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This paper presents a cyber-physical textile system that acts as both architectural medium
and interface for human interaction, enabling interior spaces to be shaped dynamically
through repeated tactile and digital occupant engagement. Constructed from
quadrilateral fabric elements and actuated by motorized pulleys, the textile system senses
human input and updates its behavior in real time via a digital twin. As users pull,
reconfigure, or activate predefined behaviors, the system gradually adjusts motion
parameters such as speed, rhythm, and amplitude, leading to emergent spatial responses.
Rather than executing static sequences, the textile evolves with use, offering insights into
how adaptive materials might inform future built environments. Beyond its performative
qualities, the system reveals design opportunities for embedding memory, responsiveness,

and open-ended reconfiguration into architectural spaces, laying the groundwork for
spaces that can continuously change along with their inhabitants.
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INTRODUCTION

As digital technologies continue to reshape our
relationship  with the built environment,
architecture is evolving from static compositions
into dynamic systems capable of sensing,
responding, and adapting over time (Bier et al.,
2018). These include kinetic fagades responsive to
environmental stimuli (Oosterhuis & Biloria,
2008), robotic spaces that engage occupants
(Kilian, 2018), smart homes that automate
functions based on user preferences (Sun & Li,
2021), and intelligent materials with embedded
sensing and actuation (Farahi & Leach, 2024;

Wyller et al., 2020). However, many still operate
on predefined scripts or centralized control logics,
offering limited opportunities for human-driven
feedback or open-ended spatial interaction.

This research addresses these limitations by
exploring how adaptive systems can become
more spatially expressive, temporally responsive,
and behaviorally open-ended. It investigates how
textiles, valued for their softness and flexibility,
can serve as active architectural agents. The core
research question is how spatial intelligence
might emerge through repeated interactions
between humans and their environments.

Volume 1 - Confluence - eCAADe 43 | 967



Figure 1:
Cyber-physical
textile system:
Physical fabric
system (left) and
digital twin (right)
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To address this question, the paper presents a
cyber-physical textile system designed for real-
time spatial reconfiguration through tactile and
digital engagement (Figure 1). Composed of
modular fabric elements suspended from an
overhead grid of motorized pulleys, the textile
senses human input, processes it via a digital twin,
and adjusts parameters such as speed, duration,
and rhythm over time. Rather than executing fixed
routines, the system develops emergent
behaviors shaped by interaction history, gradually
transforming how space is experienced.

Building on research in  cybernetic
architecture (Pask, 1969; Negroponte, 1975;
Haque, 2007), responsive materials (Ahlquist &
Menges, 2011; Thomsen & Bech, 2011), and
tangible interfaces (Farahi & Leach, 2024; Tang et
al., 2012), this work proposes a human-centered
model of spatial adaptation. The following
sections  present related work, system
development, interaction modalities, and the
responsive behavioral dynamics that emerge
through open-ended human engagement.
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From cybernetics to spatial intelligence
The idea of architecture that adapts to its users
originates in the cybernetics movement of the
1940s (Wiener, 1948). Gordon Pask’s theory of
architecture as a conversational medium (1969),
Cedric Price's Fun Palace (1966), and Nicholas
Negroponte's Soft Architecture Machines (1975)
all envisioned environments that evolve in
response to user input. These works reframed
architecture as an active participant in human
activity.

Today, this lineage is extended by
computational systems and sensor-actuated
environments that blur the boundary between
user and space. Rather than automating fixed
responses, contemporary cyber-physical systems
support real-time feedback loops that allow
architecture to learn and adapt through
interaction. This research situates its textile-based
system within that tradition, advancing the idea of
space as a co-actor in adaptive environments.



Figure 2:
Modular array of
fabric sheets
connected via
snap-fit
connections

Textiles as spatial agents

While textiles have historically been used in
architecture for their mobility and lightness, as
seen in nomadic tents, tensile membranes, and
temporary  enclosures  (Kronenburg,  1995;

Gordon, 2011; Krlger, 2009), they are rarely
framed as active agents of spatial change. From
Semper’'s Bekleidungsprinzip to Frei Otto's
membrane  structures, fabrics have been
celebrated for their efficiency, but primarily as
passive materials.

Yet textiles possess qualities ideal for
adaptivity: they are soft, reconfigurable, and
responsive to force. Recent work has embedded
sensors and actuators to activate these qualities,
resulting in responsive membranes (Thomsen,
2006; Ahlquist, 2017; Castan, 2019; Wyller et al.,
2020), though these systems often follow pre-
defined responses.

This research expands on this by positioning
textiles as behavioral systems. It integrates tactile
manipulation, digital interfaces, and real-time
learning into a unified infrastructure that not only
reacts but adapts, shifting its spatial logic over
time, based on human engagement. In doing so,
textiles become soft infrastructures for
architectural intelligence: pliable surfaces that
both sense, respond, and gradually develop
behaviors reflective of their occupants.

To explore this concept, a proof-of-concept
system is introduced that prototypes behavioral
adaptability  through textile-based  spatial
configurations. Rather than implementing a
machine-learning algorithm, the system employs
a memory-based behavior framework to express
spatial responses to user interaction. Positioned
as a first step toward open-ended learning
systems, the prototype demonstrates how
material, behavior, and interaction integrate into
a unified architectural framework, laying the
groundwork for future studies in long-term
adaptation and user-driven spatial intelligence.
The core research questions are:

1. How can architectural textile system be
designed to facilitate real-time and open-
ended interaction with users?

2. What forms of interaction enable textiles to
move beyond mere reaction and toward
adaptive learning?

3. In what ways can such systems transform the
perception and function of space through
minimal, user-driven interventions?

The system was tested through a series of
experiments exploring different modes of
interaction. Each experiment began with the
same spatial and technical setup but varied
according to the user's intent and behavior. By
assigning users distinct roles, the tests
highlighted how the system responds to
different engagement styles and revealed the
spatial outcomes that emerge through human-
system dialogue.

METHODS

The system treats interaction as a form of spatial
dialogue, where the textile system functions
simultaneously as sensor and actuator. Different
modes of engagement, through physical gestures
like pulling or connecting, as well as digital
selections, gradually influences the system's
spatial behavior. Rather than predefined outputs,
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the focus is on how repeated engagements
produce adaptive shifts in behavior over time.

Modular textile system

The textile system consists of a modular array of
quadrilateral fabric sheets, ranging from 60 x 60
cm to 2 x 2 meters in size. This variation enables
differentiated spatial conditions, from dense,
enclosures to expansive, open formations.
Modules connect via snap-fit junctions, allowing
fast reconfiguration while preserving structural
coherence (Figure 2).

Each connection point contains an RFID tag
that registers topological changes as modules are
added, removed, or rearranged. These updates
are processed in real time and used to
continuously synchronize the textile's digital twin,
ensuring that the virtual model remains an
accurate and up-to-date representation of the
system'’s physical state.

The textile's three-dimensional form s
actuated by an overhead grid of Dynamixel servo
motors, each controlling a single pulley node.
These motors feature integrated torque sensing
and position feedback, allowing them to respond
to both pre-defined commands and direct
physical manipulation. When a user pulls the
fabric, the motor interprets the force input and
adjusts tension, triggering localized or distributed
deformations across the textile surface. These
smooth, responsive movements lay the
foundation for more complex system behaviors
detailed in the following sections.

The textile configuration was defined by both
the spatial constraints of the installation
environment and the behavioral goals of the
system. The initial number and layout of modules
were chosen to balance geometric variability with
mechanical reach, enabling both local and global
transformations.

Human interaction interface

The textile system supports two complementary
interaction modes: tactile engagement and digital
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control. Together, they enable a hybrid
interaction model that accommodates both
spontaneous physical play and goal-driven
manipulation.

Tactile interaction involves direct
manipulation of the fabric, i.e., pulling, pushing, or
laying on specific areas. Torque sensors at each
motor detect the direction and magnitude of
applied forces and respond accordingly (Figure 3).

For instance, a sustained upward pull may
trigger motor-assisted lifting, while lighter
touches may initiate subtle oscillations.

motorised
pulley

&

Digital control is facilitated through a custom
web-based user interface that allows occupants
to select, sequence, and customize predefined
spatial behaviors—such as waves, oscillations, or
enclosures. The Ul communicates with the motor
system using an MQTT protocol and allows users
to control behavior timing, intensity, and
direction. This deliberate mode supports
purposeful configuration, making it suitable for
scenarios requiring precise spatial responses or
repeated behavior testing. Together, these
interaction modes support hybrid engagement,
where open-ended, hands-on play can blend with
deliberate spatial programming, creating a
flexible and expressive user-system dialogue.

Figure 3:

Torque sensors
responsive to
tactile interactions



Figure 4:

Digital simulation
in Unity using Obi
Cloth plugin &
custom software
suite

Digital twin

At the core of the system’s responsiveness is a
computational framework that processes sensor
data, interprets interaction patterns, and

coordinates motor responses. This is embodied in
a digital twin, a real-time, data-driven simulation
of the textile’s configuration and behavioral state,
both implemented and visualized in Unity.

The digital twin is continuously updated
through two input streams: RFID signals reflect
changes in the textile's topology and human's
reconfiguration intent, while torque sensor data
provides a record of the nature, location, and
frequency of physical interactions. These inputs
enable the system to identify engagement
patterns and modulate motor behaviors
accordingly, adjusting movement amplitude,
frequency, or timing based on interaction history.

Implementing the digital twin required
resolving the challenge of representing a highly
dynamic, modular surface that can be reshaped
physically and digitally at any moment. Unity was
chosen for its real-time rendering capabilities.
Additional libraries were utilized to accurately
model the textile's physics. The simulation
incorporates Obi Cloth (Virtual Methods Studio,
2022) for high-resolution fabric behavior,
allowing the textile's surface to reflect dynamic
tension and deformation in response to actuation
(Figure 4). Communication between the Unity

model, sensors, and motors is managed using the
lightweight MQTT protocol (Light, 2017), which
allows  decentralized  coordination  while
maintaining synchronization across physical and
virtual environments.

The system performs short-term adaptation
by tracking and responding to patterns of human
interaction. As users repeatedly engage with
specific zones, either by physical manipulation or
repeated selection of digital presets, the system
modifies motor speed, frequency of motion, and
the resting position of the fabric in those areas.
These changes are driven by interaction-derived
spatial metrics such as average node height and
projected floor area. This allows the textile to
gradually shift its behavioral logic, favoring
movement tendencies that mirror user
engagement without relying on pre-trained
models or machine learning techniques.

BEHAVIORAL SPECTRUM

In the context of this system, behavior refers to
how the textile performs and adapts spatial
movements over time in response to human
interaction. These behaviors result from the
dynamic interplay between four key elements:
motor behavior, system behavior, material
behavior, and human behavior.

Motor behaviors are defined by low-level
parameters such as speed, direction, amplitude,
frequency, and delay. These parameters govern
the motion of each pulley, shaping how individual
points on the textile rise, fall, oscillate, or hold
position.

When multiple motors act in coordination,
they generate system behaviors, recognizable
spatial configurations or movement patterns such
as undulations, enclosures, gradients, or rhythmic
transitions. These are the textile's default
behaviors, triggered through the digital interface
and as response to tactile cues.

Overlaying this technical logic is the material
behavior of the textile itself. As a flexible, tensile
surface, it modulates and diffuses motion across
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its body, producing soft transitions, delayed
reactions, or tension-based resistance that add a
physical layer of responsiveness beyond motor
actuation alone.

Lastly, human behavior plays a key role in
shaping the system's evolution. Whether through
direct manipulation—pulling, pressing, or
rearranging modules—or through digital inputs,
human interaction  introduces  variation,
repetition, and intent. These behavioral patterns
are not just triggers but contributions to an
evolving conversation with the textile.

Taken together, these layered interactions
form a behavioral spectrum. At one end are
preprogrammed, predictable routines. At the
other, emergent behaviors begin to surface—new
spatial patterns that arise through sustained
engagement. Over time, as parameters shift and
logic dissolves, the textile starts to reflect the
nuances of human action. It becomes not only
responsive but interpretive, reshaping its
movement patterns in ways that echo the rhythm
and intent of those who engage with it.

System parameters

The textile’s behaviors are governed by a set of
underlying parameters, including motor speed,
direction, movement amplitude, frequency, and
delay. These parameters define the motion
characteristics of each motorized point in the
system and influence the spatial qualities that
emerge, such as enclosures, partitions or playful
textile motion patterns.

Default behaviors
Default behaviors are encoded as motor
sequences and represent recognizable spatial
actions such as rising, lowering, oscillating,
enclosing, or flowing. Each behavior is defined by
a consistent set of parameters applied across
relevant motors, resulting in predictable and
repeatable spatial transformations.

These behaviors or spatial configurations are
accessible through the digital interface (Figure 5)
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and can also be activated through physical
interaction. They are designed to offer both
expressive range and functional clarity, giving
humans a foundational understanding of how the
textile can move. However, while these presets
form the system’s behavioral baseline, they are
not static. Through continued use, the parameters
that shape them are gradually adjusted in
response to localized inputs.

Emergent behaviors

As humans engage more frequently with the
textile, their interactions begin to shape its
behavioral logic. Recurrent pulling, pushing, or
reconfiguration in specific areas leads to changes
in how the textile moves. These changes are not
pre-programmed but emerge from accumulated
interaction patterns that modulate the textile’s
parameters over time. In this way, the system
begins to demonstrate a form of short-term
learning through the continuous adaptation of its
responses based on past use. This learning is
embedded in the physical and behavioral
adjustments that result from repeated interaction,
allowing the system to tune its reactions.

The result is the formation of emergent
behaviors, new spatial responses that deviate
from the original presets. These may appear as
altered versions of default actions or as entirely
new movement sequences that reflect the textile's
interaction  history.  Unlike  one-directional
systems, the textile does not simply execute
commands, it adjusts its behavior based on how

Figure 5:
Digital interface
developed in Unity



Figure 6:

Spatial responses
emerged from
human
interactions

it has been treated, allowing motion patterns to
evolve dynamically. This responsiveness suggests
a form of accumulated system memory, where the
textile begins to exhibit distinct behavioral
tendencies shaped by prior use.

RESULTS AND DISCUSSION

This chapter presents three experimental
scenarios that investigate how humans engage
with the textile system and how its behavior
evolves through repeated interaction. Each
experiment captures a distinct mode of
engagement: playful, goal-driven, and
collaborative, and reveals how these approaches
influence the textile’s behavior over time.

To frame the interactions, each human
participant was assigned a specific role: the
Playful User interacted primarily through tactile
gestures; the Goal-Seeker engaged
predominantly via the digital interface; and the
Collaborative Users combined both modes, either
sequentially or in parallel. Participants were

encouraged to explore freely, allowing emergent
behaviors to surface naturally. Each session took
place within a 50 m? textile installation. The
system continuously recorded sensor data,
topological changes and interface logs to capture
short term responses and long-term behavioral
adaptations.

Experiment 1: Playful exploration

In the first session, the participant embodied the
role of the Playful User, interacting almost
exclusively through hands-on gestures—pulling,
pushing, and manipulating fabric nodes to
provoke movement. The digital interface, in turn,
was largely ignored.

Initially, the textile responded with standard
pre-programmed behaviors. However, over time,
the system began to deviate from its defaults.
Repeated pulling in specific zones led to
intensifying local activity, motors adjusted their
range, rhythm, and delay in subtle ways.
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As interaction continued, oscillations became
asymmetric, and new spatial responses emerged
(Figure 6). These patterns were not pre-designed
but developed through the textile's memory of
engagement, showing its ability to mirror the
playfulness of the human counterpart.

Experiment 2: Goal-oriented
exploration

In the second experiment, a different participant
focused on digital control, using the interface to
activate and sequence predefined behaviors. The
goal was to create specific spatial outcomes—
enclosures, gradients, and transitions—through
deliberate programming.

Initially, the textile responded in a uniform
and predictable manner. However, over time,
even digitally triggered behaviors began to show
variation. The participant favored certain presets
and consistently activated them in specific
regions, which led the textile to subtly shift its
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response: motor timings adjusted, and motion
ranges became more precise or exaggerated
depending on frequency of activation.

Unlike the first experiment, where emergence was
driven by physical repetition, here the textile’s
learning was shaped by digital regularity. This
session showed how structured input could also
result in emergent nuances, transforming the
system from a static executor into a behaviorally
plastic space.

Experiment 3: Hybrid interaction

The third session introduced Collaborative Users:
one participant began alone and was later joined
by another. The session blended tactile
engagement and digital control, shifting between
individual and shared agency.

Initially, the textile responded to both
participants, executing pre-programmed
behaviors from the Ul while adjusting to localized
physical input. However, as interaction intensified

Figure 7:

Cable retraction
values recorded
over time for each
experiment



and became less sequential, the system
occasionally struggled to interpret conflicting
inputs. The digital interface and tactile commands
were processed independently, but their
overlapping  effects sometimes led to
uncoordinated or ambiguous responses.

Rather than demonstrating true collaborative
adaptation, this experiment exposed the current
system'’s limitations in handling simultaneous,
multi-user engagement. The textile was unable to
distinguish or prioritize between concurrent
inputs, leading to moments of behavioral
confusion. Despite this, the session provided
valuable insight into the complexities of shared
spatial authorship and underscored the need for
future development of coordination strategies,
user identification, or negotiation protocols
within adaptive systems.

To better understand how the textile system
adapted across sessions, Figure 7 presents the
cable retraction values per motor, recorded
throughout the three experiments. These
actuation logs visualize how different interaction
styles—tactile repetition, digital sequencing, and
hybrid input—produced distinct patterns of
motor behavior. In Experiment 1, repeated
physical engagement concentrated activity in
localized zones. In Experiment 2, structured digital
commands led to consistent, gradually evolving
motion in targeted areas. Experiment 3, by
contrast, shows more irregular actuation patterns,
reflecting the system’s difficulty in reconciling
overlapping inputs. This comparative view
highlights how the textile's behavior is shaped not
only by the control modality, but also by the
temporal rhythm and relational dynamics of
human interaction.

CONCLUSION AND OUTLOOK

This paper presented a cyber-physical textile
system that acts as both medium and interface,
enabling architectural space to be shaped
through real-time, human-driven interaction.

By integrating modular fabric elements,
responsive actuation, and a digital twin, the
system offers a framework for adaptive spatial
behaviors grounded in tactile and digital
feedback.

While the textile's learning capabilities remain
local and short-term, the system demonstrates a
foundational shift in how adaptivity can be
embedded into architectural materials. Rather
than executing predefined motions, it responds to
human tendencies, opening the door to more
nuanced, evolving spatial experiences.

Looking ahead, the system provides a testbed
for future adaptive environments. With further
development, such as memory retention, machine
learning, and multi-user coordination, it could be
deployed across contexts ranging from public
installations and therapeutic environments to
interactive classrooms or domestic settings.

Ultimately, this work contributes to a growing
discourse on how space can become more
intelligent, expressive, and human-centered—not
by automating function, but by learning through
interaction.
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