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Abstract

The research presented in this paper explores how textiles can be formed into adaptive, kinematic spaces to be able to respond
to its environment and users utilizing on-site, distributed, mobile robotic connectors. The project aimed at creating an adap-
tive system that consumes little energy while making use of textiles’ advantageous qualities—their lightweight, portability,
and manipulability. This was achieved through the development of a bespoke on-material mobile machine able to locomote
on suspended sheets of fabrics while shaping them. Together, the connector and the tectonic system compose a lightweight
architectural robot controlled with a feedback loop that evaluates real-time environmental sensor data from the space against
user-defined targets. This research demonstrates how the combination of mobile robotics and textile architecture opens up
new design possibilities for adaptive spaces by proposing a system that is able to generate a significant architectural effect

with minimal mechanical actuation.
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1 Introduction

Adaptive architecture reacts to its environment, its inhabit-
ants, or objects contained within it (Schniddelbach 2010).
A common motivation for designing adaptive structures
is to save resources. However, many systems fall in the
paradox of using a lot of it, both through production and
maintenance. Adaptive architecture often relies on numer-
ous actuators, expensive computing, and continuous power
supply to operate, usually due to the structural load applied
to the mechanical elements.

The presented research aims to form textiles into adap-
tive, kinematic spaces able to respond to its environment
using distributed, on-site, on-material, mobile robotic con-
nectors. Together, the material and the connectors com-
prise a lightweight, energy-efficient system capable of
producing a significant architectural change with minimal
mechanical actuation. This research hopes to contribute to
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the search for adaptive systems that consume less while
providing a great spatial impact (Fig. 1).

A common objective of adaptive systems is to alter spatial
parameters such as light, acoustics, temperature, and space
division (Schnddelbach 2010). Textile’s inherent material
qualities allow them to influence all these factors just by
being present (Bendixen 2010; Quinn 2006). They are well-
suited for adaptation because they can have a significant
reversible impact on space through quick manipulation.
Textiles can act as partitions, ceilings, covers, volumes, and
thus produce a variety of architectural effects. By augment-
ing a textile element with a mobile robot, one can further
leverage the results that these materials can offer towards
scenarios where they can alter geometric and ambient char-
acteristics of architectural space through continuous kin-
ematic behaviors.

To keep the technology to material ratio at a minimum,
the material relocation is conducted by a lightweight, two-
part mobile robotic textile joint—the connector (Fig. 2). It is
considered an extension of the textile itself, there to augment
already innate material qualities. The control code produces
and evaluates real-time environmental sensor data against
preset, user-defined goals, and from this produces motor
values that trigger the connector to move until the textile
has taken on a configuration where the target is reached.
The combination of the precise, computerized control of
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the connectors and the unpredictability of the textile’s fold-
ing allows the system to respond to user-defined goals with
unique configurations.

Whereas adaptive architecture often is approached
through the development of project and location-specific
adaptive building components, this research proposes an
inherently flexible system, ready to be attached or detached,
and with this make any static space, new or old, small or
large, adaptive.

2 Background

Before humans settled as farmers, they all lived as nomads
in adaptive structures and in this sense, adaptive architec-
ture has been part of history longer than static environments
(Jager et al. 2016) However, it was not until the invention
of the computer, which facilitated the integration of Infor-
mation and Communication Technologies (ICT) in built

Fig. 1 Full-scale demonstrator

Fig.2 The connector
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environments, that the idea of adaptive structures able to
sense, plan and act—or robotic buildings—came along
(Gross and Green 2012).

Robotic Building can be defined as buildings relying
“... on interactions between human and non-human agents
not only at design and production level but also at building
operation level, wherein users and environmental condi-
tions contribute to the emergence of multiple architectural
configurations” (Bier 2018). Some of the first descriptions
of this were formulated by the avant-garde group Archi-
gram. Their designs of “unbuilt utopias” “... destabilized
the fundamental assumption that architecture is a static
art:”. They were unconvinced that a building’s firmitas
(solidity) was the necessary precondition of its utilitas
and venustas (utility and beauty) (Sadler 2005). Many of
Archigram’s theories were subsequently furthered by the
MIT Professor Nicholas Negroponte, who envisioned “a
man-made environment that responds to and is “meaning-
ful” for him or her” (Negroponte 1975).
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The concept of architectural robots has proved a chal-
lenge to realize as built projects. Jean Nouvel’s Institut
Monde Arab (1980), an early example of an adaptive
envelope, experienced a frequent system failure due to a
large number of exposed mechanical elements (Barozzi
et al. 2016). Furthermore, both Axel Kilian’s installation
The Flexing Room (Kilian 2018), and the 2018/2019 ICD/
ITKE Research Demonstrator (ITECH Research Demon-
strator 2018-19IInstitute for Computational Design and
Construction 2019) successfully interact with their inhab-
itants, but produce a relatively small geometry displace-
ment, possibly because the adaptation of the structures
requires the alternation between structural and flexible
states.

However, some projects demonstrate how a diverse,
kinematic behavior can be produced with a soft system
and few actuators. The Hyperbody Research Group devel-
oped the project the MUSCLE, a programmable, pneu-
matic structure able to change its shape in real-time as
a response to the changing activity level of users nearby
(Oosterhuis 2004). In a Self-Choreographing Network
(Fig. 3) the material behavior of bending active rods is
activated by small machines and monitored with a real-
time digital twin simulation (Maierhofer et al. 2019). In
Choreographed Spaces (Fig. 3) mobile robots relocate
sheets of textiles creating perceived spatial boundaries
(Yablonina et al. 2019). All three projects utilize materi-
als that are inclined to move, which significantly reduces
the amount of hardware necessary to power the movement.
This project intends to employ the same strategy by com-
bining a small robotic actuator and a flexible material that
allows for the propagation of the robotic behavior.

In both Self-Choreographing Network and Choreo-
graphed Spaces bespoke, distributed mobile robotics were
utilized for system-actuation. Collaborative machines have
been a field of interest among roboticists and computer sci-
entists since the early 1980s (Yablonina et al. 2019), and

Fig.3 Left: self-choreographing
network (Maierhofer et al.
2019), right: choreographed
spaces (Yablonina et al. 2019)

have experienced a resurgence over the past years due to
faster, cheaper, and more accessible hard- and software (Tan
and Zhong-yang 2013). Many projects exploring multi-agent
systems and swarm robotics for construction purposes have
been developed, ranging from aerial robots (Mirjan et al.
2014) to climbing robots (Petersen et al. 2012). Several
projects find inspiration in various animal builders capa-
ble of erecting constructions many times the weight of each
individual builder through effective collaboration (Petersen
et al. 2012).

For the project presented in this paper a mobile, textile
climbing robot was developed, able to climb on vertical sur-
faces while relocating textile elements many times its size
and weight. Using a small, mobile actuator makes it possible
to realize a flexible and scalable system: the connector can
operate in spaces of various sizes, alone or in collaboration
with other connectors, it can also be added or taken away
depending on what robotic resolution the user wants the
adaptive space to have.

3 Methods

In the presented research the aim is to create a physically
built robotic environment consisting of textile aggregations
reconfigured by mobile connectors in response to real-time
sensor data and user-defined environmental goals. It explores
how a small robotic unit can, with simple configurations,
generate a considerable spatial effect. The human plays the
role of both the inhabitant and the facilitator of the system.

3.1 Overall system set-up

The proposed set-up consists of an aggregation of verti-
cally suspended textile elements manually attached to the
ceiling by a human. Subsequently, these are shaped into
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3d-arrangements when joined together with a connector. The
movement of the connector and the succeeding reconfigura-
tion of the space is produced by a feedback loop, which eval-
uates the current state of the system derived from real-time
sensor data provided by sensor units placed in the space, and
predefined environmental targets set by the user. Based on
the deviation between the desired state and the actual state of
the system, it returns motor values for the connector, which
moves and makes the textile reconfigure. When the target
value is achieved, the connector either moves to maintain the
current state or stops to await a new goal (Fig. 4).

3.2 Tectonic system

The potential of the adaptation is dependent on the initial
placing of the textile elements and connectors. Each textile
element defines the locomotion boundary of the connector
and therefore also the space in which the reconfiguration
can take place (Fig. 5). If the textile is attached linearly as
a conventional partition to the ceiling, the area of operation
for the connector and the following textile reconfiguration
is limited to a two-dimensional plane. The diversity of the
textile geometries is increased when the textile is attached in
a curve because it allows for connector locomotion in three
dimensions. The geometric results can be further diversified
by layering the textile or creating cut-outs (Fig. 6).
Another defining factor for the potential of the reconfigu-
ration is the initial placement of the connector. Four joints
were evaluated for the project, B, u, H, and Y (Fig. 5). The
first three of these connections B, u, and H produced the

Fig.4 System overview
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most three-dimensional reconfigurations and were con-
cluded the most promising for geometric change.

3.2.1 Textiles’influence on environmental variables

The material’s ability to diffuse and reflect light relies
on the distance between the light source and the textile
element. If the sheet is placed perpendicular to the light
source, space is modulated not only with the material but
also with light. Consequently, by animating the textile,
the diffusion, absorption, and reflection of light are also
animated (Fig. 7).

Furthermore, textiles can significantly influence the
acoustics of a space, and by reconfiguring the textile,
exposing and covering reflective surfaces, going from a
flat state to a voluminous state, the reverberation time of a
space can be altered. The thickness of the material, posi-
tion relative to reflective surfaces, and amount of draping
influence the potential impact. (Bendixen 2013).

3.2.2 Materiality

For the full-scale experiments conducted in the project,
three types of fabrics were used: cotton, linen, and nylon.
For the final demonstrator nylon was employed because
linen was too heavy to be carried high by the connec-
tor, and cotton produced less interesting two-dimensional
drapings.
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3.3 Connector development
3.3.1 Hardware design

Several robots capable of climbing on textiles serves as
references for the connector, ranging from the interac-
tive wearable Rovables (Dementyev et al. 2016) to the
ultra-light-weight CLASH (Birkmeyer et al. 2011). How-
ever, neither of them are designed to carry a large load
beyond their own weight, therefore, it was important to

Fig.5 Library of textile con-
nections and respective robot
configurations

combine the lightweight of these robots with the robust-
ness of larger vertical climber such as The Sheet Climber
(Yablonina and Menges 2019) (Fig. 8).

The connector consists of two 3D-printed parts, active
and passive, held together with neodymium magnets
embedded in the wheels (Fig. 9). The active body holds
a pair of DC micro gear motors with a relatively high
gear ratio. Initially, the parts were combined with a large
alignment magnet centrally positioned on the connector
body as in The Sheet Climber (Yablonina and Menges

Fig.6 From the top: a curved ceiling attachment, b layering, ¢ cut-outs. Model 1:10. Magnets were manually moved to simulate the connector

movement
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2019). However, the size of the machine was considerably
reduced by employing the same strategy as in Rovables
(Dementyev et al. 2016) and including ring magnets in
the wheels. A large magnet was placed on the back of the
active body, offering a fast and flexible option for attach-
ing the textile.

Each connector used a differential drive programmed in
Python controlled over a Waveshare Motor Driver HAT and
a Raspberry Pi 3b+. The Waveshare driver offered an i2C
interface with up to 16 addresses, which meant that up to
16 connectors could be controlled simultaneously from one
Raspberry Pi.

In total, each connector weighed 80 g, cost =~ 25 euro to
produce, needed 1 amp to operate, and could carry about 4
square meters of material (2-3 kg). It primarily consumed
energy when moving. Each connector could be attached in
parallel and form a stronger machine. Tethered connectors
were used in all experiments shown in this paper. Nonethe-
less, it could easily be made tetherless with, for example, a
Wemos D1 mini-board, a TB6612FNG driver, and a light-
weight, rechargeable 5 V battery. It would be advisable to
customize the board with all drivers and sensors embedded
to reduce its size.

3.3.2 Control and localization

System control, whether autonomous or manual, is impera-
tive for a successful operation of mobile robotic systems.
While an autonomous operation is preferred for systems with
multiple collaborating agents, a manual mode is useful for
troubleshooting and system exploration. Robot localization
can prevent collisions and navigation outside of the environ-
ment, however, because of the variety of set-ups in which
mobile robots are employed, it is difficult to generate a uni-
versal method. Some of the elegance of a minimal robot is
lost when large and expensive external hardware such as
cameras or trackers are required for a successful operation.

Two modes of operations were explored for the proposed
system: a manual mode that permitted the user to control
the connector movements at any time during execution, and
an autonomous mode where the connector movement was
entirely controlled based on the user-set goals and the feed-
back from the environmental sensors. In the autonomous
mode, the connector’s path could be continually corrected
with an inertial measurement unit (IMU). From the read-
ings, the current angle of the connector relative to the initial
calibration was measured. If it deviated from the intentional,
the connector corrected its position by rotating before it con-
tinued in the planned direction (Fig. 10).

Fig. 7 Light studies. The blue area shows which areas receive direct light. Model 1:10
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For this project, conventional tracking systems such as
computer vision-based tracking, IR-tracking, or radio signals
were evaluated but excluded because the textile aggregates
would interfere with the communication between the sender
and the receiver. The same problem had to be addressed in
Choreographed Spaces, and the solution was to cover the
robot’s locomotion surface with fiducial markers read by
the robots with a camera (Yablonina et al. 2019). A similar
approach was tested in this project (Fig. 11). The connec-
tor read the rhythm of on-drawn lines with an IR-sensor to
track its position and progression (1 line= + — 1 y-unit, 2
lines = + — 1 x-unit, 3 lines =edge of textile). This method
influenced the appearance of the material, but with more
development, the lines could be further embedded in the

@) Waveshare

(s

<z

2xM2

3D-printed top

2x micro gear mot-
ors, 1:298

4x wheel

2x ring magnet,
@12, 3.6kg

design of the textile and thus provide an integrated, power-
and computing effective localization method for on-material
robots.

3.4 Sensor set-up and system control

The autonomous, or sensor-driven, operation mode was
based on the environmental sensor readings and predefined
user goals. Sensor pods—small, 3D-printed containers
holding a half-size breadboard and sensors were placed at
various locations at eye-level in the space. The system was
calibrated by identifying the maximum and minimum sensor
values possible to achieve in the space at that time.

@ Springer
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3.4.1 Feedback loop

To connect the different components of the system: the tex-
tile aggregations, the connectors, the environmental sensors,
and the user, a framework for a Design-To-Robotic-Produc-
tion and Operation feedback loop, a mode of production
and operation where both human and non-human agents
are involved (Bier et al. 2018). The code was composed of
custom classes and methods written in Python. The main
code was executed with thread-based parallelism to ensure a
robust system able to handle multiple processes at the same
time. With this, the control code could receive and evaluate
multiple streams of sensor data with perceived concurrency
(i.e. sensor readings from multiple environmental sensors,
IR-readings for the connector localization, IMU-readings
for path correction, and joystick values for manual control).
Based on the deviation between the target values and the
measured values, the direction and the speed of the connec-
tor was returned as motor values.

Fig. 10 Overview of the [
restraints of the connector

The direction of the robot was determined from a small
library of connector methods based on the empirical con-
clusions drawn from the full-scale textile experiments. For
example, if the current light value was measured to be lower
than the target value, the function producing a forwards
(upwards) movement would be prompted, because it was
concluded from the textile experiments that relocating the
textile upwards would make the space lighter (Fig. 12).

The speed of the robot was dependent on the deviation of
the current value and the target value. The larger the differ-
ence (measured relatively) between the two values, the larger
the speed. A next step would be to implement an attractor-
based function in which the speed of the connector would be
a product of both the sensor-target value divergence and the
connector’s physical distance to the sensor dock. This would
ensure that only the connectors with a relevant influence on
a sensor dock would move.

area in which the
robot can move

area of textile currently
carried by the robot

Fig. 11 Localization. Left: I
physical position of connector, ‘ ‘
right: digital representation
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3.5 Full-scale demonstrator

A series of experiments were conducted in a full-scale dem-
onstrator consisting of 35 sqm of textile (nylon) and 4-8
connectors.

3.5.1 Geometricimpact

The interplay of multiple connectors created an imposing
geometric effect when their relative directions, rhythms, and
speeds were altered. By moving all connectors in the same
direction with the same speed and rhythm, the textile was
perceived as one moving body actuated by a single actuator.
By differing the rhythm or direction of the connectors, the
individual presence if each was expressed spatially creating
an almost fluid motion.

The geometry of the connector path significantly influ-
enced the final textile configuration. The result of a linear
motion (Fig. 13, left) substantially differed from a curved
(Fig. 13, right). The sequence and direction in which the
connector collected the textile had a notable impact on the
resulting geometry. This effect could only be achieved with
the proposed on-material mobile robot because it could col-
lect the textile non-linearly.

3.5.2 Sensor experiments

A smaller demonstrator of three sheets of textile and 2 con-
nectors was set-up for validating the proposed control system
and its overall ability to adapt to various scenarios. Whereas
only light-dependent resistors (LDR) were used in the exper-
iments, several LDRs were placed in the same sensor dock to
prove the capability of the control set-up to handle multiple
streams of sensor data and to achieve accurate readings. The
user fed the controller with various targets, which the con-
nector successfully achieved.

Fig. 12 Control loop overview

4 Results and reflection

The experiments presented in this paper verify the geomet-
ric potential of a responsive, architectural system of textile
aggregations reconfigured by mobile robotic connectors in-
situ, and demonstrate the potential of the system’s ability to
regulate architectural and environmental parameters.

The bespoke, power-, material-, and cost-effective mobile
connector, able to locomote on a textile surface while relo-
cating either a neighboring textile element or the locomotion
surface itself, shows how a small machine can produce a
significant spatial change when coupled with the right mate-
rial. The connector successfully carried a load 25 times its
own weight, and produced impressive geometric results
especially when it collaborated with other connectors. Fur-
thermore, it proved a competent textile climber, and could
be further developed to perform fabrication tasks on textiles
such as embroidery or stitching.

A feature of the proposed on-material robot actuation
system is that the user has the freedom to actively partici-
pate in the adaptation of the space by changing an important
premise of it: the initial connector position. However, this
freedom also leads to possible conflicts and a less predict-
able control of the system. The user can place all connectors
in one part of the room, but require another part of the room
in which the connectors cannot move to change. An impor-
tant next step in the development of the feedback loop is to
enable feedback not only to the machines but also to the user.

Textile production is in itself a very algorithmic process
(Devendorf 2019), and this could be explored by, for exam-
ple, weaving information readable by the robots directly into
the textiles. This may be embedded sensors, textures, colors,
patterns, and shapes. The visual appearance of the textile
would be a product of the computational processes and
robotic constraints that enable the control of their adaptivity.
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Fig. 13 Left: I movement, right, L
J movement
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Fig. 14 Detail, full-scale demonstrator

5 Outlook

Textiles were for millennia largely excluded from architec-
tural theory and practice (Garcia 2006). As a flexible mate-
rial often associated with the fragile, ephemeral, feminine,
tacit, and manipulable, it was given little space in a tradition
that valued the powerful, the constant and where the Vitru-
vian concept of firmitas (solidity) still dictated what could be
functional (utilitas) and beautiful (venustas) (Garcia 2006)
(Fig. 14).

In the past years, textiles have found a place in the archi-
tectural debate through research on fiber-composite building
systems. The focus is, however, primarily on textile’s con-
siderable strength, not on its inherent flexibility. In an ever
more shifting political and environmental world, adaptabil-
ity, flexibility, and portability are more relevant than ever.
UKGBC writes that: “Newly constructed buildings are more
energy efficient, but 80% of buildings in 2050 have already
been built, so a major priority is decarbonising our exist-
ing stock” (UKGBC). An important task of the architect of
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the future may be to develop robust, lightweight, adaptive
systems capable of transforming existing spaces. Textiles,
with its inherent ability to influence the environment paired
with mobile machines, might provide a cheap, efficient, and
lightweight alternative.

This project wishes to embrace the material’s dramaturgy,
its ability to veil and unveil, to illuminate, to sharpen and to
diffuse light and contribute to the field of adaptive textiles
architecture with a soft, light, and intelligent robotic system.
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