
needles to choose from and they come in different sectional shapes, from triangular to
5-pointed star, to twisted, to reverse - each catering to different purposes from general
binding to surface texturing. Reverse needles have barbs that pull the fibers in the
opposite direction of punching. To achieve sufficient fiber meshing, the rate of
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punching should be sufficiently high, and the needle stroke should engage as many
barbs as possible; in this case it is set to 16 mm (Hearle and Purdy 1971).

While this can be compounded by increasing the count of needles in the travel
direction, it is also important that the dwell time of the needle in the punched hole must
be sufficiently short, as there is no allowance for the continuous travel of the robot (this
would add a significant complexity). The end-effector utilizes a synchronous servo to
allow for a user -driven rate of punching which responds in real-time (~ 12 ms latency)
to the travel speed of the robot. The maximum dwell time depends on material and
substrate stiffness, and experience shows that punch rates below 1 cycle/mm risk
breakage of the needle. The maximum punch rate is limited to avoid over punching the
material, effectively severing the fibers and cutting the textile. At the targeted travel
speeds of 10-30 mm/s, punch rates range between 10 and 50 cycles per second. This
high rate requires careful engineering of the needle carrier to be light and extremely
stiff; any resonant vibration will create motor control challenges, though these can be
addressed by increasing the rotor moment of inertia. In addition, the system must be
able to achieve these rates while punching through multiple layers of material.

The second function is adapted directly from automated composite tape placement
processes and provides the ability to cut and restart the feed motion of the tape. This
consists of a pneumatic cutter and a synchronous servo-stepper feed motor. This motor
must perform two discrete functions. The first is the initial loading of material before
the start of each path. The second is to feed the material synchronously with the robot
motion. This also adds the ability to over or under feed material, which can produce
narrowing effects in the taped path (effectively stretching the material). Felt tapes have
low in-plane compression stiffness, which required significant development to feed
reliably (Fig. 3).

Fig. 3. Felted strips on substrate, highlighting repeatability of cut and restart to follow subtle
curvature in the shingle prototype.



198 W. McGee et al.

The process control is handled by an industrial software PLC (programmable logic
controller), TwinCAT 3, which communicates via the EtherCAT protocol with a Kuka
KRI120HA industrial robot. The PLC handles the motor trajectory planning and syn-
chronization with the robot TCP (tool center point) motion. To better facilitate design
exploration, control of process parameters such as punch rate and material feed are
driven via the machine code, as opposed to being completely offloaded to the PLC.
This is accomplished using the SuperMatterTools (SMT) (McGee, 15) plugin for
Rhino, which allows offline programming and simulation for robotic and CNC
machines. SMT provides a user configurable interface to allow precise control over the
process, which in this case includes three primary parameters. The punching rate
(cycles/mm), start and end of punching along the path, and cut point relative to the end
of the path can all be set independently. SMT also provides an application program-
ming interface to allow integration with Rhino via python, C#, and grasshopper
components. In this research a custom grasshopper component is used to set the pre-
viously described functions variably across the parametrically driven geometry. For
instance, the needle punching action can be started and stopped (pulsed) along a path
and/or the rate of punching can be geometrically informed. The ability to control
process parameters at a geometrically local level is an important consideration for the
techniques described below (Fig. 4).

3.3 Design Parameters

In exploring different techniques for robotic felting, the investigation focused on three
key techniques that address surfacing conditions as well as structural stiffness. Each is
derived based on (1) the quality of the mechanical bonding from needle felting, in
conjunction with (2) surface geometry being felted on, and (3) the substrate necessary
for the punching process. As discussed above, mechanical bonding can vary depending
on the type and length of the fibers. Shorter fibers such as those in industrial (or
engineered) wool felt are less able to develop a strong bond. While the fibers may be
visibly punched through, they are too short to permanently entangle. In terms of the
surface geometry being felted on, the design space is constrained due to the tool
geometry and/or robot’s range of motion. Primarily this relates to the ability of the end-
effector to follow concave geometries. In this case the limitation is a minimum radius of
500 mm in the travel direction. Additional geometric constraints relate to the design of
the “foot” which guides the needles and applies pressure to the material. The substrate
for the punching process requires a thickness of approximately 20 mm to clear the
needle extension from the bottom surface of the foot. Depending on whether the felted
surface is to be left in place or lifted off after felting, a variety of substrates can be used.
These include expanded polystyrene (EPS) foam (cheap, readily shaped), thicker felt
sheets (durable but limited to developable surfaces), or stiff beds made of nylon brushes
(ideal but expensive, available as flat surfaces only).
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Fig. 4. SuperMatterTools render of robotic felting process

4 Case Studies

As an application of the developed techniques, several experimental prototypes were
produced. The tests expose potentials for further study around topics like highly cus-
tomized acoustic treatments and new surfacing strategies toward textile applications in
furniture and architectural interiors.

4.1 Shiplap

As a direct test of the automated tape placement process, this technique utilizes con-
tinuous rolls of material which are layered using a variable offset across a surface. The
needle distribution is modified to leave approximately 25% on one side of the tape un-
felted, creating an effect similar to a shiplap. For instance, for a 38 mm strip, the next
layer was offset by 19 mm so that half of the strip would overlap the previous layer,
and of that half, only 25% is felted (75% of the total width). The range of overlap takes
into account a certain amount of lateral shrinkage that occurs in the punching process.
This technique is relatively fast as most of the time is spent felting at full speed
(approximately 30 mm/s with the current setup) (Fig. 5). Of the three primary tech-
niques studied, the shiplap technique was the most successful and durable as a surface,
as well as allowing a high degree of formal variation.
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4.2 Shingle

Whereas the shiplap technique produces a more linear pattern, the shingle technique
creates a highly textured effect. Tape strips are applied in a pattern of zero overlap, with
subsequent rows offset 50% to create a half-lap. Additionally, the shingle approach
allows for an additional design variable to be introduced, as the strip is not fully felted
to the previous layer. Each felt strip is modeled as a curve in 3D, projected onto the
substrate. By using a custom Grasshopper component interfaced with SMT, each curve
can have different “action states” specified along its length. These states represent all
the parameters fed to the tool, including the start and stop point for the felting and the
cut point relative to the end of the curve. This allows the free (unfelted) length of each
shingle to respond to geometric parameters, in this case surface curvature (Fig. 5). The
resulting panel has an extreme amount of surface texture and depth. This surface depth
has the potential to absorb the maximum amount of sound of the three approaches. The
complexity of the surface comes at a price however, requiring the most time and
material per unit area covered.

Fig. 5. (left) Shiplap technique with variable overlap, (right) Shingle technique.

4.3  Quilt

The quilting approach forgoes the use of the taping process and uses only the needle
punching action to pattern and secure the surface. The felt sheet is precut and patterned
as a developable surface to fit the 3D substrate and stacked with additional layers of
polymer felt and polymer batting to create an approximately 20 mm thick pad. Needles
are removed from the carriage to produce a narrow band which simultaneously com-
presses and binds the layers to the substrate. The result is similar to typical upholstery
techniques but is accomplished from only one side of the material, as opposed to both
sides in most sewing and tailored fiber placement processes which require a bobbin
(Fig. 6). While this process can cover the most surface in the least amount of time
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compared to the previous techniques described, the overall binding to the substrate is
less effective. After extensive handling (especially pushing onto the pillowed surface),
the quilted lines begin to lift as the binding releases from the pressed internal batting.
For interior acoustic panels that are out of reach of everyday contact, this technique is
more could be appropriate.

4.4 Stiffen

The final technique explored was a hybrid process based on the shiplap approach above
combined with a thermally induced residual stress. By layering the felt with a spe-
cialized nonwoven polyester known as Fosshape, a thermally formed composite can be
created. Fosshape has a high shrinkage when raised to 150C. When felted with non-
thermally active felts, this produces considerable surface deformation in the previously
flat part. As a composite panel, highly variable curvatures can be designed based on the
amount of overlap (thickness) and direction and the felt layers (Fig. 6, right) Addi-
tionally, as the thermoplastic layer shrinks, it has the effect of constricting onto the
interlayer fibers created during the punching process, behaving like Z reinforcement in
woven laminates, and significantly improves the bond between the felted layers.

‘_‘-.——-”"'—’”—/

Fig. 6. (left) Quilt technique, (right) laminated with Fosshape showing surface deformation

Based on the potential of the stiffen technique to produce doubly curved surface
geometries from a flat production method, a series of tests were conducted to char-
acterize the basic controlling parameters of the process. Five test panels were produced
with the only variation being the overlap of subsequent paths of tape. To clearly
quantify the deformation, the layup was unbalanced, with one layer of Fosshape and
one layer of wool felt strips. The test panels were then heated in an oven at 150C for
approximately 20 min and then allowed to cool (Fig. 7). The curved panels were then
scanned with a 2D laser scanner positioned by an industrial robot. The minimum radius
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of curvature of the panel vs. the overlap percentage is shown in Fig. 8. As the overlap
increases from 50% to 75%, the overall thickness and density of the panel increases,
providing more resistance to the stresses caused by the shrinking thermoplastic,
resulting in a larger radius of curvature. Future work will explore more complex layups
which result in highly anisotropic behaviors.

Radius

Fig. 7. Variable overlap panels after thermal treatment

41.95mm
38.44 mm

50% 56% 62% 68% 75%
(17mm) (19mm) (21mm) (23mm) (25.5mm)

Overlap Percentage

Fig. 8. Radius of curvature vs. overlap percentage
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5 Conclusions

Robotic technologies continue to extend the capabilities of architects, designers, and
artists to manipulate a wide range of materials. The underlying goal of this research has
been focused on advancing the capabilities of nonwoven textiles like natural felt
beyond two-dimensional applications toward the production of highly customized
geometries with variable material properties. The developed process tooling has been
refined to a level that is now capable of continuous production, and future work will
focus on the development of improved interlayer bonding as well as methodologies for
extending the process to a broader range of material properties and surface geometries,
including anisotropic composites and variable hardness surfaces. The research thus far,
proposes multiple trajectories. The first aims toward acoustic mitigation applications
that take advantage of the material properties of nonwoven textiles. Additional testing
will further characterize the anisotropy of the felted layers, with the goal of developing
a computational design tool for predicting the curvature produced by the thermal
treatment process. This can be combined with a range of synthetic felts, like aramid
felt, with the goal of producing semi-structural components. As nonwoven textiles
contribute over 50% of the global textile market, there is significant potential in the
exploration of new applications.
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Abstract. This paper introduces a novel hybrid construction concept, namely
Sparse Concrete Reinforcement In Meshworks (SCRIM), that intersects robot-
based 3D Concrete Printing (3DCP) and textile reinforcement meshes to produce
lightweight elements. In contrast to existing 3DCP approaches, which often stack
material vertically, the SCRIM approach permits full exploitation of 6-axis
robotic control by utilising supportive meshes to define 3D surfaces onto which
concrete is selectively deposited at various orientation angles. Also, instead of
fully encapsulating the textile in a cementitious matrix using formworks or
spraying concrete, SCRIM relies on sparsely depositing concrete to achieve
structural, tectonic and aesthetic design goals, minimising material use. The
motivation behind this novel concept is to fully engage the 3D control capabil-
ities of conventional robotics in concrete use, offering an enriched spatial
potential extending beyond extruded geometries prevalent in 3DCP, and diver-
sifying the existing spectrum of digital construction approaches. The SCRIM
concept is demonstrated through a small-scale proof-of-concept and a larger-
scale experiment, described in this paper. Based on the results, we draw a critical
review on the limitations and potentials of the approach.

Keywords: 3D concrete printing * Textile reinforcement - Robotic fabrication

1 Introduction

1.1

Concrete continues to be the most used material within the construction industry, with
use predicted to increase dramatically over the coming years [1]. Despite its relatively
low impact compared to many other construction materials, the extent of global con-
sumption has made concrete use a primary contributor to CO, production [2]. Coupling
increased scrutiny of environmental credentials with the prospect of escalating use
creates a high-impact arena for research efforts directed at improvements, advance-
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ments and innovation within all concrete fabrication aspects.
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Over the last 40 yrs., the associated fields of digital practice and digital fabrication
have matured as potent sources of innovation - advancing, evolving or introducing
novel design and construction practices. Within the context of concrete fabrication, the
literature evidences modern digital approaches having contributed to: (a) Formwork
strategies supporting free-form geometry, e.g. single use moulds [3]; adaptive form-
work [4, 5]; (b) Stay-in-place formworks [6]; fabric formworks [7]; (c) Formwork-free
strategies, e.g. 3D Concrete Printing [8, 9] and robot-assisted generative manufacturing
[10]; (d) Tailored reinforcement strategies, e.g. MeshMould and integrated thin-shell
roof [11, 12]; (e) Adapted slip-forming approach, e.g. Smart Dynamic Casting [13].

Yet, whilst the targeting of concrete fabrication through the optic of digital-design
research has enriched and diversified the landscape of approaches, the transfer to high-
impact and disruptive changes within industry remains nascent; and 3DCP is a par-
ticular case. Despite 3DCP garnering substantial research interest over the last decade,
and having been demonstrated at various scales, key challenges remain that hinder its
broader acceptance. A recent [accepted] publication by Buswell et al. [14] offers
examples of application and identifies the spectrum of research prospects.

1.2 Scope

This paper presents an approach to 3DCP that takes point of departure in layer depo-
sition based on extrusion, but critically intersects the method with aspects of textile/
fabric formwork and tailored reinforcement techniques. This hybrid approach offers
advantages that overcome key challenges facing layer extrusion, namely restrictions on
build orientation and incorporation of reinforcement. The approach also articulates a
distinct architectural expression. To start, we contextualise our approach to relevant
technologies and research work. Next, we describe our methodology, experimental
setups and results. Then, we examine key implications and identify principle contri-
butions and limits of the approach, particularly those related to imprecision due to
dynamics of the meshwork. Finally, we outline future development work that could
contribute to improve our approach.

2 State-of-the-Art

The SCRIM approach combines 3DCP and integrated reinforcement technologies. As
such, we dedicate this section to a review on 3DCP, while highlighting the latest digital
fabrication process with integrated reinforcement strategies.

In a nutshell, 3DCP technology uses computer-controlled placement of material to
build a concrete component without formwork. As such, it enables the production of
complex geometries in a fully-automated setup, while featuring material savings, faster
production time for complex products, and new architectural insights and design
strategies. The fundamentals of the process comprise (a) mixing, (b) pumping, (c) con-
trolling and (d) extrusion. These basic steps are combined to configure a 3DCP setup,
and the construction application lends itself in categories such as off-site factory-based
production of components and on-site, large-scale automated construction. Notice,
however, that the existing 3DCP demonstrations (see examples in [14]) are followed by
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time-consuming processes and/or costly full-scale testing, obstructing general uptake by
industry. Besides the absence of technical standards or specification, the main obstacles
preventing 3DCP from moving ahead to the market include: the process robustness and
reinforcement strategies. The SCRIM approach represents an innovation towards the
latter barrier as well as an attempt to overcome limitations in relation to build orientation,
which is primarily vertical.

As for integrated reinforcement strategies, MeshMould [11] is one of the latest
technologies that provides means to robotically fabricate spatial meshes that compose
reinforced concrete without formwork. Likewise, a generative approach for manufac-
turing of complex concrete structures without formwork and using robotic spray
technology is proposed in [10]. In essence, SCRIM could be interpreted as a variation
of the above mentioned approaches, since they rely on a spatial reinforcement as the
support base for concrete. Nonetheless, in the SCRIM approach we selectively deposit
concrete by 3D printing rather than spraying and/or pouring and vibrating it. Besides
these technologies, the formwork system technology for shell construction developed
for the NEST HiLo [12] represents an innovative solution that uses integrated fabric
formwork for modern constructions. This technology offers a degree of control over the
shape such that it can be easily optimised for improved structural behaviour and other
criteria compared to traditional geometries [12]. Similar to SCRIM and MeshMould, it
is the textile material serving as basis for supporting concrete, except a cable-net
falsework provides additional support.

3 Methodology and Experimental Setups

The SCRIM approach combines selected aspects of the methods outlined in the pre-
vious section. In principle, we employ commercially available Carbon-Fibre Rein-
forced Polymer (CFRP) meshes to define a target geometry that acts as a combined
stay-in-place-formwork and reinforcement. The textile basis of the mesh requires the
use of boundary restraints and adequate tension to resist applied loads (mostly self-
weight) when robotically printing cementitious material. The material is selectively
deposited to achieve specific design goals. In this light, we invert the conventional
understanding of ‘adding’ tensile capabilities to concrete through the introduction of
continuous (rebar) or discrete (fibre) ductile reinforcement; rather, we sparsely ‘add’
compressive capabilities to the CFRP meshwork. In this section, we provide details of
the general setup and describe two experiments showcasing the SCRIM approach.

3.1 Process Setup

The installations from the High-Tech Concrete Lab, at The Danish Technological
Institute, served as basis for the two SCRIM experiments. The 3DCP setup comprises a
6-axis industrial robot (Fanuc R-2000iC/165F), a progressive cavity pump (NETZSCH
with flow rate up to 100 dm3/h), a 3.0 m long steel-wire concrete rubber hose (¥32 mm),
and custom-design nozzles produced with ABS plastic and metal parts. Additional details
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are described in [15]. For this setup, we set a robot work volume of 2000 x 1000 x
2000 mm (length x width x height). In Experiment 1, we used a rectangular nozzle with
cross-section of 40 x 10 mm; in Experiment 2 we used a round nozzle with @26 mm.
The design-to-production framework relies on a custom algorithm developed in
Rhino/Grasshopper that translates toolpath designs into Gecode files. This algorithm
generates point coordinates and associated orientation vectors; the information required
for the end-effector to follow a specified path. The generated files are then sent to the
robot using RoboDK, which computes optimal toolpath through inverse-kinematics.

3.2 Cementitious Material Setup

A batch of 36 dm® was used in each experiment. In Experiment 1, the mix design
comprises a binder system with CEM I 52.5 N and fly ash mixed with fine sand (max.
particle size: 1.0 mm), water (water/binder ratio: 0.38), a retarder admixture (0.5% by
wt. of cement) to maintain a long open time, and a high-range water reducer admixture
(0.1% by wt. of binder). All materials were kept the same in Experiment 2, except for
the binder system - now composed of CEM I 52.5R (White Cement) and limestone
filler (water/binder ratio: 0.36) as well as a Viscosity-Modifying Agent (0.1-0.05% by
wt. of cement). A paste composed of limestone filler, red pigment and water was added
to modify the concrete colour.

3.3 Setup for Experiment 1 - Testing the SCRIM Concept

Experiment 1 aimed to test the production viability of the SCRIM concept. A carbon-
fibre reinforced polymer textile with open-mesh grid of 30x30 mm was used to con-
struct two meshworks with curved geometry — a tapered half-cone and a Y4 pipe as
shown in Fig. 1. The % pipe (with 500 mm radius) was divided in two sections (P; and
P,). In section Py, the mesh was tied back to a support surface with an 18 mm offset.
While in P,, two layers of mesh were overlapped with a translational offset to double
the mesh-grid density, i.e. the final grid is 15x15 mm. The two layers were intermit-
tently tied to prevent separation. The mesh spanned to the boundary of the formwork
frame, with tension wires used to pull the mesh surface into a closer cca. of the target
surface. Next, clamping rails were applied to both the top and bottom edges of the
mesh. To systematically test the adhesion of deposited material in non-horizontal
orientations, a linear ‘square-wave’ toolpath with increasing vertical travel was defined
and repeated for each section.

The same mesh was used to prepare a tapered half-cone with 920 mm edge length
and respective diameters 200 mm/100 mm. The mesh was free-spanning with
boundary restraints cut from 15 mm shuttering plywood. The mesh-grid configuration
is similar to that used on section P,. The continuous toolpath for this target was defined
as cca. sinusoidal pattern with 3.5 ‘waves’ bilaterally mirrored.
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Fig. 1. Meshwork setups for Experiment 1.

3.4 Setup for Experiment 2: Scaling up

Experiment 2 aimed at scaling up the SCRIM concept. The goals for this experiment
were to: (a) address a larger-scale mesh target, (b) increase spatial complexity by
combining two CFRP meshes, (c) demonstrate the use of applied material as a per-
manent junction mechanism between discrete meshes, and d) test the effect of an
intersecting toolpath on deposition and adhesion performance.

In this experiment, a CFRP mesh with grid size of 14 X 7 mm was used in
combination with a @26 mm nozzle. The target meshwork comprised two CFRP planes
(1800 x 1000 mm each) intersecting with an angle of 103° and a 74° inclination from
horizontal, giving a 2"%-order rotational symmetry in plan and bilateral symmetry in
elevation. One of the CFRP meshes was cut along the intersection line and re-joined
with ties. The assembly is shown in Fig. 2. The CFRP meshes were held top and
bottom using aluminium Keder rails (40 x 10 mm), with aluminium plates holding the
rails at the prescribed intersection angle.

This assembly was attached to a support superstructure to tension the mesh and
transfer loads during construction and curing. The superstructure was made up of
34 mm steel tubes held with Kee-klamp connections and screwed into the build base.
With the exception of cross-bracing and ‘outrigger’ supports, its configuration
approximated the boundaries of the mesh planes to minimise obstacles for the robot.
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Fig. 2. Meshwork setup for Experiment 2.

The toolpath for this experiment was developed from a knit-like pattern to test
intersection conditions. The total toolpath length was 38.0 m, yielding a concrete
consumption of cca. 20.2 dm?>. This pattern was projected onto the ‘open’ face of the
mesh assembly to define a toolpath, modified at the boundary conditions to ensure
continuity. This strategy prevented start-stop in the pumping process.
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4 Results

4.1 Experiment 1

The open cell size in section P1 was similar to the nozzle width (40 mm); thus, a slight
amount of material fell through the mesh. This falling effect in P1 was more pronounced
in the vertical parts of the mesh (Fig. 3a). This effect indicates that the fresh concrete mix
cannot cope with the bending moment and shear stresses in the open cell. Alternatives to
tackle this effect include the use of fibers in the mix design, and production of a stiffer
mixture — with the drawback that these yield greater challenges to 3DCP; namely, stiff
mixtures are prone to filament tearing and/or splitting during extrusion [16]. Also, the
use of a denser mesh (as in P2) provides better support — minimizing the falling effect as
shown in Fig. 3b. Notice, however, that due to the deviation of meshwork from the
assembly in P2, this resulted in a mismatch between the CAD model and toolpath;
specifically, the curvature in the model was greater than that of the assembly, hampering
the maintenance of a regular tool offset during printing. Thus, in certain areas, the
extruded material was excessively pushed through the mesh as can be seen in Fig. 3c. In
the cone section, a greater distance between the nozzle and mesh was noticed (Fig. 4a);
as a result, the material-mesh connection was apparently weaker than that observed in
the deposition areas in P1 and P2, though the push effect was eliminated (Fig. 4b, c).

Fig. 3. SCRIM results of % pipe in Experiment 1.

In general, Experiment 1 showed that, despite localised challenges, there was a
good integration of the mesh within the concrete and that printing in vertical conditions
is plausible.
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Fig. 4. SCRIM results of tapered cone in Experiment 1. Released free-standing assembly
(right), with details of deposition process and results (left).

4.2 Experiment 2

The 3DCP started at the top of the mesh with a nozzle travel speed of 30 mm/s. Good
adherence and encapsulation was observed on the first two rows (Fig. 5a), but, as
further material was added, the distance between nozzle and mesh increased due to
mesh deflection under the applied self-weight. This reduced the filament adhesion (and
sometimes direct contact) to the mesh. After cca. 20 kg of deposition, material sheared
down the 74° mesh inclination. In a second attempt, we reduced the pattern length to
16 m (Fig. 6), corresponding to 18 kg material. The nozzle travel speed was increased
to 60 mm/s, thus decreasing the linear material deposition rate by half. In this case, we
achieved markedly better material adhesion and encapsulation to the mesh, with only
localised sections of material collapse due to mesh dynamics, as detailed on Fig. 5b.
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Fig. 5. SCRIM results in Experiment 2. (a) First deposition attempt; (b) second deposition
attempt
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Fig. 6. Toolpaths for Experiment 2.

In general, Experiment 2 showed that heavy deposition of material in partially
supported meshes causes sufficient deflection to impact consistency in “layer height”.
Also, the use of a slow travel speed and dense toolpath intersections contributed to
failure in adhesion. By reducing the amount of deposited material and increasing travel
speeds, we succeeded in demonstrating: (a) increased complexity of the toolpath,
(b) deposited material acting as a bonding mechanism between discrete meshes, and
(c) adhesion of material even with toolpath intersection in non-horizontal conditions.
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5 Discussion and Further Work

Having demonstrated the plausibility of the SCRIM concept through two experiments,
we now outline key contributions, implications and limits of the approach as well as
prospective developments.

5.1 Contributions and Implications

The SCRIM concept offers three main contributions: (a) fully exploiting 3D spatial
capabilities of conventional robotics, allowing greater freedom in build orientation that
includes near-vertical material deposition; (b) resolution of the challenge to integrate
reinforcement by inverting the conventional concept of ‘adding’ reinforcement to
concrete, to printing on CFRP meshes that act as reinforcement; and (c) decoupling the
printing process from a time-critical dependency on very-early age properties of pre-
viously extruded layers. These contributions imply that the SCRIM approach (a) sup-
ports greater geometric freedom in design targets, extending beyond extruded
geometries prevalent in existing 3DCP approaches; (b) supports intricate optimised
geometries that selectively place material to achieve design aims, further reducing
material use; (c) introduces a novel tectonic language that diversifies the existing
spectrum of digital construction approaches.

5.2 Limits

Limits of the Method. A principle challenge in the SCRIM approach is that the
meshworks require tensioning and exhibit dynamics when load (mostly from the
material self-weight) is applied during printing. This can result in layer height irreg-
ularities, with consequences on mesh encapsulation and adequate adhesion as wit-
nessed in the first print attempt of Experiment 2. Although SCRIM offers greater
freedom in build orientation and the geometry of design targets, the mesh deformation
places additional emphasis on tool path verification, which can be more complex in
comparison to 2D layered approaches.

Limits in Exploration. To date, the SCRIM experiments have focused on developing
the production processes and exploring deposition of cementitious material in non-
horizontal conditions; production of designed components is yet to be explored, and,
by extension, a study of their cured performance and tectonics in the context of larger
assemblies.

5.3 Further Work

In the short-term, incremental advances shall focus on applying the SCRIM concept to
the production of indicative building elements with determined performance demands,
so that measures of success can be established through testing. Lightweight building
elements fulfilling a range of roles can be envisaged, such as load bearing partitions
(Fig. 7) or suspended ceiling elements, with each element being individually graded in
porosity to accommodate multi-criteria design demands and being produced either
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Fig. 7. Speculative visualisation of an envisaged building element - a graded internal partition.

through off-site factory-based production, or by on-site automated construction. A fur-
ther potential use could be as prefabricated stiffened reinforcement elements, marking an
interim step towards massive concrete casting. An interim casting process utilising
knitted textiles in combination with cement pastes to produce stay-in-place formwork
has been recently demonstrated [17]. The use of SCRIM could mark a hybrid approach
combining reinforcement and stay-in-place formwork. Partial, or localised, massive
casting would extend this idea further, with compelling architectural potential.

In the longer-term, further development shall focus on refining and advancing the
potentials of SCRIM by means of the following:

(a) 3DCP material: investigating (al) the effect of 3D printed concrete rheology on
the encapsulation between mixture and mesh, (a2) the use of accelerators to
control the concrete setting time on demand, and (a3) the effect of fibres on the
early age mechanical properties of 3D printed concrete. The goal in this inves-
tigation would be to optimise the mix design to achieve an optimal material
deposition on CFRP meshes, preventing the falling and/or sliding effect noticed in
our experiments.

(b) CFRP mesh design and production: investigating the production of bespoke
meshes will allow for refined tailoring of structural performance (during and post-
printing), provide optimised cell sizing in areas of deposition and support cus-
tomised incorporation of other architectural elements.

(c) Adaptive robotic control: two complementary approaches can be considered:
(cl) scanning and registering of constructed meshes to provide ‘as-built’ data and
generate the deposition path; and (c2) online toolpath adaptation through real-time
scanning to enable optimised layer height in response to mesh dynamics.

(d) Integrated design environment: simulation and analysis of fabrication, in con-
cert with post-fabrication performance, will be used to inform and optimise
deposition pattern in relation to design goals. Strategies such as stress-line addi-
tive manufacturing (SLAM) [18] could be productively combined with the current
aesthetically oriented patterning approaches.
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6 Conclusion

This paper has introduced a novel hybrid construction concept that intersects robot-
based 3D Concrete Printing and textile reinforcement meshes to produce lightweight
elements, namely, Sparse Concrete Reinforcement In Meshworks. We have described
the process setup and results of two experiments that demonstrate how the SCRIM
concept offers advantages that tackle key challenges facing conventional 3DCP based
on vertical layer extrusion, i.e. restrictions on build orientation and incorporation of
reinforcement. In addition, SCRIM supports subsequent processes of element addition
and embellishment as well as articulating a distinct architectural expression in contrast
to the approaches reviewed in the literature. We have examined key implications of
SCRIM, identified principle contributions, stated limits of the approach, outlined future
development work that could contribute to further improvements during and post-
production and suggested two application scenarios that we envision as uses for the
method.
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Abstract. Processing parts of wooden buildings by robots and computerized
numerical control (CNC) machines has been attempted in recent years. How-
ever, the shapes of the processed parts are constrained by the machines and
attached tools. Modified parts cannot be applied to traditional wooden buildings,
as the shapes of the parts are an aspect of the tradition. This paper introduces a
method of versatile processing of wooden building parts using an articulated
robot, based on the analysis of part shape and carpentry tools used in Japanese
wooden building construction. The goal is to process the original part shape of
the construction method as is, without optimizing it for the robot and machining.
We analyze Japanese carpentry tools and processing methods and propose a
method to flexibly process wooden building parts using a circular saw, square
chisel, vibration chisel, and router. Then, using robots employing these tools, we
process parts of a five-storied pagoda of a Japanese traditional wooden building.
We consider flexible processing of the wooden building parts.

Keywords: Japanese traditional wooden architecture - Part processing
Industrial robots

1 Introduction

Since ancient times, wooden buildings have been widely used in Japan for temples,
shrines, and residences. Traditional Japanese wooden buildings are extremely com-
plicated to construct, requiring advanced skills. These buildings also have historical
and cultural value, and registration of culturally important properties continues to
increase each year [1]. However, Miya carpenters, i.e., skilled workers who maintain
and repair these buildings, are decreasing each year [2], and it is expected that demand

for workers will exceed the supply in the near future.

A conventional construction method exists for Japanese wooden houses. The ele-
ments of this method are common with those of traditional wooden buildings, such as
the use of Tsugite-Shiguchi, which are joining methods for parts, and the requirement
of carpenters to handcraft techniques. Because of the decrease in skilled craftsmen and

© Springer Nature Switzerland AG 2019

J. Willmann et al. (Eds.): ROBARCH 2018, Robotic Fabrication
in Architecture, Art and Design 2018, pp. 221-231, 2019.
https://doi.org/10.1007/978-3-319-92294-2_17


http://orcid.org/0000-0003-0882-1594
http://orcid.org/0000-0002-1983-676X
http://orcid.org/0000-0001-8472-8784
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92294-2_17&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92294-2_17&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92294-2_17&amp;domain=pdf

Versatile Robotic Wood Processing 223

rationalization of production, precuts are becoming mainstream, which are parts
processed using machines in factories. However, the shape of a part processed using
existing pre-cut systems are generally simplified, compared to that prepared by car-
penters. Thus, precuts cannot be utilized for construction or repair of traditional
wooden buildings, where the part shapes are considered part of the tradition.

On the other hand, articulated robots (hereinafter, simply called “robots’), which
are widely used in manufacturing industries, such as the automobile industry, enable
flexible and versatile movements that are similar to those of a human arm. Thus, we can
expect to create parts with shapes that are challenging for existing processing machines
and machine tools by utilizing a robot.

This paper reports the versatile processing of wooden building parts using a robot,
based on analysis of part shapes and carpentry tools employed in Japanese wooden
building construction. The goal is to realize robot processing without excessive
modification of the part shape used in the existing wooden construction method, with
parts processing being equivalent to handwork, including realization of the fitting
shapes of joint parts utilizing joining methods, such as Tsugite-Shiguchi.

2 Related Work

Recently, the use of computerized numerical control (CNC) machines for processing
parts in wooden building production has become more frequent. For example, the Hans
Hundegger AG [3] machine is highly productive and used worldwide, including Japan.
CNC machines primarily machine parts by the rotation of tool blades, such as those of
circular saws and drills. Thus, there are restrictions on the shapes that can be machined;
for example, uncut parts remain in the inside corners. Conventional Japanese wooden
building employs Tsugite-Shiguchi, similar to traditional wooden buildings. However,
shapes of parts processed by machines are streamlined and rounded according to the
processing machine, yielding a different shape than that obtained via carpentry (Fig. 1).
A recent example is the new Tamedia office building, designed by Ban and constructed
using a CNC machine [4]. This building consists of a wooden frame with columns and
beams, having a structural form in which an elliptical beam penetrates a column. This
architecture constitutes a new structural form unique to wooden buildings, with CNC
milling machines being used to process the parts.

Fig. 1. Original shapes of Kohikake-Kamatsugi (left) and machined shapes (right)
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Robotic work on wooden building parts processing has also been reported. At the
2011 ICD/ITKE Research Pavilion [5], panels with finger joints on polygonal thin
plywood were processed through robot milling. However, this pavilion consists of many
panels, and each panel shape and finger joint position is different. Thus, it is necessary to
confirm whether each panel can be processed at the design stage. In this work, using
shape generation parameters that consider constraints on robot and tool processing, a
method is developed to simultaneously confirm the geometric consistency and pro-
duction possibility of a shape during shape generation. Dank and Freissling [6] have
regarded a robot with a router as the ultimate CNC machine, producing a framed pavilion
by combining parts having joining shapes that can be realized via milling. In their work,
visual programming languages were used throughout the project, and each phase was
described parametrically and correlated. The part shape and toolpath were simultane-
ously generated in the detailed design of the joint part, especially by defining the mill
diameter, the robot mechanism, and the fixation (position and angle) of the workpiece as
shape generation parameters. Robot processing for pavilion production using curved
cross-laminated timber (CLT) panels has also been reported [7]. In that approach, the
dovetail-based joint shape and the groove in which the joint part fits are cut by milling or
using a circular saw. An effort to attach a band saw to a robot and process a free-form
surface obtained from a workpiece shape has also been performed [8].

Thus, various studies have been conducted on the application of CNC machines
and robots to wooden building parts processing. In those works, as an attempt to
rationally realize new architectural designs, the part shape design and tool path gen-
eration are derived through a correlated parametric design method. However, the part
shape is mostly designed through machining using these machines or a machining
system customized to produce a specific design.

This paper targets robot processing that does not alter the original part shape used
in the wooden construction method. For example, Japanese traditional wooden building
parts cannot be produced using existing machining technology; however, such pro-
duction may be realized using the new parts processing method presented in this work,
which incorporates robots and CNC machines. The ability to process parts of Japanese
traditional wooden buildings, which are complex on the international scale, indicates
the applicability of robot processing to other wooden building construction methods.

3 Robot Tools and Toolpath Generation

3.1 Carpentry Tools and Part Shapes in Japanese Traditional
Wooden Buildings

If a robot could handle tools equivalent to carpentry tools, it would be unnecessary to
alter part shapes because of tool constraints. Carpentry tools vary widely, but the main
processing tools are saws, chisels, and planes [9].

Regarding the joints between parts, a technique called Tsugite-Shiguchi is used in
Japan. Tsugite is the name of the junction that extends the part, and Shiguchi refers to
the joining of parts orthogonally or obliquely. From the perspective of stress
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transmission, workability, design beauty, etc., there are many types of joint connec-
tions, and the shapes are often complex [10].

The processing procedure employed by a carpenter is shown in Fig. 2, where the
wood is first cut and incised, mainly with a saw. Then, a chisel is used for further
refinement, particularly of parts that are difficult to cut with a saw. Using these two
types of tools, various shapes can be processed [11]. A Tsugite-Shiguchi part has a
broad three-dimensional shape with a combination of planes. Other parts have curved
surfaces, such as the wooden framework called Tokyou, the warped roof parts called
Kayaoi, and round columns. The curved surfaces of the outer shapes of such parts are
often finished with a plane after rough cutting with a saw or chisel.

‘a d g
ol

Fig. 2. Carpenter’s processing procedure for Koshikake-Aritsugi

3.2 Robot Tools

A strategy to robotically process parts while alternating between multiple tools is
required, as wooden building parts cannot be processed satisfactorily with a single tool.
However, various shapes can be processed, even with a small number of tools. Using
multiple tools unnecessarily increases the time and work required for tool exchange,
while also complicating the entire parts processing system, including the software.
Circular saws, jigsaws, and reciprocating saws (saver saws) have been developed as
electric tools to replace handsaws. A jigsaw or reciprocating saw is capable of some
curvilinear processing. Here, however, we use a circular saw that can efficiently cut in a
straight line, the original role of the saw. A power square chisel that can be used for
creating a square hole, such as a mortise, has been developed. The square chisel is a
tool combining a cone drill bit and a chisel blade comprised of a square cross section
covering the cone. Accurate and efficient drilling with no rounded corners is possible.
On the other hand, it is impossible to process sharp interior angles and curved surfaces
with a square chisel alone. Internal corners are processed by a vibrating chisel (electric
wood carving machine). It has a mechanism through which the blade moves up and
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down rapidly and is essentially identical to a hand chisel. It is suitable for relatively
delicate processing and can remove internal corners that remain after processing with a
square chisel. For machining curved surfaces, milling is suitable. Depending on the
shape, round holes may be drilled.

Based on the above considerations, in this study, we developed four types of tools
for the robot, i.e., a circular saw, square chisel, vibrating chisel, and router [12].
Figure 3 shows the developed tools and examples of processing with each tool. In the
developed approach, parts are processed by manually exchanging these tools.

Fig. 3. Developed tools and processing examples: (a) circular saw, (b) square chisel,
(c) vibration chisel, and (d) router

3.3 Parts Processing System

Robot motion during processing is generated according to the path of the tool. We
previously proposed [13] a method to calculate the toolpath from the part geometry for
each tool. A computer-aided-manufacturing (CAM) programme that implements this
method and calculates the path of each tool from the three-dimensional part shape
described in stereolithography (STL) format was developed. Geometric elements, such
as normal vectors and edges, required for toolpath calculation and the calculation
procedures differ for each tool. In this CAM programme, the operator selects a tool or
geometric element for calculation from a three-dimensional model of a part and inputs
it through a dialog window. After confirming the validity of the toolpath by simulation,
an operation instruction is given to the robot through a command transmission pro-
gramme (commander). The robot controller uses a package that transmits and receives
data to and from external devices through the network via the transmission control
protocol (TCP)/Internet protocol (IP). In the experiments conducted in this study,
which are described below, the KR 6 R 700 (KUKA, Augsburg, Germany) robot was
used, with Ethernet KRL (KUKA, Augsburg, Germany). The commander also provides
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signals to the operator, such as those indicating that workpiece rearrangement is
required.

4 Experiments: Roof Corner of Five-Storied Pagoda
of Japanese Traditional Wooden Building

Advanced skills are required for processing traditional wooden building parts. In
particular, the roof includes a wooden framework called Tokyou and a roof frame, and
the parts thereof are intertwined with the corner parts in a complex manner. Thus, many
complex part shapes are involved. Confirmation that these parts can be processed using
the developed system would indicate the system’s applicability to various wooden
building parts. Therefore, we conducted production tests on the roof corners of tradi-
tional wooden buildings. In addition, parts of the main structure, excluding design-like
sculptures found in Kibana, were examined.

The parts processing subject in this test was the roof corner of a five-storied pagoda
of a traditional wooden building. The production part is shown in Fig. 4. This three-
dimensional model was created from the digital archive research [14] of traditional
wooden buildings that we are continuously performing in our laboratory, and was
modeled precisely based on the part-fitting shapes. Originally, we intended to conduct a

Fig. 4. Three-dimensional model of five-storied pagoda with production part indicated

full-scale test; however, a small robot (KUKA KR 6 R 700) was employed in this test,
so it was conducted at a 1/5 scale. The workpiece was cypress wood. Lumber with
different cross-sectional dimensions was prepared and selected according to the part
dimensions. The workpiece was affixed to the workbench with a vise.

Toolpaths were generated by the developed CAM programme for each of the parts
constituting the roof corner and machined by a robot with tool exchange. Figure 5(a)
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a

Fig. 5. Robot processing with (a) a square chisel and (b) two types of chisel motion

shows Sumigi (hip rafter) processing. Thus, it is possible to process a hole with a square
cross section in which the Taruki (hip jack) is inserted using a square chisel. Several
square holes with different sizes were required to be processed in this test. We

Fig. 6. Processed parts of (a) Masu, (b) Hijiki, (c) Gagyou, (d) Sumigi, and (e) model
comprising assembled processed parts
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prioritized fine processing and used chisels smaller than the hole size. A square chisel
produced holes of varying sizes by making multiple passes in a grid pattern. The
vibrating chisel used a flat blade with a narrow width. Acute inner corners were
machined by cutting twice along the two faces composing the corner (Fig. 5(b)).

Figures 6(a)—(d) show some of the processed parts. There were approximately 80
types of parts and a total of 160 parts. Although the part shapes were diverse, part
processing was possible by applying the same workflow without requiring special
treatment, such as preparing jigs for each shape. Figure 6(e) shows the model with the
assembled parts. The characteristic features of the traditional wooden building were
apparent, such as the wooden framework, called Mitesaki in the corner and the subtle
Taruki and Kayaoi curves of the warped roof. Thus, the parts with various shapes can
be processed using the proposed system without altering the details of the shape, such
as the joint structure.

5 Discussion

In the processing test, parts of traditional Japanese wooden buildings could be pro-
cessed without modifying their shape. Square hole processing by square and vibration
chisels was effective, resulting in parts that were equivalent to a carpenter’s handwork.
Rotary cutting tools can be handled with five axes, but these chisels cannot be handled
unless there are six or more axes. Tools that effectively utilize high degrees of freedom
can overcome the weaknesses of existing machining. Also, the software utilized by the
system is not customized for traditional wooden buildings. The ability to process parts
of traditional wooden buildings with complex shapes shows the applicability to other
designs and construction methods. Furthermore, it was confirmed that individual work,
such as marking and jigs for processing, is not required for each part shape, which is a
major difference from handwork. This shows that regardless of the part shape being the
same or different, processing is not affected.

Meanwhile, the processing marks of the rotary cutting tool and the roughness of the
bottom resulting from the structure of the square chisel remained on the finished
surface. The former is believed to be improved somewhat by increasing the mechanical
rigidity of the tools and robots. The latter usually disappears after mating the pieces,
which is also true for square chisels used in handwork. Moreover, depending on the
shape of the part, the workpiece must be rearranged, such that it reverses during
processing. Within the scope of this paper, humans perform these using simple fixtures,
such as a vice; however, for CNC machines, like Hunderegger machines, the move-
ment of the workpiece and the change in posture are almost fully automated. The same
is true for tool replacement. The amount of human effort and cost of that effort can be
reduced, and the optimization of the production system for processing parts of various
shapes is a future task.
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6 Conclusion

This study proposed a technique of flexibly processing wooden building parts using
robots and demonstrated the processing of wooden frame parts for a five-storied pagoda
of a Japanese traditional wooden building. From an analysis of carpentry tools and
processing methods, the tools needed to process various part shapes were selected (i.e.,
circular saw, square chisel, vibration chisel, and router). In addition, a toolpath gen-
eration mechanism that does not depend on a specific design or design method was
implemented, which can machine various shapes. The results of the processing test
indicated that the parts processed by the robot were comparable to the handwork of
carpenters. However, manual tasks, such as creating toolpaths using CAM, exchanging
tools, and rearranging workpieces during processing, continue to exist, and solving
these issues will truly realize versatile robotic wood processing.

The ability of robots to fabricate parts comparable to those produced by humans
also implies that parts produced by each can be combined. Overall, human carpenters
are skillful in expressive and delicate processing like sculpture, whereas robots with
sensors can perform effective processing, exploiting variations in shapes and physical
properties found in natural materials. Increased collaboration between humans and
robots will facilitate more opportunities to combine parts created by each. These
developments will not only eliminate the shortage of craftsmen, but create new wooden
buildings that make full use of traditional wood knowledge and designs.
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Abstract. The aim of this paper is to discuss the dialectic form-finding of a
complex timber structure based on an innovative structural system: shell-nexorade
hybrids. Nexorades, also known as reciprocal frames are elegant structures that
suffer from a relatively poor structural behavior due to in-plane shear and bending
of the members. Introducing plates as bracing elements significantly improves
their performance, but increases the manufacturing complexity and sets high
tolerance constraints. We present the fabrication and assembly of a 50 m? timber
pavilion with 6-axis robotized milling. The use of a mobile robot and fixed
machining stations is explored to allow for maximal flexibility of iterations
between design and fabrication.

Keywords: Complex timber structure + Non-standard structure
Reciprocal frame - Nexorade - Free-form architecture - Robotic construction

1 Introduction

The last decades have seen the emergence of complexly shape structures in architec-
tural design. The convergence between modelling and manufacturing tools allows
architects and engineers to explore new formal possibilities. Timber structures are no
exception to this trend of free-form architecture, as they already rely on digital fabri-
cation, like 5 axis CNC milling [10-12].

Connections are particularly difficult to handle in timber structures, because of
complex geometrical arrangement of the members and of structural systems that rely on
the bending stiffness of the joints. As such, timber structures often rely on heavy steel
connectors, like the 500 hexavalent steel nodes constructed for the roof of the Crossrail
station [4]. Nexorades, also known as reciprocal frames, aim at simplifying the con-
nection details by having each member supported along the span of another member.
The connections are thus two-valent. The computational morphogenesis of this
structural system has been pioneered by Baverel and Nooshin [1], and it has been
recently applied in the context of robotic construction [14].
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The counterpart for the ease of assembly is the bending dominant behavior due to the
T-shaped junctions. The optimal shape for nexorades are not funicular because an axial
force in one element is converted in bending and shear in the attached members: this
makes them unusual structures for engineers [3]. Using plates as bracing components is
a promising direction to improve their efficiency, the resulting structural system is called
shell-nexorade hybrid because it is based on the geometry of a nexorade and the plates
are expected to yield a shell-like behavior [7]. Their practical application are not studied
yet, especially the trade-off between structural performance and ease of manufacturing.
The geometrical complexity of shell-nexorade hybrids make robotic fabrication a nat-
ural path to explore. The aim of this paper is thus to discuss robotic fabrication of shell-
nexorade hybrids through the study of a 50 m* pavilion. The need for an integrated
design and fabrication approach is stressed in this paper, as it allows an efficient col-
laboration between different actors of the construction project.

2 Geometry of Shell-Nexorade Hybrids

The form finding of nexorades is here based on the method of translations, where all
the members are translated to create eccentricities [1]. It is shown in [7] that the
eccentricities and engagement lengths depend linearly on the translations parameters.
The shape-generation method is thus based on the creation of a linear subspace, a well-
known topic in computer graphics, which has been applied to the modelling of poly-
hedral meshes recently [8]. The design exploration is eased by this approach, and local
fitting problem are expressed with the least square method and solved instantly.

The proposed design space is related to parallel transformations, which preserve
facet planarity [8]. Applying our method to a mesh with planar facets yields a nexorade
with nearly planar panels. Such a mesh can be obtained by solving a fitting problem
with the marionette technique [6]. This is shown on the left of in Fig. 1: the reference
geometry is shown in light gray and the final mesh with planar quads is shown in black.

After reciprocation, some eccentricities are necessarily introduced. The right of Fig. 1
shows a close-up of a fan: the thick black lines correspond to the beam neutral axis, while
the gray lines correspond to planar panels. One has thus to deal with the relative eccen-
tricities between members (white dots), but also with the eccentricities between beams
and panels (orange thick dots). This geometrical complexity is investigated in the fol-
lowings with the design and fabrication of a prototype, shown in Fig. 1.

Fig. 1. PQ-mesh found with the marionette technique (left), reciprocal frame obtained by
translation of the edges (middle): the opposite edges of the quads remain co-planar.
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3 Design Workflow and Fabrication: Integrated Approach

The case-study presented in the following is based on several constraints. No lifting
equipment was available, which limited the possibilities to have large prefabricated
components, like envisioned in [14]: all the beams were to be assembled on-site
manually. The structure was also to be checked through classical calculations, derived
from Eurocode 5 and technical agreements. Screwed connections are suited for these
matters, but they require guides during assembly. We choose to use tenons and mor-
tises to place the beams correctly. Additionally, pilot holes have to be made in the
beams to avoid timber splitting and to facilitate the assembly. The ease of on-site
assembly leads thus to a significant complexity of the resulting beams.

3.1 Integrated Design Workflow

The geometrical complexity of a free-form pavilion requires the creation of a com-
putational workflow with maximal automation. This is achieved here with custom C#
libraries for form finding and interaction with Karamba [9] and HAL through
Grasshopper. The workflow is illustrated in Fig. 2. For the pavilion studied here, the
main constraints are the utilization in the connection details and the manufacturing of
the beams. The designers can leverage different design parameters (in bold in Fig. 2):
the reference geometry, defined as a NURBS, the parameters of form-finding for
nexorade, and fabrication parameters, like the position of the working space for the
robots.
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Fig. 2. ROD [2] Computational workflow

Design iterations are first performed on global geometrical parameters, which
influence greatly the structural response and fabrication. Once a satisfying geometry is
found, the detailed path-planning begins, eventually with local adjustments of the
geometry or fabrication parameters (change of engagement length of one fan, or change
of groove depth for one beam, etc.). This hierarchy in the design iterations allows for a
quick exploration of the design space based on the experience of the project team.
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A full automation of the path-planning optimization is possible within the chosen
framework and should be the topic of future work.

3.2 Designing for Flexibility and Modularity

Five axis machines are well implanted in industries and especially in timber fabrication:
the programming environment is now robust, and 5-axis machines are also more rigid
than 6-axis robots and usually more precise for comparable speeds. These advantages
make them as ‘classical’ tools for digital fabrication [11]. However, the cost, flexibility
and modularity which were required for the present project drove us to use 6 axis
robots for most of the operations. The scenarios and processes have indeed evolved
with the design and technical constraints of the pavilion construction, and some
operations could be performed more efficiently without swapping tools, for example on
fixed stations. Using a gripper to transport the component to different areas of the
workshop for specific tasks solves this constraint and allowed for a truly modular
robotic concept (Figs. 3 and 4).

l'(!(t

Fig. 3. Ruled surface operations Fig. 4. Axonometry and sections of a compo-
nent. Doubly curved ruled surfaces are indi-
cated in green.

The cell layout is constituted of two robots, shown in Fig. 5. One is mounted on a 9
meters track and referred as gripper robot. The other is fixed and referred as fixed robot.
Those two robots can work together or independently. All end-effectors are constituted
by automated tool changer and can mount specific tools, which allows us to easily swap
the tools between the two robots if needed. For the project we use a milling head
mounted on fixed robot and a pneumatical gripper mounted on gripper robot. Various
stationary tools are dispatched along a side of the track where gripper robot has access.

It is more complicated to program robots due to the non-linearity of geometrical
constraints (accessibility, collisions, large rotations of wiring and cables). However,
new robotic framework as HAL | robot programming & control [13] allow to integrate
easier robots or CNC machine in the design environment, as shown in Fig. 2.
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Fig. 5. Workflow in the robotic cell and corresponding machining steps: fixed feeder (1),
stationary circular saw (2), milling (3-7), fixed wood rooter (8).

This way to design a small modular production environment allows to explore
ROD [2] methods related to small series. With the evolution of digital tools, design
gains make it possible to spend less time reconfiguring a production space for which
robot are convenient at. One could say that it will be less efficient for reasons like a
reduce stiffness that require to lower milling speed. However, this is an advantage only
for large series and robot use fits well to transform the timber industry’s practices in
particular, where production often returns to that of small series. Besides, recent
improvement in the controllers and dynamic models allows a better active compen-
sation and fine tuning and thus to increase the rigidity of the axes. We use such features
during our production.

3.3 Operations and Component Geometry Fitting

The manufacture of a component consists of several steps for which the gripper is
always under stress. The use of two robots allows greater freedom in the machining of
the components because it is possible to use different positions with gripper robot to
maximize accessibility for milling robot. Because of the robot’s mobility and the
robustness of the clamping, the component can thus navigate between the different
workshops without compromising machining accuracy (£1 mm).

In detail, eight independent operations are identified in the fabrication of the beams.

(1) At picking step, the gripping robot get the rough material on a dispenser. This
step allows the alignment of the beam to the local coordinate system of the robot end-
effector. (2) Directly after, the shaping, where each element is cut to an approximate
size, is done on a stationary circular saw. Then the gripping robot is moving the
component to the common work space for a collaborative machining sequence. Several
operations occur as follow: (3) the two tenons milling, (4) the two mortises milling,
(5) the ruled surface milling, (6) the groove milling and finally (7) the bottom-
surface milling. After those operations, the gripping robot move for (8) drilling
operations to the wood rooter. Finally, the component is bringing back to the
dispenser.
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All geometrical aspects are computed to manage the distance to avoid collision
between the clamp and other tools (spindle in steps (2—7), stationary tool frames in (2)
and (8)) since the gripping keeps the local coordinates as precise as possible. For some
specific components, it was necessary to shift the holding position to avoid
unmachinable spaces. Those constraints impact the way the robot holds the component
and its dimension. The simulation and the optimization are mainly done automatically
but the possibility to efficiently handle some cases on the flight without breaking the
workflow is possible and necessary (Fig. 6).

Fig. 6. Operations (3), (4) and (5). First row is tool collision detection and second row toolpath
and robot simulation and reachability checking.

4 Discussion

4.1 Structural Benefits of Shell-Nexorade Hybrids

The design workflow includes an automated structural calculation. The connection
details are designed according to the specifications of a technical agreement, while the
overall structural calculation is performed with Karamba. This allows to quickly assess
the structural reliability of the design. Nexorades are less efficient than conventional
gridshells, because of low nodal valency: the plates introduce in-plane stiffness and
solve this issue. The hybrid structure is up to 10 times stiffer than the unbraced
nexorade, with a 30% mass increase. It is also more efficient than a quadrilateral
gridshell with rigid joints based on the reference mesh used as an input for the edge-
translation technique. Another benefit is the reduction of the forces in beams and
connections details shown here for a non-symmetrical wind load on Fig. 7: bending
moments, and thus utilization are divided by eight on average with the introduction of
plates as bracing elements. For this load case, and assuming a joint rotational stiffness
of 100 kNm/rad, the displacement of the unbraced nexorade and gridshell are 75 mm
and 26 mm respectively, while the constructed structure has a maximal displacement of
4.4 mm.
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Fig. 7. Beam utilization factor for a wind load for the shell-nexorade hybrid shown in this paper,
the structure with the same geometry but without panels, and a gridshell based on the Planar-quad
mesh on the Left of Fig. 1.

This illustrates the fact that shell nexorade hybrids are more efficient than
quadrilateral gridshells, which are themselves more efficient than nexorades. The rel-
ative performance between shell-nexorade hybrids and quadrilateral gridshells under
non-symmetrical load is similar to the one observed between fully-braced gridshells
and quadrilateral gridshells, whose bracing relies on the joint and member bending
stiffness [5]. It can thus be inferred that shell-nexorade hybrids can be as efficient as
triangular gridshells or ribbed shells. The construction of shell-nexorade hybrids does
not however require the construction of complex connectors between the members.

4.2 On-Site Assembly

The structure consists of 102 beams and 48 plywood panels, manufactured off-site and
assembled in-situ, so that the respect of fabrication tolerances is crucial for the
assembly process. The beams and panels weigh less than 5 kg each and can be
assembled by two people without difficulty. The assembly sequence starts from the
construction of a tripod, which requires temporary supports, as seen in Fig. 8. The
structure is then built by cantilevering beams from the tripod.

Fig. 8. Different stages of construction: tripod with temporary supports (left), cantilevering
structure (middle) and completed structure (right)
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The topographic location of the supports was set weeks before the construction.
The structure matches these locations within a range of 1 mm. This illustrates the
potential offered by the precision of robotic fabrication in terms of sequencing of
assembly and manufacturing. Only four days were required to mount the structure, with
no lifting equipment. The initial logistical constraints are thus fulfilled thanks to the
precision and flexibility offered by robotic fabrication.

5 Conclusion

This paper presented the design workflow and fabrication process of an innovative
structural system. Shell-nexorade hybrids combine the ease of assembly of nexorades
and the strength of thin shell structures. The addition of plates, which are mechanically
attached to the beams of a classical nexorade significantly increases the structural
stiffness. This attachment is guaranteed at the cost of higher manufacturing complexity,
which requires the use of robotic fabrication. A workflow integrating fabrication
constraints related to geometry, robot reachability, and structural analysis was neces-
sary to efficiently iterate and improve the design. The prototype presented in this paper
demonstrates the potential of this design approach, as it sustained decennial wind load
and snow loads with no visible damage since its completion in October 2017. The
project discussed in this paper also shows that robotic fabrication can be adapted to the
specific requirements of a project with a complex geometry.

The authors believe that the concepts developed here can be deployed at larger
scales, due for example of the compliance of the structure and screwed connection
details with building structural standards. Spans in the range of 20 meters can be
envisioned if one uses industrial manufacturing tools and other materials, for example
by using cross-laminated timber instead of plywood for bracing.
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Abstract. The research presented in this paper investigates architectural-scale
concrete 3D printing for the fabrication of rapidly-constructed, structurally-
optimized concrete lattice structures. Sub-Additive Manufacturing utilizes a
three-dimensional tool path for deposition of material over a mechanically-
shaped substructure of reusable aggregate. This process expedites the production
of doubly-curved concrete form by replacing traditional formwork casting or
horizontal corbeling with spatial concrete arching. Creating robust non-zero
Gaussian curvature in concrete, this method increases speed over typical con-
crete fabrication practices. Utilizing robotics to integrate a streamlined workflow
from digital design to physical fabrication, Sub-Additive leverages digital
workflows to produce structurally, materially, and spatially optimized building
components while dramatically reducing waste material. Addressing digital
form finding and optimization, material behaviors (both concrete and supportive
aggregate), nozzle design and novel utilization of robotic fabrication, this paper
introduces a series of key concepts for Sub-Additive Manufacturing, radically
advancing concrete 3D printing at full scale.

Keywords: Concrete 3D printing - Structural optimization
Concrete lattice structures

1 Intro and Context

Advancements in additive manufacturing technology have provided the tools to rapidly
produce unique forms, shifting the focus from mass production to mass customization
[1]. As a viscous material contingent upon long curing times, concrete has historically
relied on wasteful, discarded molds for cast-in-place constructions. In contrast, current
architectural research takes concepts from small scale PLA 3D printing and applies
similar objectives to building materials such as terracotta and concrete: recent devel-
opments in additive manufacturing make it possible to construct building components
directly through material deposition and therefore avoid custom formwork. Research
such as Contour Crafting by Behrokh Khoshnevis of USC [2], TU Eindhoven’s 3DCP
programme [3], or XtreeE [4], explores concrete 3D printing in two-dimensional layers
and, when stacked, these layers create a three-dimensional form [5, 6]. To create a
three-dimensional object that is not merely a pure extrusion of a planar geometry, the
method of corbeling is used to offset the next deposited layer no more than half of the
printing width of the previously extruded line [5, 6]. When an offset more than half of
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the printing width is required, additional support is added to the fabrication process to
stabilized the geometry [7]. A time consuming process which also limits the range of
the degrees of curvature in the object, corbeling without the addition of structural
reinforcement or a concrete cast interior core cannot handle load perpendicular to the
printed direction, causing potential delamination and structural shearing of the building
component.

By replacing corbeling as a means of creating curvature, Sub-Additive Manufac-
turing reduces fabrication time and creates structural continuity in compressive
structures. Finite element solvers are deployed to determine stress from digital thin-
shell form [8] and translate structural information into three-dimensional toolpaths.
Precise material deposition increases structural and material efficiency in construction
components, and reduces the amount of extrusion layers needed to produce objects of
greater curvature. By utilizing a reconfigurable aggregate surface to print upon [9], the
supporting structure offers an adaptable and mass-customizable surface without the
waste of traditional formwork. This paper focuses on outlining Sub-Additive’s
parameters and limitations in the production of curvature, the calibration of minimum
thicknesses for structural continuity, the application of three-dimensional reinforce-
ment, the manipulation of extrusion layers, direct deployment of finite element solu-
tions in shell geometries, and center of gravity optimization for balance in situ, all
tested through a typology of full-scale structural concrete arches.

Fig. 1. Sub-Additive spatial printing, gravel subsurface, angles of repose from 5 to 40°

2 Methodology

2.1 General Principle and Curvature Conventions

The practice of land-forming to cast shell structures becomes an inspiration in the Sub-
Additive process: the Philips pavilion at the Brussels Expo ‘58 was one of the first
modern examples to panelize a large double curved surface through land-forming [10].
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Casting on a shaped hyperbolic sand form, multiple panels were produced as sections
of the surface, transferred to the site, and post tensioned to create the structure.
Additional seminal references of sand pile formwork include the work of Heinz Isler
and Mutsuro Sasaki, - who both used this method to construct double curvature shell
structures [8, 9].

The Sub-Additive 3D Printing Concept. To explore spatial concrete printing, a
concrete material was developed which has the ability to support additional layers
deposited upon itself while still wet and, when fully cured, handles compressive forces
with a minimum unreinforced thickness of about 5 cm. The concrete mixture includes
locally available aggregates and portland cement compounds. One batch contains
11.5 kg portland cement, 19.5 kg fine sand, 25.2 kg Mortar Mix Type S, 110 g
Thermo-Lube, 35 g Superplasticizer #5, 10 g Nylon fibers, and 11.5 kg of water.
When analyzed for its compressive strength, at around 62 N/mm?, it is about three
times stronger than regular grade concrete. The mix has an open time of approximately
1 h and can be extruded for a maximum layer height of 10 mm, to an overall print
height of 100 mm before allowing additional time for the material to set. While the
concrete is only stable after 2 days of curing and fully cured at 26 days, an inter-
changeable bed system has been developed to allow for continuous printing. 1-5 mm
gravel was chosen as a supporting aggregate for its jagged geometry which offers a
relatively high angle of repose. The loose mound of granules on the print bed can easily
be reshaped, using the printer’s gantry or the robotic end-effector Fig. 2. The printing
surface is no longer a flat datum, but rather a manipulable surface, customized to the
element which needs to be fabricated in coordination with the computer model. With
the introduction of a reconfigurable and recyclable substrate, double-curved surfaces
can be created in a fraction of the time required by traditional casting methods.

Fig. 2. Digital carving of gravel sublayer, printed panel
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First investigations into Sub-Additive 3D printing using gravel support were per-
formed on Daedalus Fig. 2, a large format open-source gantry printer [11] before
calibrating to a KUKA KR200. Using Daedalus, concrete material is loaded into a
hopper on the X-axis gantry, while a Nema 34 stepper motor drives an auger placed
inside the nozzle to extrude the material. The print nozzle remains constantly parallel to
the cartesian x-y plane, which results in differentiated layer thicknesses on steeper
inclines. In contrast to the gantry system, the KUKA KR200’s 6-axis range of mobility
allows for a greater degree of curvature and constant extrusion thickness on the double
curvature. With the ability to orient the print nozzle normal to the curvature of the
surface, higher degrees of precision within the component are achievable. Using a
progressive cavity pump outside the robotic work cell, material is loaded into the
pump’s hopper and transferred to the extrusion nozzle via a 2 cm diameter high
pressure hose.

2.2 Testing Parameters of Sub-Additive Printing

To understand the baseline parameters in Sub-Additive printing, multiple tests were
conducted across various scales. The information acquired was needed to inform the
design of architectural components that fully leverage the advantages of the Sub-
Additive concept.

Testing Angles of Repose. Using the gantry printer platform, a series of catenary
arches were first printed to determine the angle of repose achievable in the formation of
the gravel substrate Fig. 1. Single extrusion lines of 9 mm layers were printed over
various catenary surfaces from a controlled datum of 0°, at 5° increments, until
reaching 45°. Each arch was printed to a thickness of 54 mm. A maximum slope
degree of 45° was determined for gravel stability, however, the concrete prints were
only stable to a maximum of 40°. At a 40° surface incline, the material can only be
printed perpendicular to the slope. If the extrusion line travels parallel across the slope,
the concrete material rolls off the constructed mound. At an angle of 35° in slope,
multi-directional printing becomes reliable.

In coordination with this test, the behavior of the gravel mound during the printing
process was analyzed, looking for settling of the mound or shifting of gravel aggregate.
The gravel chosen is sharp and angular in geometry, adding surface area to the indi-
vidual aggregate and creating more points of contact between individual pieces of
gravel. During the extrusion of the first print layer, the concrete starts to hold the
mound in place, resisting forces that would result in the mound settling. Gravel surfaces
that exhibit degrees of curvature over 40° did see evidence of shifting. Staying within
the boundary of 35° of curvature, the gravel substrate is able to keep its geometry, and
also resist the forces of setting due to the weight of the fabrication process.

To analyze global curvature accuracy of the completed concrete component, 3D
scanning of the finished print was used to compare the spatial surface geometry to the
computer model. Using a FARO 150 LIDAR scanner with 1 mm precision, a point
cloud of the 3D printed geometry was generated and upon analysis, no significant
deviations in curvature accrued. Although minimal movement was exhibited in the
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gravel aggregate when the first layer of concrete material came in contact with the
aggregate, this did not affect the overall curvature of the geometry.

Minimum Printing Thickness. Single line arches were printed with an extrusion
thickness of 9 mm per layer, at increments of 1 layer each time until reaching a
thickness of 54 mm. The first layer is crucial in attaching itself to the aggregate
subsurface, but its structural continuity is not enough to hold together the extrusion
line. The gravel aggregate does get absorbed into the initial layer, with the print nozzle
occasionally dipping into the aggregate subsurface. Upon reaching 36 mm in overall
print depth (4 x 9 mm layers) single line extrusions became stable, effectively sup-
porting their self-weight. At 54 mm (6 x 9 mm layers) the sections were stable enough
to be considered for larger architectural components.

Layer Thickness Manipulation in 3D Printing. To increase adaptability in future
prints, the research team developed and tested sectional variation of structural
parameters within thin-shell lattice components. Through the use of G-code manipu-
lation and a scalar extrusion rate in relation to the height above the previous extruded
layer, the gantry platform can execute single line printing geometries that taper from
54 mm to 9 mm over the course of 1 m Fig. 3. By manipulating thickness at the scale
of the layer, global geometries can taper in section to increase structural efficiency and
deposit material where structurally necessary.

Fig. 3. Layer thickness manipulation diagrams, 1.75 m pointed arch

Structural Reinforcement in Spatial 3D Prints. In the case of Sub-Additive 3D
Printing, reinforcement needs to conform to complex toolpaths and reside within the thin
54 mm sectional profile. CNC rebar/wire bending is one method for laying rebar into the
concrete during fabrication. Flexible forms of steel reinforcement or fiber reinforcement
can be robotically integrated in the component fabrication process. Adding steel or
synthetic fibers into the print mixture itself increases structural strength within the layer
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but does not address layer-to-layer discontinuity. The research team manually tested
different possible reinforcement materials such as flexible steel chain link, mesh, long
strand pins, and various fibers to add additional strength to the printed components and
combat issues of delamination between layers Fig. 4. Initial testing results show the
feasibility of inserting a secondary material during the fabrication process between the
layers to enhance fusion. Other future reinforcement techniques are currently in planning
and will be discussed in the future investigation section of this paper.

Fig. 4. Integration of structural reinforcement, 150 cm arch tests, 1.25 m catenary arch

Arch Geometry Testing. To test various printing parameters, a series of shallow
arches measuring 150 cm in length, 30 cm in width, and 25 cm from the ground to the
apex, were first printed on the gantry printer Fig. 4. The prints explored various
structural pattern densities and extrusion lengths. In total, six arches were printed with
varying degrees of material usage to find the optimal ratio between material deposition
and structural capacity. Exploring a variety of toolpaths, the arches with short
orthogonal geometries were determined to have lesser structural continuity than those
with long smooth curvatures extruded across the entire curvature of the mound.

Robotic Concrete Printing of Arch Structures. Using a KUKA KR200, the team
tested the feasibility of printing concrete while orienting the extrusion nozzle normal to
the surface curvature. The pump allows for the use of a thicker concrete and a decrease
in material viscosity when compared to the gravity-fed auger system of the gantry 3D
printer. Similar in approach but varying in material usage and process, the project
Filligree Robotics by Martin Tamke explores 3D printing normal to a curvilinear
surface though clay by first scanning an unknown surface and then applying the
technique of over-forming [9]. In order to test robotic concrete printing normal to the
surface, a 90 cm gravel mound with double curvature was triangulated along the length
of the surface, as has been successful in the gantry test examples. With an extrusion
diameter of approximately 2 cm at 9 mm in layer thickness, the 6-axis robot allowed
for consistent layer height along the entire surface. The increased precision enables the
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exploration of shells with greater degrees of curvature and tighter toolpath densities for
more intricate ornamentation and higher structural efficiency.

3 Structural Optimization and Workflow Strategy

3.1 Tool Path, G-Code, and KRL

Through the use of digital modeling tools and structural analysis software, thin shell
geometries are transformed into three dimensional tool paths used for both the KUKA
and gantry printer platforms. Using a combination of finite element structural analysis
solvers such as Karamba and Millipede to determine the shell geometry and extract
lines of principal stress, the Sub-Additive process advances typical gantry 3D printing
techniques by incorporating the variable Z vectors within the G-code to follow a three-
dimensional curve. The gantry printer utilizes traditional G-code whereas the KUKA
robotic platform used KRL code. Grasshopper plug-ins such as Silkworm or KUKA|
prc convert curve geometries into manipulated G-code or KRL code. By calibrating the
extrusion parameter as well as entry and exit velocities along the curve, layer thick-
nesses can be manipulated in coordination with overall curvature.

3.2 Structural Optimization

To ensure a smooth digital workflow, a form finding exploration was conducted that
computationally explores a series of catenary and pointed arch structures. Leveraging
concrete as a highly compressive material combined with the linear deposition inherent
to 3D printing, principal stress lines were used to generate toolpaths [12], creating
lightweight lattice double curvature shells Fig. 5. In consideration of movement and
installation of large-scale components, further optimization of components explores
manipulation and adaptation of material placement for a more ideal center of gravity

Fig. 5. Structural optimization analysis using Karamba, extraction of principal lines of stress
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when erecting the shell forms into their final position. Evolutionary solvers are
deployed to rapidly test and determine material distribution for ease of erection and
balance in situ. Each arch shell was optimized for the multiple structural stages it
endures throughout the process of fabrication and assembly. Each side of the arch was
optimized to maximize curvature without exceeding the maximum print angle of 35°.

4 Results

4.1 Concrete 3D Printing of Arch Structures (Gantry Printing)

1.25 m Catenary Arch. To determine parameters of the Sub-Additive printing system,
the research project investigates a series of structural and ornamental applications. The
typology of the arch enables a close focus to explore the relationship between form,
structural efficiency, and double curvature. In an initial test, a single curvature catenary
arch was divided into two halves, taking into account appropriate angles of repose
Fig. 4. In previous prints, curvatures were printed convexly, whereas in the 1.25 m
arch, the two components were printed on concave gravel sub-surfaces. By tooling the
gravel in this manner, the surface uses 30% less gravel by volume and reverses the
relationship of printed surface to gravel texture.

1.75 m Pointed Arch. Continuing to move up in scale, the team printed a pointed arch
with an apex of 1.75 m. The pointed arch has the advantage of shallower surface angles
relative to the normal cartesian plane and creates a planar contact surface between the
two architectural components. In this arch, double curvature was introduced within the
geometry of the surface Fig. 3. Through the double curvature, the arch gains stability,
strength, and additional visual depth. A resulting discovery upon extraction was that
the curvature on each side of the arch allowed the piece to essentially “roll” along its
edges, making the processes of erecting the two pieces to their final position noticeably
easier. This center of gravity manipulation was then further explored as explained in the
form finding section of this paper.

2.75 m Pointed Arch. The final pointed arch fabricated on the gantry printer platform
combines all the aforementioned testing parameters into a 2.75 m structure with a
1.25 m interior span Fig. 6. Utilizing the concave double curved gravel surface, lines
of principal stress extracted from the form-found surface became the toolpath for
material deposition. Each component tapers in width as well as overall sectional
thickness transforming from 81 mm at the base to 36 mm at the apex. The density of
the print increases where the thickness of the surface diminishes, reducing the weight of
the arch the higher it resides above the ground while still creating structural continuity.
The center of gravity in each component is such that it causes the double curvature to
essentially pinch and flatten 1.75 m off the ground. Each component weighs roughly
150 kg and was printed in the span of 1 h. Imprecision caused by the extrusion noz-
zle’s relationship to the surface resulted in some shifting of the material and buildup of
excess concrete where multiple toolpaths terminated. The future investigations section
of this paper will discuss strategies for increasing the overall precision of 3D printed
Sub-Additive assemblies.
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Fig. 6. Sub-Additive arch structure typology, 2.75 m pointed arch

4.2 Concrete 3D Printing of Tri-Arch Structures (Robotic Platform)

Spatializing the arch, a spanning structure of three doubly curved geometries - each
different in length, width, curvature, and structural pattern - was designed around an
optimized central point. The resulting tripod Fig. 7, composed of various arching
components utilizes the Galapagos evolutionary solver to determine its overall form.
Each individual shell component has an independent center point used in composing
the tripod, keeping the differentiating length of each arch within its goal of optimizing
their relationship to the origin. The connection detail at the top creates a center opening,
so the arches only touch along their side and at two points along the ground.

Fig. 7. Robotically printed tri-arch structure
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Utilizing the KUKA KR200 and a progressive cavity pump, the individual arches
currently require closed loop tool path geometries optimized for continuous printing
Fig. 8. Each surface was analyzed through the same force evaluation solvers previously
stated within this paper and the resulting exported geometry was triangulated into a
facets within the double curvature of the surface. All three gravel mound surfaces were
tooled within the radius of the robot’s work envelope allowing the components to be
fabricated in succession. With the print nozzle normal to the printed surface, concrete
layers became consistent along the entire print, while extrusion thicknesses became
more refined and thinner. Greater density was achieved while still allowing porosity
through the surface. Each component was erected based on a centralized point and the
enacting compressive forces keep the tripod in a state of equilibrium.

Fig. 8. Robotic concrete printing of tri-arch with progressive cavity pump

4.3 Sub-additive Process Advantages

Advantages of the Sub-Additive construction method are evident in the areas of
formwork, structure, speed, and geometry. By using the desired printing platform to
create both the support surface and extrusion process, speed and efficiency are achieved
through the execution of multiple processes within a singular fabrication platform. This
then is evident in the resulting component, two different types of textures. The top layer
of extruded concrete, and the granulated texture of the gravel subsurface, recalling the
multiple processes used in the components fabrication. By utilizing a re-usable medium
in the creation of the sub-surface, material waste is significantly reduced when com-
pared to the use of custom formwork in typical casting methods. The process of
printing volumetrically in three-dimensional space allows concrete prints with complex
curvatures to be fabricated with increased structural efficiency. The continuity achieved
in the printing of a single line, in contrast to the stepover exhibited in corbeling, allows
forces to move through elements without having to transfer over multiple cold joints as
a result of the 3D printing process. The individual lines of fabricated concrete work in
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tandem with the direction of force loads, optimizing material deposition for design
elements. Using less material than casting, the architecture becomes both structurally
efficient and lightweight, allowing for various degrees of porosity.

5 Future Investigations

Further development of the Sub-Additive technique requires investigations into mate-
rial, geometry, and post-processing. The concept of this fabrication strategy can be
applied to a multitude of material combinations in various printing mediums and sub-
surface aggregates. Sub-surfaces such as sand, salt, recycled plastic, crushed concrete,
or crushed glass, have varying degrees of precision in the creation of the surface and
display different visual qualities in fabrication. A manipulable wet sand mold has the
advantage of creating a more detailed subsurface, increasing the accuracy of the edge
conditions of the print.

Furthermore, the implementation of robotic learning strategies, paired with high-
resolution 3D scanning technology [13] will allow for a more efficient shaping of and
response to aggregate sub-surfaces. The Robotic Construction Lab (RCL) at Cornell
University is currently collaborating with building industry partners on implementation
and initial research of smart sub-surface shaping.

Integrating reinforcement is paramount for scaling-up architectural investigations
and expanding the current limitations of the process. The Robotic Construction Lab
(RCL) at Cornell University currently investigates fiber reinforcement of Sub-Additive
thin-shell lattice structures. Considering the material makeup of the concrete mixture,
advancements in natural short and long fibers can drastically increase the tensile
strength of the component, eliminating the need for steel reinforcement. Collaborating
with fiber scientists, civil engineers, and mechanical engineers, the addition of post-
processed natural fibrous materials has the potential to significantly increase the
strength of the concrete upon curing and also reduce the ratio of layer failure during the
printing process. Long synthetic or natural fibers would then act as tensile structural
reinforcement when robotically extruded along with the concrete material. The flexible
continuous fiber strands can conform to the three dimensional toolpaths in coordination
with the concrete extrusion.

Finally, similar to the Compound Fabrication project developed at MIT [14],
robotic CNC mill post-processing of printed concrete components will enable precise
joinery and an additional level of overall accuracy. Using a process of 3D scanning and
stone milling, the completed geometries can be refined surficially and along the edges.
Joinery pockets can be accurately placed for the insertion of connectors used in con-
crete precast construction. Any minor issues in resolution resultant from the 3D
printing process can be overcome through the deployment of CNC milling for final
finishing and refinement. Different than solid stone carving, the material removed
during the milling process is relatively minimal as the concrete has already been
accurately placed during the printing process and could be reintegrated as aggregate for
either substrate or in future prints.
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6 Conclusion

Additive manufacturing processes continue to be an evolving field of research across
scales, progressing towards spatial fabrication. Projects such as Liquid Printing
developed at MIT [15] or WirePrint developed at Cornell [16] explore new methods for
rapid spatial 3D printing. As opposed to traditional horizontally layered printing
methods, Sub-Additive Printing facilitates the spatial deposition of concrete material,
taking full advantage of a new fabrication technology. While small scale 3D printing
has quickly proliferated, execution of mass-customized geometries at an architectural
scale requires the development of efficient and robust techniques and processes to
achieve large scale implementation. Minimizing waste materials and expanding
potentials for integration of computationally derivative smart geometries, Sub-Additive
Manufacturing creates a system for the rapid production of full scale building com-
ponents. By operating with a palette of readily available standard construction mate-
rials, this system relies upon the implementation of advanced robotics, computational
technologies, novel processes and techniques to create an elegantly simple means of
fabricating complex form. Through the utilization of three dimensional toolpaths, force
evaluation solvers, and complex curvature, the Sub-Additive research project has the
ability and potential to rapidly produce structurally efficient, lightweight thin shell
lattice building components. As exhibited in the arch typology investigations, this
method of robotic digital fabrication expands the discourse of spatial mass cus-
tomization to include concrete 3D printing at a one-to-one architectural scale.
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Abstract. In the field of wood manufacturing, CNC milling seems to be the
only way to deal with geometrically complex wood components. Robotic band-
saw, the combination of robotic fabrication and band-saw cutting provides a
feasible solutions for producing curved wood beams without the immense time
consumption of CNC milling method. This paper explores potentials of robotic
band-saw cutting technology in the construction of complex wood structures.
The research processes of two large-scale research pavilions, from structure
design and optimization, Glulam production, robotic fabrication to site assem-
bly, are presented in this paper to explore an integrated workflow of complex
wood structures construction based on robotic band-saw. As the two pavilions
show, robotic band-saw technology has the ability to perform high efficiency
and accuracy both in the plane and space curved wood elements, and shows the
potential to take over part of the work of CNC in wood construction.

Keywords: Robotic band-saw - Complex wood structure + Curved beam
Ruled surface

1 Introduction

CNC milling seems to be the only way to deal with geometrically complex wood
structures in the field of wood manufacturing. Built projects like Centre Pompidou
Metz and the Nine Bridges Golf Club, both of which were designed by Shigeru Ban,
were fabricated through milling with the indispensable technical support of Design-
toproduction [1]. CNC milling method not only consumes a lot of time, but also
produces lots of material wastes. In recent years, with the increasing demand for
complex wood structures, new possibilities of wood fabrication were explored by
employing industrial robots in the fabrication process, which has shown great poten-
tials in a variety of projects [2]. Among them, the combination of robotic fabrication
and band-saw is one of the feasible solutions to produce geometrically complex wood
elements without the immense time consumption of CNC milling method. The material
efficiency of robotic band-saw was researched and demonstrated for the first time by
researchers from Greyshed and Princeton University who used robotic band-saw to cut
a series of curved strips from an irregular flitch [3]. Researchers from RMIT University
has further studied the robustness of this new craft on many technical issues in regard
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to speed, accuracy and material finish in the mass-customization of ruled surface
production [4]. Robotic band-saw also appeared in an ongoing AA School programme
to prototype complex wood structures [5].

While many advantages have been shown in previous studies, there are still great
potentials in robotic band-saw that haven’t gotten enough attention. The fabrication of
curved beams, especially space curved beams, is among the most meaningful abilities
of robotic band-saw cutting technology when it comes to complex wood structure. The
research presented in this paper was devoted to exploring curved wood beams cutting
method with robotic band-saw for complex wood structures. Both the fabrication of
plane curved and space curved wood beams were tested through the design and fab-
rication of two large-scale research pavilions. The design possibilities of complex wood
structures brought by robotic band-saw cutting were also shown in the integrated
working process from tool development, structural performance-based design, Glulam
production to robotic fabrication. This method has the potential to take over part of the
work of CNC in wood construction.

2 Methods and Tools

2.1 Tools

Band-saws are employed in wood industry in many areas from primary log conversion to
furniture manufacturing. Compared with circular saws, band-saws have advantages such
as lower kerf waste and noise levels [6]. More importantly, as the width of the band-saw
blade is much smaller, it’s possible to cut ruled surfaces with a band saw by continuously
rotating (either material or blade) while cutting. While in conventional band-saw cutting
process workers need complex jigs to stabilize the cutting path when feeding wood
through a band-saw, robots can make this process flexible and precise. Robotic band-saw
works in a similar way with hot-wire cutting, creating ruled surfaces through the moving
of hot-wire/blades. However, as band-saw blade, which cannot be simplified into a line,
should always be parallel to the tangential direction of target surface throughout the
cutting process, robotic band-saw cutting is more complicated than hot-wire cutting.

Fig. 1. Robotic band-saw
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In this research, a modified 14-in. band-saw was installed on KUKA robots to
conduct ruled surfaces cutting (see Fig. 1). Some spare parts of the band-saw were
removed to reduce weight and increase the cutting range. With a Motor of 1500 W, the
saw is possible to cut materials with a cross-section of 35 cm x 30 cm. Bimetallic
blades, which have higher stiffness and durability than high-carbon steel ones, were
employed all over the research process.

2.2 Research Method

The scope of this research is to figure out the capacity of robotic band-saw in irregular
wood beams cutting, including both plane curved and space curved beams. For prac-
tical considerations, Glulam was employed as testing materials. The method proposed
here is to cut the target irregular beam from a raw beam, a plane curved one with
uniform rectangular section which can be produced with existing Glulam production
technology.

The limitations imposed by the fabrication method on the design is that the surfaces
of beams needs to be designed as ruled surfaces. Except that, the beams are free to be
designed into a wide variety of forms, from plane curved ones to space curved ones,
with section from uniform ones to ones that varied with other parameters, such as the
inner forces.

The volume of raw beam, which is expected to accommodate the target irregular
beam, need to be minimized to reduce material wastes. The minimal volume of the raw
beam can be found with the help of Genetic Algorithm, after which the files of the raw
beams will be sent to factories to produce the Glulam.

The robotic fabrication process starts from modeling the tools and simulating the
cutting process in computer. After raw beam being fixed in the reachable range of the
saw, the position of the beam will be measured by the robot and modeled into com-
puter. By placing the model of target beam inside the model of the raw beam, the robot
can know precisely where needs to be cut. The robot simulation, path planning and
programming process can be carried out in Rhino and Grasshopper with KUKA |prc.
The robotic cutting process is quite simple and efficient with the output G-code.

This research was carried out through the design and fabrication of two large-scale
wood grid shells, the first concerned mainly on the cutting of plane curved beams while
the second focused on space curved ones.

3 Wood Pavilion 1: Design and Fabrication of Complex
Wood Structure with Plane Curved Beams

The first project is a large-scale Unstrained Grid Shell made of Glulam, which tried to
test the capacity of robotic band-saw in mass-customization of large-scale plane curved
wood elements [7].
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3.1 Fabrication-Oriented Structural Design

The grid shell was designed to be a funnel-shape column structure. Viewed from the
top, it is an oblique quadrilateral grid system. The structure consisted of 16 beams
which were all plane curves with length varied from 5.8 m to 7.5 m. The initial cross-
sections of the beams were designed to be 100 mm x 100 mm. By introducing
structural performance-based design, the sections of the beams were optimized to be
varied according to structural simulation results. Grasshopper plug-in Millipede was
employed in this stage to conduct FEM (finite element method) analysis of the structure
under gravity. The thickness of the beams was kept unchanged during the optimization
while the height of the beams varied between 120 mm and 200 mm. In this way, each
beam remained plane curved, with 2 surfaces flat and parallel. After the optimization,
the two irregular surfaces of each beam were all transformed into ruled surfaces so as to
be fabricated with robotic band-saw technology. As the thickness was quite small
compared to the length, this transformation can hardly be visually perceived. For
assembly considerations, the 16 beams of the structure were divided into four layers
according to assembly order, different layers were connected with traditional mortise-
tenon joints instead of metal connectors (see Fig. 2).

Fig. 2. 16 plane curved beams were divided into four layers

3.2 Raw Beams Production

The beams were oriented onto a horizontal plane to extract the outer contour. After
offsetting the contour 1 cm outwardly to make tolerance, the maximum width of the
contour was taken as the cross-sectional width of the raw beam. The raw beams were
produced in the factory with Douglas fir Glulam, one of the most commonly used
materials in the construction of wood structures (see Fig. 3). The production process
was guided by CNC templates which was used to inform the curvature of timber
beams. In spite of this, the accuracy of the beams was difficult to be guaranteed in the
manual production process, 1 cm more tolerance was given in this stage.
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Fig. 3. The production process of raw beams

3.3 Robotic Fabrication

The band-saw end-effectorwas installed on a gantry robot system, a triple-axis
gantry with a hanging KUKA KR120 robot. The range of the gantry robot system is
11 m x 6 m x 3.6 m, which provides great possibilities for large-scale fabrication.

The raw beam was firstly fixed to two movable and height-adjustable tables with
woodworking clips, and the part to be cut was cantilevering outside the tables. After
measuring the exact position of the beam, the model was generated in Rhino and
Grasshopper, and then robot tool paths were designed and simulated with KUKA|prc
(see Fig. 4).

Fig. 4. The simulation of robotic cutting with KUKA |prc

Each beam was cut out through four cuts, respectively top and bottom surfaces, and
two ends surfaces. The overall cutting speed was about 5-8 m/h (see Fig. 5). The time
cost by each beam can be restricted within 3 h. Although two or three workers were
needed to carry and fix the beams, only one robot operator was needed during cutting
process. As for the fabrication of mortise-tenon joints, a 24000 rpm spindle was
equipped on the same gantry robot to mill the slots after the band-saw cutting process.

3.4 Assembly On-Site

The wood structure was installed on a steel base. By placing the beams of different
layers in place in the right order, the site assemble process was completed by five
workers in two days, including the setup of steel base, installation and removal of
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Fig. 6. On-site assembly

scaffoldings (see Fig. 6). The mortise-tenon joint made things a lot easier, and the
accuracy of robotic band-saw cutting effectively ensured the successful installation.

The wood pavilion appears as a funnel-shaped structure with a height of 7 m, the
maximum cantilevered span of which is up to 4.5 m (see Fig. 7).

3.5 Research Evaluation

This project explored the entire process of robotic band-saw in complex grid shell
construction from structural optimization, Glulam production, and robotic fabrication
to site assembly. The pavilion preliminarily validated the effectiveness and robustness
of robotic band-saw technology in plane curved beams cutting.
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Fig. 7. The final pavilion

4 Wood Pavilion 2: Design and Fabrication of Complex
Wood Structure with Space Curved Beams

Currently, while plane curved Glulam could be easily produced in the factory, there
were still no efficient solutions for space curved GLT production. In this context, the
second project is a geometrically complex strained grid shell, the space curved edge
beam of which provides an opportunity to explore the method and capabilities of
robotic band-saw in space curved Glulam cutting.

4.1 Structure Design

Strained grid shell has been one of the most efficient structure system to cover large
spans by lightweight construction [8]. This pavilion is a self-support Enneper surface-
shaped strained grid shell, consisting of three parts: continuous laths, rotatable joints
and rigid edge beam. The edge beam which resisted the bending action of the laths, was
curved three-dimensionally. Since this project intended to challenge robotic band-saw
with complex beams cutting, the edge beam was also structurally optimized to improve
its complexity. The analysis model of the grid shell was built in Karamba, a FEM
plugin for Grasshopper which could simulate the structural performance under different
loads and boundary conditions, and output structural parameter values corresponding to
the input geometry. The cross-sections of edge beam were optimized according to the
output structural information (see Fig. 8), material utilization efficiency in this case.
The initial cross section of edge beam for analyzing was 80 mm x 100 mm. After the
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optimization, the cross-sectional dimensions of edge beam varied with material uti-
lization efficiency between 60 mm x 90 mm and 90 mm x 120 mm. The optimiza-
tion process create a direct connection between form and inner forces of the grid shell.

Structural Elements Loads Supports Materials Results

Edge
Beam

Laths

Fig. 8. Structural optimization with Karamba

4.2 Raw Beams Production

The edge beam was divided into 12 segments according to the machine range (see
Sect. 4.3). As the beams were space curved, it was more complicate to find the form of
raw beams with minimal volume. Genetic Algorithm was employed in this stage to find
the smallest volume that can accommodate the target beams by rotating the beams on
XZ and YZ planes to changing the projecting angles onto XY plane. After finding the
form of raw beam for each segment, the same method was used to production the
Glulam raw beams in factory as the first project. Spruce, another common material for
wood construction was used this time. As the structure is centrosymmetric, the 12
segments actually had only two different shapes, and all the segments shared the same
raw beam mold.

4.3 Digital Fabrication

The resulting complexities of the grid shell were fully addressed in the fabrication and
erection process. Different digital fabrication methods were explored in the fabrication
of different parts. The laths were straightened onto a plane, and subdivided into seg-
ments which can fit into the plywood boards of 1220 mm x 2440 mm, and milled
with CNC machine.

The fabrication of space curved edge beam segments was the main concern of this
stage. The band-saw was mounted on a robust KUKA R2700 this time to cut the beam
segments from the raw beams (see Fig. 9). The robot programing and simulation
process were almost the same with the first project (see Fig. 10). As there were sub-
stantial spatial torsions in most surfaces that need to be cut, the tables for fixing the
material were not feasible in this case. Triangle wooden frames, which is more flexible
to be customized for each beam, were developed as supports. In this way, each beam
only needed to be turn around once during the cutting process. Each segment was cut



Investigations on Potentials of Robotic Band-Saw Cutting 265

from the raw one through 6 cuts (see Fig. 11). During the fabrication process, the speed
of the robot was continuously changing according to the thickness to be cut. The
material was softer than that of the first project. As the thickness of the raw beams
increased relatively, the overall cutting speed actually hasn’t changed much.

Fig. 11. Robotic cutting process
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4.4 Assembly On-Site

As the edge beams and laths are all fully informed, the on-site assembly process of the
large scale structure was quite simple and efficient. First of all 12 edge beam segments
were connected with bolts and erected in place; then laths were assembled one by one
in way similar to weaving (see Fig. 12). The entire assembly work was done in a joint
effort of one designer and four workers in less than 20 h. The final result appears as an
Enneper surface-shape grid shell with a height up to 6 m (see Fig. 13).

|
7

" Sice boundaries

Scaffolding

Assemble edge beam {part 2) Assomblo grid Assemble grid Assomble grid

Fig. 12. The diagram of on-site assembly

Fig. 13. The second pavilion
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4.5 Research Evaluation

The final structure achieves the goal of self-support. Although both the laths grid and
edge beam are quite soft, the combination of these different systems forms a much
more rigid structure. This project follows the same process as the first one and extends
the application scope of robotic band-saw to space curved wood beams. The final
pavilion shows the feasibility and efficiency of robotic band-saw cutting in more
complicate structures.

5 Conclusion and Discussion

As the projects show, the robotic band-saw performs high efficiency and accuracy not
only in plane curved surfaces, but also high quality three-dimensional ruled surfaces
through the continuous rotation of the blades. While shown in this paper its capacity of
the mass-customization of full scale geometrically complex wood components, robotic
band-saw also have the ability to further adapt to the requirement of industrial mass
production. Due to the reason that band-saw has the smallest possible kerf of any
mechanical wood cutting method, the process is timesaving compared with the
immense material consumption of a CNC milling process. At the same time, the
resulting surface of robotic band-saw cutting is qualitatively smoother and more
continuous than that of CNC milling. After the applications above, we managed to
reduce the tolerances within 3 mm, and increase the machine speed to around 5 m/h
(15 cm thick GLT). In further researches, the speed and tolerance can be compared
with CNC milling quantitatively. It is expected that robotic band-saw could take over
part of the work of CNC in wood industry.

Although this technique has great advantages in material efficiency, there are still
some deficiencies to be improved. It is undeniable that there is still a waste of material
due to the volume difference between the raw beams and the target ones. The waste may
be minimized through the optimization of gluing technology by employing more precise
CNC template to guide the material distribution, which can minimize the volume dif-
ference between the raw and target beams. In addition, some part of the cutting process
could be more automated, such as speed controlling, material measuring.
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Abstract. The research presented in this paper investigates novel techniques
and tools for robotic fabrication of fibre reinforced granular structures built
without any type of formwork. Combining granular jamming with strategically
placed, continuous reinforcement, allows for precise fabrication of Jammed
Architectural Structures (JAS) out of crushed rock and string that are fully
recyclable. By further combining the material system with computational design
and robotic fabrication enable to place and compact materials directly where
needed, without formwork, allows building bespoke architectural structures in
an additive, fully reversible and waste-free manner.

The paper describes techniques and challenges for implementing a robotic
direct deposition of JAS for fabrication of building-scale and loadbearing
artefacts, and highlights the prospects of in-situ fabrication that is exemplified
by two one-story tall prototypes. The robot direct depositions the material
system in space, without formwork: first, a robot places string in loop-based
pattern; second, it places small piles of aggregates inside the string loops, on top
of the previously aggregated material; third, it carefully packs the piles and
activates the string trough tension.

Keywords: Jammed Architectural Structures + Robotic fabrication
Loadbearing structures - Granular material - Sustainable construction
Direct deposition

1 Introduction

Jammed Architectural Structures (JAS) investigate a fully reversible construction
system to create load-bearing freeform structures from granular bulk materials. JAS
build upon the physical phenomena by which granular material changes from a loose,
liquid state to a solid state and back again, known as the jamming transition [1, 2], and
in case of JAS by changes in confinement. Instead of cementing particles to create a
solid material such as concrete, the aggregates solidify when the total volume reduces
and the particles cannot anymore rearrange. An early example of such jamming in
architecture are gabion cages, where lose rocks are jammed by external confinement
provided by cages [3]. More recently, a series of construction experiments demonstrate
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novel methods to apply jamming to build stable structures. This includes wrapping of
aggregates in a non-porous membrane and creating a negative pressure [4], or by
purposely designing aggregates to interlock and jam because of self-confinement [5-8].
Jammed materials based on aggregates designed to self-confine, solidify immediately
without any external confinement, which makes them suitable for fabrication with and
without formwork [7, 8].

Combining aggregates with fibres that provide the self-confinement necessary for
the jamming transition allow for fabrication of jammed structures out of bulk materials.
This can be done by mixing fibres with aggregates and incrementally pack it inside
formwork. The fibre-gravel composite takes the shape of the formwork immediately at
demoulding. The structures can be casted in segments, while reusing the formwork,
allowing for fabrication of structures that are larger than the formwork [9].

A process similar to powder based 3D printing enables controlled fabrication of
freeform jammed structures by layering robotically laid string with manually placed
aggregates inside a fabrication container [9-13]. An exhibition project at the 2015
Chicago Architecture Biennial demonstrates this principle with a 4-m-tall structure
standing on four slender legs [9, 10]. The structure was robotically in-situ fabricated
and fully recycled at the end of the exhibition. Pulling out the string network separates
the composite back to string and aggregates. A drawback of this construction method is
the dependency on a fabrication container, making it more difficult for scaled up
applicability and realisation of larger structures. A container free fabrication method for
JAS would eliminate the upscaling difficulties and allow for larger geometric flexi-
bility. In this paper, we present methods and techniques to robotically direct deposit
load-bearing JAS without any formwork or container.

2 Three Methods of Direct Deposition Fabrication

There are three different methods allowing container free fabrication. First, a closed
slip-mould, which is moving upwards during fabrication of the aggregates and string
composite. Second, an open slip-mould moving in the vertical plane during the fab-
rication, repeated in layers to building in height. Third, direct deposition of aggregates
and string without slip-mould.

2.1 Closed Mould Direct Deposition

A robot lays out string in a circle-based pattern inside a slip mould (Fig. 1a), covering
the whole opening of the mould. Following this, an operator manually pours and
distributes a one particle thick layer of aggregates, followed by packing the composite
with a handheld concrete compactor (alternatively with vibration). The slip-mould
moves upwards to allow for the fabrication of the next layer. Each layer uses the same
string pattern and aggregate placement. The composite expands during the packing
process, which makes it necessary to use a tapered slip mould (5°) to reduce friction
between the slip-mould and the composite.

The slip mould directs the packing energy downwards and insures an even com-
pression, resulting in structures with strong surfaces, free from loose particles. When



Direct Deposition of Jammed Architectural Structures 273

Fig. 1. (a) Closed mould direct deposition. The mould is moving upwards. (b) Open mould
direct deposition. The mould is moving horizontal building up layer by layer. (c) Mould-free
direct deposition.

the mould is moved upwards a small amount of aggregates falls-off (<10% of the total
amount of aggregates). Rotation and tilting of the mould allow fabrication of a range of
column-like structures that are dependent on the cross-section of the slip-mould.

2.2 Open Mould Direct Deposition

The robot lays string and places gravel inside a horseshoe shaped slip-mould, followed
by manual packing (Fig. 1b). The slip-mould moves away from the composite in the
vertical plane, creating an aperture between mould and the already aggregated material.
The deposition of string and aggregates takes place in the aperture and the mould
moves to the next position. The procedure repeats until the whole cross-section of the
intended geometry is completed. The slip-mould moves to one layer above the original
position and repeats the process. The string pattern and the gravel placement changes
for each slip-mould position and adapts to its position as well as to the overlap between
the mould and the previously fabricated structure.

Packing the composite in the open slip-mould with the same force as the closed
slip-mould, results in the expansion of the composite being pushed out of the opening,
risking deforming and damaging the previously fabricated structure. Packing with less
force avoids the damaging material expansion, but results in less precise and strong
surfaces. The process is efficient in terms of aggregate placement (<10% of the
aggregates falls off). Rotation, tilting and repositioning in the horizontal plane, allows
for fabrication of wall-like elements that can be straight as well as curved and branched.
The wall thickness depends on the size and shape of the slip-mould.
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2.3 Mould-Free Direct Deposition

Placing the string in a pattern based on circular loops, followed by placing small piles
of aggregates inside the loops, on top of the previously aggregated material and then
carefully packed allows for fabrication without mould (Fig. 1c). Packing expands the
piles and activates the string trough tension. The process repeats until the structure is
complete. This is a very delicate fabrication process leading to larger amounts of fall-off
aggregates during fabrication (20-40%), which can be recycled during fabrication. The
process allows for geometries with any horizontal cross-section, only depending on the
underlying support, which allows for a wide range of vertical or flatter surface cur-
vatures. Thus, demonstrates mould-free direct deposition potential to fabricate archi-
tectural scale structures with more geometrical flexibility compared to the methods
described earlier with a mechanically simpler method, and is therefore especially
suitable for digital design and robotic fabrication methods.

3 Robotic Fabrication and Computational Design

Precision is an important factor to fabricate tensile reinforced JAS with mould free
direct deposition. It is important to maintain an exact position and pattern of the string,
precise position and amount of aggregates, constant layer thickness and overall height
in space as well as a homogenous packing rate for predictable load-bearing behaviour.
Inconsistencies in booth the design information and the fabrication steps leads to
imprecise geometry, structural failures and deformation, and therefore requires the
mould-free direct deposition digital fabrication tools and computational design tools.

The digital fabrication setup consists of a 6-axis collaborative robotic arm
(Universal Robot UR 10, 10 kg payload) mounted on a two-axes gantry system, which
is used to reposition the robotic arm. The robot is equipped with a multi-functional end-
effector consisting of a string laying device, a gravel measuring and dispensing device
and a pneumatic compactor (Fig. 2.1). The string-laying device feeds string with motor
driven rolls synchronized with the speed of the robot (0.15 m/s). The robot lays a 2 mm
polyester reinforced textile string (chosen for its flexibility) according to a digital
blueprint (Fig. 3a). If the underlying layer is not precise, the string pattern will locally
fail, and require a second string layer, which is a time consuming approach to handle
tolerances. To avoid this, the process aims to maintain the quality of the underlying
layers. A self-adopting aggregate placement method allows for compensation when the
build-up of aggregates is too fast or too slow and coupled with a precise packing
method, it ensures that the top-surface is flat and at the correct height.

Crushed 16-32 mm porphyry aggregates (chosen for its non-directional structure
and material strength) are measured and dispensed with a system consisting of a soft
nozzle mounted on the end-effector, connect with a polyurethane hose (120 mm diam.)
to a hopper (1800 cm®) mounted on the gantry system (Fig. 2.2). The opening of the
hopper ends in a measuring chamber (35 cm®) coupled with a pneumatic shutter. Two
electric vibrators mounted on the sides of the hopper un-jam the aggregates, which flow
into the chamber. Turning of the variations re-jam the aggregates in the hopper and
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W I

1 2

Fig. 2. 1. Combined end-effectors (a) Robot arm, (b) Pneumatic packing device, (c) String
laying device, (d) Soft nozzle for gravel placement. 2. Gravel measuring and dispensing device,
(e) 1800 cm® hopper, (f) Slot showing gravel level, (g) Electric vibrators, (h) 35 cm® measuring
chamber, (i) Pneumatic shutter, (j) Polyurethane hose.

Fig. 3. (a) The string is laid in a pattern based on circular loops, (b) Placement of aggregates
inside the circles in small piles (c) The aggregate piles are packed. Packing expands the piles,
which tension and thereby activate the string.

allows the shutter in the bottom of the chamber to open and dispense the aggregates.
The chamber and shutter system is necessary to assure a constant aggregate amount.

The robot moves to the dispensing position, pushes the soft nozzle down and seals
against the underlying surface, where it dispenses the gravel, before moving to the next
position (Fig. 3b). Distribution and compacting of the loose aggregates are done with a
pneumatic cylinder (80 N force, 10 Hz and 60 mm amp.) equipped with a round
aluminium plate (thickness 20 mm, 100 mm diam.) and mounted on the end-effector in
the other end.
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The robot is moving along a specific designed packing path with a constant speed
while the compactor is tapping the surface (Fig. 3c). The packing procedure consist of
two cycles. The first cycle, offset above the intended packing height, distributes
aggregates evenly over the already jammed top-layer, filling-up eventual cavities and
pushes surplus aggregates over the edge of the structure. The second cycle compacts
the material system to assure constant density in the structure as well as an even top
surface. A digital blueprint generated by the computational design tool controls the
fabrication process. The tool calculates the patterns in a layer based fashion. First, the
tool generates the string pattern, which is based on circular string loops (d = 150 mm)
and distributes the circles based on rules derived from material studies [15]. Second,
the centre of the circle in the pattern defines the gravel positions. The use of every
second gravel position, alternating between the layers, avoids overlaying gravel
placement. The gravel points define the packing path. Offsetting the path by 10 mm in
height creates the first packing cycle and the final packing cycle constitutes of the path
in original height. The computational design tool accounts for repositioning of the
robotic arm, by dividing the fabrication pattern into segments that fit within the reach of
the robotic arm. It alternates these divisions, to avoid vertical seems between the
fabrication segments. Similarly, the start and end loop of the string pattern is alternated
through the pattern. By doubling these loops, the fabrication process becomes more
robust. Furthermore, the gravel placement and the packing order alters during the
fabrication to avoid asymmetric build-up.

4 Prototypical Construction Experiments

Two large-scale prototypes were built with the mould-free direct deposition method:
Experiment 1 being a tall and slender towering structure for the 2017 Ars Electronica
Festival in Linz [15]. The installation demonstrated the in-situ fabrication live in public.
Experiment 2 is a wall element combined with a concrete slab that explores the fab-
rication of larger continuous surfaces (>3 m?) and their behaviour under compression
from heavy horizontal building elements.

4.1 Experiment 1

The objective of Experiment 1 is fabrication of a one-storey high structure with mould-
less direct deposition fabrication, exploring vertical production within achievable
height and reach of the fabrication setup (1700 x 1100 x 2700 mm L x W x H)
while maintaining minimal volume and thereby fabrication time. The experiments
further explores possibilities to recover from fabrication errors.

The experiment consists of fabrication and evaluation of an artefact with a double
curved base (700 mm tall) with slender and conical towers (2700, 1800, and 2100 mm
tall including the base, with top radiuses measuring 190, 175, and 175 mm). The
fabrication of the base is layer-based, and split in two segments adopted to the reach of
the robotic arm. The gantry-system repositions the robot once every layer. The first
position of the robot is at the maximum extension of the vertical axis where the robot
fabricates the first segment of the layer. The gantry-system moves the robot to the
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second position, 700 mm along the horizontal axis, to fabricate the second part of the
layer. The process repeats in an alternating way, fabricating two layer segments on top
of each other in between every repositioning. Every 20 layers, the gantry-system
repositions the robot 200 mm upwards. The axis system moves in a low speed due to
security reasons and accounts for 15% of the total fabrication time. Thus, it is desirable
to reduce the amount of positions along the axis system. The fabrication can be con-
tinuous for each column, which dramatically reduces the repositions of the robot. Due
to collision risks in-between the structure, the robot arm and the end-effector is the
fabrication of the columns done in chunks ranging between 25 and 50 layers
(250-500 mm). The aggregate fall-off (40%) lays around the base structure to give the
impression of a sculpture growing out of a pile of loose gravel.

The fabrication is stable for the base of the structure as well as the first parts of the
columns. At layer 110 (1100 mm height) the fabrication of the middle column becomes
unstable, due to asymmetric geometry with small local surface radiuses (<140 mm) and
few (<6) gravel placement points. This leads to uneven builds-up with local failures
and erosion at the top surface. Attaching corrugated board at the erosion points and
manually placing aggregates restores the top surface and stops the erosion. After three
new layers removes the temporary support. When the surface radius decreases below
200 mm, the failure frequency increases and requires temporary support every 20
layers (200 mm). Below this radius, the layer thickness varies and thereby needs
controlling and compensation, by adjustments to the fabrication pattern up or down-
wards in 5 mm increments.

Fabrication of the 1.08 m® structure takes 40 h and requires 6000 m string and
5000 gravel poses (1.75 m?). The base builds up in a homogenous, stable way with a
25 mm offset outwards compared to the string pattern. The first tower measures
2680 mm compared to the supposed 2700 (270 layers fabricated), the mid tower
measures 1875 instead of 1800 mm (180 layers fabricated) and the last tower measures
2070 instead of the 2100 (210 layers fabricated). The varying heights of the columns
depends on the uneven layer build-up occurring when the surface radius decreases
below 200 mm, due to the discrete nature of the gravel placement and the few (<6)
gravel positions. Any change in gravel positions affects dramatically the total amount
of placed gravel. This, especially in combination with asymmetric pattern results in a
higher degree of surface failures obstructing the process from recovering fabrication
erTors.

The experiment demonstrates for the first time successful automated robotic fab-
rication (string laying, gravel placement and packing) of one-story tall, vertical and
geometrically articulated structure with mould-free direct deposition. The process
autocorrects small errors during fabrication of larger surface curvatures (radius
<200 mm), meanwhile smaller surface curvatures and slenderness requires occasion-
ally temporary support (Fig. 4).

4.2 Experiment 2

Experiment 2 tests the feasibility of in-situ (outdoors, protected from direct precipi-
tation) fabrication of one-storey, loadbearing wall element. It takes advantage of the
full reach of the fabrication setup and aims to explore production of continuous
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Fig. 4. (a) Experiment 1 at the 2017 Ars Electronica Festival in Linz. The fall-off aggregates
lays around the base of the structure, suggesting that the robotically laminated sculpture grows
out of a pile of loose gravel [14]. (b) Close-up of a fabrication failure after use of temporary
support.

Fig. 5. (a) Experiment 2. Loaded with 2700 kg. (b) Close-up between layer 50 and 100 showing
the surface quality. The difference between fabrications with wet aggregates (bottom) compared
to dry aggregates (top) is clearly visible.

surfaces with respect to surface quality, recovery from fabrication errors as well as the
loadbearing behaviour of the structure over a 20-day time span.

The experiment consists of a tapered, curved 2700 mm tall wall, loaded with a
2700 kg stack of concrete elements. The walls curvature increases the structural depth.
The ends of the wall are shaped as half-circles with varying radiuses ranging from
400 mm at the baste to 200 mm at the top, derivate from “Experiment 1”. The
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fabrication process and sequence is the same as described for the base of “Experiment
1”. The aggregate fall-off (30%) is recycled during the fabrication. The finished
structure is loaded with the concrete slabs for 20 days. In the end, removing the slab
allows for deconstruction by pulling the continuous string.

Due to rainy weather was the first 70-75 layers (700750 mm) fabricated with
humid gravel. The humidity reduces the friction in-between the aggregates, unjamming
the aggregates inside the hopper. This obstructs the measuring chamber and shutter
system, leading to inconsistent aggregate placement and a low surface quality and
faster build-up in the centre of the structures. This requires compensation every 10-15
layer by placing aggregates only at the external gravel points, avoiding the internal
gravel points. Fabrication faults due to humid gravel are occasionally damaging the top
surface, leading to erosions and requires temporary support (>30 layers in-between the
repairs). Above layer 75 is the structure fabricated with dry aggregates.

The completed structure is loaded with a 2700 kg concrete slab with a forklift and
connected to a safety chain. The weight is equivalent to a compressive force of
0.05 MPa (2.5% of the maximum force used in uniaxial load to explore loadbearing
properties of the material system [15]). Due to asymmetric positioning of the load, the
structure bends over time (10° rotation after 20 days) (Fig. 6a). By removing the
weight, the structure straightens up and returns almost to its original shape.

Fig. 6. (a) 10° rotation after 20 days. (b) By rewinding the string, the materials are restored to
their original state.

Fabrication of the 2 m® structure takes 60 h and requires 9200 m string and 7500
gravel depositions (2.65 m?). The structure measures 2720 mm compared to the sup-
posed 2700. The limited reach of the setup restricts the fabrication 268 layers. The first
70-75 layers fabricated with humid gravel, results in surface deviations of +25 mm.
The string pattern is loose and clearly visible on the surface. Above layer 75 is the
surface homogenous with 25 mm offset of the string pattern. The ends of the wall are
more precise and more stable to fabricate compared to the towers with same radius in
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“Experiment 1”. The build-up of the structure is as well more continuous when the
layers consists of a higher gravel position count.

The experiment demonstrates the first robotic in situ outdoors fabrication of
loadbearing jammed structures with mould-free direct deposition. The process is more
stable with larger surface curvatures (>200 mm) in combination with larger cross-
sections compared to the towers in “Experiment 1”. It shows that the fabrication
method as well as the material system is sensitive to humidity. Furthermore, it
demonstrates that it is possible to regain precision and surface quality after significant
(Fig. 5b), continues surface failures.

5 Conclusions and Future Challenges

This paper outlines a novel, robotic construction method to create load-bearing jammed
structures without the need of formwork. The integration of computational design and
robotic fabrication enable to place and compact the bulk material directly where needed
to aggregate bespoke architectural structures in an additive, fully reversible and waste-
free manner. As such, this mould-less direct deposition expands the design space of
digital granular construction and fosters the creation of large-scale JAS.

Following the examination of the research parameters for the individual compo-
nents of direct deposition fabrication, the paper identifies the architectural implications
of integrating these components to realise full-scale prototypical structures. This
includes the observation of creeping behaviour under asymmetric load and geometric
limitations when building slender structures. A key challenge is the outdoor con-
struction in wet or humid conditions, altering the jamming conditions between
aggregates and weakening the surface quality of the structure.

To become a competitive construction system, the different fabrications steps,
including string laying, gravel placement and compacting require optimisation to
improve the speed and robustness of construction. The string, gravel and packing
parameters needs to be further analysed to gain precision in the build-up. Additionally,
the range of the robotic system is limited by the size of the machine, operating in
constrained working space that limiting the application in architecture to small struc-
tures. Switching the process to a mobile robotic system [16], however, allows reaching
points in space otherwise not accessible to stationary robots. As such, a mobile robotic
fabrication system assembling readily available, cheap and fully recyclable building
material, indicates the potential for sustainable construction beyond the small artefact;
that is, at the full scale of architecture.
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Abstract. Rapidly increasing demands to enhance speed and safety for on-site
and site-specific construction drive the need to develop collaborative and
autonomous systems. Such systems generally involve the use of retrofitted gantry
and robot arm systems, which have size constraints and are computationally
complex to use in collaboration with other machines. This paper describes an
alternative multi-robot system built from the ground up to enable collaborative
and site-specific construction. The strategy simplifies design workflows while
simultaneously maintaining structural, environmental, and robot dynamic con-
straints. This system of ‘swarm fabricators’ enables robotic agents to operate in
parallel, digitally fabricating independent tubular forms. Each robot controls its
position allowing the system to effectively ‘grow’ a large-scale woven archi-
tecture. The robots fabricate by pulling fiber and resin from ground-based storage
and winding a composite around their own bodies. Additional sections of a
composite tube are appended upon each other, starting from a base. The system
relies on an environmentally informed flocking-based strategy to design the
structure and inform the robots’ trajectories.

Keywords: Swarm robotics - Autonomous construction
Site-specific construction - Composite fabrication - Adaptive fabrication
Fabrication-aware design

1 Introduction

Developments in robotic fabrication tools enable new control over materials, which
change our built world. Among the innovations is the development of swarm robotic
platforms: systems where multiple robots work together simultaneously to complete a
task. However, such systems have not been deployed in real construction settings, and
challenges exist in several aspects. Research and development of these systems can
generally be separated into four categories: (1) computer-aided design (CAD) envi-
ronments for designing the structure; (2) computational environments linking the CAD
software with the robot software; (3) the physical robotic system; and (4) the materials
used to construct the final structure.

Traditional manufacturing processes embody a discrepancy between what can be
designed and what can be digitally fabricated and produced [1]. This has led to an
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emergence of software tools that can decompose high-level design specifications to
fabricable instructions, such as in [2, 3]. Bermano et al. [4] classify high-level goals
according to appearance, deformation and motion, high-level objectives, domain-
specific objectives, and process-specific objectives. They discuss digital representations
of these objectives in conjunction with generating fabrication-specific optimizations,
such as adjusting tool paths or segmentation of the file to enable parts larger than the
build volume of a specific machine. However, these computations scale in complexity
with additional robots. In [5], a simulated agent-based swarm algorithm is used to
create a structural design, where the agents are limited in possible directions they can
traverse. Such a digital limitation encodes the fabrication constraints of the physical
robots that produce the structure. The present paper builds on this approach, by
developing a hardware system that works more closely with the swarm-based design
generation algorithm to enable a larger range of tunable parameters and a more scalable
approach.

Several groups have also explored the use of custom-designed, cooperative, multi-
robot systems to increase fabrication speed by parallelizing aspects of the construction
process. Some strategies are outlined in [6]. Many of these approaches are mobile,
which allow structures to be built that are much larger than the robots themselves.
Swarm systems can be separated into aerial [7-9] and ground-based platforms [10-14].
Aerial systems can generally traverse larger areas faster, but are more difficult to
control, and may require additional infrastructure. Ground-based systems can carry
larger pay-loads and therefore carry more power, but collision avoidance and path
planning along the surface of the in-progress structure is more constrained.

These approaches can be further separated into assembly-based systems [8, 11-14],
where pre-fabricated modules are placed together on-site, and continuous fabrication-
based [9, 10] systems, where continuous material is extruded onto the structure as in a
FDM 3D printers. These projects explore a variety of trade-offs between structural
performance and adaptability of the building materials. Each has added insight to the
mobile, multi-robot fabrication domain, but few have simultaneously provided a design
framework that allows designers to easily, flexibly, and reliably interact with the
system.

The TERMES project [12] is unique in its approach to co-design a high-level
specification procedure, fabrication algorithms to coordinate robots at build-time, and a
hardware platform that is guaranteed to replicate the desired structure. The system
presented here combines the co-design strategy presented in TERMES with the swarm-
based design and constraint-inclusion methods of [5] and the use of high-performance
and lightweight fibrous composites, as in [9]. The goal is to create an entire workflow,
from digital design to physical realization of a structure, that is relatively easy to use for
designers and can be built using a parallelized swarm robotic system.

To do this, we developed, built and experimentally evaluated a complete workflow,
co-designing hardware and algorithms simultaneously from the ground up. We
developed a flocking-based [15] approach towards structural design that enables users
to incorporate both design and fabrication constraints at once. Digital designs can then
be physically produced by our swarm fabrication platform with minimal correction.
Our swarm-based robotic construction system relies on a team of identical robots each
fabricating independent, self-supporting tubes. The robots work together to interweave
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the tubular structures into a woven architecture. Each robot pulls raw material—fiber
and resin—from ground-based storage up through the center of the tube it is fabricating
and winds a composite segment to extend its tube. After each segment is fabricated the
robot moves forward to position itself to wind another segment. At the start of each
segment the robots control their orientation to create controlled curvatures in the tubes.

The combined hardware and software innovations allow for designers to create
sophisticated and site-specific plans that can be produced on-site, quickly, and effi-
ciently by a robot swarm.

2 Design Software for Swarm Fabrication

Just as the practice of design was altered with the advent of additive manufacturing, it
must also be adjusted for digital fabrication with a swarm system. It would be unre-
alistic for a designer to dictate the motion of each robot within a swarm. With each
additional robot, the overall complexity due to robot-robot and robot-structure inter-
actions increases exponentially. For a swarm system to be scalable, additional robots
cannot increase interaction complexity. Instead of directly dictating commands to each
robot individually, this system allows designer to specify high-level temporal and
spatially varying attributes. This system repurposes the designer from an architect who
drafts specific elements within the environment into a conductor who starts the motion,
controls the tempo, and adds and removes instruments. Figure 1 outlines the design
workflow of the system.

Digital Design Physical Realization

Adjust initial parameters, restart design

i

Design Specifications

High-level
design
constraints Flocking-based
model
generation

Pass
Review?

Build with robotic Finished Output
>l

Robot team o
fabrication system Structure

trajectories

Robot
kinodynamic
constraints

Recalculate future trajectories if problems detected

Fig. 1. Proposed end-to-end workflow for the entire system

High-level design constraints can be site-specific, such as trees to avoid, rivers to
cross, or preferences such as regions where material density is required or unwanted.
Robot kinematic and dynamic constraints are dependent on the physical limitations of
the fabrication system. These considerations prevent physically impossible and in-
fabricable designs. Typically, generative designs are complex to construct, as they are
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not tool-specific. Designs are often broken down into smaller pieces that can then be
fabricated and assembled into the final form, requiring significant logistic effort and
coordination. By coupling the design tool with the fabrication system, this system
simplifies the design process while allowing complex, organic, tunable, and site-
specific forms.

To integrate generative design protocols with tangible construction, we developed a
flocking-based design strategy in conjunction with the design of the swarm robotics
fabrication system. With this process, the designer specifies a handful of structural
constraints such as adhesion, alignment, global goals, curling bias, and global avoid-
ance regions, and robot constraints such as local collision regions and maximum cur-
vatures. These properties can be varied regionally or over time to achieve additional
high-level design goals. Please refer to Table 1 for a complete list and description of the
tunable high-level parameters. With this approach the designer sacrifices detailed
control for rapid generation of intricate designs. This method has been shown to produce
repeatable designs and the process is intuitive to control and shape them. Currently, the
entire structure is predesigned and adjusted in simulations, but it is possible to use this
strategy to design and build simultaneously.

Table 1. Design parameters and their effects on path and structure

Algorithmic Effect on robot paths Effect on overall structure

parameters

Number of Interactions with neighboring robots | Determines size, build speed, and

robots via other parameters potential density

Starting Initial density Controls density at bottom of

position structure

Adhesion Instructs robots to approach each Increases potential weaving and
other density

Alignment Steers robots in similar direction Decreases weaving

Separation Steers robots away from each other Decreases density and weaving

Curling bias Instructs robots to curl around other | Controls amount/tightness of
tubes weaving in a region of space

Vector field Biases tube alignment with vector Controls overall shapes
field

Virtual walls A virtual surface to avoid and/or Rigidly controls overall shapes
follow

Max angle Limits curve radius of a tube Limits tightness of weave

Collision Volume around robot to prevent Limits tightness of weave

margin collisions

This implementation models the robots as points R = {rl, R rn} with associated
properties A = {ay, . ..,a, }. Where g; is ever robots, r;, set of attributes influencing the

extent to which the algorithmic parameters in Table 1 take effect. Every robot, r;, traces
out a polygonal trajectory (V;,E;), with points V;={vi,...,v,}, and edges
E;={ei,...,¢;} € V;x V;. The movement of each robot is determined by the
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parameters in Table 1 with collision detection and avoidance. The parameters are
denoted by F;({B},a;), where {B} is the set given by the n closest elements from R
and V to r; within a given threshold. F;;({B},aq;) are typical flocking primitives, /;
denotes a scalar. For example, the curling bias is given by the following, where g(x, 0)
is the quaternion from axis x and angle 6 and v, is the nearest element in {B} to one of
the E,‘.

Ficurl({B}7 ai)

= q((vr+1 - vr) - (vrfl - Vr)v 0)(vr - ri)q((vr+1 - Vr) - (Vrfl - Vr)7 0)71
Given a current robot position, r;, its desired next position is fully determined by a
linear combination d; =}, Z;F;;({B}, a;). However, d; needs to be corrected to con-

sider potential collisions with other robots or the already-built structure. For collision
detection with the structure, we generate polygonal struts from E and compute inter-
section with a polygonal cone from r; to 7; + d; with increased thickness in the direction
of d;. The intersection contour is used to adjust d; accordingly. Throughout the process
the angle between d; and v, — v,_; is restricted by the maximum angle physically
achievable by the robots.

While Table 1 lists parameters, Fig. 2 provides visual descriptions of their impacts
on the final structure. Panel A shows high alignment of robots with low angle for
curling bias and small neighborhood threshold, resulting in a straight structure with
localized curling around individual pair of tubes. B in contrast shows minimal align-
ment of robots with high angle value for curling bias and larger neighborhood threshold
resulting in a spread-out structure with curling across multiple tubular elements. C is a
variation of A with a single goal, allowing us to steer the structure globally. D - F show
high level design elements to guide the structure: D shows steering of the structure
along a path, E shows steering of the structure through a vector field, and F shows
alignment of the structure to a surface. A hierarchical organization of the tubular
structure is shown in G. This is achieved by steering robots in individual clusters and
increasing adhesion between centroids of clusters as height increases. H shows colli-
sion avoidance that still allows the tubes to curl around the obstacle. Panel I shows a
structure taking local deflection into account during construction. Here, deflection
under self-load is computed for each new segment a robot builds, showing the potential
to take structural considerations into account during the construction process.

3 Swarm Fabricators

The fabrication system was designed and manufactured in-house by the authors in
conjunction with the algorithm developed for design of architecture. The system con-
sists of many identical robots that concurrently build a pre-designed, tubular structure
from fiberglass composites, shown in Fig. 3. The architectural design is separated into a
single tube per robot. Each tube is segmented and fabricated sequentially by a single
robot, which appends new segments to the end of the tube. Currently, a central wireless
controller communicates with all robots, assigns tasks, monitors their progress, and
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Fig. 2. Variations of generative structures that can be achieved through our system.
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Fig. 3. View of a single robotic agent winding a segment of the tube.

tracks their progression. Tasks, or commands, are represented using a custom pro-
grammatic interface, similar to G-code. Though the system is autonomous, a user can
intervene during the construction process, at any given stage, to pause or change
commands to an individual or set of robots, without affecting the other robots.

Each robot works independently and has an individual material power and material
feed. The robots avoid collision by following their pre-planned, collision-free trajec-
tories as closely as possible. These criteria allow the system to be capable of adding,
removing, or reusing robots mid-fabrication. By completely parallelizing the system,
the footprint of the structure can transversely extend without increasing the fabrication
time. Every robot has a winding arm, nozzle, inflatable membrane and differential drive
system, illustrated in Fig. 4. The arm pulls fiberglass thread and UV-curing resin from
material storage in the base. These materials are drawn through the tube, and rota-
tionally deposited on the outside of the inflatable membrane. The wind arm can be
finely controlled to tune the thickness, material deposition rate, and patterning of the
wetted thread. The inflatable membrane acts as a contractible mandrel that can decrease
in diameter, allowing the robot to delaminate from the cured composite. In Fig. 3 the
mandrel is inflated as the robot winds a segment of the tube. After the segment is fully
wound the mandrel deflates, then the drive system moves the robot up, tilts to a desired
orientation, and repeats.

The drive system allows the robot to move up and down the structure and orient
itself in the tube to extend the tubes and create curvature, respectively. The robot can
localize and follow trajectories by using feedback from an on-board IMU and encoders
that are mounted to the drive system. These components are necessary and sufficient for
each robot to digitally fabricate its own, independent self-supporting tube.

All constraints from Table 1 are incorporated into the algorithm dictating the
structural design. Several constraints arose from physical limitations. For instance, the
geometry of the robot restricts the maximum angle it can tilt within the tube to 2.5°.
This results in the curvature of the tube being a radius of 0.72 m or greater. The power
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coiled tether

Fig. 4. Overview of a single robot fabricating a tube, the tilt shows how curvature is achieved.

and resin tethers are a fixed length and connected to the base, which limit the height of
the tubes. As the winding arm protrudes past the maximum radius of the tube, the tubes
need to be separated by at least that distance to avoid collisions. Though the positioning
of the bases can be adjusted, they provide a crucial foundation for the architecture and
their location defines the starting point of the fabrication.

4 Physical Realization of a Swarm Fabricated Structure

As a case study, we built a 4.5 m-tall pavilion using 16 autonomous robots in parallel
over the course of two days. We wanted to create an architectural-scale pavilion that
felt like an enclosed space a viewer could enter. Therefore, robots were clustered into
four groups of four. Each cluster was then placed in a square configuration 1.75 m
apart. An attraction point was added in the design tool 3 m above the center of the
clusters. With this configuration robots within clusters interacted on the lower part of
the structure and clusters came together to show global motion and create an enclosed
space. The thickness of the tubes was designed to decrease with structural height, to
minimize material usage and optimize structural performance. Parameters including
alignment and curvature were adjusted to generate various iterations of the design and
corresponding robot trajectories. The iteration shown in Fig. 5 was selected (Fig. 6).
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d

Fig. 5. On the left is the pre-designed structure, incorporating both robot and design constraints.
On the right is the resulting fabricated structure.

Fig. 6. Time series demonstrating the time length and scale of the full build

The central control system segments and allocates trajectories to the robots while
monitoring overall progress. With the parameters used in this case study, each robot
fabricated about 0.8 m of tube per hour. The fabrication speed varies based on the
thickness of the tube. This structure was constructed in two days, building for roughly
12.5 h each day. After the robots began construction they operated autonomously,
excluding the human intervention needed to monitor and refill the resin reservoirs. In
this case study individual robots were stopped several times throughout the build for
inspection and repair.

This pavilion stood self-supported in the New England climate for more than 7
months without showing wear. It is important to note that several challenges still exist
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within our system. Many physical constraints, both robot and environmental, may not
be fully captured by the design process, which can lead to robots getting stuck along
their trajectories or colliding with unintended obstacles. Ground-plane estimation errors
and odometry drift contribute to overall structural errors. Working without absolute
external feedback can cause large errors in robot localization, which may lead to
collisions and deviations between the structure and the design, as shown in Fig. 5.
Error was manually measured and averaged between 0.5-1 m for each tube over the
4 m distance. Additional measurements are needed for a thorough error analysis.

5 Conclusion and Future Work

This work proposed, demonstrated, and experimentally evaluated swarm-aware design
and digital fabrication strategies. An architectural scale structure was digitally fabri-
cated using the described design software and swarm fabricators. These tools work
hand-in-hand to enable designers to take full advantage of swarm systems without
introducing compounding complexity to the design and fabrication processes.

In future work we hope to explore the use of different construction materials, as
well as global and local patterning methods to tune the flexibility and durability of both
the structure and the individual tubes. Developing a fully decentralized control strategy
for the swarm is also of interest. Additional external could mitigate overall localization
errors. Extra ports and wires are designed into the current robot specifically to enable
this future research. Implementing this control scheme would allow designers to have
real-time interactions with the fabrication system. This would decrease project
schedules by eliminating the time between design and construction. We believe these
innovations push forward a strategy for working with multi-robot systems that will
enhance the speed and safety of construction, while enabling the fabrication of forms
that were previously not feasible.

Acknowledgments. The authors would like to acknowledge Robert Ricardo I Garriga for
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her instrumental work building the software interface and implementation of networking to the
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Abstract. This paper addresses a novel technique of 3D clay printing using a
robotic arm along with the architectural applicability of the proposed fabrication
technique. In the initial phase of research, we selected the clay material to be
used for printing in consideration of its viscosity and developed the clay
extruder customized for the material. In the late phase, to verify how effective
the robotic fabrication technique we propose is, we manufactured the freeform
foam mold and tested multi-axis clay 3D printing on it by using three end-
effectors consecutively: hotwire cutter, spindle, and clay extruder. Also,
applying the proposed technique to a larger-scale ceramic structure consisting of
nineteen panels, we checked the feasibility of fabricating actual ceramic building
components with this technique. If this robotic clay 3D printing technique is
improved more and fulfills the demands of the industry in future, it will enable
cost-effective ceramic modular fabrication for a customized design in
architecture.

Keywords: Clay 3D printing *+ Robotic fabrication - Freeform ceramics
Subtractive manufacturing + Additive manufacturing

1 Introduction

1.1 Ceramics in Architecture

In the process of building construction, ceramics have been used as modular units (e.g.
bricks, panels, and tiles) which are necessarily mass-produced. Architects have rec-
ognized the addressable elemental units of ceramics not so much as the clay itself but as
standardized modules, so that the general ceramic components of buildings have been
applied in the conventional manner of filling the flat facade elements.

The recent introduction of digital fabrication technology is enabling architects to
process and produce ceramics and other existing materials in a new way, entailing such
attempts as to escape from the existing standardized modular system. For instance,
Andreani and Bechthold (2014) added the robotic brick-forming process to the existing
brick production line in their research project, which was to construct parametric
masonry walls by mixing general and transformed bricks. Also, Peter (2014) in his
“Building Byte” case produced undulating ceramic brick modules by combining a
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general affordable three-axis 3D printing device and a ceramic extruder. These research
cases on digital fabrication with ceramic materials are showing possibilities of
affordable production and fabrication of freeform or parametric ceramic components by
gradually atomizing the smallest unit of ceramics that the designer can address in an
architectural scale.

1.2 Previous Works

Amongst many 3D printing techniques, fused deposition modeling (FDM) is the most
popular and affordable technique which is applicable not only to plastic but also to
liquid or pasty materials. However, such a 3D printing technique is based on the three-
axis gantry system, which has an inherent limitation of one-way deposition along the
Z-axis and so is difficult to apply to architectural scales. Some researchers have recently
endeavored to overcome such a limitation of the existing system by grafting the
technique of industrial robotic multi-axis fabrication to 3D printing. A research project
by IAAC and Joris Laarman Studio demonstrated the possibility of 3D printing with
free direction of deposition, mainly investigating the rapidly sintered materials and the
cooling device (Laarman et al. 2014). Another research conducted at Tongji University
was to print the product with acrylonitrile butadiene styrene (ABS) and no support,
based on the information of geometry optimized by simulating the structural rigidity of
the material (Yuan et al. 2016). Both research cases focused on the process of forming
self-supporting structure based on the cooling system and the rapidly sintered material
which ensures structural rigidity. Tam (2016) suggested “stress line additive manu-
facturing” (SLAM) as a technique to overcome the limitations of general FDM in such
terms as aesthetic expression, efficiency of material consumption, accuracy, and ani-
sotropic layered structure. It was to aesthetically embody the same form and ensure
structural performance by making various patterns of depositions based on the stress
lines of the designed surface mold. Also, the project “Support-free Volume Printing by
Multi-axis Motion” conducted in collaboration by TU Delft, Tsinghua University, and
INRIA (French Institute for Research in Computer Science and Automation) estab-
lished the Tool-path generation strategy that enables the support-free printing of models
with large overhangs and high-genus topology by the control of an industrial robot
equipped with the print bed (Dai et al. 2018).

Amongst the precedent projects, the “Thallus” (2017) by Zaha Hadid Architects is
one that applied the FDM-based multi-axis 3D printing technique on the styrene mold
processed by hotwire cutter, maximizing the DOF (degree of freedom) of deposition
processing by fastening the mold onto the rotation table. The Thallus project clearly
demonstrates the possibility of aesthetic expression by robotic multi-axis FDM as well
as the strength of robotic fabrication for the scale that enables manufacturing.

There are recent papers of research on the multi-axis clay 3D printing, such as
“Woven Clay” (Friedman et al. 2014), “Free Form Clay Deposition in Custom Gen-
erated Molds” (Dunn et al. 2016), and “Clay Non-Wovens” (Rosenwasser et al. 2017).
These projects show the efforts of overcoming the limitations of materiality and
escaping general deposition techniques in the methodological terms of depositing clay
material. Although the three projects focus on different issues, it is interesting that all of
them utilize the curvaceous mold as the bed for the deposition of clay. Friedman used
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the milled foam for the weaving density of clay coil or its visual effects. Rosenwasser
changed the speed of extrusion and used the mold based on sine curves to intentionally
generate irregular patterns by the material behavior of clay, which is a natural material,
and engender the variation of those patterns at a controllable level. While these two
papers focused on the variation of patterns through special techniques of clay depo-
sition, Dunn highlights the efficiency and possibility of the two-step robotic fabrication
technique, which includes the robotic milling of a sustainable formwork for the first
step and the controlled deposition of liquid clay into a form or mold for the second step.

1.3 Project “InFormed Ceramics”

In this project, we investigated multi-axis clay 3D printing on the freeform mold
utilizing an industrial robot and applied it to large-scale fabrication. We intended to
carry out free multi-axis robotic 3D printing within the usual material boundary of clay,
rather than creating a particular kind of clay or mechanical sintering device in order to
secure self-supporting material properties.

This process looks similar to that of Dunn’s research, but differs actually in overall
aspects such as the clay used, the extruder device, and the material and processing of
the mold. For the material, Dunn applied the slip-casting method based on the “slip,”
the soil-water combination which generally has a high percentage of moisture. In the
initial phase of research, we experimented on extruding clays with various viscosities
and concluded that utilizing the “slip” which has significantly low viscosity is some-
what ill-suited for the 3D printing material which needs rapid sintering as a prereq-
uisite. We assigned a priority to selecting such a material as to secure productivity and
the quality of printing, and then endeavored to develop such an extruder device as to
overcome the stress of the highly-viscous “clay body.” In the late phase of research, we
mainly conducted verification of the composite fabrication process that we proposed to
secure productivity and quality. In the process of fabricating the surface mold, the
continuous robotic processing based on the consecutive use of the hotwire cutter and
the spindle significantly saved the time consumed for the roughing stage.

In this paper, we intend to address the following content in detail: investigation of
materials used for this research and fabrication process; development of the extruder;
verification of the fabrication process mixed with composite processing and the
Toolpath strategy; and the issues arising from post-processing and the countermeasures
against them.

2 Material Studies and Robotic Tooling for Clay Extrusion

2.1 Material Selection

In this project, we tested the clay material considering viscosity, form maintenance,
applicability, and convenience. Upon determining materiality of the clay, we developed
the extruder accordingly. In the early phase, we mixed clay with white earth powder,
and water in a certain ratio to make a clay mixture with proper viscosity. This method
was that which has been generally used, mixing components of the “slip” except a
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deflocculant in order to secure viscosity to the extent of enabling deposition in a coiling
pattern by adjusting the water content. However, the clay mixture created in this way
showed low viscosity generally, so that the height of a layer one could build up at a
time was low and the extruded material did not maintain its form but flowed down and
caused low quality (Fig. 1).

Fig. 1. The clay made by slip-casting and the progressive cavity pump extruder (Left), and the
commonly used clay body and the cylinder extruder (Right). It took 11 and 2 min respectively
for the Left and the Right to print forms with almost the same height and width.

Although we could have conducted research by significantly reducing the water
content for the material mix, this process of making a clay mixture required much time
and effort as we had to prepare the materials in an accurate ratio in advance and
eliminate the bubbles arising in the mixing process. We also could not produce a large
amount of clay mixture at once because long-term storage would change its viscosity.
Therefore, we decided to use the commonly available clay body, whose moisture
content is around 15%, as the printing material, and developed a new extruder fit for its
materiality. For this project, we mainly used Buncheong clay, a kind of earthenware
clays. Generally produced with a clay mixer, this clay body has no internal bubble from
the beginning but high viscosity, so as to show the better quality of form maintenance
after extrusion than clay mixtures do.

2.2 Development of Clay Extruder

We have developed a series of extruder devices according to the printing material
(Fig. 2). In the early phase, we used the extruder equipped with a progressive cavity
pump to shoot out a tender clay mixture. In the following phase, however, using the
15% water-containing clay body as the printing material to secure printability and
convenience, we discovered some problems with the high pressure arising in the
extruder. As the cavity-pump-type extruder did not endure the pressure of clay body
extrusion, we had to take a new material extrusion technique, the syringe type using a
high-torque step motor and a screw jack. For the two-liter extruder, we used the motor
whose maximum torque is 200 kgf-cm and the screw jack with the gear ratio of one to
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three in order to pass low-water-containing clay body through the 5 mm-thick nozzle,
while the extruder was made of high-stiffness materials such as aluminum, Polyacetal,
and polycarbonate to endure the high pressure arising from extrusion. Using the
syringe-type extruder, we were able to secure the quality and stability of clay 3D
printing. All works addressed in this paper were carried out with this syringe-type
extruder. The developed clay extruder was attached to the robotic arm and underwent
numerous printing tests on a flat bed. These basic tests enabled us to figure out the
speed of the robot, the feed rate through the extruder, and the size of the nozzle hole
required for stable deposition of clay, and to resolve the problems that occurred from
the extruder and materials.
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Fig. 2. A series of clay extruders were developed and the last two devices were mainly utilized
in this project “InFormed Ceramics”.

3 Fabrication Methodology and Application

Prior to the full-scale panel fabrication, we conducted simple experiments of producing
prototypes to determine the possibility of a new multi-axis clay 3D printing. Designing
a dynamic form of double-curved surface and proceeding with a continuous fabrication
process, we attempted to consecutively use three different robotic tools—hotwire
cutter, spindle, and clay extruder—for the serial process from mold machining to clay
deposition, without changing the mold location (Fig. 3).

The three tools used in this process have different tool center points (TCPs), so that
we had to conduct several times of software simulation before physical robotic pro-
cessing, in order to designate the optimal mold position that can enable all kinds of
robot behaviors with each tool mounted and within the scope in which robotic arm can
avoid singularity. In this project, we used such Grasshopper-based in-house plug-in
“GERTY” and Robot Studio together to conduct accurate simulation of the robot
behavior and create the Tool-path and the RAPID code. In this way, the mold location
was controlled during the process to maintain the accuracy of multiple robotic
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Fig. 3. Utilized three different end-effectors (hotwire cutter, spindle, and clay extruder) and
Tool-path strategies

procedures occurring on the mold, without the need of introducing a secondary tech-
nique like 3D scanning.

3.1 Freeform Mold

Clay is not quickly dried after extrusion and so makes it difficult to form a self-
supporting structure. Even if one develops a mechanic device to dry clay quickly, the
quickly dried clay generally entails cracking that weakens the structure. Thus, in order
to create hanging shapes by 3D printing with general clay, a supporting structure is
inevitably needed that will maintain the form of deposited clay until it is dried enough.
In this project, we made a mold as the supporting structure and the formal reference to
shape the freeform porous ceramic panels. The surface mold was made of expanded
polystyrene (EPS) with the robotic machining technique of hotwire cutting and multi-
axis milling. Generally, the machining operation proceeds in two stages: roughing and
finishing. Roughing is the first stage of machining whose objective is to quickly
remove the bulk of the waste material. This stage is assigned comparatively more time
amongst the whole machining process, because the spindle’s processing capability at a
time is limited to a comparatively small amount due to the diameter and processing
depth of its end-mill. In this project, we were able to save much time in mold roughing
by using hotwire cutting instead of spindle. For instance, as a consequence of com-
paring the Tool-path lengths and the processing speeds between the spindle and hot-
wire cutter in the roughing stage on the same form, it was found that the spindle with a
6 mm diameter end-mill took about 125 min while the hotwire cutter took just 15 min
for processing (Table 1, Fig. 4).

Next, finishing is a detailed processing stage that uses the spindle tool: we made the
final mold by processing the precision surface as the original form for panel production
(Fig. 5).



304 M. Ko et al.

Table 1. Comparison of the spindle and hot-wire cutter.

Spindle | Hot-wire cutter
Length of Tool-path (mm) | 301111.5 | 2802.2

Speed of the robot (mm/s) | 40 3
Machining time (min) 125 15

Hotwire Cutter

Fig. 5. Roughing with a hot-wire cutter (left) and finishing with a spindle (right)



InFormed Ceramics: Multi-axis Clay 3D Printing on Freeform Molds 305

3.2 Robotic Multi-axis Clay Deposition

Using the developed syringe-type clay extruder, we deposited the porous clay on the
freeform mold. The processed panel was designed with a diagrid pattern to secure
structural stiffness after drying and kiln firing. The Tool-path is made up of a continuous
single curve, and designed to make the extruded clay bodies overlap and conjoin at
nodal points. The first clay layer was spaced narrowly from the mold surface with
around 1 to 1.5 mm to attach clay well to the mold, and a spray adhesive is used to fix it
temporarily. The next clay layers deposited on the first one were set to be 5 mm width
and 2 mm height, so that all fifteen layers deposited became about 30 mm thick (Fig. 6).

Fig. 6. Multi-axis clay deposition with customized clay extruder

3.3 Application

Through this simple procedure of prototype panel fabrication, we have observed the
possibility of manufacturing new ceramic panels in the way of depositing clay on the
curved surface, escaping from the standardized modular ones. We intended to apply the
new clay 3D printing technique to the larger-scale fabrication project titled “InFormed
Ceramics.” Using Kangaroo physics engine for Grasshopper, the design team sug-
gested such diagrid paneling as to be filled with the flow of minimal surfaces defined by
several sequential boundary curves. The height of the structure right after extrusion is
about 1700 mm. In the early phase of paneling design, it was planned to be made as
two to three panels with the aid of a large robot (IRB6700). However, the larger the
clay structure becomes, the more likely the clay is to have cracks and the more unlikely
we are to obtain such a large kiln in reality. We thus produced it separately as nineteen
different panel modules (Fig. 7). Two consecutive modules were designed not to break
the flow of minimal surfaces, but to interlock with each other. A large robot IRB6700)
was utilized to carry out mold production and clay 3D printing for six to seven modules
at a time (Fig. 8). In this way, we made a porous paneling whose depth is around
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Fig. 8. Clay 3D printing on molds with IRB 6700 and produced nineteen panels

50 mm and consisting of 25 layers deposited, each of which is set to 8 mm width,
considering the installation size.

3.4 Post-processing and On-site Installation

The produced panels undergo a slow drying process for about a week, together with the
mold in an indoor shady space. The clay contracts by about 10 to 15% as its moisture
evaporates in the drying process, so that any unbalanced drying would entail cracking
and so be likely to yield the failure of this project. In this project, the deposited clay
contracts in such a process but the mold does not, so that partial cracks occurred quite
frequently in the previous test prototyping. In the main fabrication process, the panels
for a dynamic structure were separated to make more gentle curvatures, thus generating
almost no cracking by the difference of contraction rates between the mold and the
panel in the drying process. The dried panel modules underwent a firing process at
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Fig. 9. On-site installation and final result

1250 °C in a kiln for a day, and became ceramic panels, which were installed on site
with epoxy bonding (Fig. 9).

4 Conclusion and Future Development

This project successfully demonstrated the large-scale outcome of applying a new
robotic 3D printing with clay, but also revealed various problems in the production
process. First, the syringe-type extruder used in this project doubles as the clay con-
tainer, so that all clay bodies to be extruded at a time should be loaded on the robot.
The physically large extruder was an element of limiting the robot behavior in the
fabrication process, and the overall efficiency of work decreased as one had to stop all
the works time and again to replace the polycarbonate pipe of the extruder to fill up
with new clay. Second, there occurred deformation of the product in the process of
drying and firing after the clay panel formation. The difference of contraction rates
between the printing product and the mold, and the high temperature within the kiln
yielded subtle deformation of each panel. As a consequence, the end of the last panel
amongst the nineteen panels became totally deviated from the original position and
unable to be combined, although the combinations between adjacent panels were
successful in the last fabrication. We are planning to conduct relevant research and
technical improvement continuously to make better end-effectors and prevent such
deformation of the product. After this project, we are already endeavoring to secure the
degree of freedom of robot behavior and the convenience of material supply by
improving the extruder in Bowden’s way of separating material supply from the nozzle.
Also, we are planning an experiment of producing the mold whose material property
can sustain the role of a supporting structure until the drying and firing process.

This research project still has limitations that should be overcome, but successfully
demonstrated the possibility that the robotic clay 3D printing technique can apply to the
production of new structures and panels in the architecture and construction industry.



308 M. Ko et al.

If further research satisfies the current needs of the industry in terms of precision and
productivity of the final product, this printing technique will be effectively used for the
customized production of architectural materials, instead of the existing standardized
ceramic modules. Moreover, the new 3D printing technique addressed in this project
has a potential of applying not only to ceramics but also to other architectural materials
with viscosity, so that it will have positive influence on and be a source of inspiration to
the various future experiments of robotic fabrication.

Acknowledgements. The authors would like to thank Ji-Eun Hwang (Professor, Department of
Architecture, University of Seoul) for continuous and generous support. Authors’ special thanks
are extended to the staff of Seoul Biennale of Architecture and Urbanism 2017 for their support.
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Abstract. This paper explores the ventures of the Robotic Fabrications AA
Visiting School. Cultivating and implementing radical and innovative modes of
architectural fabrication, we borrow from neighbouring creative fields such as
choreography, performance and martial arts - efficient code being infected with
an exciting spatial complexity and positing an artistic engagement within the
world of physical production.

1 Introduction

The Robotic Fabrications Visiting School' operates as an experimental branch of the
Architectural Association’s Design + Make programme — cultivating and implementing
radical and innovative modes of architectural production. We foster a deep interest in the
technical aspects of robotics while ultimately looking to engage it in a wider spatial and
cultural discourse. Merging expert knowledge of timber construction with 6-axis robotic
fabrication - the creative potential of prototyping complex timber structures has been
explored through the progressive manufacture of a Foundry for Hooke Park.

Traditional tools and techniques for making are hijacked, re-invented and applied
as innovative processes for architecture. Our two weapons of choice - a bandsaw and
chainsaw - gain an augmented level of precision and control when wielded by the Kuka
KR150. In converting these tools into end-effectors, their performance is altered.
Through rigorous physical testing, we prototype intricate connection details, and apply
the extraordinary precision and flexibility of multi-axis robotic machining while
ensuring design strategies are firmly rooted within tradition.

Robotic Fabrications is run by director Emmanuel Vercruysse and tutor Zachary Mollica with the
robotics team of Pradeep Devadass, Gary Edwards and recently, Michael Arnett. Authors Emmanuel
and Zachary are respectively a co-director and studio tutor for the AA’s Design + Make programme.
At the time of the work presented, author Pradeep Devadass was AA Hooke Park’s Robotics
Developer as part of a collaboration between the AA, UWE and KTP.
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If the behaviour of the hijacked tool has transformed, then so has our space of
production. As traditional fabrication principles undergo a digital re-interpretation
through the implications of robotics — they deviate from the tightly controlled motion
paths of industrial applications into the realm of staged events. Borrowing from
neighbouring creative fields such as choreography, performance and martial arts,
efficient code is infected with an exciting spatial complexity and posits an artistic
engagement within the world of physical production. Although the fabrication of
complex architectural components remains the core driver, the performative nature of
manufacturing has become a key driver in our augmented space of production.

1.1 The Foundry

While timber sourced from the surrounding woodland has served as the primary working
material for the architectural constructs developed in Hooke Park, recent investigations
into metal casting instigated the development of a Foundry for the campus. The outcome
of the first workshop, ‘Chainsaw Choreographies,” is an opening move. Four over-
hanging Douglas fir beams interwoven and supported on three naturally formed tree
forks set out a precise circular plan. The design evolves incrementally, through
‘Bandsaw Manoeuvres,” 10 distinct components were fabricated which together form a
complex ring beam which will receive the structure’s eventual shell (Figs. 1 and 2).

Fig. 1. Photogrammetric 3D scan of the Foundry after ‘Chainsaw Choreographies’. This precise
survey confirmed the accuracy of fabrication and served as a base for further development.

1.2 Material Library

Headquartered in Hooke Park, we are embedded within our primary material library -
the forest itself. Beyond its immediate proximity, timber is chosen as the main material
for our experiments due to its inherently dynamic properties. The form of each standing
tree is a distinct composition of grain that has grown in direct response to its environs.
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Fig. 2. ‘Bandsaw Manoeuvres’ participants inhabit the 10 components of the ring beam.

This form governs how each piece of timber derived from the tree reacts to subsequent
operations. Through careful understanding of this variation, it can be accounted for
within our methods. “It is important to remember wood is a living thing — one must
understand its properties and not oppose them” [1].

In the development of the Foundry, timber has been used in various formats: large
rectilinear beams; naturally formed Y’ shaped forks®; and bespoke stocks made
through a variety of lamination techniques. The timber used throughout has been
‘green’ - with a moisture content between 20-70% and therefore an increased pre-
disposition to movement. Restricted by the quantity of energy they could employ to
join timbers, traditional craftsmen developed methods which engaged closely with the
material’s grain and embodied information. While mechanical fasteners have become
standard practice for jointing timber assemblies due to their ease and predictable
performance, Robotic Fabrications explores the development of complex timber to
timber connections inspired by traditional Japanese joinery.

2 The authors, as faculty for the AA’s Design + Make programme, gained significant expertise in
working with complex inherent timber forms through the Wood Chip Barn project (2016).
‘Chainsaw Choreographies’ expanded on the extensive workflows established [2].
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2 Altering the Behaviour of Tools

2.1 Act 1: The Chainsaw, Act 2: The Bandsaw

In the laboratory environment of Robotic Fabrications, we foster a critical approach
towards design-through-making where making is central to the act of design and
learning central to the act of making. The core objective of these 10-day workshops is
an exploration — to unravel, discover and assemble an in-depth knowledge of the newly
installed end-effector. The pace is furious, producing 10 components in 10 days this
year, and through the reinvention and hybridisation of tools and techniques, unique
methods of fabrication are exposed (Fig. 3).

Fig. 3. Weapon of choice - bandsaw end-effector used during ‘Bandsaw Manoeuvres’

The selection of tool to be employed for each task is significant. Beyond a
requirement to achieve a particular duty well, tools are chosen for their temperament,
complications and limitations. Borrowed from the world we operate in daily - the wood
workshop and surrounding forest - the bandsaw and the chainsaw have become our
weapons of choice. Though each of these tools has been applied as a robotic end-effector
in previous investigations, they have been employed typically as a means of achieving
component shape — with less emphasis given to material properties and the rich history
of craftspeople deriving timber joinery directly from these characteristics. In a work
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titled “7x Stool’ [3, 4], Pawlofsky and Weissmahr employed a chainsaw end-effector to
cut a pair of stools and a small table from a single piece of round timber. With priority
given to the gesture of this act, the anisotropic nature of timber remains neglected in the
finished pieces. A bandsaw end-effector has been applied to timber fabrication within
two recent projects: Philip Yuan and Hua Chai’s ‘Robotic Wood Tectonics’ [5], and
Ryan Luke Johns and Nicholas Foley’s ‘Bandsawn Bands’ [6]. Each demonstrates the
ability of this continuous blade to create curved geometries, and while neither engages
significantly with timber to timber joinery, the latter’s intent to derive forms from
wood’s own nonstandard grain configuration adds a richness to the work.

Robotic Fabrications use of these two tools is distinguished by two primary
motives: to develop complex timber to timber connections rooted in tradition; and to
explore performative manufacturing through analogy between robotic trajectories and
human motion. Fundamentally setting apart the work presented is its location in Hooke
Park. With a diverse team made up of craftspeople, designers, engineers, roboteers, a
forester and more specialist knowledge is introduced from each. Working closely with
Hooke Park’s Workshop Manager Charlie Corry Wright and Forester Christopher Sadd
to attach these tools to the robotic arm we begin to dissect and analyse the shifts in
behaviour implied by their operator (Fig. 4).

Fig. 4. Weapon of choice - chainsaw end effector used during ‘Chainsaw Choreographies’
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In the hands of a human operator, the chainsaw becomes a vigilant act of averaging
out and balance - the operator’s body offering the damping needed to maintain a
straight cut through the saw’s violent vibrations. Resistance is evaluated throughout,
and cut speed adjusted instinctually, with the operator free to move continually in the
cut’s plane. Directed by the robotic arm, these conventional tools gain an augmented
level of precision and control. The behaviour of the tool has changed — and the modes
in which the tool may be used fundamentally altered. Some of these deviations reveal
themselves instantly and are obvious, others require deeper analysis and are observed
through careful examination of film and various surveying mediums.

The chainsaw is installed as an end-effector as-found. Two holes through the
saw’s bar allow it to be fixed while preventing continuous fine tuning of the chain’s
tension impacting its calibration. The bandsaw’s reinvention is taken a step further.
Disassembling an off-the-shelf saw, a bespoke bandsaw was crafted from its remains.
Welding together a minimal frame, all non-essential components were left off and its
cutting gate widened to maximise cutting access. Wielded by the robotic arm, the
bandsaw reverses its traditional relationship to the material it works on — traveling
towards it.

Rules emerge governing the forms to be produced by each tool. As for the Japanese
carpenter whose complex joints are developed from a series of planar cuts owing to the
plane of their pullsaw, each cut in ‘Chainsaw Choreographies’ is governed by the
chainsaw’s flat bar — its dimension dictating the size of components and joints.*
Enacting invisible instructions, the robotic arm has no need to set out its cuts —
avoiding a time-consuming process on complex timber. Where the saw is unable to
finish a joint unaided due to reach or depth, it is used to provide markings for hard
finishing. Working with a thin flexible blade, the bandsaw is able to carefully make
singly curved cuts. Carefully sculpted form and complex joint becoming one (Fig. 5).

2.2 Robot Language and Logistics

Restricted by the orientation of existing software packages towards industrial opera-
tions, the pace and range of our experimentation demands the development of bespoke
toolpath generators. Parameter based offline programming is developed through
KUKA|pre’s inverse kinematic solver — allowing complex sequences of operations to
be programmed by inexperienced participants. For the chainsaw, toolpaths are gener-
ated from a minimal input of two curves - the first defining the extreme cutting edge of
the saw and the second governing its orientation. For the bandsaw, toolpaths are
generated by extracting medial curves from each surface of complex objects modelled
in 3D. Retract heights are generated from these guide curves to ensure safe entry and
exit from the material, and in areas containing radiuses and curvature, a greater density
of planes are generated in order to ensure both smooth and precise cutting.

3 While the robotic arm operates with sub millimeter precision, through close observation, the
chainsaw was found to resonate up to 4 mm due to the arm’s inflexibility and lack of damping.

* The Chainsaw uses a bar of approximately 400 x 60 x 4 mm, while the bandsaw’s kerf is much
thinner and restricted by the 400 mm cutting gate between its two wheels.
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Fig. 5. Analog finishing is applied through both workshops to complete joinery for which the
robotic arm has set out the extents (left — kerf to be removed) and to ensure a tight join (right).

As the human operator carefully considers their physical orientation to both tool
and workpiece, the mounting of each end-effector to the robotic arm and methods for
stock holding are thoroughly thought through in each instance — balancing the need for
workpiece stability and maximum access. Constraints of the arm itself are considered in
parallel — the chainsaw for instance mounted at an angle of 45° to the arm’s 6th axis to
avoid wrist singularities.

While the robotic arm allows each saw to approach the workpiece in ways a human
operator may not manage, the saw may still struggle through the cut owing to char-
acteristics of their blades.” This correspondence between analog and digital work-
manship becomes an important component of our investigations — identifying the
unique potential offered by mounting each tool as an end-effector.

3 Performative Nature of Manufacturing

The natural habitat of robots is the controlled environment of the factory. Their natural
movement strategy the utilitarian tool-path described by the typical requirement to
move in prescribed lines or arcs, and optimised for economic efficiency. Investigating
the principles underlying Japanese joining we actively pursue the potential of allowing

> Chainsaws for example may be mounted with ripping (for cutting along grain) or crosscutting (for
cutting across grain) chains — each possessing a different tooth profile. Impractical to switch between
each operation, the arms feed rates are instead adjusted to compensate — simulating the human
operator. With the bandsaw, a trade off is made between speed of cutting (requiring a large tooth
pitch) and minimum turning radius (requiring a finer band/tooth).
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Fig. 6. In Robotic Fabrications, typical lead-in sequences are transformed, taking inspiration
from different stances observed in the practice of laido (Below [7]).

operations to deviate from the restrained motion paths of industrial applications.
Explorations of controlled movement borrowed from the realm of martial arts and
performance infect the work with an exciting spatial complexity (Fig. 6).

Operating within the depths of the code, these prescribed movement sequences link
code segments that relate to the more functional operations where the chainsaw directly
engages with the timber. These highly choreographed movement arrangements serve to
connect the primary movement sequences to each other in space and are mainly applied
through linking commands.

The conventional home and repose positions became informed by terminology and
principle translated from the art of laido [8]. This traditional Japanese martial art of the
sword strives for smooth, controlled movements of drawing the sword from its scab-
bard aiming to strike or cut with a dynamic and elegant action. Typical lead-in
sequences were transformed by different stances - strategic standing positions from
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which an attacking or defensive move originates. These were closely observed and
respectfully translated towards movement sequences for robot and chainsaw.

These inserted motions produced an amalgamation of technology, timber connec-
tions and martial arts, generating an exciting spatial complexity and developing an
artistic engagement within the world of physical production (Fig. 7).

Fig. 7. Ornament and form are explored alongside joining strategies.

4 Conclusion

Through this project we are in search of serendipitous moments of fusion between tool,
timber construction and performance. These choreographies situate the precision and
repeatability inherent in robotics in relation to traditional fabrication techniques and
hijacked tools, defining gestural motions not born from efficiency and suggestive but
instead of cultural references and occasionally mischief. We are vigorously resisting
ideas of full automation - instead we forcefully extend and invent ways to increase the
level of interaction with our tools. Sustaining the notion of tools as extensions of our
bodily self, the idea that they perform fully independently -as a phantom limb- only
advances the disconnect between design and fabrication.

Encouraging a dialog between haptic and scripted operations lets us circumnavigate
their individual shortcomings and produces workflows that work complimentary.

Implementing various tools regularly used in conventional timber fabrication, our
aim is to use robotic technology not forcefully, for power, repeatability or willful
formalism, but delicately, for the strategic augmentation of a naturally complex material.
We are concerned with direct applications for industry, but also with the inherent
possibilities of beauty and power, theatre and magic [9].
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Ultimately, we operate in a territory where robotics in architecture, art, and design
can construct a highly original reality and be seen as a powerful instrument for creative
speculation.
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Abstract. The research presented in this paper describes a new strategy for
deploying a cyber-physical macro material combined with aerial construction
robots as a reconfigurable architecture. The resulting architectural system is
capable of autonomous rearrangement and stagnant operation driven by
behavioral design patterns rather than a singular robotic assembly or construc-
tion method.

The central part of the paper describes the functional framework for applying
the system to a self-supporting roof canopy where the material is comprised of
discrete, lightweight, polyhedron shaped, carbon fiber units with onboard
sensing, processing, and communication. The material is autonomously recon-
figured by calling and coupling with task-specific UAV builders. Programming
and hardware for intra- and inter-material, and builder communication and user
interaction are described. The system’s live decision making, interaction, and
continuous reconfiguration based on programmatic input are outlined. The
cyber-physical framework is produced and shown in 1:1 functional prototype.

Three potential behavioral scenarios applying the system as a new type of
architecture are outlined: adaptive behavior, interactive behavior, and learning
behavior. Further, the programming of the existing framework using machine
learning and artificial intelligence is proposed as a future development. In
conclusion, developments of the system and the impact and disruption of
architectural design, planning, and construction processes are proposed.

Keywords: Cyber-physical architecture - Digital materials
Robotic architecture + Reconfigurable architecture + Adaptable architecture
Programmable matter - Robotic materials

1 Introduction

Technological developments in intelligent digital materials and autonomous robotic
assembly open new possibilities for cyber-physical construction and behaviorally
programmed architecture [1-3]. Building with a digital material that is also capable of
on-board sensing, processing, and communication as a system enable buildings to
embody new roles but often lack the capacity to physically reconfigure. However, fully
distributed systems and forms of classical programmable matter, capable of onboard
actuation/movement are today scale limited by mechanics, electronics, costs, and
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production. In parallel behavioral robotic fabrication processes with sensor feedback
have advanced construct components and structures with traditional or digital materials
in a sophisticated fashion [1, 4]. Building from these principles a higher level of
distributed intelligence and control can be placed within the building material, inverting
the relationship between robotic builder and material. In this work the robotic system
advances beyond the construction process to become an active part of the architecture,
creating a cyber-physical architectural system.

This research combines an intelligent digital material with aerial construction
robots to prototype a new breed of reconfigurable architecture (Fig. 1). The system is
comprised of lightweight, macro-scale material units with onboard sensors and pro-
cessing, task-specific UAVs (Unmanned Aerial Vehicles) used as builders, and a
communication, control, and programming framework. As a system it can be consid-
ered a machine within which the building material and robotic builder are in constant
digital communication with each other as well as with the occupants and space which it
inhabits. Material is configured and reconfigured in the x-y plane by a UAV and spans
between moveable vertical columns. The material, builder and user are strategically
physically separated into distinct vertical construction zones (Fig. 2).

Fig. 1. Prototype of a cyber-physical building material for a reconfigurable architectural system.
Left - Material arranged as a canopy. Right - a UAV builder relocating material.
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Fig. 2. Visualization of the proposed cyber-physical architectural system traversing throughout
an open space.

2 Context

Digital materials are specifically designed for reconfiguration [5]. These physical
properties combined with developments in smart building blocks as part of the IoT
(Internet of Things) and programmable matter present an entirely new perspective on
how ‘robotics’ can be applied to architecture in which the building materials and
builders possess a level of unsupervised embedded computation and inherent recon-
figurability. Conceptual visions of macro scale, machine-based, spatially reconfigurable
architecture has fascinated visionaries looking for a mobile and adaptable architecture
[6, 7]. The architectural application of more interact behaviors in these systems is
strictly limited by their physical capacities to change configuration resulting in limited
to analog movements of typical building components (Ori Systems, 2018) or shape-
morphing of single surfaces incapable of typological reconfiguration [8, 9]. Recent
advances applying robotic manipulators to reconfigure architecture have proved
promising yet allude to the fact that a material-based approach would provide higher
resolution and further adaptability [10].
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3 State-of-the-Art

Multiple projects have demonstrated autonomous reconfiguration of building materials.
Robotic system have been proposed for different types of reconfigurable materials: using
strut and voxel-based materials arranged based on structural requirements [11], with
construction-specific digital materials arranged by mobile robots in laboratory settings
[12], larger scale infrastructures built from carbon fiber digital materials [13], in outer
space where manual construction is difficult [14] and assembled by comparably larger
gantry and cable robots [15, 16]. From a traditional construction robotic perspective,
in situ mobile robotics and aerial construction using sensor feedback and standard
building materials such as bricks has been demonstrated [17-19]. Specific to aerial
robotics strut assembly and materials with integrated flight mechanisms have been
conducted in short duration laboratory tests with non-building materials [20-22] and
proposed as architectural concepts in the project ‘Omnipresence’ (Hyperbody Studio,
TU Delft, 2016). Similarly inflatables/balloons have been conceived as lifters and
manipulators for large-scale shell structures and as autonomous assemblers in the project
‘Aerial Assembly’ (Self Assembly Lab, 2015) [23]. In each case, the systems are
primarily based on either physical construction sequencing, or conceptualizing dis-
tributed robotic reconfiguration behaviors [24]. Architecture can be constructed from
robotically and manually assembled discrete elements [25]. The integration of sensors
within a reconfigurable component-based architecture has given prototypical buildings
the chance to collect and analyze data from users and the environment to adapt fabri-
cation procedures in real time using traditional means of reconfiguration [26].

In parallel, technological advancements in mobile and aerial robotics have pushed
construction robots to become increasingly smaller, lighter, accessible, and customiz-
able. Open communication systems have been developed to aid in distributing tasks
between multiple robots and low-cost sensing and communication hardware is readily
attainable increasing the intelligence that can feasibly be integrated into building
materials [27]. Digital fabrication and the development of high performance materials
such as carbon fiber reinforced plastics enable the mass production of lightweight and
high strength building materials enabling easier transport and customization.

4 Methods

The system is comprised of: intelligent digital material, UAV builders, a communi-
cation and programming framework, and human users. It is shown as a functioning
physical prototype applied as roof canopy accompanied by proposals for applicable
programmable behaviors.

4.1 Material

The main physical component of the system is a custom designed macro scale digital
material made of mass producible modular units (Fig. 3). Reconfigurability is the
primary design objective; however, the unit must effectively incorporate aspects of
architectural performance, transportability, structural capacity, cost, weight, power
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Fig. 3. Cyber-physical macro material unit. Top - integrated functions of the unit. Bottom Left -
planar view of the unit. Center - connection and communication plate. Right - onboard CPU and
motion sensor stack.

consumption, and aesthetics. In addition, the elements must be able to collect data
through sensors and transfer information and power to adjacent units.

Physically the units are comprised of a Carbon Fiber Reinforced Plastic (CFRP)
skeleton structure forming a polyhedron space frame with a volume of 0.06 m> covering
an area of 0.20 m? (Fig. 3, Top). The frames are manufactured using a coreless winding
process. Connections are possible on the four vertices faces and a polycarbonate sheet is
attached beneath the top face to form a closed area below. The polyhedron aggregation
strategy is chosen to allow a relatively simple reconfiguration in a single x-y plane and is
applicable for roof or canopy structures. However, a similar approach could be applied
to a vertical or spatial assembly. The use of CFRP significantly reduces the weight of the
unit while enabling a size and structural performance applicable to architecture and
reducing the strength required for the connections. As building material the system is
lightweight at 698 g per unit with material and hardware costs of 40 euros. In con-
struction terms the material weight is 3.49 kg/m” and cost is 200€/m>. Magnets are used



326 D. Wood et al.

to connect the units allowing the system to span 3.0 m self-supported. Attachment and
detachment of units can be achieved along the open edges of the system using specific
movement sequences of the UAV. A 6 pin commercially available connector (Fig. 3
Bottom Center) is embedded in each face to transmit data and power between units.
A circuit board with a pre-assigned unique digital ID is mounted in the center of the unit
to process and transmit data from the onboard sensors.

4.2 UAV Builder

Units of the material are relocated by communicating with custom-built detachable
UAVs through a hierarchical system of processors distributed across the units and a
central server. Based on instructions calculated in the central processor the UAV
determines a flight path and communicates with specific units to transport material to a
new location or a storage point. UAV was chosen as a builder for its ability to arrange
material spatially with adequate accuracy and relatively small footprint to payload ratio.
In the proposed system the robot manipulates the material from above, thus only
occupying space outside of user’s reach (Figs. 4 and 5).

u """""""""""""" HTC Vive Tracker

Foow Vibration Damping
.
Y Pixhawk Flight Control-
ler, RC Receiver, Beeper

Carbon Frame

Motor
Lipo Battery
ESC

Gripper

MATERIAL UNIT UAV Builder

Carbon Frames 436¢g Volume 0.06 m* Rotors 6
Electronics 22g Area covered 0.20 m? Diameters 960 mm
Magnets 80g Cost (Materials) 40 Euros Est. Flight Time 10 mins
ABS Connections 80g Weight 2210g
Metal Hardware 80g Payload 1500 g
Total Weight 698 g

Fig. 4. Comparison of the cyber-physical macro material unit and UAV builder showing low
weight material and higher weight and complexity builder.

Robotic hardware and material were co-designed to optimize for weight and cost.
A custom-built hex copter configuration was chosen that provides higher payload and
flight stability during the pick and place routine. The builder is equipped with a gripper
that uses hooks driven by servo motors to connect to attachment bars on the top of each
unit. The gripper, the locomotion body and the localization system are attached to each
other via dampening springs that stabilize the movement during takeoff, landing,
pickup, attachment and detachment of the units.

A localization and control system were developed. A commercially available
external machine vision system for tracking is combined with a secondary on-board IR
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Fig. 5. Flight test of UAV builder. Left approaching attachment point of a material unit to
overall structure. Material unit coupled to UAV builder during transport.

camera based localization system to allow the builder to localize individual material
units locally during the pick and place routines. The secondary system is cost-efficient
and lightweight, which allows installing the camera directly on the builder determining
relative position of the unit in relationship to the builder. For real-time UAV control a
PID control (proportional-integral-derivative control) system was used. This system is
often used in industrial applications where a set of unpredictable conditions are to be
considered, such as cruise control in vehicles. In this system the PID controller controls
the velocity of the builder relying on the localization system for error feedback.

An autonomous navigation software was developed to plan and execute the UAV’s
local and global actions. Local navigation determines standard flight path planning for
each routine within the reconfiguration process: hovering over, approaching, picking,
placing and transporting the units. The global navigation system defines overall
reconfiguration of the structure, determining the sequence of moving units from one
location in the structure to another, considering physical relationships between the units
in the assembly. Overall the custom robot, its localization, control and navigation
systems allow for autonomous execution of the processes required for assembly and
reconfiguration of the material at an architectural scale.

4.3 Communication and Programming

To function, the material and UAV builder communicate through layers of software
ranging from low-level communication protocol to higher level algorithms which
coordinate each agent based on collected information. Communication between units
happens over I2C protocol through two signal wires. These low-level messages are sent
to a server computer over a serial communication port and dispatched to other agents
including builder over higher-level protocols such as WebSocket and UDP based on
client requirements. Specifics of the communication are described:
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Unit-Master Unit Communication. A unit’s onboard computer (ATTINY84) com-
municates with the server computer over I2C protocol. I2C (Inter-Integrated Circuit) is
a serial messaging protocol for interconnected electrical components in which a master
node can send data to each individual slave node by using its specific address. Each
unit has a predetermined address and access to two I2C shared line (Data and Clock)
through its adjacent units.

Unit-Unit Communication. Apart from the four shared lines between units (+5 v.,
ground, data and, clock), a fifth line is connecting one pin of each microcontroller to
exactly one pin of the adjacent unit’s microcontroller. By setting the state of this pin to
Low the state of the connected pin on the neighbor unit will be pushed to Low too. This
change can trigger a function on the adjacent unit. This method is later used to
reconstruct a map of unit’s placement.

Master Unit-Server. The Master unit is the one connecting the network of the units to
the server. An Arduino board as the driver bridges the Master unit onboard micro-
controller to the server computer over Serial. A single-board computer (Raspberry Pi 3)
as the server runs more computationally demanding functions such as mapping and
coordination of other agents.

Server Software/ROS. A set of software modules running on the server computer are
responsible for high-level reasoning and planning and interfacing connected hardware.
ROS as the software infrastructure “provides a structured communications layer above
the host operating systems of a heterogeneous computer cluster. A node sends a
message by publishing it to a given topic and any node that is interested in a certain
kind of data will subscribe to the appropriate topic.” This project benefits from this
architecture in following ways: Multi-hosting nature of ROS allows for more com-
putationally demanding processes such as data mining and reasoning to run remotely
while being seamlessly integrated into the master process. Due to the open-source
aspect of ROS, available packages, especially in the field of machine vision and
machine learning, are used without any further modification. Users can communicate
with the ROS server through a set of Web Application over WebSocket protocol. This
is provided by Rosbridge package. “Rosbridge provides an application-layer network
protocol for robotics, allowing arbitrary, non-ROS client processes (including Web
interfaces) to interoperate with ROS processes.”

User Interfaces/Server Software. Users can interact with the server through a web
application for monitoring and testing.

End-User Interface. Users can monitor the status of the structure as well, manipulate it
by defining growth patterns and, access the integrated sensors within the system (Fig. 7).

Developers Interface. 12C interface, developers can use this interface to compose a
one-byte message. Also, it can log incoming messages coming from the 12C network.
Drone Control Interface, with a real-time 3d view of drone and plots of PID controller
status, was used to tune the PID values.

Builder/Server Software. Builder’s control system is a separated ROS software
consisting of localization algorithms and control node. This cluster interacts with the
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Fig. 7. Field test of cyber-physical architectural system in an outdoor public space.
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main ROS server over UDP. The central ROS server dispatches the pick and place
position to the builder software and the builder sends back the result of the last
command to proceed to the next one (Fig. 6).

4.4 System Tests

The system is demonstrated as a 1:1 scale prototype in the form of a 2.5 m high roof
canopy. Twenty material units were produced with full communication and processing
functionality (Fig. 7). Field tests were conducted in an open outdoor space in Stuttgart,
Germany. Areal configuration and communication were tested by executing a simple
behavior of adding material to a leading edge by removing it from another edge,
effectively moving the roof in a specified direction following continued presence of
occupants. Tests were conducted using a single UAV operating autonomously with
manual approval of each flight path for safety. Further tests are planned in large indoor
space with public access using two UAV’s and an additional 30 units.

5 Proposed System Behaviors

Within the physical and digital framework developed for the system different pro-
gramming strategies can be proposed. Here we describe three strategies to show the
potential of the system to perform as an architectural system.

5.1 Responsive Behavior

The configuration is a direct result of current environmental parameters to achieve a
predetermined effect. In this case, the system will be reconfigured slowly so that the
light and shadow in the occupied space remains consistent despite changes in the sun
position throughout the day (Fig. 8, Left).

5.2 Interactive Behavior

In this mode, the user’s presence defines the next configuration of the overall structure.
Data that is collected from movement sensors embedded in the material generates a
concentration map which becomes input for the pick and place routine. The rule is to
move units from less crowded zones toward more populated ones.

5.3 Learning Behaviors

The ease of data collection and reconfiguration of the canopy can provide vast amounts
of raw data to study the hidden relationships between the users, environment, space,
and the architectural system. Access to enough data and sophisticated statistical
analysis, provides the opportunity to map the user flow and even manipulated based on
previous interactions. Following this phase, the system would begin to develop new
unpredicted behaviors while continuing to refine itself based on new data (Fig. 9). The
goal of this mode is to use data to determine the success (fitness value) of the current
arrangement. Fitness could be described for example by: Guiding users to a specific
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Fig. 9. Proposed programming of ‘Learning behaviors’. Data gathering shown in red and
dynamic behaviors shown in blue.

position: Users placement can be interpreted as the label of the database records and the
rest of parameters will be considered as features. A classification tree could generate the
best arrangement based on all parameters.

6 Discussion

The functional prototype of this system provides a new framework for demonstrating
the architectural potential of a cyber-physical material system. Further validation and
development of the system will require technical improvements as well as a rethinking
of the impact of such a system on the role of the designer.

6.1 System Potentials

Architecturally the system presents a combination of digital and physical opportunities.
First, autonomous reconfigurability allows the canopy to effectively ‘walk’ around or
dynamically move through its environment, fragment into smaller sub-structures, or
disassemble entirely into individual units. This can be conducted continuously or in
intervals at variable speeds without additional equipment or labor. Second, unlike a
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typical static building, the canopy can be programmed with different reconfiguration
behaviors. With the range of configurations vastly exceeding that of morphing surfaces
and the ability to interact with occupants and environment through sensors, it repre-
sents a promising application of robotics compared to automated robotic fabrication of
static building materials.

The quantity of material and builders is scalable within the framework to achieve
larger and/or faster systems with similar behaviors. The strategic separation of the
material and actuator/movement creates a system where only the functionality required
for continuous operation is embedded in the architecture itself, while the energy
expensive movements are performed by external manipulators that become the mobile
muscles of the overall system. Specific to the time scales of building movements these
factors efficiently enable both quick adaptation and retention of a static configuration
for long durations.

6.2 Further Development

The system is limited in two areas, its ability to reconfigure in only a single horizontal
plane and its structural stability which relies on magnetic connections. Similar units
could be designed for arrangement in x-y-z planes which would reduce the need for
separate columns and increase the flexibility of the system. In this case, physical inter-
action between the UAV and occupants would need to be considered. For connections a
combination of magnetic and structural joining details could be implemented to improve
span and structural continuity while maintaining configurability and increasing the
complexity of the attachment sequence. Electromagnets could be used to rely less on the
movement of the UAV to detach units at the cost of increased weight and power.

The current separation of the builder as the external locomotion provider and the
material is one of the fundamental features of this project which radically decreases the

Fig. 10. Visualization of the architectural system in a public space.



334 D. Wood et al.

complexity of the material and makes the system more robust and scalable. While the
opposite system (embedded locomotion) can result in quicker changes, it increases
inefficiency as A. Due to the inherent complexity of an internal location system,
robustness will decrease. B. Internal locomotion implies additional load to the overall
structure which would require more robust materials throughout the system. While
functional, the resolution of the system could be further adapted and made adjustable
by the number of units carried by the builder (Fig. 10).

7 Conclusion and Outlook

Smart digital materials complemented with an integrated distributed mobile robotic
assembly method can be deployed as a cyber-physical architecture in situations ben-
efiting from high adaptability and temporary conditions. In this context the project
demonstrates a functioning framework for implementation in which the robotic system
emerges as an active and influential architectural system open to future programming
and development. The physical adaptability of the system and programmability opens it
to spatial and architectural application of advances in artificial intelligence where a
building can physically learn and adapt. The Introduction of such systems in an
architectural context requires significant rethinking of architectural design methods
towards a behavior-based architecture, focusing on continuous post-occupancy design.
This architecture forms a highly disruptive notion considering the current linear and
lethargic design, construction and occupancy sequence.
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Abstract. The paper presents the developments of a series of methods to train a
fabrication system for the integration of material performances in timber man-
ufacturing processes, combining robotic fabrication together with different
sensing strategies and machine learning techniques, and their further application
within a prototypical design to manufacturing workflow. The training cycle,
spanning from the recording of skilled human experts to autonomous robotic
explorations, aims to encapsulate different layers of instrumental knowledge into
a design interface, giving designers the opportunity to engage with material and
tool affordances as process driver. The training methods are evaluated in a series
of experiments and design iterations, proving their potential in the development
of customized design to manufacturing workflows and integration of material
performances, with a specific focus on timber.

Keywords: Material behaviors - Machine learning - Instrumental knowledge
Subtractive manufacturing

1 Introduction

The paper presents the developments of a series of methods to train a fabrication
system for the integration of material performances in timber manufacturing processes,
combining robotic fabrication together with different sensing strategies and machine
learning techniques, and their further application within a prototypical design to
manufacturing workflow.

Such methods question the linear progression from the design intention to its
materialization within current production practices which determines a lack of feedback
between the different stages of the process. This forces designers to consider materials
as passive receivers of a previously generated ideal form stored in a digital model
(DeLanda 2004) and reinforces the separation between the act of designing and making
(Carpo 2011). Consequently, design practices can only engage with a limited range of
standard manufacturing methods and homogeneous materials. Furthermore, the
homogenization of natural material results in heavy industrial processing and material
waste.
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The goal of the research is to develop a computational framework which allows
designers to engage with the properties of heterogeneous materials and the affordances
of non-standard tools as process drivers, extending the design moment toward the
fabrication stage to explore novel design opportunities. One of the most pressing
problems in working such a process is the assessment of inherent variation, represented
in this paper by differing wood grain and chisel cuts. There is a range of possible cuts
that are feasible, i.e. that actually remove material while not damaging either tool or
wood, and within this there is a range that may be considered optimal, e.g. they remove
the maximum amount of material in a given time. Human experts navigate and
anticipate this range intuitively, after training and experience. It is a far greater problem
for a machine.

This paper investigates how this range and optimum can be quantified and mapped
for use in determining appropriate cuts by a robot. The central question is: how
accurately are the effects of a given cut predicted based on inputs easily available to the
robot? We also investigate whether the domain training inputs makes a significant
difference, by comparing data generated by a methodical, parametric, exploration of
grain angles and cuts by the computer against data drawn from an expert human user. Is
it better for the machine to learn from a skilled teacher, or from its own experience?

2 Context

The methods are based on a series of training and datasets curation procedures, where
the instrumental and material knowledge, acquired from both skilled human experts
and robotic carving sessions, is captured, transferred, augmented and finally integrated
into an interface that makes this knowledge available to the designer.

In this regard, one of the questions is whether is possible to encapsulate, at the least
partially, this instrumental knowledge in the technological means for fabrication
available to us, making it “easily accessible, communicable, repeatable, hackable, and
transformable”, in the same way, for instance, as 3D modelling software encapsulates
knowledge of calculus-based mathematics (Witt 2010). However, in the accumulation
of human experience through making and the interaction with materials, there is a tacit
dimension that is difficult to capture, formalize and share (Polanyi 1967).

In the history of automation, there have been previous attempts towards this
direction, such as the “Record/Playback” system to generate machine operations,
developed in the 1940s by General Electric. Within this system, a machinist was able to
operate a modified machine tool to produce an artefact and get the totality of his
motions recorded on a magnetic tape which could be automatically reproduced later by
the machine. In those recorded motion was captured not only the gears’ mechanical
displacement but also the machinist’s intelligence, skills and tacit knowledge (Noble
1984; Callicot 2003). More recently, similar methods, focusing on the value of
human’s action analysis to inform robotic fabrication tasks, have been successfully
applied for robotic reproduction of traditional stone surfacing techniques (Steinhagen
et al. 2016) and to reconstruct ancient technical gestures associated with the use of tools
and the development of the related cognitive functions (Pfleging et al. 2015).
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The encapsulation of instrumental knowledge based on sensor measurements of
machine operations, rather than human demonstration, finds precedence in a series of
industrial manufacturing applications where machine learning techniques, such as
Artificial Neural Networks (ANN), have been utilized in a series of machining oper-
ation for the optimization of fabrication parameters (e.g. surface roughness, tool wear)
and cost reduction (Al-Zubaidi et al. 2011). Recently, CITA presented a similar
approach to increase the accuracy of robotic incremental sheet forming through the
acquisition of scan data and supervised learning (Zwierzycki et al. 2017).

The research proposition integrates both approaches for instrumental knowledge
encapsulation and combine them in a two-stages robotic training process for the
development of custom design to manufacturing workflows, with a specific focus on
timber.

3 Robotic Training Methods

This paper tests the accuracy of predictions derived from machine learning on prior
example chisel cuts, which are intended in practice to fit into a larger overall workflow
(Fig. 1). This consists of a series of training methods which combines the recording of
skilled human experts performing subtractive operations with a set of traditional
carving tools, such as chisels and gouges, on wooden boards together with autonomous
robotic carving sessions.
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Fig. 1. The robotic training methods are structured around three main stages: (1) Recording
fabrication parameters and material outcomes into datasets (2) Encapsulating instrumental
knowledge through the training of an Artificial Neural Network (3) Using the trained network to
inform a robotic fabrication task.

3.1 Training Tools

For each recording session, the combination of different sensing strategies, such as
motion capture cameras and force-feedback sensor, allows collecting fabrication data
simultaneously with the performing of the carving operation and compiled it into an
ongoing dataset.



340 G. Brugnaro and S. Hanna

Motion-capture cameras are used to track the position and orientation (with a
precision of ~0.2 mm) of 3D printed custom markers applied on the carving tools and
workpiece. This allows to stream and reconstruct in real-time in the digital design
environment (Rhinoceros 3D/Grasshopper) the carving operations and toolpath
sequence that generated them.

Following the session, a photogrammetric reconstruction of the training boards is
performed to store a precise 3D model of the material outcomes and extract relevant
features for the training (Fig. 2).

§§%§§XE§X§§%§X

Fig. 2. After the recording session, a photogrammetric reconstruction of each training board is
performed to extract relevant features for the training process. In the image, a selection of boards
analyzing the outcome of different toolpath carved across the wood grain main direction.

The collected sensor dataset is used within a supervised machine learning proce-
dure, an Artificial Neural Network (ANN) with backpropagation-based learning, whose
learning objective is to predict the simulation of a subtractive operation from a user-
defined toolpath and a series of fabrication parameters, or conversely, generate a robotic
toolpath out of a carved geometry. The training procedure utilizes Tensorflow (GPU
version) as machine learning framework combined with the integration of Keras and
Scikit-Learn libraries to respectively generate the ANN architecture and measure the
performances of the system.

The input parameters are the tool/workpiece angle, tool/grain direction angle, force
feedback, feed rate, target cut depth, target cut length. The recorded material outputs
are: depth, length and width of the cut. Both the recorded and robotic toolpath are
composed of a sequence of target frames, each storing the local parameters and fab-
rication outcome information and recorded as a single entry of the total dataset.

During the training, the performance of the network is evaluated following a K-fold
cross validation (with k = 5) procedure, where the dataset is split in k subsets, called
folds, and the algorithm is trained on k-1 folds, with each time one of the folds left out
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to be used to test the system with “unseen” data. The k performance scores obtained at
the end of the validation are summarized in the measure of the Mean Absolute Error
(MAE) of the prediction and its Standard Deviation (SD).

Starting the robotic training process with the human demonstration allows col-
lecting quickly and efficiently information on how to operate a tool with a specific
material, mediated by human experience acquired throughout the years and provide a
strong foundation to inform robotic fabrication tasks with a similar set of non-standard
fabrication tools and wood species.

The trained network, based on human experts, is used to provide guidance for
autonomous robotic training sessions, efficiently narrowing down the search space
through the definition of domain boundaries in the selected features rather than arbi-
trary defining an operational range or relying on a reinforcement learning procedure
that would have to learn from a series of potentially dangerous “mistakes” during the
fabrication training.

The definition of the search space through human demonstration presents to
designers a curatorial approach toward the design of the fabrication process: rather than
envisioning a universal machine able to operate any tool on any material, the idea is to
tune the system to a very specific set of fabrication affordances and design intentions.

Therefore, the initial dataset is extended through the robotic production of a series
of cuts where the parameters investigated are finely interpolated across the training
board and the obtained data used for the training of the network informing the actual
robotic fabrication task.

3.2 Design to Fabrication Workflows

The aim of encapsulating instrumental knowledge is its integration into a design
interface which makes it accessible to designers and present them the opportunity of
using materials behavior into their design workflow as process drivers. Once the net-
work has been trained and the correlations between fabrication parameters and carved
geometries are established, it’s possible to translate back and forth between the two sets
and customize the network topology to a specific design application (Fig. 3).

The three main modes of applications explored in the experiments are:

e From robotic toolpath to simulation of the carved geometry. While conventional
digital Boolean operations result insufficient in calculating the outcome of sub-
tractive operations with non-standard tools on heterogeneous materials, the trained
network provides a more accurate simulation based on actual material properties
and tool affordances. Designers can directly test how individual fabrication
parameters affect the operation result and evaluate how these could be tuned to
match their design intention. The prediction could be applied to multiple cuts at the
same time, each with different parameters, and used to generate the overall
appearance of the cutting pattern.

e Individual Parameters Optimization. Utilizing the same set of training inputs and
outputs is possible to create labels (or Boolean flags) to predict a series of event
thresholds based on sets of fabrication parameters, such as the successful removal of
material or the correct extraction of the tool from the workpiece. Moreover,
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Fig. 3. The instrumental knowledge encapsulated in the trained network is integrated into a
design to fabrication workflow based on the opportunity of translating back and forth between
robotic toolpaths and carved geometries.

additional labels could be created by the designer to describe formal preferences
(e.g. surface roughness, edges definition), curating the training dataset along a
specific design direction. The event threshold is predicted using a ANN for binary
classification and the prediction accuracy is evaluated with the same cross valida-
tion method previously described.

e From carved geometry to robotic toolpath. Extracting fabrication data out of the
scanned model of a previously carved workpiece to reconstruct the robotic toolpath
that has generated it. Alternatively, the same method could be applied starting from
a digital geometry obtained through a subtractive Boolean operation as a way of
matching a formal design intention in the fabrication stage.

4 Experiments and Results Discussion

As part of their development, the training methods have been iteratively tested to
inform the robotic fabrication of a series of carved panels using different wood species
and carving tools (Fig. 4).

One of the key things evaluated has been how the integration of human instru-
mental knowledge compares to the robotic training process. To perform this evaluation,
two different training cycles have been set up, one starting with the recording of skilled
human expert manually performing carving operations on a series of boards, the other
directly with the industrial robotic arm (ABB IRB1600) generating a collection of cuts
within an arbitrarily defined range of fabrication parameters.

In the first experiment, extending the findings of previously published work by the
authors (Brugnaro and Hanna 2017), the craftsman created an initial collection of 50
carving operation on a series of European Lime wood boards using a traditional carving
gouge (Stubai 9/20). The dataset has been generated concurrently with the carving
itself following the methods previously described. The human expert, thanks to his
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Fig. 4. In the robotic fabrication stage, the trained network is used to inform the robotic toolpath
to carve the previously simulated geometries.

experience, has been able to avoid operations where the tool was not actually cutting
the material or, on the opposite, digging too much into it and consequently forcing to
stop the operation. Moreover, once individuated a preferred carved result, the cutting
goal has been adjusted through human judgement to achieve a similar qualitative result
in different lengths, depths and wood grain directions.

In the second stage of the experiment, the initial human-based dataset has been used
to narrow-down the parameters domain and systematically explore it with the industrial
robot through a collection of 215 cuts.

While the final prediction goal of the training cycle is the simulation of a carved
geometry according to a set of given fabrication parameters, the first stage, based on
human expert data, is aimed toward the generation of robotic toolpaths for additional
subtractive operations that would extend the initially acquired dataset.

In the specific, the dataset of the first stage has been used to: (1) Analyze how the
domain boundaries of the key parameters of tool/surface angle variation and “depth”
profile of the toolpath changes according to different cut lengths, widths and wood
grain directions. (2) Train a network and use it to predict such fabrication parameters to
generate the robotic toolpath for the 215 operations within the dataset defined
boundaries. The prediction error for the toolpath generation stage was the following:
Depth: MAE = 0.56 mm, SD = 0.12 mm; Tool Angle: MAE = 2.12°, SD = 0.35°.

In the second experiment, counting the same number of cuts and using the same
type of wood and carving gouge to compare it to the previous, the range of the
fabrication parameters to explore has been defined without the guidance of a human
expert interacting with the materials and tools but directly with the robotic operations
stage. The focus of the training session has been on the variation of the material
outcomes in respect of the angle between tool, workpiece surface and grain direction
applied to different length of the cuts.



344 G. Brugnaro and S. Hanna

It’s important to note that in the second experiment, the user applied his undirect
intuition and understanding of the task in the programming of the robotic actuation,
while for the first experiment direct real-world fabrication data have been used to
inform it.

The output of the experiments are two networks trained with datasets counting the
same number of cuts but different prediction boundaries. As a consequence, they
perform differently in the prediction of the material outputs (length, depth and width
relative to each individual target frame) necessary to simulate the fabrication outcome
of the chosen operation.

In the specific, the two-stages (human + robot) network has been trained toward a
specific design intention and performs better within its narrowed-down fabrication
parameters domain (Depth: MAE = 0.35 mm, SD = 0.04 mm; Width: MAE = 0.83 mm,
SD = 0.13; Length: MAE = 0.28 mm, SD = 0.05 mm).

The single stage experiment (robot only), while in general performing worse than
the former (Depth: MAE = 0.53 mm, SD = 0.12 mm; Width: MAE = 1.02 mm,
SD = 0.32; Length: MAE = 0.78 mm, SD = 0.32) and resulting less efficient for some
operations described below, is able to cover a more extended and generic range of
parameters prediction and could result more useful in those cases when the design task
is not strictly defined from the training stage.

The dataset generated in the second experiments presents some set of parameters
which does not generate any material removal on the board or damage the tool not
allowing to complete the operation. In this case, an important step has been introducing
two different labels for the definition of event thresholds: (1) “Tool Damaging” and
(2) “Material Removal”. Once these labels have been assigned, it’s been possible to
train the network for a binary classification process of the two event states (Fig. 5). The
accuracy of the prediction for the two labels were respectively of 92.45% (Standard
Deviation: 4.96%) and 84.58% (Standard Deviation: 3.20%). Combining the binary
classification prediction with the trained network of the second experiment has been
possible to efficiently tune the individual parameters and filter out dangerous or inef-
ficient robotic operations (Fig. 6). The prediction of the range of successful cuts allows
to explore its boundaries with confidence and optimize individual parameters to
achieve a specific material outcome or increase the efficiency of the process, maxi-
mizing, for instance, the removal volume (Fig. 7).

Finally, the dataset generated during the robotic training have been used to reverse
the network topology of the previous experiments and predict the tool/workpiece angle
parameter and input cutting length necessary to reconstruct a toolpath used to generate
a carved geometry. The prediction error was respectively 1.69° (SD = 0.42°) and
3.37 mm (SD = 1.23 mm) and the overall process performs slightly worse in the
reconstruction of the toolpath than the network trained in the opposite direction for
geometry simulation, probably due to hardware noise and imprecisions in the physical
measurements, confirming what already pointed out by Zwierzycki et al. (2017) in their
research.
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successful result of the operation. Such parameter could be optimized toward a specific material

outcome, such as maximizing the depth and width of the cut to increase the efficiency of the
subtractive process.

5 Conclusions

Focusing on robotic subtractive fabrication with timber as the main case study, the
paper presents the potential of machine-learning strategies for design to manufacturing
applications, as a way to explore novel design opportunities through the integration of
actual material properties and tool affordances for simulation purposes (Figs. 8, 9).
The prediction rates of the trained networks presented in the experiments discussion
suggest that it’s possible to accurately simulate the results of subtractive operations

Fig. 8. The training process allows to tune the fabrication system to a specific set of tools and
type of wood to explore design opportunities that would become evident only in the fabrication
stage.
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Fig. 9. Combining together prediction of cuts with different fabrication parameters, it’s possible
to simulate the final carved geometry in several pattern configurations.

based on a given set of fabrication parameters and use the encapsulation of such
instrumental knowledge to translate back and forth between robotic toolpath data and
geometry prediction.

The experiments focused on two different workflows for the generation of fabri-
cation datasets and curation of the training process, examining whether is better for the
robotic system to learn from a skilled human expert or autonomous training sessions.
The lower prediction error of the network based on the combination of human and
robotic training should be attributed to the steering action of the human expert, oper-
ating within a narrowed down parameters range, which excluded inefficient or dan-
gerous cuts, and leading the robotic training sessions to gather data only within an
optimal fabrication range. The more systematic and wider range of the second
experiment doesn’t allow to have the same resolution in the more relevant areas of
“successful” cuts, resulting in lower prediction performances.

To conclude, the manipulation of knowledge across distinctly operating domains
such as human making and industrial robotic manufacturing presented the opportunity
to develop an approach for human-machine interaction which questions current
industrial method of knowledge transfer and will be further explored in future steps of
the research.
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Abstract. This paper explores and discusses the implementation of multimode,
subtractive-additive, robotic production methods. The research addresses the
opportunities and challenges in the integration of subtractive and additive
robotic manufacturing routines for architectural scale applications. It specifically
presents a customized computational design to robotic fabrication workflow of a
material system composed of subtractively produced expanded polystyrene and
additively manufactured silicone. The integration of these two sets of production
methods allows for a symbiosis of hard and soft materials. Through initial case
studies and a pilot subtractive-additive prototype, this paper discusses how
multimode robotic production methods, with the goal of purposefully expanding
the potential of isolated fabrication techniques, results in multiscale and efficient
design materialization. Furthermore, this paper demonstrates the design, com-
putation, materialization, and prototyping process of a chair project with mul-
tiple materials in more detail.

Keywords: Multimode robotic production - Subtractive manufacturing
Additive manufacturing - Multi-materiality - Hybridity - Silicone 3D printing

1 Introduction

The flexibility and programmability of industrial robots allow for the implementation of
multiple manufacturing strategies in one or several production setups. This integration
has fundamentally changed fabrication procedures and is growing in industries such as
automotive and electronics (Gemma and Litzenberger 2016; Michalos et al. 2010). In
the building sector and the architectural practice, research and education, the appli-
cations of different fabrication techniques has been extended in recent decades
(Oosterhuis and Bier 2013; Gramazio and Kohler 2014). Robotic subtractive manu-
facturing routines extend the capabilities of two or three-axis computerized numerical
control (CNC) tooling, allowing for more degrees of freedom in volumetric cutting,
milling, and production of complex geometries (McGee et al. 2012). Advancement and
the proliferation of additive manufacturing enable the realization of efficient building
systems potentially with higher three-dimensional resolution (Khoshnevis 2004;

© Springer Nature Switzerland AG 2019

J. Willmann et al. (Eds.): ROBARCH 2018, Robotic Fabrication
in Architecture, Art and Design 2018, pp. 349-362, 2019.
https://doi.org/10.1007/978-3-319-92294-2_27


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92294-2_27&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92294-2_27&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92294-2_27&amp;domain=pdf

Multimode Robotic Materialization 351

Dini et al. 2006; Lim et al. 2012). This research explores the integration of subtractive
and additive processes as two major sets of production techniques. Moreover, a
developed robotic additive manufacturing method for printing silicone combined with
robotic hot wire cutting and milling is presented.

Incorporating different methods of production facilitates the utilization of multiple
materials. This integration introduces material hybridity that allows for going beyond
available building material palettes. In material science, hybrids are defined as engi-
neered materials, mostly at micro scale, that extend the different material properties of
two or more separate substances and fill the empty holes of property-space (Ashby
2011). Correspondingly, in architecture and product design, integration of multiple
materials at various scales is fundamental to achieve a functional hybrid outcome
(Mostafavi and Anton 2018). In this context, this research discusses the development
and utilization of presented multimode robotic fabrication methods.

Each manufacturing process delivers a certain range of tooling freedom, resolution,
tolerance and workable production space. Embedding the fabrication constraints and
simulation of multiple processes establish different types of feedback to a digital design
to physical production workflow. A set of selected projects as background studies and a
prototype design elaborate and conclude on the correlations between digital design,
material properties, and production spaces with a focus on multimode, subtractive-
additive, and robotic production methods.

2 Multimode Robotic Production Methods

Being able to design and customize different types of end-effectors to be integrated into
a robotic production setup introduces gradients of varying material handling and
processing approaches for building applications. This flexibility makes it difficult to
provide a universal taxonomy of different robotic fabrication methods. However,
surveying the background and state-of-the-art subtractive, additive and formative
methods are the three main categories. With a focus on subtractive and additive
approaches, this research provides a set of background examples of multimode robotic
production and a concluding design-to-prototyping process of a chair. In each of these
experiments, the goal is to emphasize how the process of design materialization is
influenced by the established feedback loops of robotic fabrication, and how both
subtractive and additive methods combined are approached or customized differently
for more effective production. Key topics discussed are roughing, material hybridity,
volumetric design, and development of an additive silicone printing system to be
integrated with a robotic subtractive manufacturing procedure.

2.1 Subtractive-Subtractive

Roughing or rapid material removal in subtractive manufacturing is required to achieve
a more efficient and faster production process. In cases that the geometric logic of the
designed surface or volume follows the topological characteristics of the tool, i.e.,
developable for wire cutting, a finishing pass is not required. However, whenever it is
not possible or intended to embed this constraint, an alternative combination and
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application of subtractive processes can be considered. To test this, in the design and
mock-up prototyping process of a case study (Fig. 1), robotic hot wire cutting and
milling are integrated in such a way that part of the designed surface is developable and
part of it is approximated through milling. Milling is applied to fine-tune and produce a
smooth curved shell. In this example, robotic milling shapes the specific edge areas to
match the neighboring components. This multimode robotic production results in a
more efficient process of subtractive production by rapid volumetric material removal,
followed by high-level detailing processed through milling where needed. The robotic
strategy enables a high curvature geometry to be produced with an optimum manu-
facturing effort.

A .t

Fig. 1. Roughing and multimode, hot wire cutting-milling robotic manufacturing, the assembled
prototype with surface areas untouched and areas finished with milling (left); components with a
saddle point in the middle (top-right); produced components in sequence (bottom, right)

Hybridity, or multi-materiality, is obtainable through multimode methods of
robotic production. An application of a soft and hard hybrid system is studied in a
project that combines two different approaches to mill two materials: EPS foam and
rigid cork (Fig. 2). In this project, through the incorporation of stretched cork on EPS,
the goal is to enhance individual physical properties. Even if both chosen materials
share similar attributes, such as rigidity, granulation, and density, the result of robotic
production changes the physical behaviors in favor of the expected design perfor-
mances. Carving the planar rigid cork board from multiple sides, results in a double
curvature element with flexibility that is structurally supported by the hard polystyrene
components. This symbiosis of soft and hard materials is further explored and dis-
cussed in the prototype chair presented that employs both subtractive and additive
robotic fabrication.

A volumetric approach to design and production is implementable through sub-
tractive methods of manufacturing such as hot wire cutting. However, this frequently
results in treating the exterior side of the surface and stacking of non-porous solid



Multimode Robotic Materialization 353

Fig. 2. Hybridity achieved through robotic milling of foam combined by robotic carving out of
cork with varying angles-depth (top left); cork gains intended flexibility (bottom left & right)

components. Combined with milling, this leads to roughing followed by higher reso-
lution finishing. As a prototypical example in a multimode production project (Fig. 3)
the approach to the sequence and combination of two subtractive methods is reex-
amined. Internal cavities are introduced by removing material from inside the foam
block with hot wire cutting. These cavities are then connected to holes on the volume
on both sides of the components that have developable conical shapes to be removed
by milling. Consequently, there is no roughing and material crushing in milling.

Fig. 3. Creating internal cavities using multimode hot wire cutting robotic milling (right);
component produced with seven axis production setup with multiple end-effectors (left)
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2.2 Subtractive-Additive

The physical state of the material in most of the additive production processes such as
Fused Deposition Methods, Selective Laser Sintering, Stereolithography, or even
casting, changes from one state to another. The phase change makes it difficult to
simultaneously or progressively combine two processes of subtractive and additive
manufacturing. In the field of architectural robotics, there are some research and design
experiments that investigate and apply both types of methods. Relevant to this paper
are: “wiggle wall” in which fast printing of foam is followed by robotic milling (Pigram
and McGee 2011); and “Compound Fabrication” in which a subtractive routine follows
an additive method for fine-tuning (Keating and Oxman 2013). Other cases are “Woven
Clay” in which a previously milled foam mold is temporarily used as an undulating
printing bed (Friedman et al. 2014) and robotic ceramic printing on subtractively
produced components with a hotwire cutter (Mostafavi and Bier 2016). The following
presented research investigates robotic printing of silicone as an adhesive material that
can be printed on different surfaces and does not need heat to solidify. Moreover, the
elasticity of various shapes and thicknesses is studied and evaluated for different
potential design applications. With these objectives, an extruder for printing silicone is
designed (Fig. 4). Exploiting the movement capacity of a six-axis arm, the extruder
with two changeable material containers, i.e., translucent and opaque silicone is located
on top of axis three. Therefore the specific design of the extruder allows for a short
connection to the nozzle, directly on the tip of axis six. Between the calibrated tip of the
tool and the flange, a ball bearing is integrated that allows for rotation of the slender
funnel. This is why the connecting pipes from the cartridges to the nozzle faces
upwards during the movement. On the one hand, this short connection enables higher
ranges of three-dimensional movement of the nozzle on complex surfaces and on the
other hand, a lower pressure is required to push or stop the extrusion.

Fig. 4. Parametric simulation with in KUKA|prc with integrated digital model of the extruder
(left); Robotic additive manufacturing setup for silicone printing with KR10-1100 (right)
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The research evolves along a series of experiments on silicone behavior to
understand the additive production of a semi-flexible material, as well as the properties
and performance of the prototypes (Fig. 5). This results in two main categories of
cellular and linear silicone robotic toolpaths and ranges in between. As the goal is to
incorporate two production methods, sets of additive experiments are tested on free-
form shapes. The outcomes are first, the understanding of the constraints and corre-
lation between material capacities and second, the movement range of the arm and
printing angles with no support structure. Categories of experiments in summary are:

Fig. 5. Robotic silicone printing experiments, linear continuous printing (top); cellular printing
on a free from fabric (middle); prototype testing height, cantilevering and size ranges (bottom).

1. Linear printing on double curved fabric with continuous toolpath using an external
fix extruder placed next to the manipulator (Fig. 5, top); This resulted in finding the
values for the correlation of the robot speed, the power supply voltage for the
external extruder, and an indication for the layer distance and offset. Further, a
clarification of the silicone properties, such as pot life, hardening duration, viscosity
and the first estimation of 3D printing capacities is achieved.

2. Flat cellular printing on double curved fabric results in extruder modification and
further material properties modifications (Fig. 5, middle); The main target is to
solve the problem of the start and the stop of the material flow and achieve a
constant material flow. This concluded in reducing the distance between the
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external extruder and the printing fabric, which is resulted in a shorter tubing
system. The solution is a custom build extruding system mounted on top of the
robot to provide the shortest distance of tubes as possible.

3. Medium size cellular printing on flat fabric with five types of toolpaths with the
mounted extruder on the manipulator; printing of angled and cantilevered cells with
internal reinforcement; diameter and height ranges of the printed cells are:
25 mm < D < 80 mm & 11 mm < H < 45 mm (Fig. 5, bottom); This iteration also
is a feedback for estimation of the maximum angle for cantilever printing, heights
and wall thicknesses.

4. Large size cellular printing on flat fabric with the mounted extruder to test, wall
thickness and cell size; diameter and height ranges of the printed cells are:
35 mm <D < 105 mm & 35 mm < H < 125 mm (Fig. 5, bottom); This experi-
ment resulted in sufficient printing quality of medium to large cell shapes and a
verification of the previous tested specific printing values.

Through these experiments the overall printing quality is improved. The nozzle has
a diameter of 3 mm, which results in a print layer height of 2.4 mm and a range of one
to five layers for wall thickness. The maximum printing angle can exceed 45 degrees.
The printing angle is in correlation to the following factors: wall thickness, stickiness of
the silicone type, overall topology, and the mass of material to be printed on
top. Therefore, an exact value is always specific for a certain shape. As seen in iteration
three, the material and printing technique has the potential to print cantilevered parts.
Silicone reacts with air after extruding, within 15 min the shape begins to harden.
Furthermore, fully hardened silicone can be welded together with fresh silicone. These
attributes allow for taller prints with maximum cantilevering angles.

3 Design to Fabrication Workflow and Prototyping

The workflow is extended, explored, and demonstrated in the design-to-fabrication
process of a prototype chair (Fig. 6). This process considers the key topics discussed
with regards to subtractive production in combination with the opportunities of silicone
printing. The integrated workflow establishes interconnected feedback loops between
digital modeling, design computation, material properties, and a multimode robotic
production method. The project proposes a hybrid system composed of high-density
polystyrene as a hard and silicone as a soft material. The macro scale geometry of the
chair is designed in foam with developable surfaces. In micro scale, a distribution
pattern in relation to the human body is applied while considering robotic milling,
which is linked to the additive manufacturing process of the soft material.

3.1 Digital to Physical Materialization Procedure

The macro and micro scales form-finding to design materialization methodology of the
prototype chair includes three main feedbacks from the multimode robotic fabrication
(Fig. 6). As these three processes are considered and simulated in one seven-axis setup
with a rotary table, it is essential to iteratively evaluate the constructability of the design
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Fig. 6. Prototype chair visualization (left); printed scale one-to-five model in PLA (right);
design-fabrication flowchart with rationalization and optimization feedback loops (bottom)

by examining the overlaps between the optimum production-space of each method. The
distribution of the silicone cells with differentiated sizes and typologies is implemented
according to contact with the human body as it pertains to the seating and leaning areas
on the front side of the chair. In similar scales, multi-materiality is explored and tested
in chair design projects. Amongst them are the Gemini chaise (Oxman et al. 2014) with
a focus on acoustical performance and the multicolored multi-material ZHA chair
(Bhooshan et al. 2017) with an emphasis on structural efficiency gained through multi-
material printing in a layer-by-layer printing fashion with high resolution. In the pro-
totype chair presented in this paper, flexible material with a feasible resolution for
silicone printing is considered to be robotically deposited directly on the subtractively
produced volume with three-dimensional surface tectonics, produced with robotic
milling.

3.2 Robotic Production Simulation and Toolpath Strategy

The macro-scale modeling is mainly done with Autodesk T-Splines in Rhinoceros 3D.
The output of this modeling process is one digital model which is then rationalized to
four continuously developable surfaces that approximate the design (Fig. 7). The result
of this approximation is then translated to an initial parametric model which is linked to
the robotic production simulation that allows for minor parametric customization of the
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AV s

Fig. 7. Robotic hot wire cutting of overall form, with only four cuts out of which one side will
be milled for more elaborated required details where needed.

design in macro scale. To make the volume weight of the chair lighter, similar to the
volumetric approach described in Sect. 2.1, an internal hole with an adjustable three-
dimensional twist is introduced.

The next mode of production is robotic milling on only the front face of the
prototype chair, which has a concave curvature (Fig. 8). While the macro design shape
is produced by hot wire cutting, milling is used to further define the seating area.
Roughing is necessary and only applied in this area to speed up the process. The
robotic milling toolpath follows the cellular logic of the front surface that varies in size

Fig. 8. Robotic milling on the concave part of the prototype chair (left); incremental radial
material removal strategy to fabricate the cellular pattern (right)
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and depth according to the distribution of the soft silicone cells. To stay as perpen-
dicular as possible to the surface during the milling process, the toolpath is paramet-
rically generated based on the original cellular logic of the geometry. Each cell has a
local entering and exiting safe point above the surface to be followed by radial
incremental material removal. In this process, instead of a conventional line-by-line
removal, the milling follows the cellular and thus a radial logic.

Two subtractive processes are followed by an additive method. Silicone cells with
varied sizes, depth and typologies are distributed on top of the three dimensional
concave front surface of the chair (Fig. 9). The printability of the cells is decided based
on a series of experiments on the fabric presented in 2.2. The toolpath generation
follows a similar cellular logic applied in robotic milling in the previous step. In this
process, the continuity of the printing path is essential. Continuity in this stage of
production means that after finishing the printing of one cell, the toolpath always
continues to print a neighboring cell and avoids hovering above the surface until all
cells are produced.

Fig. 9. Robotic 3D printing of silicon on subtractively produced front concave surface of the
prototype chair (left); continuous printing toolpath (right)

The production time of high resolution milling and printing is reduced by an
optimized robotic milling toolpath. Due to the differentiation in the amount of neigh-
boring cells and the gradient in size, a one-directional sorting technique is not appli-
cable. The nature of cell distribution on the prototype chair demands for a tailored
sorting approach that results in a continuous cell sorting with short travel time.
Therefore, the outer edge of the chair shell is considered as reference for a radial sorting
from outside to inside (Fig. 10).
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Fig. 10. Resulting cell distribution after human body analysis (left); toolpath optimization
following a radial logic (middle); continuous toolpath travels through all cells without hovering
above the surface (right)

3.3 Prototyping Test of Multi-materiality: Soft Silicone and Hard
Polystyrene Foam

To test and evaluate the proposed multimode robotic production method, a proof of
concept prototype with polystyrene foam and silicone is produced (Fig. 11). In this
experiment, first the surface is cut by hot wire, then it is milled, and lastly cells with

Fig. 11. Additive material deposition on a subtractively produced component (left); zoom of the
printed soft white silicone cells on hard black polystyrene (right)
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similar geometry that vary in sizes and depth are printed on top of the undulating
surface. The dried outcome of the printed cells demonstrates the desired elastic
behavior while it firmly stays glued to the foam. While the foam has structural prop-
erties, the elastic cells ensure comfortable seating. Through the combination of these
two soft and hard materials, different functions and material properties are merged into
a unified hybrid material system.

4 Conclusion and Future Works

The methods and experiments presented in this paper discuss multimode subtractive-
additive robotic fabrication. The research elaborates how multimode methods facilities
materialization of multi-materiality in production. The resulting material hybridity
extends the opportunities of working with a combination of materials with varying
properties such as elasticity and rigidity. This is demonstrated in the chair design to
production project, that combines two materials to achieve better functionality. From a
design methodology point of view, this requires an integrated workflow that establishes
feedback loops between digital modeling, design computation, material, and produc-
tion space. This iterative approach results in an understanding of the material behaviors
and production space.

As the next stage of this research, the goals are to advance the extruding system and
include 3D scanning and sensing, as well as tool changing for more efficient building
processes into the overall workflow. The extruding system used demands one contin-
uous toolpath. An improved version with full control of the material flow would increase
the efficiency and freedom of material positioning in different sequences. Further studies
are implanted by scanning of a milled or an existing surface, with the robotic arm, which
can be integrated into multimode robotic production processes. More specifically the
presented method of silicone printing demonstrates new design materialization oppor-
tunities to be implemented into design and architectural applications.
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Abstract. Carbon fiber-reinforced thermoplastic (CFRP) can impact the built
environment significantly. In addition to its extraordinary weight-to-strength
ratio, CFRP provides numerous benefits in architecture, including its plasticity
and aesthetics. In theory, CFRP can take any shape, but the fabrication con-
straints of mold making currently limit the design. The mold is the most
resource-intensive element of CFRP fabrication, and it is particularly chal-
lenging and costly for the bespoke non-standard shapes, which are often found
in architecture. This research presents a novel approach to utilizing robotic
three-dimensional printing (3DP) to make CFRP materials accessible in archi-
tecture by combining layered 3DP of neat polymers with add-on 3DP of CFRP
materials. This paper begins by providing background information and an
overview of state-of-the-art CFRP fabrication. It then outlines the challenges
related to the fabrication process and design of 3DP CFRP building components.
Taking into account the design parameters, material properties and fabrication
constraints, the paper describes the fabrication process development, computa-
tional design tool development and demonstrative physical experiment. The
presented research is the first part of an interdisciplinary research involving
architecture and mechanical engineering in order to investigate the potential for
large-scale mold-less fabrication of CFRP components.

Keywords: Carbon fiber-reinforced plastics
Computerized materials and structures - Robotic 3D printing

1 Introduction

1.1 Background

In architecture, using lightweight materials for prefabricated building components has
significant benefits: efficient transport to construction sites, easy assembly and reduced
embodied energy. Meanwhile, the smaller dead-loads are structurally more efficient,
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and the lightweight building components allow longer structural spans and gravity-
defying cantilevering structures with minimal material [1].

The most efficient lightweight materials are composites, two or more materials
combined to form a new, useful material. Composites have significantly different
properties compared to their base materials, usually inheriting the best qualities of each
[2]. Fiber-reinforced plastic (FRP) is a composite that boasts decades of successful use
in demanding applications in the aerospace and automotive industries due to its
excellent material properties: formability, lightness and strength [3]. Particularly, car-
bon fibers have a very high weight-to-strength ratio in comparison to other fibers, such
as glass and aramid. Carbon fibers also are 50% lighter and three times stronger than
steel [4].

Lynn eloquently describes the current trend of metals being gradually replaced by
carbon fiber-reinforced plastic (CFRP) to produce more efficient lightweight structures:

“The contemporary racing sailboat is an example of a building-scale object built with the plastic
sensibility of multiple geometries. [...] Increasingly, functional, aesthetic, and structural
components are integrated into fewer and fewer surfaces. There are very few pieces of metal
which have a low strength-to-weight ratio in comparison to fibers on a racing sailboat. Nor is
metal used much anymore in high-performance automobiles; Formula 1 race cars are now built
almost entirely out of epoxy resin and carbon-fiber-reinforced plastics.” [5]

This trend affects architecture as well, as can be seen in the Steve Jobs Theater
unveiled in 2017. Designed by the British firm Foster + Partners, it showcases how the
strength and lightweight of CFRP roof components diversify the spatial vocabulary of
architecture. Supported only by a glass structure, the roof could not have been realized
without CFRP [6].

In spite of its beneficial properties, CFRP remains rarely used in architecture,
primarily because of its costly fabrication method involving a significant amount of
manual labor [7]. Superior properties of CFRP can enable freeform lightweight
architecture, yet remain weighed down by the need to create a mold. Mold fabrication
becomes a cost driver, especially when component design requires unique, one-of-a-
kind shapes [8]. Molds usually are made through subtractive fabrication processes with
substantial amounts of waste materials and limited geometric freedom. This issue
represents one of the largest challenges in CFRP manufacturing for architecture [9].
Therefore, it is necessary to cost-effectively fabricate various shapes of CFRP com-
ponents for lightweight architecture by simplifying the mold-making process in order
to enable the production of freeform building components.

This research proposes the use of additive manufacturing (AM) technologies as a
cost-effective solution for CFRP fabrication. It aims to create lightweight-custom-
freeform building components at a reduced cost and with less labor when manufac-
turing molds. The proposed method completely eliminates the need for expensive
negative molds (mold-less fabrication), necessitating minimal, temporary and reusable
scaffolding/support.
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1.2 State-of-the-Art

This section presents a brief overview of recent developments in robotic fabrication and
three-dimensional printing (3DP) for CFRP.

Robotic Fabrication of CFRP. There has been a great deal of recent progress in
existing robotic fabrication technologies for CFRP materials, such as Automated Tape
Placement and Laying (ATP and ATL). Simultaneously, new opportunities for large-
scale CFRP components have arisen [10]. In the field of architecture, the Institute for
Computational Design and Construction (ICD) at the University of Stuttgart has
showcased the potential of fabricating large-scale components by aligning multiple
composite materials (CFRP and glass FRP) [11].

Significant innovations in the integrated fabrication process have enabled the
localized and successive deposition of materials, but ATP and ATL of CFRP materials
still rely on customized steel frames. As a consequence, they can create only a limited
variety of differentiated elements.

3DP of CFRP. AM, or 3DP, involves the process of materializing physical artifacts
from digital data by adding material using a computerized numerical control (CNC).
A 3D model of an object is sliced, usually with parallel horizontal planes. Each digital
slice contains the path for the tool-head, which gradually stacks the material in layers.
The family of AM processes includes a variety of different technologies [12]. Col-
lectively, they promise the following:

e Almost no geometric limitations and no extra cost for complexity,
e No additional cost for customization without subtracted waste, and
e A wide variety of materials that can be printed (to work within a single process).

Of the different AM technologies, the research interest lies in fused deposition mod-
elling (FDM) that can directly build up both polymer and fibrous materials.

FDM is a widely-available 3DP method in which molten plastic material is extruded
and hardens instantly after deposition. FDM is able to utilize a wide variety of plastics,
and its hardware setup is simple. Among the different plastic 3DP technologies, FDM is
unique in its capability to produce in large-scale (>405 m?) with reasonable speed (20—
100L/h) and sufficient resolution (smallest feature 0.1 mm).

Nevertheless, FDM 3D printed artifacts are rarely used alone in architecture due to
their limited tensile strength [13]. FDM has a fundamental limitation: the layer adhe-
sion along the z-axis is weak [14]. The low-bending strength in this direction results
from the weak bond between the layers, and architectural components require equiv-
alent strength in all directions. As a possible solution to overcome the low-bonding
strength, recent research conducted at the MIT Digital Structures has shown how multi-
directional 3DP enables the addition of multiple materials along mutually perpendicular
stress-lines [15].

Due to increasing demand for stronger 3D printed plastic elements, new approaches
to using CFRP for FDM are emerging. The versatile FDM extrusion process allows for
modifications in order to strengthen the printed parts.

In 2015, Skidmore, Owings & Merrill unveiled its design for the Oak Ridge
National Laboratory. The project, Additive Manufacturing and Integrated Energy
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(AMIE), showcases the capabilities of AM for building facades [16]. AMIE was
printed with short CFRP, thereby enabling rapid production of sturdy and lightweight
parts [17].

However, the full potential of the structural capacities of CFRP can be achieved only
with continuous fibers. In 2014, MarkForged unveiled the world’s first continuous
CFRP FDM 3D printer, Mark One, for commercial use. However, the machine can
only fabricate parts up to 0.007 m®, which limits its practicality for architecture [18].

In 2016, the Composite Materials and Adaptive Structures laboratory (CMASLab)
at ETH Zurich developed a continuous CFRP FDM method for the extrusion of high
performance CFRP materials. In contrast to the MarkForged 3D printer, the method of
CMASLab uses an industrial robotic arm to increase fabrication volume. This CFRP
3DP technology shows great potential due to the high performance materials used (fiber
volume content > 50%) and high build rates (>1 kg/h) [19].

2 Free CFRP Fabrication

The large number of seemingly disjointed methods discussed in the previous section is
relevant when it comes to the aim of this research: enabling lightweight, strong and
freeform architecture. Of the methods discussed, AM is the most promising in
achieving unconstrained fabrication freedom of CFRP.

With the advantages of 3DP in mind (customized formability and integrative multi-
material fabrication process), this research aims to expand the field of CFRP application
in architecture through a custom CFRP 3DP system enabling locally-differentiated
material compositions. This system allows the accurate placement of the CFRP in a
structurally-informed manner. Thus, the desired shape can be manufactured with min-
imal costs in terms of mold fabrication and labor. Furthermore, a fabrication process
based on 3DP allows material gradations, i.e., different densities and varying carbon-
fiber orientations. By placing the carbon fibers only where needed, the amount of
required material can be reduced, allowing the efficient use of resources in architecture.

This unconstrained fabrication process for functionally-integrated CFRP building
components opens up new possibilities for non-developable lightweight freeform
buildings. From an architectural point of view, the proposed approach to CFRP fab-
rication can be applied in several cases, wherever a geometric- or material-based dif-
ferentiation is needed. For example, it would be well-suited for applications requiring
freeform-double-curved surface elements. In architecture, these shapes often are
praised for their aesthetics and for their unique structural properties. Architects like
Zaha Hadid and Frank Gehry integrated such shapes into their iconic styles [20]. The
proposed system offers the possibility of creating freeform geometries with ease,
allowing for the construction of optimized, thin panels. The opportunity to cost-
effectively produce one-of-a-kind, customized, lightweight elements can significantly
benefit a wide spectrum of building elements, from self-supporting external building
skins (e.g., 3D facade elements, including balconies and balustrades) to partition walls.
Moreover, even load-bearing elements — such as lightweight roofs for cantilevering and
long-span structures — could be fabricated using this method. Indeed, the hybridization
of all these elements could be possible.
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3 Questions

In order to achieve the vision, the following questions are posed:

e Scalability. How can continuous CFRP 3DP be scaled up for mold-less fabrication
of lightweight building components?
Structural integrity. How can one overcome the low-bonding strength of FDM?

e Precision and material deformations. What are the preventive and reactive measures
that can ensure reliable, high-quality printing?

e Graded components. To what extent is it possible to differentiate components based
on local material composition and load-tailored design (e.g., stress-lines) to achieve
a higher degree of structural efficiency?

4 Approach

The approach synthesizes knowledge from the cross-disciplinary fields of digital
architecture and lightweight engineering: the fabrication process development of the
prototypical 3DP system and fabrication-aware computational design tool development
for this system.

4.1 Fabrication Process

This study adapts the CFRP extrusion system from CMASLab [19] with the help of the
industrial partner 9T Labs in combination with a polymer extrusion system.

Fabrication Strategy. The presented fabrication strategy consists of the following
consecutive manufacturing steps: (1) the 3DP of successive layers of polymer to create
a base structure, (2) the repositioning (90° rotation) of the initially-printed base
structure using temporary 3D printed support rests and (3) the local reinforcement of
the substrate with add-on CFRP 3DP. This reinforcement improves the z-direction
bonding strength with strands of continuous CFRP material (see Fig. 1). The proposed
system has the advantage of printing on existing 3D prints in layers as well as in
optimal structural directions of highly carbon fiber filled polymers. This method —
which is similar to established CFRP manufacturing methods based on quasi-isotropic
lamination [4] — has noteworthy implications for reinforcing the bonding strength of 3D
printed components, achieving homogenous structural behavior.

In general, robotic fabrication has excellent accuracy; however, because of the
nature of the process, distinct cases of deviation arise. During the 3DP of planar layers
(1) where the build material solidifies and cools down quickly — local anomalies appear
due to uneven shrinkage during thermal contraction. Immediately following the vertical
repositioning, (2) these aberrations can additively result in a deformed substrate for the
following step of add-on CFRP 3DP (3). Consequently, precision represents one of the
largest challenges, because significant deviations in some parts of the base structure can
compromise the adhesion of the add-on CFRP (3). The proposed method integrates a
path adaptation strategy between the fabrication steps through a distance-measuring
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(1) ) ®)

Fig. 1. Prototypical 3DP system: (1) 3DP of plastic base structure; (2) 3DP of plastic temporary
supports and vertical repositioning; (3) continuous CFRP add-on 3DP.

mechanism in order to meet precision requirements. This auxiliary feedback process
aims to revise the paths of the add-on CFRP 3DP.

Hardware Development. To develop the system, a medium-scale 6-axis industrial
robot arm setup is used (ABB IRB 1600), integrating the thermoplastic and CFRP
extrusion systems. The setup includes the following subcomponents (see Fig. 2):

(a) (b) (c)

Fig. 2. Custom tool-heads: (a) plastic extrusion; (b) CFRP extrusion; (c) laser measuring.

e Plastic extrusion system. A BondTech QR 3.0 Universal extruder is mounted to the
robot arm with a customized bracket. In order to make plastic FDM feasible for
architectural applications, a nozzle is customized (2.5 mm £, >40 mm/s) for high-
speed extrusion. Custom software is developed to control the plastic extrusion
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system based on a microcontroller (Arduino Uno) in order to power the extrusion
stepper driver unit, in combination with the Beckhoff digital communication
module (a).

e Continuous CFRP extrusion system. The existing CFRP extruder from CMASLab
[19] is modified by 9T Labs to ensure reliable and direction-independent 3DP by
integrating a four-wheel drive puller system and hot gas heat shield for local
reheating of the base structure. The extrusion cross section is 1.4 mm in diameter,
and the build for the high performance feedstock material is at 52% fiber volume
content with a PA12-STS40 material composition (b).

e Precision improvement solution. A Class Two laser sensor (Baumer OADM
13U6475/S35A) with a point beam is used for distance measuring. The device is
mounted on the robotic arm to ensure precision in sampling positions through
robotic actuation. Using an Arduino Uno for selective measuring based on the
robotic arm signal input, the sensing occurs within a range of 50-100 mm, resulting
in a measured resolution of 0.05 mm in analog signal output (c).

4.2 Fabrication-Aware Computational Design Tool

In parallel with the fabrication process development, the research develops a parametric
design tool for building elements. This computational tool uses double-surface
geometries as input for generating fabrication code for the base structure, temporary
support, laser measuring and CFRP reinforcement. Tool development focuses on the
following:

e Base structure. Limited to double-curvature, non-uniform rational basis splines
from the edges of surface geometry become input data. The maximum dimension of
the input geometry is defined by the build volume of the robotic setup. A custom
slicer generates layer-based and spatial extrusion path code.

e Temporary support. The study proposes FDM to economically fabricate temporary
supports to reposition the initially fabricated base structure. The material amount is
reduced dramatically compared to conventional molds for CFRP manufacturing.

e Design strategy for structurally-informed trajectories for CFRP. CFRP is distributed
in efficient layouts based on selected iso-stress-curves determined through structural
analysis.

e Integrating fabrication constraints in the design tool. These fabrication constraints
primarily include the imprecision of the add-on 3DP. Distance measurements are
synchronized with 20 ms internal circuit values. To normalize the 600,000 probed
measurements, recursive value filtering is applied according to the standard devi-
ation of the values. To compensate for the deviations of the base structure, the tool
interpolates the normalized values as z-values in the corresponding coordinates of
original points.
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5 Results

Initially, the first case study is conducted to prove the concept of add-on 3DP out of
short CFRP on a small-scale (26.5 cm x 26.5 cm x 3 cm). One of the main objec-
tives of the study is to investigate the material design in terms of the relationship
between the CFRP alignments and surface geometry enabling effective reinforcement
(see Fig. 3).

P

(81418

i

Fig. 3. Add-on 3D printed CFRP sandwich panel in 1:5 scale.

To investigate CFRP applications in architecture, a self-supporting double-

curvature sandwich-panel facade element is prototyped at a medium-scale (0.9 m
0.6 m x 0.25 m) following the identified processes (see Fig. 4):

Freeform plastic sandwich panel. Layer-based 3D printed surfaces and spatially
extruded isotropic lattice structures are fabricated in a single process (A).
Temporary support. According to the shape of the panel, the temporary supports are
generated and fabricated automatically (B).

Measuring device. In combination with the measurement strategy, the path is
revised within a resolution of 0.05 mm fostering CFRP adhesion (C).

CFRP printing. By setting the panel as a discretized part of the whole building skin,
load and support cases are identified by the surrounding ones. Accordingly, the
stress-lines are generated and compiled to the tool-path. The CFRP extruder follows
the selected trajectories keeping the head perpendicular to the tangential vector of
the base surface to locally deposit single strands of CFRP (D).

Empirical observation demonstrates the value of the custom fabrication strategy and

the computational tool, which reinforces 3D printed plastic components by locally
applying material strands of CFRP material in optimal directions. Together, they
increase the inherently low z-direction bonding strength while achieving a higher
structural efficiency for the global structure (see Fig. 5).
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Fig. 4. Facade-element fabrication processes: (A) base panel; (B) temporary supports;
(C) measuring; (D) CFRP add-on 3DP.

Fig. 5. Details of add-on 3D printed CFRP trajectories along stress-lines.

While the method presented above increases the build volume by 94.8% compared
to the one of the Mark One 3D printer, the overall amount of material used is reduced
significantly. This material reduction results from the fact that the temporary scaffolding
needs 97.2% less material than a classical mold (from =~ 0.0501 m® to ~ 0.0014 m°).
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6 Discussion and Outlook

During the CFRP add-on 3DP process, two distinct improper behaviors are observed:
delamination at sharp corners of the paths and decreased precision on junctions due to
multiple overlaps. Because these behaviors affect global structure performance, further
research will investigate the minimum curvature of CFRP that can be 3D printed as well
as strategies to avoid a large number of junctions. These fabrication constraints will be
integrated into the computational design tool. In parallel, an optimization strategy for the
fiber layout will be developed to further improve structural performance.

The low z-direction bonding strength of the FDM technology appears to be
overcome by the local add-on 3DP of CFRP material. Future research will quantify the
structural benefits of CFRP. More specifically, three-point bend tests and/or com-
pression tests will quantify and evaluate comparatively at two distinct levels:

e Quantification of the improvement in cross-layer bonding strength along the z-
direction. In order to quantify the performance benefits of the add-on CFRP 3DP,
two of each five identical samples will be structurally tested: the layer-based plastic
3D printed specimens and the ones with CFRP add-on reinforcement.

e Comparative evaluation in reference to alternative approaches and materials. In
order to establish the applicability of the proposed fabrication method in architec-
ture, it is compared to: (1) conventionally fabricated CFRP specimens using the
same amount of carbon fibre regarding its flexural strength, and (2) steel, concrete
and wood specimens, regarding their weight-to-strength ratio.

For the purpose of this publication, the three different tool-heads is swapped
manually to demonstrate their feasibility. Nevertheless, the manual swapping intro-
duced imprecisions and delays in the process, making it necessary to automate these
steps through an integrative multi-material tool-head. The tool-head will be developed
and customised for efficient multi-material fabrication. This will allow the change of
multiple extrusion systems by rotating the sixth axis of the robotic arm, thus enabling
the fabrication of multiple materials in an uninterrupted, single 3DP process.

Regarding scalability, the focus so far has been on parts that fit the size of the
medium-scale robotic setup. This paper demonstrates a medium-scale building com-
ponent, and larger scale components will be tested to broaden the applicability to
architecture. The flexibility of the proposed fabrication system allows it to be adapted
to various types of robotic arms. Therefore, the next step is to implement it in a large-
scale robotic setup, the Robotic Fabrication Lab at ETH Zurich, with a fabrication
volume of up to 4,590 m>. This will include a parallel design research considering the
development of an integrative assembly method and a load transferring system for the
assembly of the discretized components. For the large-scale demonstrator, the fol-
lowing steps are scheduled:

e Prefabrication of discretized 3D printed lightweight plastic sandwich units that
easily can be assembled on-site for a building-scale structure.

e Investigation of an integrated joint strategy to connect the units by adopting existing
methods, such as male-female locking [21]. Here, the joint features will be inte-
grated into the 3DP process.
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e Add 3DP of meter-long continuous CFRP onto the assembled structure for miti-
gating force transfer. This add-on 3DP will provide the stiffness and structural
integrity of the global structure.

3DP not only enables material gradation but also facilitates the fabrication of
geometrically complex building components. Therefore, the design research also will
explore new aesthetics through ornamentation, innovative shapes, new types of
architectural components and functional integration of transparency out of various
plastic materials.

For large-scale 3DP, a measuring process is necessary. However, the measuring
process takes almost as long as the CFRP fabrication process itself (=5 h 47 min as
opposed to =5 h 54 min). Therefore, further research should consider the development
of a reliable real-time measuring strategy. Furthermore, the amount of shrinkage
increases proportionally with the volume of the print, making investigation of various
extrudable plastic materials valuable in identifying low-shrinkage options. More
specifically, this research will further investigate these aspects:

e Handling deformation. This paper represents a promising first step in combining
high-resolution sensing with precise adaptation to an unknown substrate.
Nonetheless, there are limitations to the fragmented measuring and revision, par-
ticularly in terms of the overall production deceleration and limited adaptability in
micro deformation. In this sense, the research will present an advancement of the
revision strategy in real-time communication between robotics and the revision
software. Together, they can couple highly detailed path revision and filtering with
advanced adaptation.

e Prevent deformation. Further research has to answer the question of which plastic
materials are best suited for large-scale FDM. Such investigations need to consider
the shrinkage and crystallization of the polymer to prevent warpage as well as the
printed bonding capabilities between the paired materials. CFRP has a unique
advantage: it minimizes warpage through its increased compressive strength after
instant solidification, a feature that is particularly promising for extremely large
3DP applications. Spatially-extruded lattice structures also can be printed out of
CFRP to prevent shrinking and promote stiffness, which can potentially be graded
based on structural analysis and relative design system development.

7 Conclusion

This paper has presented a method for producing freeform and non-standard CFRP
building elements with minimal molds. The novelty of this approach is twofold. On the
one hand, it provides a new 3DP process for continuous CFRP, and on the other, it
highlights a graded material distribution that is precisely designed based on compu-
tational structural analysis. This method promises a more sustainable construction
process, with no waste material, easier on-site assembly with lightweight components,
and greater design freedom for CFRP elements.
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Last but not least, integrated functionality will be investigated and integrated in this
research. Buildings cannot exist without a set of performative and functional layers,
which increases the need for more on-site labor. Enabling the fabrication process to
materialize multiple layers of functionality within one setup can allow more complex
architectural components while reducing complexity on the construction site.
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Abstract. This paper presents a fast and flexible method for robotic extrusion
(or spatial 3D printing) of designs made of linear elements that are connected in
nonstandard, irregular, and complex topologies. Nonstandard topology has
considerable potential in design, both for visual effect and material efficiency,
but usually presents serious challenges for robotic assembly since repeating
motions cannot be used. Powered by a new automatic motion planning frame-
work called Choreo, this paper’s robotic extrusion process avoids human
intervention for steps that are typically arduous and tedious in architectural
robotics projects. Specifically, the assembly sequence, end-effector pose, joint
configuration, and transition trajectory are all generated automatically using
state-of-the-art, open-source planning algorithms developed in the broader
robotics community. Three case studies with topologies produced by structural
optimization and generative design techniques are presented to demonstrate the
potential of this approach.

Keywords: Robotic extrusion - Motion planning - Topology optimization

1 Introduction

Architectural robotics has proven a promising technique for assembling nonstandard
configurations of building components at the scale of the built environment, comple-
menting the earlier revolution in generative digital design. However, despite the
advantages of dexterity and precision, the time investment in solving the construction
sequence and associated robotic motion grows increasingly with the topological
complexity of the target design. This gap between parametric design and robotic
fabrication congests the overall digital design/production process and often confines
designers to geometries with standard topology. In order to close this gap and enable
more possibilities for discrete architectural robotic assembly, a more systematic and
explicit computational exploration of constraints and robotic motion planning is
needed.

This paper presents a new way to apply automated robotic assembly sequence and
motion planning to robotic extrusion of geometries with nonstandard topologies. The
case studies presented serve to demonstrate the computational planning system’s power
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to generate feasible robotic instructions and how its integration into existing digital
design workflows can resurrect topology as a fundamental design variable on
designers’ palette for robotic assembly.

1.1 Complexity and Topology

Assemblies of discrete elements, such as trusses, space frames, masonry vaults, and
stacked blocks, have been explored repeatedly in the architectural robotics domain. All
discrete structures of this type can be represented by three design characteristics: size,
shape (or geometry), and topology. This terminology originates from structural opti-
mization of trusses in the 1960s—1980s (Spillers and MacBain 2009), but can be used
generally to describe any discrete structure.

Within this framework, size refers to a cross sectional property of an individual
element in the structure (e.g. cross sectional area of a linear truss element, or width of a
brick in a stacked wall). Shape refers to the locations of internal and external points,
lines, curves, and surfaces in a design. Finally, topology refers to the connectivity
relationships between elements in the structure, and is the most fundamental; there is no
easy way to morph a design from one topology to another (unlike with size and shape).
Topology therefore offers both design opportunities and fabrication challenges: the
largest impacts in visual effect and efficiency are possible (some examples are given in
Fig. 1), but complex topologies can be nontrivial to assemble.

Regular grids Structural optimization Generative grids

Fig. 1. Examples of different topologies resulting from different design techniques

Research in architectural robotics has included explorations in materializing design-
driven complexity at all three of these levels (Gramazio et al. 2014). Most of this
existing work involves generating a tool center point pose on the geometry to be
assembled, and using the industrial robot’s built-in interpolation method to compute
transition trajectories with a certain safety factor. Recently, Sendergaard et al. propose
an incremental search algorithm to find a construction sequence for a large-scale
topology optimized space frame, while guaranteeing the existence of node-specific,
collision-free assembly motion (Sendergaard et al. 2016). However, robotic configu-
ration’s feasibility is not considered during construction sequence searching, and
robot’s trajectories are resolved by inserting custom unwinding positions. While this
geometry and machine-specific approach is feasible for designs with simple and sparse
topologies, the construction sequence and robotic motion planning is much more
nuanced for designs with denser material distribution and non-standard topologies. The
computational complexity of “custom iterative path planning” in a densely populated
environment has proved to be a major technical challenge that confines designers in the
design domain of regular topologies (Eversmann et al. 2017).
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In recent years, there has been some success in tackling this problem using auto-
mated motion planning by using a single-query robotic motion planning algorithm
(Parascho et al. 2017) or an online control strategy (Giftthaler et al. 2017) to compute
transition trajectory between pre-programmed assembly primitives. However, the
construction sequence in the existing work was still assigned manually, taking
advantage of either the sparse or the repetitive topology of the target geometry.

1.2 Topology in Robotic Extrusion

This paper focuses on one particular method for robotic assembly of discrete structures
for the sake of specificity. Robotic extrusion (sometimes called spatial 3D printing)
involves extruding a thermoplastic along linear paths, typically to form a mesh or grid
structure, using robotic motion. This fabrication technique has been presented as an
alternative to layer-based additive manufacturing, with advantages both in terms of
mechanical properties and speed of construction (Gramazio et al. 2014; Yuan et al.
2014). The flexibility of industrial robotics has mostly been deployed to facilitate
complexity in shape (as opposed to size or topology); morphed grids with standard
topologies have been shown to be useful both for formal variation (Branch Technology
2018; Soler et al. 2017) and structural efficiency (Tam et al. 2018).

There has been some research in robotic extrusion for nonstandard topology, but all
has required a time-consuming, non-automated robotic motion planning process. In the
architectural robotics domain, (Tam et al. 2016) present robotic extrusion along lines of
principal stress to achieve desired structural behaviors, but this work does not offer an
automated planning solution and relies on milled formwork to support the structure
during the printing process. In computer graphics, (Huang et al. 2016; Wu et al. 2016)
have printed irregular topologies in which only the outer surface of a shape is mate-
rialized. However, none of the existing work considers the planning of entire robotic
trajectories. Nor does any existing process explicitly demonstrate its ability to effi-
ciently handle the construction sequencing and motion planning problem for designs
with intricate volumetric topology patterns that are of interest in architecture.

1.3 Research Aim

In response to this need for easier robotic programming for complex, dense topologies
in the architectural domain, this paper introduces a new automatic motion planning
system called Choreo, which removes the need for human intervention in the tedious
and nontrivial tasks of assembly sequence definition, collision detection, and trajectory
planning.

2 Automatic Motion Planning System

This section lays out the general framework for robotic extrusion of nonstandard
topologies. As shown in Fig. 2, there are four broad steps used in this workflow. First, a
designer generates an overall concept using discretized linear elements; the design is
defined in terms of topology and shape (or geometry). The second and third steps are
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carried out by Choreo without the need for human intervention: a feasible assembly
sequence is automatically generated, and then the robot’s path and instructions are
automatically planned. In this third path planning step, the robot’s trajectory is generated
for both joint configurations and associated end-effector poses for each element’s
extrusion, and for transition between adjacent extrusions. The planning output is tagged
with metadata so that users can easily weave hardware IO commands and micro path
modifications using any programming platform, including Grasshopper. Taking
advantage of existing robot brand-specific post processors (such as KUKA|prc 2018), an
executable robot instruction file can be harvested and uploaded to a robot controller for
execution. These four steps are explained in more detail in the following subsections.

{

/. /\—»\
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> N > >
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T %

: NS
Topology and geometry design :  Assembly sequence Automatic path planning and 3D robotic extrusion
@ @ other robotic instructions @

Choreo motion planning framework

Fig. 2. Overview of the robotic extrusion workflow including the automated planning system

2.1 Step 1: Ground Structure Topology Optimization

One option for generating the initial design to be robotically extruded is topology
optimization, which is especially attractive when structural efficiency is important.
Topology optimization is a design approach that finds the best material distribution
within a discretized design domain according to structural criteria (Bendsee and
Kikuchi 1988). The majority of approaches that use truss elements for the discretization
are based on the so called ground structure method where nodes are distributed
throughout the design domain and potential bars are defined between them (Dorn et al.
1964). Using a mathematical programme, the bars in the domain are sized to obtain the
least weight design with a user-specified stiffness. By letting the smallest allowable bar
area approach zero, the structural topology is obtained.

Base ground mesh Intermediate result Optimization result

Fig. 3. Topology optimization process
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Figure 3 shows an illustration of this process applied to a simple 2D cantilever
problem. In the figure, a bar element’s line width denotes cross section that is between
0 and 1 times of the desired constant cross section A,. Elements with a thick line width
have area A, and elements with areas approaching 0 are removed. This same topology
optimization method is applied to a more complex 3D case in Sect. 3.1.

2.2 Step 1: Other Topology-Generating Methods

There are many other design-driven methods for generating complex topologies
algorithmically of interest in architecture. For example, Stiny and collaborators have
shown how to generate designs using shape grammars, including frames inspired by
Chinese ice ray lattices (Stiny 1977). More recently, grammars have been used with
embedded structural logic to produce unexpected equilibrium designs (Lee et al. 2016).
Islamic patterns and generative tools to create them can produce culturally meaningful
topologies (Khouri 2017). Voronoi diagrams, and their dual Delaunay triangular
meshes, can each be used to generate meshes that seem biomimetic or that address
other aesthetic agendas (Okabe 1992). In general, topology can be a key variable in
creative design that leads to diversity and variations in visual expression, as illustrated
in Fig. 4.
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Other topologies

Fig. 4. Visually diverse topologies produced through generative design.

2.3 Steps 2 and 3: Assembly Sequence and Motion Planning with Choreo

The complexity of topology introduces significant challenges for finding a collision-
free extrusion sequence and robot trajectory. The robotic extrusion planning problem
requires finding a chronological construction sequence of motions to extrude each
element, as well as moving through free space to connect adjacent extrusion processes.

To solve this combined task and motion planning problem, a three-layer compu-
tational hierarchy is proposed and implemented in Choreo to gradually narrow down
the computational complexity along the search tree. First, a constraint-based sequence
planner is introduced to search the construction sequence, while guaranteeing the
intermediate construction’s stability and stiffness, and the existence of collision-free
robot kinematics solution at each extrusion step. Then, a sampling-based semi-
constrained Cartesian planner is used to compute the robot’s joint configuration during
each extrusion process. Finally, an off-the-shelf motion planner is called to compute the
robot’s trajectory to navigate through free space to connect adjacent extrusions. Taking
advantage of existing single-query motion planning packages, users can interact with
multiple state-of-the-art motion planners and choose the one to balance their needs
between the optimality, smoothness, and speed. Figure 5 highlights the three different
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\~

(a) (b) (©)

Fig. 5. Transition trajectory computed by state-of-the-art motion planners: (a) STOMP
(Kalakrishnan et al. 2011) (b) CHOMP (Note that a resetting home pose is inserted in the
transition trajectory if initial direct transition planning fails. Thus, the results shown here indicate
that the CHOMP planner is not as good in finding a feasible trajectory as the other two planners
presented here.) (Ratliff et al. 2009) (c) RRT* (Karaman et al. 2011)

planning results for a 3D Voronoi (Sec. 3.2), using three different state-of-the-art open-
source motion planners developed in the robotics community. An in-progress paper
(Huang et al. 2018) gives a more detailed description of the assembly planning algo-
rithms used in Choreo.

Choreo is implemented in C++ on Robot Operating System (ROS) (Quigley et al.
2009), integrating functionalities from ROS-Industrial (ROS-Industrial 2018) and
Moveit! framework (Sucan et al. 2018). Choreo’s system architecture is designed to be
modularized and adaptable. This modularized system feature offers users and
researchers the flexibility to plug in and experiment their customized sequence or
motion planner without changing the entire system’s codebase. Finally, Choreo can be
configured to support 6 or 7-axis industrial robots of any brand with any user-defined
end-effector’.

2.4 Step 4: Post-processing and Robotic Extrusion

The generated robotic trajectory from Choreo is geometrical and without timestamp
information. In order to generate instructions for the robot to interact with the physical
world, the user needs to weave IO commands to synthesize the robot’s motion and its
end effector’s behavior. In addition to this, the variation of extruder design and
extrusion material properties requires the incorporation of ad hoc fabrication logic to
achieve the desired visual results (Hack and Lauer 2014) or increase the product’s
structural performance (Tam et al. 2018). These fabrication logics derived from
physical extrusion experiments usually involve local modification of an end effector’s
pose, such as pressing or extruding following small circular movements at structural

! The mechanical parts of the extrusion system used in this work’s case studies are developed by
Archi-Solution Workshop (http://www.asworkshop.cn/).
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joints. The correct weaving of these modifications and IO commands requires the
computed trajectory to be tagged with extrusion process metadata, so users can easily
separate trajectories for different processes and insert commands accordingly.

To increase the computed trajectory’s compatibility to programming platforms,
Choreo’s trajectory is formatted in a customized JSON format, where each element
extrusion process’s joint trajectory and associated TCP poses are packed with the
element’s ID. Then the formatted trajectories are imported into any programming
environment, such as Grasshopper, with a simple customized parser, to decode the
JSON file and allow a direct and visually friendly IO commands insertion and path
micro-modification. Then, existing robot simulation packages can be used to visualize
and simulate robot’s trajectory and export executable robot instruction code. The
fabrication parameter calibration process can go back and forth between Grasshopper
and physical tests, keeping the overall robot trajectory unchanged.

3 Case Studies

This section presents three robotic extrusion case studies of different topologies.
Computation time on assembly planning and fabrication results are presented in
Table 1, and overall shape and topology properties are given in Fig. 6. These case
studies demonstrate Choreo’s power in automatically generating executable robotic
extrusion trajectory in a reasonable amount of time.

Table 1. Computation statistics of the case studies. All computational experiments were
performed on a Linux virtual machine with 4 processors and 16 GB setup on desktop PC with a
quad-core Intel Xeon CPU. *Extrusion planning time is specified by users.

Model Node | Element | Sequence Extrusion Transition Fabrication | Size [mm]
count | count planning time | planning time | planning time | time [hr]
[s] [ [s]
Topopt | 114 205 1346 1200 843 (STOMP) |3 200 x 200 x 200
vault 1211 (RRT*)
(Sec 3.1) 1511 (CHOMP,
9 fails)
Voronoi | 148 292 2299 1200 846 (STOMP) | 3.2 150 x 150 x 320
(Sec 3.2) 1286 (RRT*)
945 (CHOMP)
Mars 86 214 1498 1200 800 (STOMP) |3 180 x 180 x 155
habitat 918 (RRT*)
(Sec 3.3) 1054 (CHOMP,
4 fails)

3.1 Topology Optimized Vault

Using the ground structure topology optimization method described in Sect. 2.1, a 3D-
trussed vault was generated. With this approach, it was possible to remove 91% of the
material initially included in the ground structure.
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Fig. 6. Node valence and element length histograms of the case studies.

The average element length is long, and element length variation is low because the
design is generated from a regular base mesh. However, the geometric configuration
generated from these elements is not trivial. 12% of the nodes have valence of six,
tending to create narrow pathways for robot in transition planning. The trajectory
highlighted in Fig. 7 shows the corresponding tool center point traveling trajectory
from the transition planning result, indicating that the robot’s configuration changes
significantly between many pairs of adjacent extrusions, requiring the planner to output
a long and unintuitive trajectory to stay within joint limitations and stay clear from
collisions.

Fig. 7. Topology optimized vault, robotic trajectories with STOMP, and final extruded result.

3.2 3D Voronoi

The 3D Voronoi design was generated by randomly sampling points within a rectan-
gular solid, and then using the 3D Voronoi component in Grasshopper together with
Kangaroo 2. A sphere collision algorithm was used to force the elements lengths to
have a distribution with lower variance. Figure 8 shows the design and fabrication of
this case.
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Fig. 8. 3D Voronoi design, robotic trajectories with RRT#*, and final extruded result.

Because of the Voronoi-generating algorithm, there is low variation in node
valence, with most nodes having four elements, a relatively low number, connecting. In
this design, elements are well supported during each construction step, and there are
few very long elements. However, the long elements at the boundary have smaller node
valences, and the resulting material warping and sagging can sometimes prevent the
robot from locating and connecting to these elements even though the computed tra-
jectory is feasible. In terms of motion planning, the internal topology does not have a
trivial layer-based pattern. Thus, it is unintuitive for humans to find a sequence man-
ually, and the Choreo platform proves useful.

3.3 Mars Habitat Design

The third case study is a model of a pressurized habitat designed for a human colony on
Mars. An outer dome membrane, discretized into a mesh-like structure, is helped
structurally by an internal tree structure that acts like a tension spoke system to anchor
the membrane to the ground. Figure 9 shows the design and fabrication of this case.
The construction sequence alternates between outer and inner structure to gradually
close the membrane at the top. Nodes on the stem of the internal tree structure have
highest node valence. The outer layer needs to be built before the internal tree elements,
but introducing more surrounding collision objects leaves narrow pathways for the
robot to enter. This forces the planner to find long trajectories to allow specific joints to
have sufficient rotation in open space to approach the desired joint configuration.
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Fig. 9. Mars habitat design, robotic trajectories with RRT*, and final extruded result.

4 Conclusions

This paper has demonstrated a new path planning framework, Choreo, and used it to
show how opening up topology as a design variable in robotic extrusion offers
opportunity for more efficient structures and more creative flexibility. Three case
studies were presented, each of which has nonstandard topology and more than 200
elements. Because of the flexibility and speed of Choreo, the trajectories in all of the
case studies were computed in a little more than an hour, with three additional hours
needed for the actual robotic execution. This timescale suggests an exciting future
possibility: fabrication logic related to robotic constructability could be integrated as a
driver in iterative conceptual design, pushing the role of technical assessment from
checking a nearly finalized design to an early-stage decision-making aid.

Although the approach presented in this paper was applied to the specific method of
robotic extrusion at a relatively small scale, the Choreo framework is very flexible.
Because the underlying algorithms state-of-the-art, they are fast enough to generate
robotic sequences to be used in production. Choreo could also be applied to other
aggregations of linear elements beyond extrusion with similar benefits, or more broadly
to assembly problems in general (e.g. masonry structures with nonstandard topologies).
Because Choreo is independent of robot brand or even numbers or types of axes, it can
work with many different robotic set ups, including those with additional external linear
axes or turntables. The broad future vision for this work is a better way for designers to
interact with robots, shifting the machine programming experience back to high-level
tasks in the architectural language of shape and topology.
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Abstract. Although additive and robotic manufacturing, is considered a tech-
nology with lots of potentials in the construction industry, its deployment has
not yet reached wide applications for on site construction of sustainable archi-
tectural structures. This paper focuses on the deployment of a 3D printing
technology that combines robotics with natural materials for the construction of
environmentally performing small scale buildings. Cable robots are explored for
3D printing with adobe, while drones are explored for real-time monitoring
technologies of the construction process. A full scale prototype of the tech-
nology has been deployed during 15 days at an international construction fair,
demonstrating its potential by producing live a 20 m? pavilion. The paper
describes and discusses the experience, feasibility and limitations of the tech-
nology operating on site and in a direct collaboration with human operators and
craftsmen. The prototype demonstration presented in the paper has led to the
conclusion that there is a significant potential of using the technology for large
scale sustainable architectural constructions on-site.

Keywords: Construction site automation - Additive manufacturing
Cable robot - Earth architecture - Monitoring by drone
Sustainable construction

1 Introduction

1.1 Background

In a context of demographic explosion, resource scarcity and global warming, the
construction sector needs to evolve towards faster, cleaner, more efficient and more
customisable building systems.

Past research in robotic fabrication for architecture has shown the potential to
challenge the way we design and build, bringing new opportunities for the construction
sector to improve productivity and expand design possibility towards a potentially
more performative building [1]. In this field, additive manufacturing for on-site con-
struction processes such as contour crafting [2] have been explored in research and
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developed in multiple context, often focusing on cementitious materials [3], while few
example also focus on alternative construction material such as soil based material or
adobe [2, 4] that can potentially limit the embodied energy of construction by being
found as local material.

Yet difficulties are encountered in terms of equipment installation, printing quality
at large scale and design integration [3], needing more research in this field.

1.2 Motivations

Combining technological advances in robotics (cable robot and drones), natural
materials and generative design, the aim of the project is to explore the potential of
additive manufacturing on the construction site, allowing the production of high-
performance buildings with sustainable materials.

The following paper discusses a prototype demonstration constructed in 2017 by
the authors (and an extending team of collaborators) cumulating multiple years of
investigation into adobe 3D printing and cable robotics. The project, within an indoor
exhibition space, achieved to erect robotically a 15 m? pavilion in just 15 days,
including the installation and disassembling of the necessary machinery on-site.

This paper focus on the robotic and technical aspect of the project, while new
possibilities of design and materiality will be the subject of a separate paper. Here, the
authors discuss in detail success and issues of the robotic setup, as well as the
opportunities for improvement and further development of the technology.

2 Cable Robotics for On-Site 3D Printing

Numerous works are going on the definition of 3D printing material and processes for
construction, but today one of the main limiting factor for deployment to the con-
struction site is that there are no suitable large-scale equipment existing for this task [3].
The main problem with the current design is either the size and weight, in the case of
gantry robots, or the complexity when a robotic arm is installed on a mobile base. On
the other hand cable robotics have been introduced for applications involving manip-
ulation of large payloads [5, 6] and/or large workspaces [7, 8] in a manner similar to a
crane, with the addition of the control on the 6 degrees of freedom of the load without
sway. Most of live demonstrations have been performed for industrial applications [9].
Applications in the field of construction have been foreseen as well [10, 11]. More
recently, and more specifically to the problem at hand, cable robots have been show-
cased as a potential solution for 3D printing [12] operating on the base of lightweight
components laying on the ground and without the need of exteroceptive sensors.
The present section describes the feasibility of cable robotics for on-site con-
struction by detailing the actions (logistics, calibration) that were necessary for relo-
cating a large scale cable robot to the demonstration space at a construction fair. Details
on printer operation show how craftsmanship of operators and digital design are
combined to complete a complex print combined with the installation of modular parts.
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2.1 Transporting and Reconfiguring a Cable Robot

In their essence, cable robots are constituted of winches controlling the length of a set
of cables, running through sheaves along a specific geometric pattern in space and fixed
to an end-effector platform which controls the position in all 6 degrees of freedom. All
these components are lightweight, easily relocated as they can pack in small volumes,
and can take advantage of existing structure on or around the work site for installation.
In addition, operation of a cable robot requires having an accurate measure of where
cables are fixed to the platform (the fixing points) and the position of the pulleys
attached to the structure (the drawing points), which can be measured on site using
usual construction tools like a total station. These properties make cable robots easily
relocalizable from one site of operation to another.

The cable robot COGIRO (shared property of TECNALIA and LIRMM) used for the
research project presented here is constructed in a modular way. Its 8 identical winches,
capable of pulling up to 5000 N, are placed by sets of two on a pallet-sized steel part
laying on the floor at each corner of the workspace. These parts also serve as anchor
points for the structure. At each top corner, two swiveling sheave assemblies are posi-
tioned for guiding the cables from the winches to the moving platform (Fig. 1). Finally,
once the cables are disconnected, the platform is easy to move around on a pallet.

e ON

Fig. 1. Cable robot overview, with detail of the winches and drawing points.

Robot’s winches, control cabinets, drawing points and platform have therefore been
disconnected to the robot’s structure and sent to the demo space. In the meanwhile,
another similar structure is assembled at the site, making it ready for the winches and
drawing points assembled to it and connected to the control cabinet. At that point, the
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position of the drawing points and the platform at home position have been performed
at the demo space by using a Leica Builder 309 total station using reflective targets
fixed to the sheave parts and to the platform. The routines of the robot are finally tested
with the platform, and the robot is ready to operate.

The whole operation took 2 working days and 2 robotics operators on the demo
site, in addition to the transport time. An additional day has been required to set up the
demonstration itself.

2.2 Support Structure Design

In the case of this robot, the support structure is closed, meaning that the only forces
transmitted to the ground are the dynamic forces on the cable robot platform, which are
usually low. It is therefore not necessary to bolt the structure to the floor. An aluminium
structure, easy to be assembled and easy to be found in the market), was set up in
function of the requirements at the demo space. The aluminum truss parts materialize
the edges of a parallelepiped, its top angles being reinforced by angled side bars fixed
using shell clamps.

In practice, however, it proved difficult to install 3 shell clamps per joining on the
angled bars: one of the joining among 16 was fixed with two clamps only, resulting in a
lower first mode of vibration than expected.

Over the available horizontal space of 10.5 by 7.0 m, carrying a total load of
120 kg, an area of 6.6 by 4.4 m has been determined usable for printing, and 7.7 by
4.8 m for other operations (Fig. 2). The usable workspace could have been increased
by adding weight to the platform, and therefore tensions on the cable, but this was not a
requirement for this experiment. Over these areas, more than 3.5 m of height was
accessible for the print head within the structure height of 6 m. Total print volume of
the demonstration cable robot is more than 100 m®, while the robot components (ex-
cluding the structure) fitted 10 pallet spaces and weighed 2800 kg.

Fig. 2. L: workspace for the 3D printing cable robot (red: for printing, orange: access only). R:
general view of the structure during assembly.
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Most of the weight in the current configuration comes from the pallet parts
themselves that have not been optimized for their mechanical purpose as they act as
ballast, allowing the robot to be simply laid on the floor without bolting it. Oversized
motors for the task at hand, in particular in terms of speed, is another factor. A cable
robot specifically built for 3D printing, with the same footprint, the same winch force
rating (leading to the same workspace), with a lower speed rating and winches and
structure anchored directly to the floor has been estimated at 840 kg (structure weight
excluded). Besides, it would have been possible to increase the reachable workspace by
increasing the weight of the platform with limited impact on the reachable height.

2.3 Material and Extrusion Technology

Using a previously developed pneumatic extrusion system [16], a specially developed
earth mix (or adobe) is extruded into thin surfaces of 15 mm width by 3.5 mm height at
a speed of 100 mm/s. The reduced capacity of the extrusion system (approx 20 kg)
induce an important work of refilling every 20 min. A specific recharge system using
hermetic premix cartridges have been developed to reduce downtime of the machine,
allowing to recharge the machine in 5 min and keep the system printing 80% of the
time.

With such prototype system, the project achieved a limited production rate of
40 kg/h in optimal conditions, still capable to extrude 1000 m per day. Conscient of
this limitation, continuous extrusion system compatible with the span of a cable robot is
currently being developed to rise up this printing rate by potentially 400% (160 kg/h),
but have not been used in this project.

Another speed limitation came from the slow hardening process of adobe, related to
the evaporation rate of the water contained in the material, a rate highly dependant on
the geometry, site temperature and humidity as well as dependant of the ventilation
flows acting on the piece. The drying process require therefore a specific attention as to
analyse the hardening condition, guarantee stability and avoid cracks.

Lab experiments and repetitive testing permit the team to settle a maximum 3D
printing height limit of 60 cm/day, with a more conservative limit for practice of
20 cm/day. Being able to monitor the drying process is crucial to push the speed of
production, as required in this experiment.

3 Drone Scanning

To monitor the printing process, custom designed autonomous robots have been
developed by NOUMENA to navigate freely within the complex space of cable
robotics (Fig. 3). While frequent 3D scanning of the wall’s fabrication allowed the
team to detect misalignments occured between the G-code instructions and the
deposited material, a special focus was given on the capacity to analyse the hardening
of the material over time. To achieve this task, each drone is equipped with a specific
sets of cameras capturing pictures to digitally reconstruct the built wall and collect
thermal data to register the hardening process for the printed clay.
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Fig. 3. Drone with protective frame in polypropylene and carbon fiber

Those inputs are necessary not only to monitor the threshold among digital and
physical models but also to control and inform the fabrication process, observing
through thermal data the hardening process of every single layer of clay extruded,
hence understanding how to regulate increasing payload due to continuous printing.
Correlation between thermal value and hardening state can be easily read as water
evaporation naturally cools down the material, therefore helping to identify “dry” parts
(room temperature) from “wet” parts (cold temperature).

3.1 Monitoring Solutions

Each drone is equipped with a multispectral and a thermal camera. The first one is a
Parrot Sequoia, a camera which can collect more than 5 different bands as separated
channels: R, G, B, Infrared, stored as TIFF and RGB pictures in jpg format. Our
thermal camera is also from a commercial product call Flir Vue Pro camera, capable of
registering operating temperature ranges between —20 °C to +50 °C, with a spectral
band between 7.5-13.5 um. These information becomes crucial to evaluate the essi-
cation process of the 3D printed wall, calculating how many extra layer of material
each specific section can support.

To rebuild 3D models with spatial information, all images taken by the camera are
processed using Agisoft Photoscan, a commercial software that performs photogram-
metric processing of digital image. Output is a digital model from which it is possible
to extract thermal and geometrical data. scope of this application was to compare its
spatial digital reconstruction with the programmed path produced by GCODE. This
process is performed in the design environment of Rhino Grasshopper developed by
McNeel. Using Volvox a Grasshopper add-on, we can import the point cloud infor-
mation and compare these data with the original G-code generated from the 3
dimensional geometry.
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3.2 Results

Resulting scan for the monitoring (Fig. 4) allowed the design and trajectory specialist
to monitor possible deviations (max. 10 mm in XY plane) and constantly adjust the
3D model of the missing part as well as adapt the 3D printing speed in relation with the
load bearing capacity of the part already printed. While data have been gathered every
hours with a drone flight, the photogrammetry calculation to obtain a 3D model with
thermal value have taken many more hours and allowed the team to properly assess the
material state only once a day.

Future Deposition Path

3D Printed Clay Wall

Wall Basement

Fig. 4. Resulting scan from the monitoring with drone, compared with planned production file.

3.3 Next Challenges

More powerful hardware for calculation could allow for a shorter lead time between
drone flight and model analysis. Aerial robots path planning could also be automated
and would requires a robust autonomous system capable to read and react to the cable
robot inputs position as well as a precise map of obstacles and printed artefacts. Further
development based on ROS [Robotic Operating Systems] could be integrated con-
verting as connected modules the drones, the cable robot system and other possible
sensors to monitor the physical performances of the 3D printed artefact in real time.

4 Human-Machine Interface

While automation brings new potentials, human presence on site is still required.
Human intervention in this experiment have been crucial for design and planning
decisions, material and process analysis, as well as to take care of tasks not yet
automated such as refill and maintenance of the extruder, and finishing task on the
printed artefact itself. To better integrate the coordination between machines and
humans, a set of Human-Machine Interface (HMI) have been developed in the context
of this experiment.
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4.1 CNC Control

For the purpose of the demonstration, a trajectory specialist was in charge of generating
the G-code for the current cartridge. When extrusion stopped, for refilling the extruder
with material, a new G-code file was generated on the base of the current index. This
new trajectories were constantly updated according to the design evolution and syn-
chronized with the collected data by the drone. The file was fed to the cable robot by
the robot specialist after reloading and repositioning of the platform by the process
specialist.

While part of the G-code generation and loading have been automatized, a crucial
decision was taken constantly at this stage: whether continuing the printing process as
plan or stop and adapt the design to the new data coming from the monitoring drones.
In the current state of the technology, this crucial decision requires an understanding of
structure (e.g. Is the material dry enough or not to support extra load?), materiality (e.g.
Will the material bind with existing layer and will it give a proper surface quality),
design (e.g. How can I adapt the design to new criteria?), planning (e.g. Can we
postpone the printing process?) and socio-political factor, (e.g. Can we take the risk of
failing or being late?); a complex decision process that can’t be automated yet and will
most probably still require human intervention in the future.

4.2 On-Site Quality Control

On top of that, a specific automatized maneuver has been set up for the purpose of
halting the print, reloading a material cartridge and resuming the print where it stopped.
A human-machine software interface features all the functionalities for running the
cable robot in different modes: point-to-point movements, jog mode and CNC opera-
tion along trajectories defined using G-code. The cable robot was operated by a robot
specialist.

At the same time, a print process specialist was in charge of optimizing the print
parameters (feed, synchronization of extrusion and movement, position corrections) to
achieve the best print quality. In addition to a set of cameras showing the extruder tip,
and, when required, direct visual assessment of the situation close to the platform, his
tool was a wireless remote control with different functionalities implemented for the
demonstration (Fig. 5): halting and resuming CNC operation (a), halting and resuming
extrusion (b), feed speed setting (coarse/fine) (c), Z position correction for start of print
(d), Start reload maneuver (e).

4.3 Cable Robot as a Precise Crane

The operation of the cable robot during the demonstration took 9 days of printing to
achieve the 6.25 by 3.75 by 2.4 m pavilion. On the next day the extruder was removed
to let the cable robot pick wooden roof elements to be placed on top of the freshly
printed wall, to complete the pavilion (Fig. 6). On that operation the cable robot was
operated in manual jog mode, similarly to a crane. This capability shows the potential
of cable robots for performing assembly of unique elements (windows, lintels, func-
tional wall panels such as solar panels) in sequence with a 3D printing process.
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Reload maneuv
Y

Fig. 5. L: detail on the remote control and the functionalities. R: operation with the remote
control.

Fig. 6. Use of the COGIRO robot as a precise teleoperated crane to position prefabricated roof
elements.

4.4 Conclusions

In this project, collaboration between human and machine where primordial, com-
bining craftsmanship and digital tools to ensure a good workflow and quality in the
finished construction. Further development need to be addressed to improve security
and collaboration.

In the current state of art of machine security, such a machine should be operating
in a space that would not be accessible to humans, unless drastic security measures
were taken. Recent updates in the norms (ISO TS 15066:2016 on collaborative robots)
open the way for free access to the workspace, conditioned to the presence of
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workspace scanning sensors. Considering the importance that parallel operations have
on a construction site, we consider that development to be primordial in the future.

5 Conclusion

Construction using large scale 3D printing on-site with 100% natural material have
been demonstrated feasible, combining technological advances in robotics (cable robot
and drones), natural materials and generative design. The full scale prototype of the
technology deployed in this project have shown the possibility to 3D print onsite a
20 m? pavilion within the span of 15 days including robot assembly, calibration, wall
printing, roof assembly and dismantling. Adaptation of hardware, software, material,
and design have proven to make possible such system prototype demonstration in a
relevant environment (TRL 6). Direct collaboration with human operators and crafts-
men with the digital and robotic system have shown to be crucial to the good execution
of the project.

Yet, the experience described in this paper also exhibit the limitations of the
technology operating on site, needing further research and development to improve the
human-machine collaboration in terms of security, improve material, increase the
extruder throughput and the overall printing productivity as well as automate further
the monitoring by drone. Furthermore, the technology have yet to be tested in outdoor
conditions where weather conditions will affect the behaviour of this natural material
during printing and drying. In this context, the direct connection among material
performance, environmental conditions, design and fabrication would led the real-time
monitoring and adaptation to enhance the feasibility of the technology.

The prototype demonstration presented in the paper has led to the conclusion that
there is a significant potential of using the technology for big scale sustainable
architectural constructions on site, opening new opportunity for the design of perfor-
mative building.
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Abstract. This paper investigates the use of robotics with sensing mechanisms
in combination with industrial sewing techniques to explore new strategies for
the fabrication of thin wooden shells.

The investigation is characterized by a parallel theoretical and prototype-
based methodology, the latter serving as a vehicle to further the technical
development, which could ultimately enable novel architectural qualities.

The development unfolds in four interdependent avenues: (1) The transfer of
textile patterning techniques used in garment production to inform the design of
flexible 3 mm beech plywood segments; (2) The capacity of wood to be elas-
tically bent and connected into geometrically stable structures; (3) the use of
sewing as a new construction joint for thin material; and (4) The integration of
sewing into an automated and adaptive robotic fabrication workflow enabled by
sensing and scanning with the capacity to join complex three-dimensional
curved structures at an architectural scale.

Keywords: Wood * Timber construction *+ Robotic sewing - Adaptive robotics
Sensing - Textile techniques

1 Introduction

Acting as the closest protective layer to the human body, textiles share essential
functions with architecture. As such, garment design, textile techniques and their

fabrication technologies are relevant to architectural design.

Many aspects of production processes in garment production remain manual
operations. This problem, characterized by the lack of information from physical
conditions in digital tooling processes, has pushed the development of materially aware
sewing techniques, and has catalyzed progress in automating parts of garment pro-

duction (The Economist 2015).
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Recent developments in architectural design showcase the relevance of incorporat-
ing garment design and sewing techniques into architectural design (Bechert et al. 2016).
The concurrent complexity of these new material behavior and construction techniques
renders conventional simulation and pre-calculation approaches obsolete, making new
cyber-physical fabrication strategies necessary (Menges 2015).

Concurrently, standard joinery techniques in timber construction rely on substantial
material overlap at connection points to meet regulation standards, therefore research in
new joinery techniques is increasingly relevant.

The paper will therefore discuss innovation within four fields of research in the
context of two recently finished architectural demonstrators: (1) The transfer of textile
patterning techniques in order to inform the shaping of thin plywood segments; (2) The
capacity of wood to be elastically bent and connected into geometrically stable
structures; (3) Sewing as a distributed and easily applied joinery technique for three-
dimensional structures made from thin plywood; (4) Adaptive robotics enabled by
sensory equipment (Fig. 1).

Fig. 1. Robotic sewing fabrication process.

2 Background

2.1 Garment Design and Patterning in Architecture

Patterning is the principle of transferring flat cut patterns into three-dimensional
structures. In architecture, it has remained within the design realm of tensile mem-
branes and pneumatic structures. However, fashion designer Tomoko Nakamichi’s use
of rigid textiles suggests a crossover from fashion to architecture (Nakamichi 2010). As
suggested by her work, this project explores the innate potential of patterning with
materials stiffer than fabric and their potential to create stable three-dimensional
structures from bent developable surfaces.
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2.2 Patterning Techniques in Wood and Architecture

The elasticity and commercial availability of thin plywood make it an ideal material to
investigate the use of patterning design strategies from textile materials for extremely
thin wooden shell structures. Its higher stiffness however, does not allow a direct
transfer of textile patterning strategies, and must consider higher stiffness and devel-
opability. Ray and Charles Eames’s unrolled Chair and Splint prototypes, for example,
show the procedure of designing flat patterns to be cut and formed to fit the human
body (Eames and Herman Miller Furniture Company 1946). More recently, the
ICD/ATKE Research Pavilion 2010 used plywood strips in a similar manner
(Fleischmann et al. 2012).

2.3 Sewing Wood

Traditional fasteners provide reliable solutions for structural timber connections.
However, the slenderness of thin plywood significantly changes the relationship
between the size of the connection and the material thickness. Because of their impact
on material performance and structural continuity, different joining methods should be
considered for extremely thin wooden shell structures.

In this regard, sewing can be employed as a suitable connection method. The very
small punctures required to connect material makes it a great candidate for joining thin
plywood (Bechert et al. 2016). Instead of relying on few large connection points,
sewing allows many small connections to distribute loads more uniformly over a
predefined area (Fig. 2).

Fig. 2. Details of sewn connections.

2.4 Adaptive Robotics

The complexity of manipulating fabric in garment production has made the process
difficult to automate. However, SofWear, a company based in Atlanta, USA, utilizes
high speed cameras to register locations of threads, thus enabling precise manipulation
and sewing of garments (The Economist 2015).
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In-situ robotics for architecture and construction have had similar challenges and
developments. In an industrial context, the implementation of sensor based technology
has allowed KUKA, an industrial robot manufacturer, to develop the KMR Quantec
system to work autonomously on large scale industrial applications, such as polishing
an entire aircraft (KUKA Roboter GmbH 2018). In architecture and construction,
researchers at ETH Zurich continue to develop autonomous mobile robots for con-
struction sites (Dorfler et al. 2016).

The similar development within these two industries is used as an analogue in the
presented fabrication system, utilizing sensing processes like those employed by the
garment production industry to enable adaptive robotic construction processes for
materially complex assemblies.

2.5 State-of-the-Art

Buckminster Fuller’s PlyDome in 1957 was one of the first projects which showcased
the potential of elastically bent thin plywood to generate structurally stable architectural
enclosures (Fuller and Marks 1973) (Fig. 3b). Continued research on this topic has
been developed by Marcus Hudert at EPFL, through his woven timber structures
(Fig. 3a) (Hudert 2012). Hudert’s work showcases the qualities textile design and
patterning techniques can bring to architectural design.

Fig. 3. (a, left) Marcus Hudert, Timber Fabric, (b, center) Buckminster Fuller, 1957 plydome
and (c, right) ICD/ITKE Research Pavilion 2015-16 all employ the elastic properties of wood for
constructing three-dimensional structures.

The ICD/ITKE Research Pavilion 2015-16 (Fig. 3c) also showcases this potential,
however, additional development in robotic sewing processes allowed for an automated
fabrication of complex three-dimensional shapes, and for using sewing as fabric con-
nections in thin materials (Bechert et al. 2016).

3 Methodology

The following section describes the tools and methods used to develop the four
research paths outlined in the first section of this article.
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3.1 Patterning Design

The tectonic and assembly systems presented in this paper were developed with the use
of strategies from textile patterning techniques and their possible translation into stiffer
materials such as plywood.

The use of patterning techniques designed for textiles cannot be directly translated
into plywood since the materials exhibit different stiffness properties. The exploration
of these patterning techniques in paper models served as a stepping stone to move from
fabric to wood (Fig. 4).

(a) (b) (c) (d)

Fig. 4. a, b, ¢, d Paper models above and corresponding cutting patterns below: (a) Darting. (b)
Godet. (c) Flounces and (d) Pleating.

The following patterning strategies were investigated: Darting (Fig. 4a), which
consists of removing V-shaped darts and joining the resulting edges. When used in
paper and plywood, it creates synclastic curvature. The reverse method, Godet
(Fig. 4b), consisting of adding material to a similar V-shaped cut, results in anticlastic
curvature. Flounces (Fig. 4c), are used to manipulate curvature of two or more layers.
This method consists of connecting two linear segments of different lengths at pre-
determined locations to create controlled curvature. Finally, Pleating (Fig. 4d), or the
act of folding to create depth and structure, was applicable as an edge stiffening method
(Wolf 1996).

While the implementation of textile patterning techniques provides viable strategies
for the strengthening and assembly of thin plywood from flat sheets, the methods were
further developed into tectonic systems, which considered the development of a
specific robotic fabrication setup.

3.2 Wood Forming: Species Bending Radii and Bending Tests

Beech is one of the most flexible species of wood with a minimal steam bending radius
of 370 mm at 25.4 mm thickness (Stevens 2007). An empirical testing method was
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established to extrapolate a mathematical relationship between the width and length of
a piece of plywood and its maximum bending capacity before failure. The gathered
information yielded the maximum bending capacity of a piece of 3mm plywood in

relation to its aspect ratio, which was used to ensure no segment of the full-scale
demonstrators described in Sect. 3.10 was beyond this limit.

3.3 Microscopic Behavior of Fibers Through Puncture

The effect of puncturing a piece of 2 mm beech veneer with a 1.4 mm sewing needle
was observed at a microscopic level (Fig. 5). The objective of this test was to
understand the behavior of the wood fibers before and after being impacted by the
sewing needle. Microscopic images show that, while some of the fibers in the middle of
the impact area are broken, most fibers move aside to make space for the needle. The

continuity of fibers around the puncture hole is very beneficial for load transfer as it
minimizes potential breaking points.
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Fig. 5. Microscopic images of beech veneer, before (left) and after (right) puncturing with a
sewing needle.

3.4 Tension Load Test

To establish the performance of sewing as a joinery method in construction, it was
tested against a traditional bolted connection. A tensile load test was carried out with
lapped 3 mm beech plywood samples measuring 100 x 150 mm. Bolted testing
samples were prepared with M6 and M8 standard steel bolts with rows of 2 and 3 bolts
at different distances. Sewn samples were prepared with 1, 2, and 3 rows of stitching
(Fig. 6). All testing samples oriented the plywood’s main grain direction parallel to the
tension forces applied. All samples were loaded until material failure.
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The results of the 2xM8@32 mm and the 3 Sewing Line samples (Highlighted in
Fig. 6) both reached approximately 5000 N and deformed about 9 mm before failure,
indicating that the same load performance can be achieved with both connection
methods. Bolted connections did remain stiffer during deformation while sewn ones
stretched the string until failure. Each stitch can carry loads ranging from 140 to 160 N
on average when considering the total maximum load before failure and the number of
stitches in each connection, suggesting the potential for calibrated connections.

Testing provided background to show that sewing can replace bolted connections in
thin materials, with the advantage that its small punctures allow for joining very closely
to the edges of the material, and that distributed connections prevent continuous
fractures (Shown on the left in Fig. 6).
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Fig. 6. Tensile load test of Sewn vs Bolted connections in 3 mm beech plywood.

3.5 Digital Design Techniques

The investigation of textile techniques and their translation into a tectonic system in
paper (as described in Sect. 3.1) necessitated the development of a computational
modeling tool. It was used to generate the undulating segments as developable surfaces
and to check for fabrication limitations.

The tool was developed using the parametric plugin Grasshopper, in the Rhinoceros
5 modeling software. The modelling allowed to relate a NURBS surface as a design
guide to a number of segments populating the surface accordingly. During this inte-
grative design process, constraints such as developability, maximum bending
(Sect. 3.2) and stock material fitting were checked together with the physical fabri-
cation constraints derived from the geometry of the robotic effector in relation to the
geometry of the design itself. See Sect. 4.4 for explanation of each demonstrator’s
design constraints.
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3.6 Fabrication Process Overview

The elastically bent enclosure designed with the tool described in Sect. 3.5 was sta-
bilized by bending thin plywood segments against each other.

The workflow is summarized in the following steps. (1) Marking plywood seg-
ments with markers where sewing connections are necessary, (2) Milling pattern
outlines of each segment from flat sheets of plywood, (3) Bending and temporarily
clamping segments at indicated points into a three-dimensional structure, (4) Scanning
constructed portion, (5) Maneuvering and entering the material, (6) Sewing along
markers, (7) Retract and exit the material, and (8) Repeat procedure from step 4.

The fabrication setup was developed based on the possibilities afforded by inte-
grating robotic manufacturing with a traditional sewing machine setup. Instead of
moving pieces through a sewing machine as it is done traditionally, mounting the
machine as an end-effector on a 6-axis robotic arm reverses the relationship of the
machine to the work piece, allowing it to be used on larger segments or potentially
in-situ.

3.7 Connection Design and Sensing

Precise shaping and positioning of each connection used in the bent plywood pieces is
essential since it ultimately defines the shape of each neighboring segment, and con-
sequently determines the three-dimensional arrangement of the complete structure.
Therefore, prior to milling out each of the segments, a marker is CNC drawn onto the
wood sheets, indicating the position and geometry of each sewn connection. After
cutting each segment, the markers are used to drive the autonomous robotic sewing
process and sew the necessary connections during assembly (Fig. 9, step 5).

NEW MOVEMENT

M | ., | Target _Meas \L"'
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6= 35mm | drs[u:n:e ds[vgivce
N 4

INFRARED SENSOR AT, PROCESING NEXT FOINT

Fig. 7. Left: sewing effector: (1) VL6180 Infrared distance sensor & Arduino Control, (2) Havit
hv-n5086 usb webcam (3) Bobbin (4) Sewing needle (5) Hightex CB4500 Sewing Machine
(6) Sewing Machine motor (7) Sewing path, (8) Pneumatic control (9) Compressed air intake
(10) Sewing machine encoder, (11) Sewing machine encoder Arduino control (12) Microsoft
Kinect 1, (13) Sewing machine motor stepper control (14) Effector steel frame (15) Schunk
Pneumatic Plate (16) Kuka KR-125 industrial robot arm. Right: sewing effector sensors.
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While sewing, an RBG webcam is used to detect the markers and map them to the
Tool Coordinate System from which a directional vector is extracted. Simultaneously,
an infrared time-of-flight distance sensor is used to detect the distance from the arm of
the sewing machine to the plywood to avoid colliding with the structure.

The sensor’s value is translated into a vector perpendicular to the sewing arm plane.
This vector is then added to the direction vector from the camera to produce a com-
bined movement vector for the next movement step. The vector’s amplitude is 10 mm,
an optimal stitch length. This procedure eliminates the need for any pre-programmed
code.

Camera calibration and the client computer’s ability to parse live stream and
photographic data became difficult process in some fabrication scenarios. The use of
consistent indoor lighting was helpful to show the contrast between the wooden surface
and the marker for easier detection (Fig. 7).

3.8 3D Scanning

A Microsoft Kinect 1.0 device with the Kinect Fusion scanning software package is
used to obtain a colored mesh of the structure before sewing a new piece onto it. By
using 3 markers with known positions in the workspace, the scanned geometry is
oriented digitally through a manual procedure, in relation to the position of the robot, to
prevent collisions and to generate a robotic tool path for guiding the sewing machine to
the first point to be sewn. While the Kinect scan was also meant to track the defor-
mation of the piece through construction, the slow process of scanning and re-orienting
the geometry made it impossible to apply at each step of the fabrication process.

3.9 Robotic System Integration

In repetitive factory manufacturing scenarios, pre-programming is suitable as work-
space conditions and material properties are known throughout the process. In mate-
rially inconsistent scenarios, this approach is unsuitable, forcing the fabrication system
to rely on an on-line network architecture, dependent on information about the physical
environment from sensors (Vasey et al. 2015).

The project used the ICD/ITKE 2015/16 Pavilion robotic fabrication workflow as a
base point for development (Schwinn et al. 2016), but extended this through the
integration of sensors, described in Sect. 3.7. The cyclical nature of the sewing
machine from stitch to stitch, determines the flow of information within the network
(Fig. 8). A client computer is connected to the robot controller through a software

6 AXIS ROBOT
Kk KR 1252

EFFECTOR
HIGHTEICBAS00
<ELECTRONCS

SENSOR
ICODER

| COMMUNICATION CURREN] POSITION,, |- — ¢
HANDLING COMPUTING B

SERVER CLIENT

Fig. 8. Data workflow during the fabrication process
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interface that allows real-time (12 ms) communication through UDP packages. The
Robot controller sends the robot’s position and receives information that the Client
computer forwards. The client computer receives a Boolean value confirming a cycle is
completed, the camera stream, and the distance to the material value, from the sewing
effector. The client computer integrates those three values to generate a new target
position (Sect. 3.7).

3.10 System Integration

Following the material and fabrication methods described, the entire approach was
developed and evaluated through the construction of two full scale architectural
demonstrators (Figs. 11 and 13) described in Sect. 4.4. The system’s demonstrators
were modelled using the tool described in Sect. 3.5, the digital geometry of the patterns
was unrolled in preparation for milling with sewing markers and lines for sewn con-
nections. Assembly was carried out following the steps described in Sect. 3.6.

DESIGN ENGINE

01.GUIDE GEOMETRY

03.PATTERN AND CONNECTIONS
UNROLLING

06-01.SCANNING

05. ROBOTIC SEWING

04. SCANNING

FABRICATION ENGINE Q

03. FASTENING

02.MILLING SEGMENTS

Fig. 9. Design and fabrication workflow overview.
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4 Results and Discussion

4.1 Patterning and Forming

The translation of garment patterning strategies into plywood opened a field of tectonic
systems where structures are strengthened through elastic bending revealing their
potential to create stable free-standing structures.

4.2 Sewing

To the authors’ knowledge this is the first time sewn connections have been employed
at an architectural scale and used as the main joinery strategy throughout the structure.
While the ICD/ITKE Research Pavilion 2015-16 showcased the potential of using
fibrous connections in a larger structure, the sewing was secondary to a laced con-
nection. The research presented here shows the load bearing capacity of sewn con-
nections without using glue, and their potential for the joinery of extremely thin
wooden shell structures.

4.3 Adaptive and Automated Robotic Sewing Workflow

The fabrication process was developed for and during the construction of two
demonstrator structures (Sect. 4.4). The technological approach showcases the poten-
tial of cyber-physical construction methods by extending a sewing machine’s tradi-
tional fixed workspace. The system’s adaptability enabled the application of the highly
efficient sewn connections on a structure with such complexity by the use of online
strategies such as sensors and scanners. Additionally, it eliminates the necessity to pre-
plan paths for fabrication, and places all the fabrication information on the material
itself.

4.4 Demonstrators

The methods presented here were applied for the construction of two demonstrators
using the same fabrication setup. The sewing machine’s dimensions were the main
fabrication constraint determining the maximum width of each demonstrator’s seg-
ments. Different translations of garment patterning techniques and types of plywood
were explored to achieve larger spans and stability.

Demonstrator A - 2016

This first demonstrator was fabricated at the University of Stuttgart using 3.5 mm
Beech three-layered plywood. The setup included a KR-120 6 axis robot and the work
piece was moved around manually in order to keep the robot within reach. The tectonic
system alternated single and double-layer areas to gain structural depth and used
undulating segments. These maximized the system’s coverage while allowing the
sewing machine to enter at each valley and sew a connection to the previous piece in
tune with an industrial robot’s maximum reach (Fig. 10).
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1 - Adding Segment 2 - Adding Segment

Fig. 10. Tectonic system in relation to fabrication constraints. Demonstrator A - 2016.

Fig. 11. Interior (left) and exterior (right) of demonstrator A.

Demonstrator A had a construction weight of 60 kg, a total covered Area of 6.4 mz,
a structural weight of 2.4 kg/m? a maximum span of 3.7 m, a material thickness of 3 to
6 mm and a total stock material volume of 0.083 m”>.

Demonstrator B - 2017
The second demonstrator was fabricated at the facilities of Tongji University in
Shanghai, China, in collaboration with the University of Stuttgart.

Due to the increase in size, this second translation aimed at taking the undulating
logic into a fully interconnected double layered structure in order to accomplish higher
stiffness (Fig. 12). In addition to the parameters mentioned in Sect. 3.5, the shape of
the patterns was designed to filter out direct light into the structure.

The demonstrator’s parts were fabricated with a 9-axis robotic setup that had a KR-
120 robot arm mounted on a 3-axis gantry accessing an area of 11 X 6 x 3.6 m. Such
large dimensions afforded the possibility of pre-fabricating pieces up to 9 x 5 x 3 m.
Nevertheless, because of shipping constraints the demonstrator was split in 6 smaller
pieces. Demonstrator B employed a standard 3.5 mm plywood with a core of Lauan
wood and thinner finishing faces of Birch veneer. The Pavilion had a construction
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10 Top layer
B Central layer
I Bottom layer J

1 - Adding Bottom layer 2 - Adding Top layer 3 - Adding Central layer

Fig. 12. Tectonic system in relation to fabrication constraints. Demonstrator B. Red represents
the current row of connections

Fig. 13. Interior of Demonstrator B - 2017 (left), architectural Demonstrator B - 2017 (right).

weight of 178.3 kg, a total covered Area of 17.85 m? a structural weight of

1.74 kg/m?, a maximum span of 5 m, a material thickness of 3 to 6 mm and a total
stock material volume of 0.509 m”>.

5 Conclusion

The innovative aspect of these projects is the combined and integrative approach of
their development and fabrication, which furthered several areas of research.

The project enhanced a robotic sewing workflow into an autonomous and adaptive
robotic sewing procedure using sensing and vision coordinated with a robot sensing
interface. The cyber-physical construction methods showcased here challenge tradi-
tional pre-planned fabrication involving writing code, controlled fabrication environ-
ments and digital material simulation. The simplicity of embedding the structure’s
segments with connection information through physical markers, automated parts of
production and accounted for construction unpredictability, material imperfections,
deflection and work-piece repositioning.
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The design of an integrative and material-aware tectonic system was developed,
considering bending capacity, sewing machine workspace, and architectural perfor-
mances. The translation of textile patterning strategies into stiff materials was explored
for the use of thin plywood, showcasing their architectural potentials. Finally, sewing
was developed as a viable load bearing construction joint for thin shells and was
validated through structural testing. While Demonstrator B was significantly larger than
Demonstrator A, the researchers believe B was at the limit of this system’s size,
structurally and shipping wise. The thinness of the material, and the strength it acquired
in the elastically bent assembly reached a limit.

Further research could be carried out by testing material sagging and weathering
over time, including sewing loosening and its resulting effect on the structure. Overall
structural capacity of an entire assembly, including the internal elastic bending
behavior of the structure could be analyzed. Additionally, individual joints could be
engineered to local loads, based on more in-depth testing as shown in Sect. 3.4. Further
development into the robotic fabrication system could provide a robust enough fabri-
cation method to be utilized in-situ with mobile robots.

Acknowledgements. Demonstrator A was developed and constructed within the ITECH MSc
programme by the first authors. Demonstrator B — 2017 was supported by the Sino-German
Center for Research Promotion project (GZ 1162) where the where the Institute for Computa-
tional Design and Construction (University of Stuttgart) and the Digital Design Research Center
(Tongji University) act as co-principal investigators. Additionally, it was exhibited as part of the
inaugural exhibition ‘Mind the digital’ at the Design Society Museum, Shenzhen, China.
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Abstract. Robot arm technology has been increasingly considered a future
solution for the building industry, which is keen to develop eco-friendly and
labor-efficient processes. The automobile industry provides a powerful reference
for such a revolution. However, in contrast to the automobile industry, which
mostly uses standard industrial materials, such as metal, the building industry
still relies on a variety of traditional materials, including concrete cement, brick
and clay. Although precast building components have been highly promoted,
they present innate constraints, including limitations associated with trans-
portation, storage, and installation capacity, which greatly impact the overall
budget. In this paper, research on a dynamic slip-form concrete extrusion
method based on a robot arm technique will be presented within the scope of
laboratory experiments, on-site fabrication and a design-oriented installation that
carefully considers energy efficiency and lighting optimization.

Keywords: Slip-form + Dynamic concrete cast
Automatic robotic manufactory pipeline - Eco-friendly computational design

1 Introduction

The traditional technique for casting concrete is formwork in which a mold composed
of timber, plywood or metal sheet is installed to hold a well-mixed liquid concrete
solution for a certain amount of curing time. After removing the mold, the solid
concrete is released and used as structural or ornamental elements, such as columns,
beams, slabs, and shading louvers. However, slip-form represents another casting
method that has been widely used in the construction of roads, towers, and heavy off-
shore platforms. Since the 20™ century, slip-form has been developed as a cost-, labor-
and time-efficient construction technique.

The core of our project lies in the flexible formwork, which is based on Smart
Dynamic Casting (SDC). Several different SDC solutions have been based on recent
developments by researchers at ETH Zurich and designed to achieve sectional tran-
sition during the extrusion process, and they include the earlier prototype of a four-
actuator driven formwork (Lloret et al. 2), a V-shaped formwork, and dynamic
formworks composed of rigid boxes with two metal plates (Lloret et al. 1). A different
technical solution to achieving such sectional flexibility has been designed with a
specific goal and resulted in sets of extruded dynamic columns with recognizable
features.
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Based on laboratory research work conducted at ETH Zurich, we have taken one
step further towards applying dynamic slip-form casting to a real project and created a
flex-wall installation of 115 pieces, which has the potential to serve as an angle-
dependent smart shading device for a building fagade. The fabrication process is
technically developed and refined for rapid manufacturing, thus serving a practical
requirement based on the specific project and design. The research developments
mainly encompass the following aspects:

1. To reduce the overall casting time, a larger slip-form mold is used to carry the entire
amount of mixed concrete;

2. A central steel core is fixed at the center of the mold to ensure strength, and it
resembles the reinforcement system of conventional load-bearing concrete;

3. The fiber-reinforced concrete is strategically stirred with a mixture of additives to
avoid collapsing during the extrusion process, and a considerably reduced sitting
time is observed;

4. A continuous production pipeline is established to preserve a steady workflow that
maintains the robot arm working nonstop by shifting between different sessions,
including pouring concrete, vibrating the concrete, locating on a railing for concrete
curing, slip-forming, and concrete sitting for hydration.

2 Background

Since Contour Crafting first attempted to utilize a robotic arm for concrete fabrication
(Khoshnevis 2004), robotic fabrication of concrete has been progressing at a rapid
speed. However, most research studies are focused on additive manufacturing methods
based on 3D printing, which includes the layering of materials (Huang and Khoshnevis
2004). Recent examples of robotic concrete fabrication, such as the XtreeE (Gosselin
et al. 2016) and 3DCP (Bos et al. 2016), also follow this path. However, our research
focuses on a separate path based on a dynamic formwork method.

In 1910, MacDonald published a paper entitled “Moving Forms for Reinforced
Concrete Storage Bins,” and it described the use of molds for moving forms composed
of jacks and concrete, which formed a continuous structure without joints or seams.
This paper described in detail the concept and procedure for creating slip-form concrete
structures. On May 24, 1917, a patent was issued to James MacDonald of Chicago
(James 1910) “for a device to move and elevate a concrete form in a vertical plane.”

Slip-forming enables continuous, noninterrupted, cast-in-place, “flawless” (i.e., no
joints) concrete structures that present superior performance characteristics to piece-
wise construction using discrete form elements. The building of silos, a core building
within a high-rise tower that presents a homogeneous cross-section from the bottom to
the top, has adopted slip-forming casting as a very productive solution. This process is
different from conventional static concrete formwork because it moves semi continu-
ously with respect to the concrete surface being formed and form ties are not used
(Risser 1995). Such technology could potentially reduce costs by up to 30-40%.

In the process of slip-forming, the concrete is poured at a predetermined rate on top
of a continuously moving form and then emerges in a quick sitting state with strength.
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Therefore, the concrete component is shaped by the section profile of the slip-form. The
speed of slip-forming must meet the following two criteria.

e When the consolidated (by vibration) concrete emerges from the moving form, it
should be strong enough to retain its shape, carry its own weight and carry the
weight of the new concrete above it as well. Any drastic deformation will cause an
unpredictable collapse.

e The freshly set concrete should be flexible enough to permit the slip-form to move
upward without too much friction in case the form and concrete stick together
during the process, which would lead to failure of the whole piece.

The National Centre of Competence in Research (NCCR) was founded in 2014 and
has been engaged exploring the potential uses of robotic technology in traditional
building materials and methodologies. Since 2013, projects pioneered by ETH Zurich
have introduced multi-axis robot arms that combine slip-forming techniques. The
digital fabrication group launched a cross-disciplinary research study in concrete
casting with robotic fabrication. The group, led by Matthias Kohler and Fabio Gra-
mazio at ETH Zurich used a 6-axis robot arm to obtain dynamically casted structural
concrete columns (Lloret et al. 2014). This project could be perceived as an alternative
to additive manufacturing, which is usually termed 3D printing technology (Fig. 1). 3D
printed mesh-molds, which are plastically extruded mesh frameworks, are also used to
indirectly generate double-curved concrete components (Hack et al. 2016). In recent
developments, a feedback system has been added to continuously monitor whether the
mixed material is adequate in strength for slip casting (Lloret et al. 2017).

Fig. 1. Dynamic concrete slip-forming by multi-axis robot arm ETH Zurich
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3 Modification of Dynamic Robotic Casting

Regarding the slip-form technique, the key challenge often lies in reducing the sitting
time to match the speed of slipping. Conventionally molded concrete requires at least
2-3 days of sitting time before the formwork is removed, another a week to reach a full
solid state, and a month or so to reach complete structural strength under the desired
moisturized condition. Chemical additives are incorporated into the new formula to
reduce the sitting time so that each column can be fabricated within 30-50 min, which
is associated with the requirement of the extruding speed and to ensure that the concrete
can be self-supported after lifting the slip-form mold. Although the additives accelerate
the hardening speed, the overall casting time is still not short enough for production.
Approximately 2 or 3 h are required to cast a two-meter-tall column according to the
ETH Zurich lab report.

Another core of our research is the structural quality of the robotic cast concrete
component. Although fiber-reinforced concrete has better physical properties than
traditional concrete, bonding with rebar should be performed to ensure the structural
performance under pressure and tensile force.

Another crucial issue that must be optimized is the human labor factor. To fully
exploit the multi-axis industrial robot arm, the fabrication process should be automated
to an extent that minimizes the involvement of labor. The automobile industry is a good
example in which human involvement is minimized. In the case of this project, the
robot arm not only works on the slip-forming task but also the delivery of the mixed
concrete, which needs to be performed between every session and is extremely labor
intensive due to the weight of the concrete. Thus, a highly efficient continuous pro-
duction activity similar to an automatic assembly line is formed, and the robot arm
plays a key role.

With above considerations, we set up a new type of the robotic slip-form system
based on the precedence from ETH Zurich:

1. To reduce the overall casting time, a larger mold is chosen to carry entire amount of
mixed concrete

2. A steel tube is fixed in the center of the mold to ensure the strength and durability.

3. The fiber reinforced concrete is strategically stirred with proportional additives to
avoid collapsing during the extruding process.

4. A continuous production pipeline is established to preserve a nonstop workflow.

To validate the proposal and techniques, a real project was commissioned,
designed, fabricated and installed within 2 months. The task was to create a landscape
screen wall (2 m tall and 60 m long) composed of 115 concrete columns cast and
formed by a robot arm. This linear queue of deformed up-rising columns with half-
meter spacing defines an obscure borderline between a main pedestrian entrance and a
parking area. A KUKA KR150 R3100 Prime robotic arm was used and equipped with
a custom-made air-pressure-control clamp, and it was capable of carrying and casting
over 15 tons of concrete.



426 L. Yu et al.

3.1 Fabrication Pipeline

A well-designated workflow was set up to meet the scheduled deadline, and it consists
of two sections

1. Concrete mix and infill. In this section, most of the work is performed by human
labor.

2. Dynamic robotic slip-form. In this section, most of the work is performed by an
industrial robot arm, which exhibits the power and flexibility of digital fabrication.

These two sections form a looping cycle that repeats as necessary (Figs. 2 and 3).

Fig. 2. Robotic slip-form pipeline

Fig. 3. Dynamic concrete casting process
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Since each concrete column (200 mm x 100 mm x 2200 mm) plus the stainless-
steel mold weigh over 100 kg, a ceiling rail was installed between the concrete pouring
workstation and the robot slip-form workstation. After the mold was fully filled with
concrete and evenly vibrated to eliminate air bubbles, it was delivered to the robot
working range via the rail.

Another 6 m long ground rail was installed in front of the robot arm. Six carts were
slid on top of the high-quality lineal rail with a tolerance of 10 p. The robot end-
effector was a heavy-duty clamp driven by compressed air above 0.8 MPa. The clamp
was designed to open and close in the X&Y directions to firmly catch and release the
3 mm thick stainless-steel mold. The air compressor was switched by robot I/O via two
electronic compressor valves.

As long as the fully loaded mold was in the correct location, the programme for
fabricating a specific column would be launched to perform a series of operations.

1. The robot clamp will catch and carry the load to a cart on the rail, and the position
of the column in the queue is determined by the sitting time. Each column is on
record starting at the first infill of concrete. Every key point of the timeline is strictly
monitored.

2. When one of the molds is ready for slip-forming, the robot will carry it to a
designated place, usually on the left side from the center axis, where a simulation is
run to ensure that it is free of singularities.

3. After the mold is released from the base plate, the dynamic slip-form process
begins. The slip-forming time of each column is limited to 10 min each.

4. After the slip-form is completed, the concrete column, which is still soft and wet, is
pushed to the other side of the rail to continue curing.

5. The empty mold is sent back on the ceiling rail and cleaned by a water jet for the
next session.

6. By the next day, the concrete column will be hard enough for the final curing phase,
which is at least one-week long.

3.2 Material and Formula Composition

During slip-forming, an accurate time-control process for hydration is critical. If the
concrete mixture is too soft after slipping from the mold, it will be deformed by gravity,
instantly lose its retaining ability, and severely collapse as a consequence. However, if
the concrete mixture is too hard, then the twist force from the robot arm will crack the
concrete columns, resulting in an undesirable surface quality. Compared with that of
the conventional concrete framework, the time window for dynamic slip-forming is
very narrow. The experimentally developed basic mixture formula is as follows: one
batch of material contains 32.3 kg Portland cement, 30.5 kg fine sand, 11.5 kg of
water, 80 g Nylon fibers at 30 mm, 80 g Nylon fibers at 20 mm, 40 g Nylon fibers at
8 mm, 105 g Superplasticizer #5, and 82 g Accelerator. The mixture is rapidly stirred
for 5 min, well vibrated and allowed to sit for 50 min before it is ready for extrusion.

In addition to the basic formula, adjustments will have to be made for different
batches of material orders. The water amount, for example, should represent the most
critical parameter related to the concrete sitting time. However, the moisture inside the
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sand should also be accounted for in the total. As a result, to guarantee desirable slip
conditions, hand-testing must be performed first to ensure that the proper curing time is
in an acceptable range.

Temperature is another important consideration. During construction in Beijing in
November, the outdoor temperature dropped from 10 °C down to —5 °C, which led to a
tremendous decrease in the early hydration speed, thus increasing the sitting time from
30 min to 50 min. If this timing-sensitive fabrication is an on-site activity, then
maintaining the fabrication environment represents a critical factor. The on-site envi-
ronment parameters for fabrication are as follows: humidity 16.1%, air temperature
8.1 °C, water temperature 9.8 °C, and water PH 6.4.

A substantial amount of air bubbles usually become mixed together with the
concrete in the stirring workstation, and bubble-free additives are not completely able
to remove all air chambers, which causes unexpected porous surfaces. Therefore,
physical vibration is applied during the concrete-infill phase. A tube vibrator was
employed and lifted simultaneously while the concrete was gradually piped. A lubri-
cant was brushed on the inner surface of the slip-mode as another solution to increase
the finish quality.

4 Design Process Driven by Data Flow

4.1 Computational and Interactive Design

In this design, 115 slip-formed columns are situated at every half meter on a 60 m long
lineal flat steel base (Fig. 4). Each column has a certain vertical twist angle and is
algorithmically related to its neighbors. This layout formats column rows into an
undulating panorama, although they stand in a straight line.

Fig. 4. Flex-wall installation

4.2 Data Flow from Design to Fabrication

A parametric 3D model created in Rhinoceros was used to connect 115 sets of data
packages for the columns (in Cartesian coordinates) with the design parameters. This
reaction is automatically transferred to the robot arm simultaneously from the
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Grasshopper environment. KUKA|prc (Braumann and Brell-Cokcan, 2011), a plugin in
Grasshopper, is the application used to generate the.src file, which is the file format of
the KUKA robotic system. This digital design-fabrication solution attains at least three
advantages compared with the conventional method.

1. The path from design to fabrication is highly interrelated via the data flow. If the
form is adjusted by changing the parameter for design evaluation, then the fabri-
cation data are automatically updated. For example, if the distance between two
columns is tweaked with different numbers, the entire set of fabrication data will be
updated accordingly.

2. The data sets, including the 3D model and robotic G-code, will be documented after
construction in case any column needs to be replaced for maintenance. Simply by
sending the data package to the robot, a brand-new column could be produced.

3. Data flow runs seamlessly between the schematic design and the fabrication
machine, thus representing a brand-new process in which conventional human
involvement is a supplement.

5 Scenario of Eco-Friendly Building Design and Fabrication

The design and form of a building facade has a significant impact on the heating,
cooling, and lighting loads as well as the thermal and visual comfort in the perimeter
zones of a commercial building (Chan et al. 2012). With the effective distribution of
solar energy via passive facade elements, energy consumption can be significantly
reduced (Tzempelikos and Athienitis 2007). Additionally, the lighting quality can be
improved to address the need for different programs and spatial comforts (Atmaca et al.
2007).

Beyond serving as a mere installation for a soft division of urban space, the design
of such units and the associated techniques have a greater objective of potentially
become a passive smart shading device to adjust solar gains and interior reactions based
on the nuanced relationship between the building and the sun.

5.1 Smart Shading Component

Motivated by the dynamic concrete slip-form technique, the curtain wall shading
system represents a new element that excels in both aesthetic and functional aspects.
This digital fabrication technique could change the role of concrete, a traditional
building material, and allow it to perform on a new level in the near future. Compared
with GRC (Glass Fiber-Reinforced Concrete) technology, which still uses static
formwork to produce a surface curvature, robotic slip-forming provides an effective
solution to the challenge of free-forming concrete construction. Overall, this new
technique has considerable potential for use.

Based on the outlined smart fabricating solution, the twist-formed concrete com-
ponents could serve as an eco-friendly concrete facade structure for use in more-refined
lighting planning for interior spaces and an expressive aesthetic element developed via
the data-flow gradient and robotic fabrication pipeline.
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Although the concrete fagade element has more self-weight than a typical curtain
wall element, if strategically applied, it will only exceed the area weight of a typical glass
curtain wall by 30%. Thus, the extra cost of reinforcement to the entire structure could be
compensated by the reduced operational costs as an energy efficient building component.
The benefit of SDC as a decorative fagade element is enhanced by considering energy
efficiency in a green building (Fig. 5). In on-going research, we are investigating
methods of lowering the impact of self-weight by redefining joints and connections.

N

Fig. 5. Building elevation scenario with concrete components

5.2  Eco-Friendly Concrete Screen

As a further development of the previously described “Flex-wall”, we propose a mixed-
use building scheme that implements this robotic technique together with eco-friendly
design strategies. Initially, four basic requests are registered.

1. The concrete component should be able to hide the facilities and equipment
attached to the exterior of the building, such as AC workstations, water shafts, etc.

2. This concrete installation should provide a comfortable shading solution based on
the statistics of the local climate and environment.

3. The shading solution should also meet the goal of improving the interior lighting
conditions.

The solar distribution of the designated building is affected by the surroundings,
which may result in an inappropriate pattern of energy gain (Fig. 6), with certain
regions receiving too much radiation (colored in red in the figure) and others requiring
an enhanced light supply (colored in blue).

5.3 Lighting Planning

Data for Beijing are used as an example, and the GH programme sets up a corre-
sponding relationship between the solar analysis and building skin. If the building skin
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Fig. 6. Solar analysis from Ladybug in Grasshopper

is unfolded for a total evaluation, then the unique factors of different orientations and
drastic change around the edges can be easily identified. Therefore, the expectation for
the first iteration is mainly to reduce the over-heated zones. By changing the rotation
angle, the shading texture will present a gradual density shift. This gradual evolution
will provide diverse field-views from different directions.

A comparison of the lighting conditions at the ceiling and the right wall with the
simulated lighting quality before and after the concrete installation shows equivalent
results and indicates areas where direct light cannot reach (Fig. 7). These results show
that the concrete components block direct light from the east and gain light from the
south-east and mirror it up to the ceiling and the sidewall via a designated rotation
position and appropriate angles. The reflected amount could also be controlled to
accommodate the surface quality, e.g., from rough to polished, white paint to gray
paint, etc.

Fig. 7. Rendering tests before and after irradiance is included
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6 Conclusions

This paper presented a joint thesis between research and practice based on dynamic
robotic concrete casting, a method of digital fabrication developed via the NCCR at
ETH Zurich, and an extending discussion between digital fabrication and computa-
tional design of ecological architecture. This ambitious endeavor is an attempt to move
from a laboratory setting towards the building industry, which requires practical cases
to breach the boundary. Therefore, the “Flex-wall” is selected both as a research
exercise and proof that a robot arm, as a captain of the neo-product pipeline, offers
considerable flexibility and efficiency for linking a chain of different disciplines, and it
will eventually be driven by data flow from the early design phase all the way to
fabrication.
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Abstract. The fired clay brick, a mainstay of Chinese construction, has for
many years languished. Rough cast and hidden behind layers of stucco, it plays a
supporting role to reinforced concrete and steel - rarely however in a literal sense.
This has not always been the case - highly decorative, geometrically complex,
perforated or materially modified in response to specific structural or environ-
mental conditions, the brick has played an instrumental and expressive role in the
built history of China. This paper describes a means by which a traditional craft
and its inherent material intelligence may be transformed into a flexible and
performative system of construction through the integration of parametric design
software and 3D robotic clay printing technology, ultimately offering a culturally
rooted yet modern material solution for a modernizing China.

Keywords: Robotic manufacturing - Parametric design + Digital fabrication
3D clay printing - Brick specials

1 Background

1.1 Challenges and Opportunities

In China, brick remains one of the most widely used building materials, with between
700 and 800 billion bricks produced each year (Murmu and Patel 2018). The infras-
tructure and expertise that supports this industry is substantial. However, while highly
productive, the manner in which bricks are manufactured today has not changed sig-
nificantly in centuries (Shakir and Mohammed 2013). The most common means of
brick production utilizes a fixed die extrusion process, a method that limits formal
variation. Nonstandard bricks, when specified, are generally moulded - a process which
necessitates the construction of a formwork. This is a task which requires skilled labour
and which, as a consequence, is expensive and generates long lead times.

This project seeks to challenge this paradigm through a reimagining of the man-
ufacturing platform. Industrial Robots offer a solution, since they have the power to
alter standardized means of production in the discipline of architecture and construction
(Gramazio and Kohler 2008).

Through an integrated, as opposed to modular, approach, the project outlined seeks
to demonstrate that the gains in productivity synonymous with the brick assembly line
can be offset through the intelligent design of each element — which can be made to
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respond to specific performative criteria in addition to a set of socio-economic, labour,
and site conditions. This optimization offers potential reductions in material usage and
weight, and increased usability and fitness for purpose.

1.2 The Brick Special

The current state of the industry can trace it roots to “Brick Boredom™, a result of the
continual pursuit of technical perfection which was first recognized around the turn of
the 20th century (Deplazes 1997) which, despite a strongly influential arts and craft
movement, became ever more extreme towards the 1950s. Polemical modernist ide-
ologies, with their disdain for ornamentation, coupled with emerging reinforced con-
crete and steel technology, had the effect of further stripping the brick of its innate
adaptability or expressive potential.

Latterly, the perception of the brick as unsophisticated and monotonous has per-
vaded the collective consciousness. Historically however, we encounter the reverse -
traditional, handmade bricks vary in tone, texture and dimension, a consequence of
their imperfect fashioning. However, rather than being perceived as flaws, these
individualities were accepted and even considered desirable. The Iron Pagoda, Kaifeng
City Henan (1049) exemplifies the historical plasticity of the brick - its exterior is
elaborated using over 50 unique modules in various configurations (Fig. 1).

Fig. 1. Iron Pagoda Kaifeng City, Henan province (built in 1049) (left and center), final brick
pavilion (right).

Technically, a key driver of the modern tendency toward brick standardization has
been the difficulty in predicting and managing the geometric distortion and resultant
construction tolerances - a result of the firing process. Open source parametric software,
coupled with robotically controlled 3D printing, has the potential to reconcile the
necessity for dimensional accuracy without compromising either formal elasticity or
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material expression — allowing precise and variable control of all aspects of production
— toolpath, extrusion rate, nozzle diameter, print speed etc.

The project outlined in this paper explores this in practicality through the fabri-
cation of a full-scale structure which, through its construction, examines the relation-
ship between the individual components to each other and to the overall form.

As such, it can be seen to build on much of the recent research in ceramic depo-
sition techniques that seek to upscale the process and to deliver viable real-world
construction systems. E.g. Research work conducted by think tank “Emerging Objects”
(Rael and San Fratello 2017), which investigates the potentials offered by systems of
unique elements but is limited in that those elements are not relational (can be
assembled in a wide number of configurations) and require an additional physical,
organizational structure.

However, rather than focusing on novel materials, this research seeks to embrace an
existing industrial base and material supply chain and to develop a system that can
respond to its inherent variability.

2 Objectives

The aim of the presented research is to develop a synthesis between the historical
promise of specificity and expression offered by the brick special with the advantages
and potentials presented by robotic fabrication and generative parametric design.
Robotic technologies provide the ideal platform for developing fabrication processes in
an experimental, iterative framework, without reinventing the machines of production
(McGee and Ponce de Leon 2014). The potential for morphological differentiation
enabled by robotic fabrication, in combination with the robotic reinterpretation of the
clay die-extrusion process, forms the premise for the exploration of a 3D printing
workflow and the construction of a full-scale pavilion.

Specifically, the following objectives are defined as part of this research. (1) To
develop a tolerancing system which predicts the geometric distortion of individual
discrete elements and allows for the accurate physical realization of a defined form -
thereby defining a parametric fabrication system which relates to the material and
process limitations of the fired brick. (2) To enable rapid and automatic toolpath
generation, integrated within the same digital environment. (3) To develop a brick
construction system in which each element is unique and responds to a given set of site
conditions. (4) To develop an indexing and organizational procedure that enables rapid
identification of elements and the simple assembly of a structural system containing a
large number of fractionally differentiated units.

3 Methodology

3.1 Generating Specificity

To test the objectives outlined above, the team developed a specific design, manu-
facturing and assembly methodology. The project took a generative parametric design
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approach, while the manufacturing process involved 3D robotic clay printing in con-
junction with CNC milling. The final outcome of the project is a large-scale pavilion
constructed entirely from brick specials.

To ensure the specificity of each brick, the project team used the Grasshopper plug-
in for Rhino to create a parametric model — exploring complex geometries generated in
response to a set of specific environmental constraints.

The team developed a custom-made definition that was used to generate the overall
form, the design and distribution of the brick geometry, and its response to environ-
mental forces. Conceptually, the pavilion references the typical plans of generic tower
configurations common in China, and utilizes the Euclidean geometry of a rhombus as
a generator profile (Fig. 2a).

Rhombus profile surface

structure special brick configuration /

a) b)

Fig. 2. Concept diagram (left), Attractor influence for continuous differentiation (right)

To achieve a design that continuously differentiates in space; the project team
generated a complex surface that functions as the base device to control the location
and size of the brick components. This poly-surface was generated through a specific
lofting technique that resulted in a spiraling form - creating an underlying three
dimensional point grid with incremental variations and no equivalencies.

This point grid controlled the distribution and scale of the bricks, which were
organized in a traditional running bond. Each of the eight surfaces of the pavilion had
the same alternating system of four full bricks on layer A, and three full bricks plus two
half-bricks for the corners on layer B.

Each brick special is influenced by and relates to a specific viewpoint, defined by
site conditions and approach angles. This was achieved in the model space through the
application of a point attractor system that influenced the dimension and form of each
brick (Fig. 2b). This system also allowed for variable openings to be developed within
the brick skin, creating a visual correspondence between the interior and exterior faces.
The resultant configuration, in its continual transformation, articulates a range of
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conditions - from enclosed to open, planar to double curved, with varying porosity
across the brick facade.

The brick itself has two different faces - the outer varies across the structure, from
flat to peaked geometry and fluctuates in width from 60 to 395 mm and in depth from
20-85 mm, while the inner face is standardized, with the variation occurring through
continuously differentiated spacing (Fig. 3). This dual aspect defines the transparency
of the system, while also exploring ideas of difference and repetition.

Fig. 3. Exterior of pavilion (left), Interior assembly (right)

3.2 Digital Fabrication Strategy

Informed by the preceding stages, and in concert with a material study, a digital
fabrication strategy was developed.

In order to fabricate each brick, the project team used a Deltabots linear ram
extruder with a capacity of 5500 ml (Fig. 4), attached to a standard ABB 6700
industrial robot with 200 kg payload and 3000 mm reach. The robot was arranged in
conjunction with a one axis rotational table that served as a printing platform, allowing
for a 450 mm by 450 mm horizontal printing space. For the ABB Rapid code gen-
eration, the team utilized the HALPIlug-in for Grasshopper, which allowed for a smooth
and effective translation of line geometry to target planes for the robotic protocols.
Each brick was automatically translated into 234 target planes, representing the
essential control points of the geometry.
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From the outset, the intention of the project team was to create a self-supporting
brick structure. However, due to planning, structural and legislative issues surrounding
the place of exhibition, and the certification required, it was necessary to construct a
lightweight timber framework, in order to ensure compliance. The timber structure was
designed to emulate the performance of brick coursing, and acts in compression, sig-
nificantly reducing the overall weight of the pavilion.

Fig. 4. DIW process with linear ram extruder attached to ABB 6700

As a result of the timber framework, the bricks could be designed with an additional
degree of flexibility — an advantage in a project with a build time of just 21 days.

With the amount of bricks to be printed and fired numbering 1870, it was necessary
to minimize the amount of printing time for each component. Outlining the geometry of
each brick (Fig. 5) was the most minimal approach to generating a printing path and
was also a good fit for the clay extruder, which uses a Direct Ink Writing
(DIW) printing method.

As the printer is engineered in such a way that the extrusion process cannot be
interrupted instantaneously, it was necessary to generate a strategy for the printing path
that resulted in maximum continuation if undesired material extrusions in the final
outcome were to be avoided. In order to overcome this issue, and to deliver the most
accurate results, the project team utilized a custom-made Grasshopper definition that
automatically generated an efficient single-line print path.
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i Brick Back

Fig. 5. Superimposed outline of all bricks (left), Selection of continuous types (right)

3.3 Feedbacks and Inputs

As part of the development of a digital fabrication strategy, and as a consequence of the
differentiation of individual bricks, a series of feedback loops were necessary to ensure
that each met its specific performance criteria and could be printed using the method
outlined.

As an extrusion material, the project utilized a standard low-fire terracotta clay
(P1331, Potterycrafts Itd.) with a shrinkage factor of approximately 11% at 1100 °C.
This shrinkage, and the DIW process, makes clay printing a more complex material
process than typical 3D printing techniques such as FDM or SLA processes. Several
factors had to be taken into account in order to achieve a successful result.

In order to gain an overall understanding of the limit and range of formal defor-
mation after firing, print time and the structural strength of each brick, and taking into
account the large number of individual components, the team utilized a sampling and
testing methodology that examined tool path length, area, projection and front face
angle (Fig. 8c) in respect to the their maximum and minimum values.

The key factors were the layer height between the horizontal printing path, the
extrusion rate of the printer, as well the speed of the robot. Although the set-up used a
5 mm nozzle, the wall thickness and structural strength of the print was dependent on
these three parameters. In order to achieve a 5 mm wall thickness in the final fired print
that was also structurally sound; the project team used the following framework;

The layer height of each print was set at 3 mm. This delivered good binding and
created a uniform cross section (Fig. 6). Increased layer heights resulted in low
adhesion and overall lower resolution of the part, while smaller layer heights, though
resulting in a higher part resolution, were susceptible to inconsistent wall thicknesses.

TCP velocity and motor velocity parameters define the extrusion and feed rates, and
are in a dependent relationship. Following a series of tests, the optimum settings were
achieved - motor velocity of the printer was set at 0.15 mm/s (—1500), while the TCP
velocity ran at 60 mm/s. Higher speeds resulted in lower print accuracy, while lower
speeds resulted in much thicker walls. With optimum settings, print times varied
between 1:20 min and 4:30 min for each brick, toolpaths varying in length from 49 cm
to 165 cm.
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|— Layer distance: 3mm

b) Target Planes J

Fig. 6. Section through fired brick showing consistency (left), Printing path of brick with target
planes (right).

4 Pavilion Fabrication and Assembly

Approximately 700 kg of raw terracotta clay was used in the construction of the
pavilion. The median weight of each brick measures 10% of an equivalent mass
produced unit (223 mm x 176 mm X 73 mm). The printing paths for the bricks were
manually nested for the size of the print table. There were a total of 294 print files,
ranging from four to twelve bricks per file.

All bricks were fired at 1025 °C (Cone 05), using an electric kiln. Because of the
sampling methodology, unforeseen issues were encountered relating to production at
scale. This was a consequence of the number of bricks fired within the same kiln.
Although the kiln itself is highly accurate, when full, and due to the variations in
spacing (a product of the irregular forms), variations in air flow and temperature within
the kiln result. The greatest problems were encountered with bricks fired close to the
openings in the kiln. This would sometimes lead to highly distorted bricks, which
would need to be re-fabricated.

The number of unique bricks made it necessary to develop a comprehensive
indexing strategy. As the running bond system does not follow a standard grid that
would allow for a typical matrix approach, the project utilized a concept that was based
on calendar dates. Each brick was manually indented with a date stamp that correlated
to a specific position in the pavilion.

The timber framework which supports the pavilion consists of a series of stacked
horizontal elements, which interlock at each corner with a lap joint — modulated to
approximate the form of the structure. Each horizontal timber layer substitutes a brick
course. The timber framework simultaneously resulted in a simplified assembly by
dispensing with the need for formwork and mortars, reduced the overall weight, pro-
vided a distributed loadbearing and removable connection to the ground and allowed
the structure to achieve compliance with building regulations.
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Fig. 7. Connection of special bricks with timber section.

Each timber element is a standard square 40 x 40 mm, with a notch depth of
2.5 mm. The resulting framework provided a 35 mm gap in which the bricks were
fixed under compression (Fig. 7). In total, there are 108 layers with four wooden
elements per layer. The intelligent assembly of the framework was facilitated by
individual variation within the jointing system - in which the global geometry was
embedded. Each element had only one possible location within the structure. These
components were cut using a standard three-axis CNC milling machine.

Over a period of six days, all components were assembled into three larger units,
each weighing 350 kg. These were then transported to the construction site and
assembled with a crane.

5 Conclusion

The scale and antiquated nature of the brick industrial complex offers significant
opportunity for growth and redevelopment. The outlined project attempts to reconcile
an imprecise material process with a robotic workflow. 3D printing technology, though
increasingly popular amongst researchers in the industry, still has a long way to go to
become a viable manufacturing process. While the critical discourse of modernism uses
the notion of the standard as a measurement for its success, the trajectory of robotic
fabrication will need to define the standards necessary in order to achieve consistent,
high-quality outputs in relation to the continuous variation of the building block. These
standards are particularly important in relation to clay, as the unpredictable nature of
the material has the potential to undermine the precision of computational design. The
method described in this paper has been proven to achieve relatively consistent out-
comes when it comes to brick quality, printing method, tolerances and overall finish of
the brick. The method, in this sense, describes a novel test case which serves to
establish the necessary standards, computational workflows and logistical sequencing
required to achieve the desired outcome. The sheer scale of the prototype, with its 1870
unique bricks, has allowed it to function as a large scale testing ground - providing a
basis for the continued improvement of the methodology.
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However, while successful in terms of the stated objectives and in terms of the
architectural exploration, as well as the design process and the overall robotic manu-
facturing, there are aspects to each which, when addressed, would likely have a positive
impact on the continuing development of this research. These can be broadly cate-
gorized under three main headings; Performance and Logistics, Material Feedback and
Computation, and Framework for Certification.

5.1 Performance and Logistics

The performative aspect of this outcome extended only to abstract force. The variable
manufacturing platform described, however, offers greater potentials. Further iterations
should respond to both environmental and structural constraints.

Logistics became a key point in the project and have proved to be one of the most
challenging aspects of the real world implementation of a structure comprised of
continuously differentiated brick specials. Further studies will need to address indexing
and supply chain issues, in addition to assembly methodologies.

5.2 Material Feedback and Computation

Until now, the set-up to produce these special bricks has been relatively improvised.
Ultimately the goal is to utilize the material system for a real scale solution. Hence, it
would be advisable to develop a better feedback system, which allows for consistent
improvement and optimization of the brick.

The following procedural issues arose as a result of the relationship between
material properties and the robotic manufacturing methodologys;
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Following printing, each brick was left to dry at room temperature (approximately
22 °C) for at least 24—-36 h before it could be fired in a kiln. Although most bricks dried
and shrank evenly, some components were adversely affected during this process.
These bricks had bent and warped in the XY-plane, which could be described as a
banana effect (Fig. 8). The longer the brick, the more noticeable was the distortion. It
was also found that a variation in printing speeds within a single brick resulted in an
uneven drying process, which in turn led to a deformation of the tile in the z-direction.
The best results were achieved when a constant printing speed was applied throughout
the entire print run, while smaller bricks had better results than larger bricks.

In addition, it was noted that variations in temperature and humidity during the
curing cycle resulted in some components drying faster than others, which affected
both workflow and deformation. In order to improve the method it is necessary to
further understand the relationship and dependencies between the geometry, extrusion
thickness, and drying environment on one side and the deformation/ warp effect on the
other. This would be best achieved through a series of analytical and comparative tests.

Although fundamentally a digital process, there were many manual aspects to the
production of the bricks. Errors in the manual loading of the clay into the extruder
resulted in unavoidable inconsistencies within the print, such as the occurrence of air
cavities within the load. This resulted in the discharge of compressed air which would
inevitably affect the overall accuracy and quality of the print. This could be avoided
with the purchase of a pugmill that de-airs the material and produces a compacted load.
However, it can be argued that the resultant imperfections within this material system
also have a certain attraction. They serve to add a similar procedural trace as we know
it from handmade products.

5.3 Framework for Certification

Ultimately, the successful implementation of any future projects within the public
realm will require the development of a testing procedure both for individual bricks and
the resultant forms. Due to the fact that each element is unique, it is necessary that this
takes place in a simulated digital environment, prior to the fabrication of any part. This
will be required in order to obtain approval from the various official government
institutions.
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Abstract. This paper presents methods and techniques to robotically prefab-
ricate timber frame modules. The key challenge of this research lies in enabling
the digitally informed and fabricated spatial assembly of timber beams into
prefabricated timber frame modules. The project combines the fabrication and
the spatial assembly of timber beams into one fully integrated robotic fabrication
process. A cooperative robotic construction procedure that minimises the need
for scaffolding and allows for the informed assembly of spatial structures with
non-planar geometries was developed. This required the examination of suitable
timber joining methods, assembly sequencing, as well developing appropriate
and novel strategies to register and handle material deviations and construction
tolerances. The physical implementation of the research in multiple experiments
and finally, a full-scale building project validates the approach.

Keywords: Cooperative robotic assembly - Computational design
Timber bar structures + Prefabrication - Building scale + Additive construction
In place milling - Timber frame modules

1 Introduction

The implementation of digital fabrication technology in timber construction dates back
to the 1980s. Inventions of specialised digital joinery machines and CNC milling
machines (Schindler 2009) enabled the digital production of complex timber parts and
are well established in the construction industry. However, the actual assembly of these
parts predominantly is still done manually (Willmann et al. 2016), requiring extensive
logistics. Timber modules, typically being assembled flat on the ground in various steps
and comprising of standardised planar geometry are mostly assembled by hand how-
ever, there are a handful of machines which can automatically assemble simple stan-
dardised timber frames: exceptions such as window or door frames are still added
manually.

The implementation of industrial robots into the fabrication loop, performing a
variety of programmed tasks, allows not only the production of individual parts but also
the digital assembly of them. The Sequential Roof project (Apolinarska et al. 2016),
developed by Gramazio Kohler Research at the ETH Zurich and robotically
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constructed by ERNE AG Holzbau, marked the first step into the digital fabrication of a
non-standard timber assembly at a building-scale.

By shifting the fabrication scenario from The Sequential Roof’s layer-based
assembly method to a method of spatial assembly, this research expands the possible
timber architecture repertoires and applies it at a building-scale to the typology of the
timber module: a prefabricated volumetric unit of timber framing which is subsequently
assembled on-site. The spatial assembly method builds upon previous work demon-
strating the construction of stable spatial structures without the need for any scaffolding
by means of a cooperative robotic sequencing (Mirjan 2016; Parascho et al. 2017) by
shifting from an assembly logic that constantly requires the robotic support of parts
during assembly to one where parts only require support at specific steps of the
assembly process.

The DFAB HOUSE (NCCR Digital Fabrication 2018), a three-story building
project initiated by the Swiss National Centre of Competence in Research (NCCR)
Digital Fabrication, allows for the transfer of this research to its building-scale appli-
cation. The timber modules have to reach outside the research setting and are subjected
to multiple real building challenges such as fire code, engineering code, acoustics,
transport logistics, interfaces with neighbouring building components and finally the
test of time while being used and exposed to the elements.

2 Techniques

2.1 Timber Frame Construction System

In this section, we present the constructive system for the research. The constructive
system is a modification of the well-established timber frame construction that includes
vertical timber beams in combination with structural plates (i.e. balloon frame or
platform frame construction). This constructive system is informed by the robotic
fabrication constraints and the required assembly sequence of the structure. The
structure consists of generic timber beams with rectangular profiles that have only one
simple cut (at varying angles) at each end. The connection between two timber beams
consists of either one or two pairs of screws allowing for tension, compression and
shear. The connection can be reinforced where needed by introducing a steel rod. The
cutting planes for the beams at each end are generated algorithmically, and processed
automatically by the robot in cooperation with the CNC saw. Concurrently, the
algorithm generates the milling and drilling vectors for the screws or the tension rod.
This approach ensures the possibility of assembling complex structures from generic
timber beams without the need for complicated CNC joinery.

This constructive system has several advantages. First, structural plates are not
necessary since the arrangement of the timber beams can provide lateral stiffness
through triangulation. Therefore, this constructive system provides the opportunity to
introduce suitable surfaces based on architectural requirements such as glass, translu-
cent membranes, and openings without compromising the structural stability. Second,
since the structure is assembled spatially, it is not necessary to have two corner beams
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as is the case with prefabricated plate components'. Therefore, the spatially assembled
corner only requires one beam which is also free to rotate in plan, thus allowing for
non-orthogonal configurations without the need for CNC manipulation along the length
of the beam.

Fig. 1. Tllustration of the computational design process/feedback. Diagrams: a. Architectural
Inputs: the loadbearing ribs of the lower floor, programmatic organisation, and the exterior
envelope b. Structure topology generation (Network graph) c. Generation of Beam class
instances d. Modules.

2.2 Computational Design

A bespoke computational design and robotic fabrication workflow is developed for this
research project (see Fig. 1). The computational design starts with a set of inputs
including support condition (in the case of DFAB HOUSE, the loadbearing ribs of the
lower floor), programmatic organisation, and the exterior envelope (see Fig. 2a). This
workflow is organised around two main classes: “Building” and “Beam”. The Building
class is a non-manifold graph?, which includes methods and attributes to generate and
store the topological information of the building structure. The Beam class includes
methods and attributes to generate and store all necessary geometrical, structural, and
fabrication information for an individual beam.

The timber frame structure is generated in two sequential steps. Based on the inputs
previously mentioned, an instance of the “Building” class is initialized. Successively,
the methods of this class generate and store topological information of the timber

! These components each require an edge beam which, when fully assembled result in a double corner
beam.

2 The Building class is built on top of the “Network” class from “COMPAS”. For more information
about the Network class please see: http://block.arch.ethz.ch/docs/compas/core/pages/core/compas.
datastructures.network.html.
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structure in the attributes of the graph: vertices and edges. The topology of each beam
in the Building class is represented as an attribute of the class “bar” with an identifier of
the two end vertices. In the Building class, each bar has all the necessary information in
relation to other beams and the overall structure such as neighbours, parents, and
assembly order. After the generation of the building structure topology a “Beam”
object for each bar is instantiated. Each generated timber beam (an instance of the
Beam class) has the necessary information for fabrication such as the gripping plane,
end cut planes, milling and drilling vectors and diameters, connections typology, cross-
section etc. Implementation.

2.3 Experimental Setup

One requirement of the fabrication setup (see Fig. 2) is the ability to produce pre-
fabricated timber modules at a building-scale. The setup in general and the engineered
tools are designed with a dynamic planning process in mind e.g. changing material
dimensions and assembly strategies throughout the course of the project due to changes
in the planning process and findings made along the way. Certain timber beam con-
stellations require cooperative robotic manipulation, meaning, two robots work toge-
ther on the same task during assembly. The same robots also prefabricate (cut, mill and
drill, the timber) beams.

Fig. 2. Multi-Robotic Prefabrication Setup: a. Industrial robotic arm attached to a gantry system.
b. CNC saw and fixing station. c¢. Robot end-effector storage. d. Assembly stand. e. Maximum
cooperative building envelope of 3.75 m x 3.50 m x 8.20 m. f. Tracking system.
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Multi-Robotic Prefabrication Setup. All of the tests and experiments are fabricated
using ETH Zurich’s Robotic Fabrication Laboratory (RFL). The setup has a total work
space of 45 m x 17 m x 6 m. The robotic setup consists of two six-axis industrial
robotic arms, each attached to a base with three axis of movement, x, y and z.

A three-axis CNC saw” is implemented for cutting the timber beams and serves
simultaneously as a fixing station for the further processing of beams. The robots are
equipped with automatic tool changers allowing them to switch easily between multiple
tools during a fabrication sequence without the need of human interference. A custom
gripper comprising of mostly off-the-shelf components was designed to pneumatically
grip timber beams ranging from 60 mm to 220 mm in width and depth, thus enabling
the robots to grip all of the timber beams on either their short or long side. This
flexibility in gripping allows beams to cut in one orientation and placed in another. In
other words beams can firstly be oriented so that cuts shallower than the saw’s mini-
mum pitch can be made, secondly the beam can be gripped from a different orientation
to avoid collisions with neighbouring beams or cooperating robots during placement.
The screw connection detailing required the design of a double-spindle tool. One
spindle being equipped with a mill bit while the other houses a long drill for drilling
holes at shallow angles.

Path Planner. The robotic fabrication and assembly of bespoke spatial structures
leads to the requirement of bespoke robot path planning in order to manoeuvre a part
from a start position to its final position in the structure without colliding with the
already built structure or the other robot (Gandia et al. 2018). Sampling-based path
planning algorithms (Kavraki Lab 2012) are used to generate collision-free trajectories.
The path planner takes multiple criteria into account such as: what is already built, the
timber currently being held by the robot and the position of the other robot as to avoid
collisions.

RFL Correction System. The tracking system iGPS (Nikon Metrology) is imple-
mented to firstly, bring the facility to sub-millimetre accuracy and secondly, to enable
an absolute referencing system for accurately setting up additional machinery as well as
allowing for the quality control of assembled parts for example using the handheld
probe. In order to harness the accuracy provided by the tracking system in any robotic
process, two iGPS i5 sensors are mounted to each robot’s end-effector on the robot
flange side.

2.4 Experiments

Throughout the course of the project new tools and techniques were tested on a series
of empirical experiments leading up to the final experiment, the full-scale fabrication of
the DFAB HOUSE timber modules. Four experiments, respectively Experiment 1, 2, 3
and 4 were undertaken to validate the cooperative robotic assembly of a corner, beam

3 The saw has a 650 mm blade and three axis of movement: 0°~360° of rotation, 90°~25° of pitch and
—10 mm-230 mm of linear movement.
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processing and robotic pose correction, in place milling and finally the integration and
realisation of a complete module.

Fig. 3. Cooperative assembly sequence

Experiment 1: Cooperative Robotic Assembly of a Corner. The first experiment
aims to verify the assembly sequencing and fabrication strategy. By cooperatively
assembling the timber beams with multiple robots, a building-scale timber frame
module can be assembled in space without the need for additional scaffolding.

As the fabrication setup was still being developed, the beams were ordered pre-cut
by a joinery machine. Despite the robots being accurately measured in and parts being
fabricated to an accuracy of plus-minus 1 mm, the assembly proved to have gaps of up
to 5 mm, especially in cooperative scenarios where both robot coordinate systems
would need to align. Assembly is split into two distinct scenarios, singular, requiring
one robot or cooperative, requiring two (see Fig. 3). First the base is assembled using a
single robot on which corners are cooperatively assembled. Each is corner is con-
structed of three beams where the first robot brings the initial beam and supports it
while the cooperating robot places the second and subsequent third beam. Once all
three beams are connected, the robots can release the corner.

The assembly sequencing was adjusted as it became apparent that it was necessary
to leave a “corridor” parallel to the gantry’s y-axis free during assembly to allow both
robots to avoid collisions with the structure when moving the robots from one side of
the assembly stand to the other. The fixed base-to-wrist path planning approach proves
to work in most cases but can lead to collisions and situation specific adjustments.
There were collisions between the robot and the already assembled structure as well as
self-collisions between the robot and the beam it was carrying due to the beams length
of up to 3.3 m. The fixed base-to-wrist ratio also requires situation specific tweaking
for different beam types e.g. the lower beams require the robot’s base to be located
above the wrist whereas the ceiling joists require the base to be approximately at the
same height, as the z-axis of the robot’s base was close to its limit. This shows that the
implementation of bespoke path planning would be of assistance during the assembly.
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Fig. 4. Beam Cutting and Detailing Sequence: 1. The robot positions the beam and saw
executes the first cut. 2. The robot positions the beam and the saw executes the second cut. 3. The
beam is repositioned and the robot proceeds to mill and drill the required detailing.

Experiment 2: Beam Processing and Robotic Pose Correction. This experiment
aims to implement and test the robotic fabrication of timber beams based on the
computational design and reduce tolerances encountered in Experiment 1 via the
introduction of the RFL correction system to the robot’s end-effector.

In contrast to Experiment 1 the timber beams in this experiment are cut by the
robots based on the embedded fabrication information supplied by the computational
design model’s “Beam” class. The fabrication process (see Fig. 4) consists of multiple
tasks carried out by either one or two robots depending on the assembly sequence of
the beam. Firstly, a stock timber beam is placed by hand on the saw’s conveyor belt.
From there on the saw’s grippers centre the beam and the robot proceeds to pick up the
beam. In collaboration with the saw, the robot places the beam for both end cuts. After
cutting has been completed, the beam is placed on the saw and supported again by the
saw’s grippers allowing the robot to automatically change tool from the gripper to the
double-spindle tool and proceed with the milling and drilling of the required connec-
tion detailing. The beam is then picked up again by the robot and manoeuvred to its
final place in the assembled structure with the aid of the path planning algorithms.
Finally, double-threaded SFS structural screws are screwed manually into the predrilled
connection detailing to fix the beam. Depending on the beam’s assembly, the robot can
now either release the beam and continue fabricating the next beam or continue sup-
porting the beam while the other robot prepares subsequent beams. The RFL correction
system is also implemented for the first time in conjunction with the robot’s end-
effector to reduce tolerances during fabrication and assembly. This requires the robot to
pause and measure its position for approximately 2 s at every position requiring
accuracy”.

* A typical fabrication cycle requires accuracy at the following positions: initial pick-up, placement for
the first cut, placement for the second cut, placement of the beam on the fixing station, milling
approach, drilling approach, subsequent pick-up and final placement.
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Experiment 2 shows if each tracking system sensor has visual contact to 4 or more
transmitters, an end-effector accuracy of below 1 mm can be achieved. It also needs to
be noted that despite the end-effector being positioned under 1 mm accurately in space
and the beam cuts being accurate to 1 mm of one another while in the fixing station,
some beam connections were up to 5 mm away from their target geometry. This
deviation is due to timber tolerance in beams longer than 2.5 m and the robot gripping
the centre of the beam, the point farthest from the connection. The insertion of joists
into the perimeter of rim joists proved to be difficult due to tight material tolerances.

Fig. 5. In Place Milling: The robot mills the required fagade detailing into the already assembled
structure.

Experiment 3: In Place Milling. The aim of Experiment 3 is applying the findings of
the previous experiments to a full-scale mock-up module from the DFAB HOUSE. The
experiment also aims to integrate all of the necessary facade detailing that is required
for final production.

The fagade’s geometry required certain lower and upper chords to be milled to a
ruled surface. This requirement made way for the development of a novel method of
fabrication “In Place Milling” (see Fig. 5). In place milling has several advantages over
prefabricated milling. If the required ruled surface were to span multiple beams and
were to be prefabricated, then a high level of accuracy would be required to ensure that
the parts line up again smoothly once assembled. On the other hand in place milling
allows for the fabrication of a continuous smooth surface across multiple beams
without the need for high accuracy during placement of the beams. It allows for the
decoupling of assembly and detailing tolerances. To tackle the tolerances occurring
when inserting the joists into the perimeter of rim joists a feedback loop was integrated.
Using the handheld probe, strategic points are measured on the rim joists and are fed
back into the fabrication loop. This allows for the exact positioning of the rim joists to
be updated thus updating the joists and their respective fabrication data.
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In place milling greatly increased the accessibility for fabrication as obstructions
such as grippers for fixing the part were not required. The ability to mill in place also
delivers an absolute level of accuracy as it buffers out additive tolerances. The milled
surface is within 1 mm accuracy of the target geometry. The feedback loop proved to
be necessary when dealing with material tolerances and tight-fit insertion paths.

Fig. 6. Photo of the RFL during the production of DFAB HOUSE timber modules.

Experiment 4: Integration and Realisation of a Complete Module. The
DFAB HOUSE timber modules aim to integrate all of the findings from the previous
experiments and reach outside the research setting by taking real building challenges
into account. The DFAB HOUSE includes 487 beams with unique geometries. The
timber frame structure is divided into six modules (volumetric) and three flat panels.
The transfer of the research to a real world application led to multiple adaptations of
the required detailing and subsequent fabrication. The precise positioning of the double
threaded screws in the timber frame butt-connections lead to revision of their insertion
approach. The screws are no longer inserted from above but rather from below. Based
on the engineer’s calculations, some of the connections would be exposed to tension
forces above 14 kN’ leading to the introduction of a rod and steel-plate connection.
The fabrication of the DFAB HOUSE timber modules (see Fig. 6) proves that the
developed tools and techniques can successfully fabricate timber frame modules
consisting of up to 99 beams and measuring 8.1 m x 3.6 m x 2.8 m (length x
width x height) as well as flat elements such as the roof and the back walls. The robots
are able to fabricate and manoeuvre beams weighing up to 55 kg and measuring

3 14 kN was calculated to be the highest tension force for two pairs of double threaded SFS screws.



Robotic Fabrication of Bespoke Timber Frame Modules 457

8.1 m x 0.16 m x 0.08 m (length x width x height). This being said, beams of this
size incur large material tolerances and require manual intervention when fixing.

3 Conclusion

The experiments throughout this project have shown that the robotic fabrication of
spatial timber frame modules allows for the fabrication and assembly of geometrically
complex and bespoke timber structures. The flexibility of the setup allowed for a
seamless integration of a wide range of fabrication processes such as sawing, milling,
drilling, in place milling and in place drilling. This in turn permitted the introduction of
new details at late stages of the project without delaying fabrication, showcasing the
advantage of the continuous digital chain. The setup allowed for the fabrication of
timber modules at full-scale, thus expanding the range of prefabricated timber
architecture.

The developed assembly logic worked in principle but still required adjustments as
this proved to be more complex than anticipated. The parts require high tracking
system transmitter visibility when being placed, cannot be occluded by previously
assembled parts and need to be sequenced so that the robots can reach them. The
positioning of the robot and the robotic fabrication of the parts themselves was highly
accurate. However, the assembly of the parts proved to be challenging due to material
tolerances, the robot’s mechanical stiffness and the force-inducing nature of the screw
connection. These tolerances were taken care of through human intervention by sup-
porting the part by hand or with clamps and controlling accuracy visually or with the
handheld probe.

Strategies to tackle these tolerances such as follows could be developed in the
future, making the robust, swift and accurate assembly of spatial timber structures
possible. A focus could be set on local accuracy of joining rather than global accuracy.
In other words, the detail where two parts come together would be where accuracy is
needed rather than the overall position of the part. This could be achieved by the robot
gripping close to the connection rather than the centre of the part. The accuracy of the
detail would be increased and more stiffness would be provided during assembly as less
force would be applied to the robot. Force and/or proximity sensors could be imple-
mented to allow the robot to feel or see its surroundings and place the part accordingly.
In place detailing rather than prefabricated detailing could improve connection accu-
racy and make way for robot-driven methods of detailing such as nailing or doweling.
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Abstract. In the present paper a new additive manufacturing processing route
is introduced to produce ultra-high-performance concrete complex architectonic
elements, by printing integrated formwork. Interdisciplinary work involving
material science, computation, robotics, architecture and design resulted in the
development of an innovative way of 3D printing cementitious materials. The
3D printing process involved is based on a FDM-like technique, in the sense that
a material is deposited layer by layer through an extrusion printhead mounted on
a 6-axis robotic arm. An architectural application is used as a case-study to
demonstrate the potentialities of the technology. Along with the detailed
description of the design and construction process, a description of the
responsibilities and their distribution amongst the stakeholders involved in the
project is given. The steps taken to include the 3D printed element in an
authorized regulatory context are presented as well. The structural elements
produced constitute some of the largest 3D printed concrete parts available until
now. Multi-functionality was enabled for structural elements by taking advan-
tage of the complex geometry which can be achieved using our technology for
large-scale additive manufacturing. The proposed process succeeds in solving
several of the current issues problems that can be found in the production of 3D
printed architectural features for an AEC industrial context and therefore sug-
gests an immediately viable route for industry assimilation.
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1 Introduction

Until recently, additive manufacturing (AM) techniques were confined to high value
adding sectors such as the aeronautical and biomedical industries, mainly due to the
steep cost of primary materials used for such processes. In the last decade, the devel-
opment of large-scale AM in such domains as design, construction and architecture,
using various materials such as polymers, metal, and cementitious materials, has surged.

Historically, the first attempt at cement-based AM was made by Pegna [12] using
an intermediate process between the classical powder bed and inkjet head 3D printing
(3DP) [14] and fused deposition modelling (FDM) [5], in order to glue sand layers
together with a Portland cement paste. Many groups have been involved with the
development of large-scale AM for construction applications, all of which have been
using processing routes derived from FDM or 3DP, although varying depending on the
chosen material and targeted application.

Three pioneering technologies can be mentioned regarding cement-based AM.
Contour Crafting technology [11] is based on a printhead mounted on a crane, extruding
simultaneously two layers of material intended to be used as formwork. The main
drawbacks of Contour Crafting technology are its limitation to vertical extrusion and a
complex implementation of the system for industrial production. Loughborough
University concrete printing technology [2], using a similar system with a printing nozzle
and a crane, uses a material with higher performances and to a small extrudate, allowing a
good geometrical control. However, the printing process is relatively slow and the use of
an overhead crane both discourages the printing of complex geometries and complicates
the industrial development. Finally, D-Shape technology [4] consists in a large-scale
sandbed locally solidified by deposition of a binding agent, layer by layer. Although
designed for off-site production of prefabricated elements, D-Shape technology currently
aims to demonstrate the feasibility of the process on-site. More detailed information
regarding existing cement-based AM techniques can be found in the literature [3, 7].

In the past few years, several other technologies have been developed for cement-
based AM techniques and applications in construction, both by university research
groups and new industrial players. Landmarks of AM construction applications have
been produced during this same period, such as housing printed by the Chinese
company Winsun and other small-scale building printed by companies such as Apis
Cor (Russia) or CyBe (Holland). Major achievements also include two bridges, one by
Acciona in Madrid and the other by TU Eindhoven in the Netherlands.

Beyond the mention in the Contour Crafting patent of the use of AM as integrated
formwork for construction, only few constructive experiments based on this technique
have been documented. AM of formwork can be seen in the Batiprint printing process,
though the material used is foam, making the formwork disposable. The case study
presented in this paper is the first using method UHPC concrete to produce integrated
formwork for an actual building project using the XtreeE 3D concrete printing system.

The aim of the present work is to shed a new light on the perspective of 3D concrete
printing in the construction industry, specifically using the integrated formwork tech-
nique, by describing this project. With many new industrial players but not many large-
scale realisations yet, cement-based AM manufacturing appears to be at a critical point
of development. The present paper seeks to discuss the industrial assimilation of these
new construction techniques and the issues currently at stake in this matter. First, an
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introduction on designing structures for large-scale additive manufacturing is given. In
Sect. 3, the concrete formwork 3D printing technique is presented, followed by the case
study demonstrating the potential advantages of such a technique for the construction
industry. Finally, conclusions are drawn regarding the results obtained in this work.

2 Design for Additive Manufacturing

Generating and modelling shapes for additive manufacturing follows specific rules,
coming from both processing constraints, and functional objectives. According to [10],
the concept of freeform previously used in the literature is not adequate nor sufficient
for describing concrete 3D printing. For a given printing process and automation
complexity, one can attain specific types of topologies within a given time-frame and
performance criterion for the structure. Although out of the scope of the present paper,
design conditions for large-scale additive manufacturing depend on many other
parameters than just the properties of extruded cementitious materials; parameters such
as the printing spatial resolution, overall size of parts to be printed, the environment,
the presence of assembly steps, etc. A classification of such relationships between
geometrical complexity, processing, and design is proposed in [7].

The processing constraints depend mostly on the fresh material properties in its
viscous state, as well as early-age behaviour, in interaction with the building strategy
and the stiffness of the structure being built. On the other hand, functional requirements
will depend on the properties of the hardened material as well as the structural
geometry for effective stiffness, and other functional properties such as thermal and
sound insulation. See [10] for a geometrically induced thermal insulation case study.
Both types of constraints must be considered at the design stage. Material properties of
3D printed concrete used by XtreeE, including in the case-study presented in this paper,
are highlighted in [10] as well. More information on 3D printed concrete in general can
be found in the very recent review published by [13].

Printing path generation is a critical step to be considered in early design phase. It is
indeed the prime problem, embracing together machine, material and structural
requirements. 3D-to-2D slicing, which is by far the most common method adopted in
the context of 3D printing, yields planar layers of equal thickness built on top of each
other. This approach is not optimal from a design and structural viewpoint as it will
induce shifts when two consecutive layers have different sizes and limit the attainable
geometries. In the context of 3D printing. Other approaches to tool-path generation
have been developed, such as the tangential continuity method introduced in [10] to
optimise the structure being built by creating layers of varying thickness. These layers
exhibit a maximized surface area of contact between each other, hence stabilizing the
overall structure. However, in the present case-study, as no other reliable software
allowing the use of other methods existed yet, the first method was used.

3 Concrete Formwork 3D Printing

The process of large-scale concrete 3D printing developed by XtreeE has been men-
tioned previously in [10], the overall process is summarized in Fig. 1.
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Based on this process, a construction strategy can be derived for concrete formwork
3D printing. The principle consists in 3D printing the formwork necessary for casting
another structural material such as ultra-high-performance concrete for fibre-reinforced
concrete, or insulation material such as foamed concrete, as shown on Fig. 2. The
printed formwork is left in-place and becomes a so-called lost formwork. An optimal
trade-off must be considered from the early design steps as to the ratio of printed
material within the built part, which can be critical for reaching economic viability.
Depending on the application considered, concrete formwork 3D printing can be more
efficient than either all-3D concrete printing, or traditional building techniques, from
both an economic and/or building strategy viewpoint. This assertion is demonstrated in
the next section on the Aix-en-Provence post case study.
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Fig. 2. Schematic view of the concrete formwork 3D printing.

4 Pillar in Aix-en-Provence, France

4.1 Context

This 4 m-high freeform pillar is placed in the sports facilities of a school in Aix-en-
Provence, France. It supports a concrete awning covering part of the playground
(Fig. 3). The sports facilities project was mandated by the Aix-Marseille Metropolis.
The pillar, part of this larger project, was handled by the following people: Marc
Dalibard as architect (also the architect for the whole sports facilities building), Artelia
as structural engineering office, AD Concept as construction company, LafargeHolcim
as material supplier and Fehr Architectural as UHPC concrete caster. For the con-
struction of the pillar, the responsibilities of the actors were divided as follow: Marc
Dalibard, as architect, was also the manager of the overall project, and defined the
shape and placement of the pillar. Artelia, as structural engineer, supported XtreeE both
during design and construction phases, and was tasked with defining the load case on
which to base the topological optimization and verifying the strength and stability of
the printed pillar in accordance with the load case. LafargeHolcim supplied a specific
3D print concrete, developed with XtreeE in an earlier collaboration and Fehr Archi-
tectural casted UHPC inside the pillar, a task requiring a specific licence. Each one of
the key players supported XtreeE in the definition of the fabrication strategy adopted
for the pillar, by providing input regarding their field of expertise.
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Fig. 3. Pillar in Aix-en-Provence, photo by Lisa Ricciotti.

XtreeE identified a fabrication strategy for the post and adapted the printing system
developed earlier (presented in Sect. 3) according to the fabrication strategy and its
requirements. During the design stages, XtreeE co-defined the load case with structural
engineer Artelia and designed an exact shape for the pillar through structural design. In
the fabrication stages, XtreeE coded the manufacturing files using HAL Robotics for
the printing system and performed the manufacturing, before co-supervising the
placing of the pillar on site with architect Marc Dalibard.

Although relying on the skills of well established players of the construction market
and its various subgroups, it is interesting to note that the Aix-en-Provence pillar
studied in this paper presents a new workflow between the stakeholders of the project.
This new workflow is established due to the appearance of a new player, XtreeE.
XtreeE plays in this case the roles of technical expert in 3D printing, giving advice for
every step of the conception and manufacturing process, of designer of the final shape
and of manufacturer for the 3D print elements. While the new industrial protagonists in
the field of AM manufacturing for construction applications might not, in the future,
play such polyvalent role in projects, the Aix-en-Provence pillar gives an example of
the array of possible interventions, and therefore of the many changes that could be
implemented, not only with AM, but also with various rising digital conception and
manufacturing tools.

4.2 Design

In the initial project designed by architect Marc Dalibard, a complex truss-shaped pillar
supporting the roof was already planned, as shown on Fig. 4. But though the idea of a
complex truss-shaped pillar was featured, no viable design for the pillar existed at this
stage of the project. XtreeE came in at this point and took over the design of the pillar,
based on the sketches provided by the architect.
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Fig. 4. Initial sketch for the pillar.

The design of the pillar is based as much on the formal intention highlighted in
these sketches as on the constraints fixed by the building regulations in effect at the
time and by the 3D printing manufacturing method.

As no building regulation existed regarding 3D print items integrated in buildings
at the time of construction, and to stick to the projected schedule, the choice was made
to use the lost formwork manufacturing method, as introduced in Sect. 3. Instead of
having to validate the pillar and its manufacturing method by using an ATEx
(Experimental technical appreciation), a long and expensive procedure for experimental
construction in France, the lost formwork made it possible to rely on existing building
regulations on UHPC concrete. Furthermore, having recourse to 3D printing technol-
ogy for the fabrication of architectonic elements offers the possibility to build non-
standard geometries, with fine and curved elements. However, the complexity of those
shapes proscribes implementing steel reinforcements inside. This impossibility, along
with the fact that the shape of the pillar as designed by the architect had for main
characteristic the slenderness of its parts, also called for the use of UHPC inside the
formwork.

The critical design constraint for layer by layer extrusion techniques is the maxi-
mum inclination if the geometry. In the case of the Aix-en-Provence pillar, this issue
was avoided by printing supports at the same time than the geometry to enable any
angle for the parts of the truss. This has been commented in [7].

To define the precise shape of the pillar, we relied on an optimization method, to
ensure an optimal use of matter in the truss by refining the limbs and taking into account
the fabrication constraints as well as the wishes of the architects regarding the shape.
The entire circular volume containing the pillar is used as research space for the truss to
develop, and the applied load case included the weight of the concrete awning supported
by the pillar as well as site-specific constraints (wind, etc.). The resulting final shape is
shown on Fig. 5. A more thorough examination of the possibilities offered by topology
optimization in the context of 3D concrete printing is available in [8].
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Fig. 5. Final design of the pillar after topology optimization.

Given the selected approach of lost formwork printing, the pillar is made of an
outer shell that is 3D printed and later filled with UHPC. The pillar is divided in three
smaller parts (cf. Fig. 6), both for transportation constraints and to reduce hydrostatic
pressure when self-compacting concrete is casted inside. Each part is to be filled with
concrete and then assembled together to form the whole element. During casting,
metallic connectors are inserted in the concrete at each end of the parts to ensure
reinforcement continuity of the construction joints. Finally, chemical glue is used to
seal the connection.
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Fig. 6. Splitting and assembling principles for the 3D printed pillar system.

4.3 Manufacturing

Manufacturing of the pillar includes several stages: 3D printing the outer shell, at
XtreeE headquarters in the south of Paris, France, casting the UHPC and integrating the
connectors, at the Fehr Architectural production facility in Germany, and final
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assembly on site in Aix-en-Provence. 3D printing the outer shell inside the facility
enables, like for UHPC casting, a precise control and monitoring of the environment, to
ensure ideal temperature and humidity conditions for the concrete to behave as
expected.

As a precaution, after running trials on smaller geometries similar to the pillar, it
was decided to 3D print the formwork in four parts rather than three. The concrete
formwork took 15 h to print in total, approximately 3 h and 45 min for each part of the
post, with the former XtreeE printing system — adjustments made over the past year
now make it faster. The printing of one of the parts is shown on Fig. 7. Setting time
starts to occur after several minutes. Once the formwork was successfully 3D printed,
an assembly trial, shown on Fig. 8, was conducted at our facility to ensure the results
were as precise as expected before shipping the parts.

Fig. 7. Printing of one of the parts of the pillar’s formwork.

The casting of UHPC in each part of the pillar was then operated by the team of
Fehr Architectural. To resist the hydrostatic pressure resulting from the casting, sup-
ports printed with the pillar were left in place until the UHPC set, as shown on Fig. 9.
The supports were then cut, as shown on Fig. 10, and the parts were shipped on site to
Aix-en-Provence. The definitive assembly of the parts was performed there, before
installing the pillar in place, with sliding supports on top. Finally, on request of the
architect, the pillar was given a smooth finish by coating it to cover the line pattern
specific to 3D printed objects. The difference of surface roughness is shown on Fig. 11.
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Fig. 9. UHPC casting inside the envelope, with supports left in place.
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Fig. 11. Before (left) and after (right, photo by Lisa Ricciotti) surface smoothing through
manual coating.
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5 Conclusions and Outlook

The various advantages of large-scale additive manufacturing of ultra-high-
performance concrete, as well as the concrete formwork 3D printing technique, have
been reviewed based on the analysis of the case study of a complex pillar part of an
industrial construction projects in France, performed using the XtreeE 3D printing
technology. A final significant element of comparison can be given by confronting the
total production price of the Aix-en-Provence pillar to the total production price of a
traditionally built complex pillar: a 62,5% total price gain is obtained, based on our
information for the price of the Aix-en-Provence pillar, and quotes obtained for a
traditional manufacturing. One of the main reason for this difference, on top of the gain
identified on time, materials, and workforce, is the absence of a specific material and
shaping for the mould, hence eliminated by using the lost formwork method. The
multiple aspects of potential socio-economic gain for relying on additive manufacturing
are three-fold: (1) materials saving by using the right amount of matter where needed,
given that a topology optimization computational framework is available; (2) time
saving by reducing the number of steps in the construction process, as well as being
BIM-compatible for construction-planning strategies; (3) workforce saving by limiting
on-site manual building steps, therefore enhancing safety on the construction site and
implementing a new workflow between project stakeholders.

Although the lost formwork strategy allowed to get around experimental technical
certification, further work should have to be conducted with certification authorities for
the construction industry to define a legal and regulatory framework for 3D printed
structures. The technological feats presented in this work are commercially available,
but a legal framework and economic market are to be developed for the 3D printing
technology to transfer into the mainstream construction industry.

Studying the conditions of design and fabrication of the Aix-en-Provence pillar also
provides hints on possible improvements to the developed process, to push industrial
assimilation forward.

Along with the paradigm shift of additive manufacturing comes the possibilities
enabled by topology optimisation, which aims at attaining the most efficient structure
geometrically possible for a given set of requirements. Optimality in terms of industrial
design has become more and more critical due to scarcity of material resources and the
need for lightweight structures.

A driving force for additive manufacturing is its ability to produce more complex 3D
shapes in comparison to casting or subtractive processes. This complexity allows to
design optimal structures based on topology optimisation techniques. One of the main
current challenges is to modify optimisation algorithms to account for the additive
manufacturing constraints, especially with regards to the processing parameters and
structural stability while printing. A possible answer to these challenges would be to
consider the multiphysics phenomenon aspect of 3D printing, which involves the elastic
stability of the overall structure being built, the kinetics of hydration, the evolving
viscoplasticity of fresh cement, the evolution of temperature within the printing envi-
ronment, etc. As a matter of fact, all these physical problems, at multiple time and space
scales, can be modelled on their own, but coupling them generates complexity and
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uncertainty regarding the process of 3D printing. Therefore, efforts should be concen-
trated on understanding and modelling the printing process in its multiple physical
aspects, only then optimisation will be fully integrated with the processing, which would
virtually change the way 3D printed structures are conceived today.
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Abstract. This paper presents a new method for cost-effective realization of
topology optimized structures using robotic abrasive wire-cutting of expanded
polystyrene formwork. Topology optimization has shown potential for gener-
ating material efficient designs and increasing performance in architectural
structures. However, the method results in complex, structural morphologies
which frustrate efficient construction of said structures. To overcome this, and
make the realization of the potential of topology optimization feasible in general
construction, new approaches are needed. We propose an integrated method of
ruled surface rationalization and robotically controlled abrasive wire-cutting of
formwork parts in Expanded Polystyrene. The method is demonstrated through
robotic production of EPS formwork using a pilot abrasive wire-cutting end-
effector on a containerized robotic work cell with an ABB IRB 6700 industrial
manipulator, extended with external rotary axis. The usability of the formwork
is demonstrated through the construction of a 21 m, prefabricated demonstrator
structure using Ultra High Performance Concrete.

Keywords: Topology optimization - Concrete + Robotic abrasive wire-cutting
Expanded polystyrene - Formwork systems

1 Background

1.1 Motivation

Current consensus within the scientific community of meteorological and atmospheric
sciences outlines several imperatives to reduce anthropogenic emissions of carbon
dioxide, mainly the mitigation of anticipated risk of climate change. Within this frame,
the emissions associated with construction contribute significantly to global emission
levels. Within the construction sector, construction of concrete structures — in particular
the production and calcination of cement — represented in 2015 a combined 8% of
global emissions [1], or more than four times the emissions generated by the global air
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traffic [2]. This figure is projected to more than triple until 2050 due to the increasing
global consumption of concrete for construction purposes.

It follows from this outline that a technology capable of reducing the emissions
associated with concrete construction could have significant impact on global emis-
sions, assuming industry-wide adoption. To address this challenge, several solutions
can be considered: switching to alternative fuels to heat the calcination kiln, such as
natural gas, biomass or waste-derived fuels [3]; replacing cement with a negative
emission substitute [4]; using engineered timber as substitute for concrete [5] or simply
increasing the performance of concrete structures through optimization of the design
geometry, hereby lowering general material consumption. The research effort presented
in this paper is directed towards this last approach, while acknowledging the value of
alternative strategies.

1.2 Hypothesis

Several studies indicate that various means of structural optimization can substantially
increase the performance of concrete structures, in ranges that allow for reductions of
material consumption [6-8]. Among the range of optimization strategies, topology
optimization - commonly applied within the aeronautic and automotive industries —
have recently seen an increasing interest as a form-finding strategy for architectural
structures [9-14] (Fig. 1).

Fig. 1. Topology optimized concrete prototype from the Unikabetonproject, produced via
robotic CNC-milling of EPS molds

While these studies indicate significant potential for increases in structural per-
formance, this improvement is achieved through a simultaneous increase in geometric
complexity, which challenge current means of construction. For concrete manufac-
turing, the primary expense for non-standard structures is formwork costs, which
represent 50-70% [15] of the total costs of the concrete works. Since the material cost
per weight unit is comparably low, there is little financial incentive to deploy reduction
measures for concrete material consumption at the expense of increasing formwork
costs [16]. It is our hypothesis that the main constraint prohibiting large scale adoption
of topology optimization of concrete structures in the global construction sector is the
non-availability of cost-efficient means of realizing advanced formwork.
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2 Formwork Manufacturing

2.1 State-of-the-Art

Current industry standard for manufacturing of non-standard mold systems, falls
generally in two categories: CNC-milling of timber/EPS molds (typically for designs of
high complexity) and manually constructed formwork systems (typically flexible
modules with bespoke auxiliary supports, or sheets of flexible material bend to match
CNC-routed edges).

These methods are well proven, and capable of realizing complex structures,
however with 2 key disadvantages. CNC-milling of advanced formwork is — while
capable of producing designs of high complexity and high-end surface finishes —
limited in production speed by its mechanical principle, which is defined by incre-
mental subtraction of material from the work object, and thus speed is constrained as a
function of the toolbit diameter relative to the target surface smoothness, defining the
density of the toolpath and number of passes over a given surface. In practice, this
typically translates to >240 min/m* of machining time to arrive at industrial grade
surface smoothness. As such, the pricing per m? of milled formwork is predominantly
defined by the required machining hours (as a function of the depreciation of the
machining station), hence resulting in a premium pricing, available only to a low
percentage of high-profile construction projects. Similarly, the construction of manual
formwork systems is highly labor intensive, and constrained by the flexibility of the
modular systems or formwork material applied.

To address the challenge of finding more cost-effective methods of realizing
advanced concrete structures, a diversity of approaches has been suggested, including
(1) actuator-based, flexible molds [17]; (2) actuator-based slip-casting [18]; (3) 3D
concrete printing [19, 20]; (4) hybrid wax extrusion and CNC-machining [21];
(5) robotically manufactured stay-in-place formwork [22] and (6) robotic hot-wire
cutting of EPS formwork [23]. A discussion of these proposals are given in [24]

Fig. 2. The realization of the Fjordenhjem Kirk Kapital HQ designed by Studio Olafur Eliasson,
represents the first such commercial scale application of RHWC.

Robotic hot-wire cutting of expanded polystyrene formwork has been pioneered in
commercial deployment by Odico, who have demonstrated as an international first the
realization of large scale load-bearing structures using this manufacturing method.
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For production of ruled surface geometries, hot-wire cutting holds a significant
machining time advantage over traditional CNC-milling, as reaching the production
surfaces can be achieved in a single pass operation, sweeping the entire surface. In
practice this reduces production time of an equivalent surface to a few minutes (Fig. 2)
compared to CNC-milling

Fig. 3a. Comparative samples produced by (from left: RCNC; RHWC; RAWC).

While the above developments demonstrates the viability of RHWC for con-
struction purposes, the thermal cutting process of hot-wire cutting, in which poly-
styrene material is evaporated at 290-310 °C around an electrically heated wire, comes
with a number of principal short-comings: firstly, cutting speed is a function of the
material density of the polystyrene work object, and hence at high density material
types, production speed is significantly lowered, whereas for CNC-machining it
remains principally constant within the same classes of material. Second, the process is
limited to thermally cut-able materials, which excludes a wide range of construction
materials, including non-flammable foam types typically used in acoustic insulations,
as well as common groups of solid construction materials, such as timber, natural and
artificial stone and clay. Finally, the process is sensitive to maintaining a constant
cutting speed across the entire length of the wire. This in practice excludes several
classes of toolpath strategies, such as triangular sweeps and hyperbolic paraboloids, in
which the Tool Center Point (TCP) remains relatively in-active, while the periphery of
the wire moves at high velocity (Fig. 3a).

To address these challenges, Odico engaged in the development of a comple-
mentary process using a diamond-threaded abrasive wire rotating on electrically pro-
pelled flywheels, fixed within an 8-rod carbon fiber frame structure. Over the course of
4 prototype end-effectors, the process was refined to achieve an average cutting speed
of 75 mm/s, hence reducing overall cutting time for the reference surface to <15 s,
while leaving a finished surface of very high smoothness levels (Fig. 3b).

The identification of machining time is conducted through a comparative study of
the 3 machining methods on 3 similar robotic workstations, using respectively IRB
6400R 2.8-200 (station 1), IRB 6400R 2.8-150 (station 2) and IRB 6700-300 (station 3)
manipulators. Station 1 is equipped with a HSD ES-915a electrospindel with 50 mm
Schunk ball-end toolbit. Station 2 with a proprietary RHWC end-effector with o 0.5
nickel-chromium wire suspended in a 2600 x 1600 x 150 mm carbon fiber frame.
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Fig. 3b. Top row, from left: Workstation 1, Robotic CNC-milling. Workstation 2, Robotic Hot-
Wire Cutting. Workstation 3, Robotic Abrasive Wire-Cutting. Bottom row: the corresponding
machining result of sample 1 from each process.

Station 3 is equipped with a proprietary RAWC end-effector with electrically propelled
©1.5 mm abrasive wire (Fig. 2). The 3 stations produce a curved sample geometry of
1000 x 1000 x 150 mm, with total ruled surface area of 1,187 m>. We note that this
effectively corresponds to a 9600% increase in production speed over robotic CNC
milling, assuming product surfaces constructed from ruled surface geometries (Table 1).

Table 1. Comparative chart for machining times of sample 1.

Material | CNC RHWC RAWC
EPS S80 (4h 10 min32s|1 min58s |16s
EPS S150 |4 h 10 min 32 s |6 min 21 s |24 s
MX 300 (4h 10 min 32s|19 min 32s|36s
Solid mat. | Yes No Yes

3 Prototype Design

The design freedom enabled by the above developments provides a manufacturing
framework for achieving rapid production of advanced formwork for concrete con-
struction. To assess the potential for using this capacity in cost-efficient realization of
topology optimized concrete designs, a full scale prototype study was undertaken.

With the motivation to test the extremes of the solution space, an optimization
design space was developed, constituting a blend between 3 primary architectural
configurations: a wall situation; a canopy; and a corner. The design space was opti-
mized in Altair Optistruct for dead-load and surface wind loads, using a volume
constraint of 0.3. The resulting optimization provided the framework for the devel-
opment and testing of a rationalization method and formwork system design capable of
approximating the optimized mesh close enough to avoid compromising the reduction
in material volume achieved through the optimization (Fig. 4).
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Fig. 4. Left: design space before optimization. Right: topological optimization result

3.1 Rationalization

As the mechanical principle of abrasive wire-cutting is limited to the production of
ruled surface geometries, a translation of the optimization mesh to compositions of
ruled geometry is necessary to enable manufacturing through this method.

Within this context, the main challenge is to approximate the optimized mesh close
enough not off-set the performance gains achieved through the optimization, while
remaining within the solution space of the constraints of the fabrication method.

To address this, a parametric rationalization scheme was developed, relying on
(a) skeletonal tracing of the centerlines of the topology, and (b) a numeric approxi-
mation of the volume surrounding the centerlines through intersecting cells of ruled
surface assemblies.

3.2 Formwork System

Through the rationalization procedure, the formwork system is now determined. The
system is comprised of three overall constituents, which is repeated for all 6 concrete
components: (1) the main formwork system in expanded S80 polystyrene, split in two
main parts to accommodate the later insertion of reinforcement bars. (2) A surrounding
steel casing from assembled standard Peri scaffolding modules. (3) A parametrically
generated timber support structure consisting of connected cassettes of (1) OSB-plates
ribbed with C24 coniferous beams to direct lateral pressure to the surrounding steel
casing; (2) ribbed plywood panels to support directly the casting pressure exerted on
the EPS formwork (Fig. 5)

The EPS formwork design is determined by inverting the intersecting surfaces to
volumetric formwork cell units, segmented per surface level. The boundaries of the
formwork cell volumes are determined by extending the intersection lines of the cell
surfaces.

As the extension of the corner surfaces would collide with the volume of the linear
extensions, the corners are separated as individual mold pieces, using the original
intersection planes of the rationalization scheme. We have then an EPS formwork
composition consisting of the following parts:

(A) corner segments, which hold the rounded hyperbolic paraboloid surface
(highlighted red, Fig. 6). (B) main mold volumes, which hold the single ruled exten-
sion surfaces between the corners (parts in white, Fig. 6). (C) boundary molds, which
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Fig. 5. Formwork system, exploded isometry.

close the outer boundaries of the formwork cell assembly to the bottom and sides, with
the top remaining open for pouring of the liquid concrete (marked grey, Fig. 6). (D) an
interface layer, which bridge the panelized segmentation of the timber support structure
and part A-C of the EPS formwork, the depth of which is minimized to avoid self-
intersection of the extension of the boundary surfaces. To guide the subsequent
assembly process, the interface layer is designed with linear waffle profiles aligned with
the isocurvature of the global interface surface

femate
= T id — J
X i h%m%?-. ;

all 7

Fig. 6. Corner and main mold parts inserted into the global system
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3.3 Robotic Production

With the rationalization and formwork design computed within a single workflow, we
are now able to deduct the cutting motion for the robotic production cell. This system
consists of (a) an IRB 6700-300 industrial manipulator, positioned inside a con-
tainerized transportable work cell frame and equipped with (b) a proprietary end-
effector with an electrically propelled abrasive wire, fixed within an auxiliary carbon
fiber frame, and (c) a 1300 mm high elevated work object fixture mounted on an
external rotary axis (Fig. 7). Within this production cell, the surfaces are translated to
the following cutting sequences:

Fig. 7. Diagrams of the cutting motion for respectively corner hypar

Corner Mold Parts

The cutting sequence is initially discretized in (a) rotation of the work object on the
external axis, and (b) surface cutting motion, with the Tool Center Point (TCP) of the
abrasive wire end-effector following the line centers of the cutting surface isocurvature.
While synchronized motion between external axis and end-effector was initially
applied, the simultaneity of rotational and linear motion resulted in distortion of the
linearity of the wire, hence deforming the product geometry. By segregating the motion
of the external axis and the end-effector cutting in discrete time intervals, this problem
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is avoided. With this principal approach, cutting sequences are then computed in the
following steps, describing all sides of the part in wire-motion:

(a) Top and bottom waffle profiling of the mold piece

(b) Side profiling

(c) Cutting of the hyperbolic paraboloid corner surface

(d) Back-side cutting and splitting of the piece in 2 halves, finally releasing the piece
from the stock material.

Main mold parts
Similar to the corner parts, main mold parts are processes through the following
sequence:

(a) Cutting of the 4 extended side surfaces

(b) Subtraction of the void for insertion of the corner part

(c) Cutting of the single ruled rib profiles

(d) Cutting of the waffle profiling of the formwork cell top and bottom surface

The cutting motion is deducted from the rationalized geometry using the Odicut
proprietary framework for robotic control in McNeel Grasshopper [25]. Due to com-
position of the formwork geometries, end-effector movement describes the extreme
regions of the robotic work envelope, hence requiring both fine-tuned control of tool
orientation and collision avoidance. This is achieved by generating a global rotational
volume based on the stock block or, in extreme cases using a local convex hull
deducted from the current mold geometry at each specific external axis value. Collision
avoidance is ensured by orienting the tool to match local tangent values computed from
either horizontal or vertical cross sections of the above mentioned rotational/convex
hull volume and thus avoiding any tool-mold geometry collisions. This further implies
that during each transition movement from one cutting motion to another there is the
above solution space, albeit specific to using a linear tool end-effector, which can be
used to generate valid and smooth robot motion between the end of one cutting motion
towards the start of next one (Fig. 8).

3.4 Formwork Assembly and Casting

The corner and main mold parts are assembled into larger formwork cells using
polyurethane adhesive and acrylic based surface coating. The timber support structure,
produced through digital routing and processing on a Hundegger machining station and
files derived parametrically from the global geometry model, is manually assembled in
two main parts. The interface layer is mounted to the timber support and subsequently,
the formwork cells are mounted on the interface layer, using the waffle profiling as
assembly guide (Figs. 9 and 10).

Global coating is added, and reinforcement is inserted. Following the assembly of
reinforcement, the two formwork sides are closed, and concrete injected. After 24 h of
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Fig. 8. Function diagram of the collision avoidance scheme

Fig. 9. Timber support of element C1 prior to EPS assembly (left). Assembled mold and
finishing of element B1 (right).

curing, the formwork is demolded and demolished, completing the production of one
structural component. The components are transported to site, and assembled using a
combination of temporary auxiliary supports, and bolting".

! Note to reviewers: at the moment of writing 5 of 6 elements are cast, and on-site assembly scheduled
for May 25™ 2018.
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Fig. 10. Visualization of the final structure (left) and ongoing finishing of elements C2, A2, and
Al (right)

4 Conclusions

We have presented a new method for realization of topology optimized concrete
structures using robotic abrasive wire-cutting of advanced Expanded Polystyrene
formwork in combination with standardized modular scaffolding systems. The method
is found to enable significant reductions in machining time compared to current pro-
duction methods, as well as facilitating full automation of the production of bespoke
elements. The viability of the method is demonstrated through the production of a full
scale, topology optimized, UHPC prototype structure, realized through prefabrication
of 6 components to be joined on site.

While the overall feasibility of the method has been demonstrated, the complexity
of the prototype geometry and the resulting construction process points to a number of
workflow limitations to be addressed before achieving feasibility for large scale
adoption. These limitations are outlined in the following.

5 Discussion and Further Work

The design choice of relying on doubly ruled, hyperbolic paraboloid corner sections
enables a closer approximation to the optimized mesh than achievable when relying on
faceted, single ruled geometries. However, it comes at the significant cost of needing to
segment the formwork cells into corner and main sections. This adds substantial
workload on the subsequent formwork assembly process, as well as increasing the
room for production tolerance, in addition to requiring highly advanced motion plan-
ning and control of the part cutting sequences (Fig. 11).

The spatially advanced design of the formwork parts adds significant loss of
formwork material, surmounting to an averaged 40-60% of the material stock block.
As opposed to CNC-milling, which would granulate the cut-off material directly, the
cut-off however here doubles in function as protective casing, which significantly eases
transport logistics as parts can be shipped as regular, rectangular bodies. As a result of
the segmentation scheme - determined by the geometry rationalization method — the
overall volume of waste production is comparably higher with estimated 15-20% than
achievable through CNC-milling. However, for the general discussion of waste
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Fig. 11. Reinforcement of element B1 (top, left) and element B2 preparing for transport (top,
right). Bottom: assembly of element A1 on A2, B1-B2

production it should be noted that (a) the production and consumption of expanded
polystyrene formwork material requires a fraction of the energy associated with con-
crete manufacturing (Fig. 12).

Hence, even significant increases in formwork waste production is fully offset by
reductions in concrete material consumption enabled by the use of polystyrene form-
work; (b) compared to conventional formwork systems in solid and laminated timber or
construction metals, the overall energy footprint of formwork production is signifi-
cantly less for expanded polystyrene systems; (c) the material properties of polystyrene
enables a direct and energy light recycling process, in which cut-off parts are granulated
and re-used in forming of new stock block material.

The spatially warping configuration of the global design - and the resulting com-
plexity of the component formwork systems — required as noted the design and
manufacturing of bespoke timber support segments on a per element basis to reduce the
general consumption volume. This step could be standardized in concrete component
designs of less spatial and dimensional variability, and entirely avoided for component
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Fig. 12. Casting result of element Al

designs with small formwork volumes, i.e. panelized configurations as. found in high-
volume concrete prefabrication of general facade and structural components.

5.1 Further Work

With the prototype design intended to identify the practical boundaries and limitations
of the proposed method, in addition to raising public awareness of the architectural
possibilities of the merger of topology optimization and robotic manufacturing, current
work is focused on the development of revised workflows that will enable a cost-range
of production feasible within regular construction projects. The target is to achieve this
through (a) the development of a slab component series within normative prefabrica-
tion dimensions; (b) a simplified production scheme that rely on nested, single-ruled
formwork components to be used in combination with conventional prefabrication
casting tables and (c) linear, parametrically produced reinforcement systems.
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Abstract. This paper presents a project developed within the Master of
Advanced Studies in Architecture and Digital Fabrication programme at ETH
Zurich. The Brick Labyrinth is the first large-scale construction built in the
Robotic Fabrication Laboratory, a unique multi-robotic setup for automated
prefabrication at architectural scale. The project continues the tradition of
robotic brick laying started at Gramazio Kohler Research but increases the
significance of computational design and robotic control by solely working with
a dry-stacked construction method. The paper introduces the design method-
ology, the computational framework and the robotic fabrication setup and
addresses the structural challenges of the constructive system. It introduces
strategies for an automated multi-robotic brick laying process at large-scale
including custom-made robotic end-effectors to increase the speed of the pro-
cess. The unique setup of the project and its material system demonstrate a fully
reversible construction process at architectural scale, suggesting a new approach
to physical prototyping, which could fundamentally change the way we design
buildings. While this paper highlights the design explorations leading towards
the final structure — featuring the development of a flexible dry-stacked brick
bond and its potential to create unique spatial sequences — it also provides an
outlook on how the integration of computational tools into automated fabrica-
tion processes can lead to new design typologies.

Keywords: Digital Fabrication - Computational design - Robotic fabrication
Robotic brick laying - Stability analysis * Dry-stacked masonry
Labyrinth

1 Introduction

The project presented here was devised and conducted over the course of three months
as part of the Master in Advanced Studies in Architecture and Digital Fabrication
curriculum at ETH Zurich, a programme that teaches fundamental methods and tech-
nologies of digital design and their 1:1 scale implementation in architecture and con-
struction [1]. Through iterations of design studies and physical prototyping, the team of
17 students together with the support of tutors and researchers developed the project
starting from the design brief and constructive system to the final design and its
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construction. Simultaneously, they optimised the robotic setup and mechanic end-
effectors, as well as the structural simulation and fabrication procedure, to enable an
efficient robotic construction process (Fig. 1).

Fig. 1. The Brick Labyrinth in the Robotic Fabrication Laboratory at ETH Zurich, 2017

With its dimensions of 8 m by 10 m in plan and a height of 2.8 m, the Brick
Labyrinth is the first large-scale construction built in the recently opened Robotic
Fabrication Laboratory (RFL) [2] at ETH Zurich with its four collaborating robotic
arms suspended from two gantries and a work area of 45 m by 17 m. The project
continues a long tradition of robotic brick laying started by Gramazio Kohler Research
in 2006 [3, 4]. However, past projects such as the Programmed Wall or Structural
Oscillations relied on adhesives to achieve structural stability. For the Brick Labyrinth,
conceived as a temporary structure in the RFL, reversibility demanded for a dry-
stacked construction method. With the focus on structures in equilibrium, the com-
putational design process had to integrate structural simulation and pushed the potential
of robotic control as placement of each single brick required a high level of precision.

The efficiency of the inherently slow robotic pick-and-place procedure was
increased by the development of a new robotic end-effector, a brick magazine that can
hold a stack of eight bricks at a time and dispense them one after the other. The
simultaneous use of two synchronized robotic arms suspended from one of the two
gantries in the RFL further increased the speed of the process'. The final structure

! Placing time per brick was reduced to an average of 15 s (4 min for 16 bricks). Two ABB robots
each placing 8 bricks per cycle, with minimised gantry travel time. This speed was comparable to the
process done in the group in 2006 setup (see [3]).
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consisted of 10,135 bricks placed over the course of 19 days. Through a custom
computational design and robotic control setup students developed all project stages
and built multiple full-scale prototypes.

2 Design Research

2.1 Design Brief and Explorations

The assignment presented to the students asked for the design and construction of a
labyrinth using the RFL robotic fabrication setup to dry stack bricks into a large-scale
structure. The maximum amount of bricks was derived from the estimated construction
speed of approximately 500 bricks per working day, totalling at a maximum of 12’000
bricks” for the planned fabrication time of four weeks. The construction area in the RFL
and the maximal construction height were given as further constraints.

In a first phase, different conceptual approaches to the architectural typology of the
labyrinth were explored. The conception of a contemporary labyrinth was inspired by
topics such as the relation to the human body that can be found in some of Richard
Serra’s work [5], the labyrinth typologies based on the loss of orientation in never-
ending self-similar spaces that can be traced back to the legend of the Labyrinth of the
Minotaur and the Knossos palace complex [6], and the literary work of Jorge Luis
Borges, which describes both physical as well as mental vastness of labyrinths [7].

This led to a series of different design proposals that were iteratively refined. Each
included the design of a labyrinth typology as well as a constructive system, a specific
brick-bond with its generative and structural logic. Simultaneously the structural per-
formance limits of the different brick-bonds were tested in real-scale physical proto-
types, while the overall labyrinth designs were 3D printed and their spatial qualities
evaluated as scaled models.

The developed design strategies included both surface and volumetric design
approaches. The former ones were articulated through surface arrangements, single- or
multi-layered, which define differentiated spatial relationships. Strategies of realising
these surfaces in dry-stacked brick structures included the stiffening of walls by
introducing curvature in the horizontal plane, modulation of their thickness and cavities
over the vertical development to distribute and control their mass, and adding buttress
elements to improve horizontal stiffness. Volumetric design approach included design
concepts treating the brick as a space-filling element, articulating space through a
sculptural mass. Strategies featured false-arching techniques to create vaulted or
enclosed spaces, experimentations with the orientation of the bricks so their perforated
inner side is exposed to the view, or a field of bricks arranged in such way that it was
only certain stable paths that allowed the visitors to walk on.

2 Keller AG Ziegeleien donated 12000 standard bricks of the type kelesto, dimensions 24.5 cm x
11.5 cm x 7.0 cm. Keller AG Ziegeleien homepage, http://keller-systeme.ch/en, last accessed
2018/03/05.
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2.2 Final Design

The final design chosen for the Brick Labyrinth — a synthesis of several investigations —
was composed of two walls spiralling into each other. The spiralling concept generated
a long winding path where the differentiated walls define a series of highly articulated
spaces that have a strong impact on the physical experience of the visitor. The labyrinth
has two entries at a slight offset after which the visitor is guided through a sequence of
changing sections towards the central open area.

Driven by this overall idea, the constructive system of dry-stacking bricks became a
main design driver and one of the biggest challenges of the project. Without any
additional adhesive between the elements, the structural integrity of the walls is solely
depending on gravity and friction, which makes the result all the more spectacular and
surprising. To push the structural capacities and the spatial flexibility of the system to
its limits, a special brick bond was developed that allows the transition between four
different states of the system (see Fig. 2). A simple single-layer running bond
(a) transforms into a loose running bond (b) with additional bricks placed in a 90° angle
increasing the structural capacity to lean out locally (c), and finally to a doubled-up
leaning wall counterbalanced by connecting ribs between the two layers (d).

Fig. 2. Different states of the developed brick bond

Both walls start as a single layer running-bond, forming a nearly straight vertical
extrusion at their ends. The lower part of the single-layered wall is undulating in order
to increase the support polygon of the structure and allow for a curved development
over the vertical axis. The doubling-up of both walls leaning towards each other creates
a key moment in the spatial experience of the labyrinth (Fig. 3).
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Fig. 3. a. Plan of the final labyrinth and b. Image of the leaning wall part with hidden
transversal wall elements that provide counter-balancing.

3 Computational Setup

A custom computational setup specifically developed for the project integrates both
design, structural and fabrication parameters in a single environment. The setup in
Python is based on the COMPAS framework® developed by the Block Research Group
at ETH Zurich, which recently became open-source [8]. This allows the integration of
design, simulation and fabrication development in a single workflow. The geometric
definition relies on the COMPAS data structures — mesh and network — enabling easy
control of the connectivity between the single brick geometry and the overall assembly,
and the development of a structural equilibrium analysis using the same underlying
data structures. The COMPAS data structures are based on a graph system and allow to
describe topological relations between elements through the definition of vertices and
edges. In addition, the mesh data structure stores information about mesh faces and
attributes. This enables a simple definition of both connectivity relations and geometric
data of discrete element structures such as brick assemblies. COMPAS is CAD pro-
gram independent, which allows for a generic definition of the design and analysis
tools. However, the interface to Rhinoceros [9] and Grasshopper [10] environments
allows for direct visual feedback and generation of the fabrication data that is sent to
the robotic setup via an interface developed in Python and ABB Rapid.

3.1 Computational Design

By defining these interfaces, students were free to use any design tools they were more
familiar with to facilitate their work, while still being able to rely on the advanced
methods provided by our custom classes, such as stability analysis. The generation of
the final geometry started from two drawn input curves that traced the central axis of

3 COMPAS framework offers a pure Python base with flexible data structures and algorithms,
independent geometry processing, interoperability with external libraries used in structural design,
methods and solvers for numerical computation, high performance computing capabilities,
visualization tools as well as interfaces to common CAD software and ecosystems. Full list of
features and extensive documentation can be found on its GitHub webpage (see [8]).
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the walls. The parametrisation of these curves allowed to precisely define the domain
where the brick-bond would transition from one state to the other, while the bricks
would be generated and distributed through an underlying algorithmic logic. For
instance, the script could solve the smooth transition from the single-layered to the
double-layered wall sections and generate the appropriate amount of buttresses that
would stabilize them.

3.2 Structural Stability Analysis

On a computational level, the brick bond is building up on two of the main classes of
COMPAS (see [8]). The brick modules as a sub-class of the COMPAS “mesh” data
structure [11] and the brick assembly as a sub-class of the COMPAS “network™ data
structure [12]. The network is a connectivity graph meant for the representation of
networks of vertices connected by edges. In our case, every brick mesh is represented
by a vertice in a network connected to its vertical and horizontal neighbouring bricks
through edges, allowing for a simple equilibrium analysis based on purely geometric
parameters, in this case the mass centre point of each brick and their overlap areas.
A brick assembly’s stability is evaluated by iterating through its layers, starting with the
top one, calculating the resultant force and its position on its supporting neighbours
until the base of the wall. Multiple scenarios were analysed and abstracted in order to
cover all options of the used bonds (see Fig. 4). This included a brick supported by
one, two, three or four bricks. By checking if the resultant force lies in the supporting
area of an underlying brick layer, it was clear at which element an unstable assembly
would fail and could thus be easily adjusted. Abstraction strategies for the force transfer
for situations with one, two, three or four support elements were developed. During the
design process, the structural stability analysis was continuously verified with the
behaviour of physical prototypes built in 1:1 scale. These prototypes helped to
understand the influence of friction in geometrically unstable configurations.

Fig. 4. Calculation of force distribution from one layer to the next for different support
scenarios. 1. One supporting brick, 2. Two supporting bricks, 3. Three supporting bricks 4. Four
supporting bricks

3.3 Robotic Fabrication Simulation and Online Robot Control

The fabrication sequence, robot and gantry movements, material pick-up and other
production related processes were modelled and simulated in ABB RobotStudio [13],
using a simplified version of the RFL setup (see [2]). The communication setup
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streamed the accurate robot and gantry simulation data from the company developed
proprietary software to Grasshopper and visualized it in Rhinoceros. It simulated the
handling of the bricks from the feeding station to their final placement, checked for
possible collisions and minimised the gantry movement to reduce production time.
A separate script controlled the two URS [14] feeding stations as their operation could
be decoupled from the main production flow. The feeding stations would prepare the
brick stacks and wait for the ABB robots to pick them up before resuming operation.

The computational environment described above was also used for the online
control of the robot arms and the gantry system, whereas commands could be sent
directly from the computer to the RFL system (see [2]). A server connection managed
the bidirectional communication from digital to physical setup, translating robotic
poses defined in the computational setup to Rapid code and directly sending them to
the ABB controller. Synchronization of the two robots and the flow control of the
process was achieved through feedback of the execution status of each robot task
(Fig. 5).

WALL AND BOND DESIGN  STABILITY DATA IMPORT  STABILITY CALCULATION STABILITY DISPLAY

INPUT :

RAPID commands
UR script

Commands

! DESIGNINPUT | ! INPUT
—f>  Wall axis curves ' —:—% Plane configuration J H Data J 3
H Curve domains v ! . '
a Domain rules [ ' 1 '
1| Geometry constraints | | ! . ! :
' v s GH PYTHON y ' GH PYTHON .
: v J H s
H GH PYTHON 1 1| Serting planes by z-value H ! 9 Force distribution :
] V| gnetwork | | ! Ve Contact areas H
H Generating brick bonds |} : H H { +|Force amplitude per brick |}
1| Resolving intersections |' | | A B + | 1| Assigning stability states |!
: ! H ! H i
: ouTPUT o ouTPUT o o
! K B vl i
E Plane configuration : ! [ Brick assembly 3—;— s — -
' Mesh y s |t % u 4 H
e oo e ey o ot ’ N e s ceto s ’ 4
FABRICATION SIMULATION FABRICATION CONTROL
: INPUT OUTPUT INPUT OUTPUT TO ROBOTS s

Plane configuration
Fabrication ing
Gantry values

d Safe configurations
Y Commands
'

Commands
i in Rhino

ROBOT STUDIO GH PYTHON '
Fobor ke 3
Robot configurations !
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4 Robotic Fabrication

4.1 Robotic Setup

Production took place in the RFL (see [2]) of the Institute of Technology in Archi-
tecture at ETH Zurich. It consists of two bridges with two telescopic z-axes from which
a total of four ABB IRB 4600 2.55 robotic arms are mounted upside-down, enabling
every robot base to have three additional semi-independent degrees of freedom. For the
purpose of this project, we used only one bridge with two ABB robots in a work area
approximating 100 square meters. To speed up the process, a custom developed brick
magazine®, able to pick up a stack of 8 bricks and deposit them one at a time, was
mounted on each ABB robot. Two feeding stations placed on the periphery of the
construction area completed the setup, where small-scale URS robot arms each
assembled two stacks of eight bricks picking them from a feeding rail while the ABB
robots were placing bricks in the structure. The decision of employing two different
types of robots in the same process was taken in accordance with the robots’ capa-
bilities. URS robots are comparatively small and have a payload of 5 kg which only
serves for manipulating a single brick. As a result, they lend themselves perfectly for
pre-fabricating the brick stacks. In contrast, the RFL. ABB robots reach the entire
workspace and can carry up to eight bricks. Human operator is controlling the col-
laboration between the robots, ensuring that stacks are built during the time that the
ABB robots are placing the eight bricks (Fig. 6).

gantry bridge

picking station 1 picking station 2

material station 1 construction area material station 2

Fig. 6. Layout of the robotic construction setup in RFL with two URS picking stations and two
ABB robots mounted on a gantry

* The 40 kg maximum payload of the robotic arm with approximately 15 kg weight of the tool itself
limited the amount of bricks in the magazine to eight (8§ x 3.2 kg + 15 kg = 40.6 kg).
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4.2 Sequencing

The fabrication sequence of the walls was optimised for minimised gantry travel time
along the X-direction, as this was the gantry’s slowest movement direction by dividing
each layer of bricks into segments of 16 bricks along similar X-positions. These 16
bricks were sorted according to their Y-positions and each robot arm would place eight
bricks in its sector while synchronized with the other robot in order to avoid any
collisions of the robotic arms and their gantry carts. Because no mortar or construction
glue is used, the brick dry-stacking process is easily reversible. The robotic disas-
sembly process was tested on the finished structure but not used in the end due to time
constraints (Fig. 7).

Fig. 7. a. Model of the brick magazine and b. ABB robots mounted on the overhead gantry
picking up the preassembled brick stacks from the URS robot station

5 Conclusion and Outlook

Significant advances were made in the field of robotic brick laying at Gramazio Kohler
Research since the first experiment in 2006 (see [3]). The technique was used for the
construction of a non-standardised brick facade, as well as for multiple teaching and
installation projects exploring its design space and developing new robotic brick bonds.
This development is extensively documented in PhD dissertation of Tobias Bonwetsch
[15]. ROB Technologies [16], a Gramazio Kohler Research spin-off, continued this
research in close collaboration with Keller AG Ziegeleien [17]. In recent years there
has been a strong development of in-situ robotic fabrication technologies, also applied
to masonry structures [18-24].

This paper and the project described extends the existing research to robotic dry-
stacking of bricks, thereby placing much emphasis on the structural challenges by
including structural stability analysis into the design development. This strategy could
be expanded in the future by extending the structural analysis to include friction
between elements in the setup. In the project presented, friction was evaluated through
physical tests at full-scale. Concerning the actual speed of construction (averaging 15 s
per brick), it is evident that it is within the range of the projects done at Gramazio
Kohler Research in 2006 (see [3]). However, the presented setup in RFL has a much



The Brick Labyrinth 499

larger building area®. Accordingly, one performance goal of the project was to retain a
similar construction speed despite increased travel times to the feeding stations. Two
strategies were applied to achieve this goal: The coordinated and synchronized control
of a multi-robotic system and the use of a brick magazine that can deposit a stack of
bricks. Overall, this represents a considerable improvement in efficiency compared to
the 2006 setup, especially since the new setup requires only two human operators for
the entire operation (one for the feeding station and another one for the construction
process).

These concepts could be further improved by increasing the number of collabo-
rating robots or the number of bricks in a magazine. Ideally, the brick magazine would
be replaced by a continuous feeding system which would make the time consuming
pick-and-place procedure obsolete. The project suggests a new type of rapid proto-
typing facility to test fully reversible structures in a completely automated setup, where
design variations could be test-assembled, experienced at full architectural scale, and
the material returned to its initial state “over-night”, ready to be reused. This concept
could inspire a new, more ecologically sound approach of prototyping in the age of 3D
printing in different scales and material systems.

In addition to the technical and computational achievements, the brick labyrinth
developed and built by the students of the MAS in Architecture and Digital Fabrication
created a unique spatial experience for all visitors. It shows how the integration of
computational tools in automated fabrication processes can lead to new typologies that
extend our architectural vocabulary.
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