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Figure 1: Texergy enables more interactive and programmable passive on-body actuation by "powering" the actuation with
mechanical energy that is harvested from innate user actions, stored on the body, and later released on demand. For example,
this shape-changing costume is powered implicitly by dance moves to actuate a dramatic visual effect that amplifies the
performance. (a) Texergy mechanisms are made with textile-based materials and a digital fabrication process, enabling seamless

integration into the clothing and customization.

ABSTRACT

Humans instinctively manipulate and "actuate" their clothing, for
instance, to adapt to the environment or to modify aesthetics. How-
ever, such manual actuation remains inflexible and directly tied to
user action. We introduce Texergy, a textile-based technical frame-
work that decouples user input and actuated output to make passive
on-body actuation interactive and programmable. Texergy achieves
this by harvesting energy from user interactions with a set of input
modules, storing it mechanically on the body in elastic materials,
later releasing the energy on demand, and finally connecting to
output end-effectors that realize the actuation. We present a fab-
rication approach based on almost entirely textile materials using
laser-cutting and simple manual assembly to enable integration into
clothing and easy prototyping. We report the results of technical
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experiments and provide a design tool to support customizing the
actuation’s force and distance, type of harvesting, and deployment
of Texergy mechanisms. We practically demonstrate the capabil-
ities of Texergy with four applications, including a quick-release
belt, a passive exosuit with dynamic assistance, a haptic feedback
top powered by implicit user actions in VR, and a dance-driven
shape-changing costume.
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1 INTRODUCTION

Throughout history, humans have been instinctively manipulating
and "actuating” their clothing. For instance, people roll up or down
their sleeves to regulate temperature or swing their skirts for aes-
thetics. These manual and passive manipulations on clothing have
become innate to the body and deeply integrated into everyday
life. Despite this, the outputs of such passive actuation are directly
tied to user input and limited - they often only occur where the
user acts and are confined by the force applied. Advancements in
e-textiles have opened up new actuation possibilities by mount-
ing computer-controlled actuators on the clothing, such as shape
memory alloys [25] and pneumatic [32] and linear [9] actuators
for haptic feedback, motion assistance, and personal aesthetics, etc.
These actuators offer the ability to create on-body actuation at
any time, location, and scale. Despite their flexibility, integrating
the entire end-to-end systems of these electronics-based actuators,
including batteries, electronics, and other materials for practical
mobile uses, presents a challenge. This integration often compro-
mises wearability and disrupts the soft, flexible nature of the textiles.
Furthermore, while efforts have been made to create adhesive-less
smart textiles with sewn-in electronics, these deeply embedded
components remain hard to recycle and unsustainable.

Therefore, we explore exploiting the rich passive actions peo-
ple already do on clothing but for more flexible and interactive
actuation of on-body outputs, pushing towards passive and pro-
grammable on-body actuation that is powered solely by user
actions. To this end, we present Texergy, a textile-based technical
framework that harvests energy from user movements and me-
chanically stores it on the body such that the energy can be later
released by a small action to produce a user-defined output. By stor-
ing some energy beforehand, Texergy decouples user input and the
output, enabling designers to control when and how much output
is triggered by what user action. We take inspiration from exist-
ing rigid mechanical frameworks for energy harvest, store, and
release [14, 27] but contribute a novel textile-based solution that
can be integrated into clothing and offers a highly wearable form
factor. This unlocks the body as a new site for passive actuation,
enabling outputs that can happen intimately on the body, occur
during physical activity, and can be simply worn as part of clothing.

Texergy presents an end-to-end solution for textile-based passive
and programmable on-body actuation based on a harvest-store—
release—actuation pipeline (Figure 1). A wide range of user interac-
tions, including both body movements and clothing manipulations,
can be harvested or used to release the stored energy. We identify
three fundamental movements from common user interactions and
provide string-based input modules that can effectively obtain dis-
placement and energy from the movements. To store energy on the
body unobtrusively, we routed elastic cords, which are slim, soft,
and easy to parameterize, along the seams of the clothes. The core
to Texergy are energy control mechanisms that can store the energy
from one-time or repetitive user actions in the elastic cord and later
release it for actuation. The released energy can then be redirected
around the body and attached to different end-effectors to actuate
on-body outputs. We demonstrate four example string-driven out-
put modules that can create on-body shape change, visual display,
and tactile and kinesthetic haptic feedback.
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We contribute a novel fabrication approach for the core mecha-
nism based on almost entirely textile materials using laser-cutting
and simple manual assembly. Taking inspiration from clothing el-
ements like bra hooks and pleats, we design soft analogs of gears
and ratchets to create functional mechanisms that can effectively
store and release energy. The chosen soft materials enable the entire
end-to-end system to be integrated directly into clothing to create
highly wearable and sustainable actuation systems; the digital fab-
rication process, along with a dedicated design tool, makes Texergy
systems easy to prototype and customize. We empirically iterated
the design parameters with the materials for robustness and dura-
bility of Texergy. The design tool modifies the parametric design
file for laser-cutting based on designer-defined force, displacement,
and type of harvesting.

A series of technical evaluations were carried out to validate
Texergy. We characterize the energy stored in elastic cords, the
efficiency of harvesting and releasing energy when deploying Tex-
ergy on curved body surfaces, and the forces required to trigger
the release. To demonstrate the practical feasibility of Texergy and
its versatile potential, we implemented four example applications.
These include a quick-release belt, a passive exosuit with dynamic
user-triggered assistance for effective training, a haptic feedback
top powered by implicit user actions in VR, and a dance-driven
shape-changing costume that creates dramatic visual effects with
dance moves.

To summarize, we make the following contributions:

(1) Texergy, an end-to-end solution for textile-based energy har-
vesting and releasing for passive but interactive on-body
actuation.

(2) A fabrication method based on laser cutting and simple man-
ual assembly to enable programming and easy prototyping
of Texergy.

(3) A design tool and a series of technical evaluations to support
customization.

(4) Four implemented example applications that demonstrate
the practical feasibility of our technique.

2 RELATED WORK
2.1 Interactive Clothing

As computing devices are getting lighter, smaller, and more flexible,
interactive devices that process user input and produce outputs
have evolved to take on more wearable form factors. Textiles have
attracted a rising interest in becoming wearable interactive devices.
They are soft and innate to our human body and thus can poten-
tially be “seamlessly woven” [45] into our everyday lives to support
interactivity without additional devices. We as humans are also
accustomed to body movements and clothing manipulations (e.g.,
rolling up sleeves) when wearing an attire. This rich space of com-
fortable, socially acceptable, and sometimes implicit actions serves
as natural user input to versatile interactions on the clothing.
Some works focused on guiding such user actions into intent-
based user input by transforming traditional UI elements and af-
fordances on digital screens to textile counterparts [29], such as
sliders [33] and icons [37] that can be recognized by touch to en-
able eyes-free interactions. Many works contribute approaches to
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sensing user actions on clothing. These include detecting body
gestures [49], touch [1], conductive objects [10], pressure and de-
formation [16, 28], and natural clothing manipulations such as
pinching [19] and sleeve deformations [34]. Other than physical ac-
tions, detecting physiological signals such as sweat [51], ECG [39],
and the ambient environment [47] with textile sensors have also
been demonstrated. A series of works also explored mounting elec-
tronics onto the clothing but with miniaturized and textile-specific
form factors [17, 23] to support more versatile interactions.

With the existing interactive clothing predominantly enabled
through synthetic materials and electronics, washability and sus-
tainability are major concerns. To tackle this, efforts have been
made to make interactive clothing washable [35] or enable destruc-
tive fabrication processes through disassembling [46] such that the
textiles and the integrated functional elements can be recycled and
reused. We contribute a different approach to more sustainable
interactive clothing by taking advantage of the rich user actions
people do with the clothing to enable textile-based passive inter-
actions. Instead of only sensing user actions and then triggering a
corresponding output through actuators, we want to harvest and
use these user actions in a controlled way to directly actuate an
output on the body. Through this, we aim to power the entire inter-
action loop with only passive user actions to create electronics-free
and sustainable interactive clothing.

2.2 Actuating textiles

The clothing we wear is in itself a rich source of output channels
- their textures rub against our skin to offer tactile experiences
and their appearances reflect one’s personal aesthetics. This has
motivated on-body outputs that can be actuated to further enhance
the expressivity of the clothing by adding onto or changing its
existing visuotactile properties.

One popular approach is by actuating thin and flexible wire-
based shape memory alloys (SMAs) that can be integrated into the
textile structure. SMAs have been used to create folding-based [7,
25, 31] or compression-based [13] shape changes, change the fab-
ric’s stiffness [3], and create squeezing-like feedback [21, 40]. Other
actuators based on joule heating have also been shown, including
thermoplastic threads [9] and liquid crystal elastomers [8] for shape
change, and thermochromic threads for creating color changes [5, 6].
Fluidic and pneumatic actuators that enable small-scale locomo-
tion [22], haptic feedback [20], and wearable robotics [32] have
been demonstrated.

These actuators, however, are usually power-intensive and some
come with bulky actuators (e.g., pumps for pneumatic systems)
or safety concerns (e.g., overheating in heating-based textiles),
making the entire end-to-end system not mobile and inappropri-
ate for wearable contexts. To strip the heavy and bulky power
sources and actuators, some works have worked on passive actu-
ators that do not need electricity and can be integrated directly
into clothing. A series of passive actuators that can be triggered by
the body or surrounding environment are able to create gradual
on-body outputs, including sweat-actuated shape and fluorescence
change [44], temperature-responsive porosity change [48], and
sunlight-triggered shape change [50]. Some outputs can simply
be user-triggered on demand through actions such as pulling a

tendon to trigger shape changes [2], finger presses to change tex-
tiles’ surface topology [18], or stretching elastic fabrics in exosuits
to assist human movements [24, 41]. By using materials that are
triggered naturally by stress, such as mechanoluminescent compos-
ites, researchers have also created on-body user motion displays
that are actuated by the user’s implicit movements [15]. One major
drawback of these passive actuation systems is that the actuated
output happens only when and where the user performs the action.
We thus aim to decouple the user input and the actuated output
to make on-body passive actuation programmable and interactive.
Specifically, we store the energy from the user and only release
it later on demand. This allows the system to control how, when,
and where to release this energy to actuate a controlled output on
the body. In this paper, we present an end-to-end passive actuation
system that allows designers to program on-body actuation.

2.3 Mechanical Energy Systems for Actuation

Mechanical energy systems are systems that store energy mechan-
ically with physical components such as springs, flywheels, and
compressed air, and later release the stored energy in a controlled
manner when needed. These systems have become ubiquitous in
our everyday lives, such as wind-up toys and bicycles. While these
mechanical energy systems usually come as part of a mass-produced
product that is designed for specific functionality, there are also
research works that make such energy systems customizable so
users can more flexibly design their own mechanical energy de-
vices. To help with customization, these works often use digital
fabrication approaches and offer modular building blocks or design
tools. Some examples include controllable kinetic motions from 3D
printed plastic modules [14], self-sustaining pneumatic actuation
for shape change powered by renewable energy [27], assistive robot-
ics powered by foot strike [38], and morphing devices triggered by
environmental degradations [26]. Orthogonal to these mechanical
systems are energy harvesting approaches that convert mechanical
energy to electricity to power electronics [12]. While such methods
have been adopted to power sensors and small electronics, pow-
ering actuators, which are much more energy-intensive [4, 42],
remains challenging due to the low power output and inefficient
energy conversion.

These mechanical energy systems thus have the benefits of being
electronics-free, energy-efficient, more sustainable than traditional
batteries, and capable of actuating output motions. However, the
existing commercial or research-oriented systems are not suitable
for wearable contexts as they are primarily composed of rigid plas-
tic or metal parts. We thus want to explore a mechanical energy
system that optimizes wearability and can be used to create con-
trolled output on the body without electronics. We approach this
by presenting a fabric-based mechanical energy system that is soft,
flexible, and can be directly integrated into our everyday clothing.
We provide a streamlined fabrication process and design tool that
allows users to easily customize and fabricate their own systems
for programmable on-body actuation.
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Figure 2: Three fundamental movements that can be used for harvesting and releasing the energy are identified from common
clothing manipulations and body movements. We provide input modules and implemented examples for obtaining displacement

from the movements.

3 TEXERGY

We present an end-to-end solution for passive on-body actuation
based on the proposed pipeline in Figure 1. We take inspiration
from existing energy harvesting works and contribute a solution for
body-oriented and fabric-based contexts, enabling programmable
actuation to blend seamlessly into our everyday activities and attire.
The system harvests mechanical energy from user interactions,
which can also be later used to trigger the release of the energy.
The energy can then be stored in textile-based elastic materials
that are soft in nature and can be comfortably worn. The core
to Texergy are textile-based energy control mechanisms that
connect to the elastic materials and orchestrate the user interactions
to effectively store and release the harvested energy in a slim and
flexible form factor. When the energy is released by user interaction,
a displacement is created at the control mechanism. Finally, with
actuation end-effectors that connect the displacement to existing
on-body output systems, the system can passively "power" the
actuation. The benefits of Texergy are that it (1) uses the energy
from the body directly on the body for actuation, (2) does it in a
programmable way such that the designer can control when and
how much energy is harvested/released by what user interaction,
and (3) can be fabricated easily with textile-based materials, which
we will show in Section 4, to support integration. In this section,
we dive into the crucial components that enable this pipeline.

3.1 User interactions

To effectively leverage user interactions for harvesting or releasing
energy, they need to be transformed into displacement with acting
force at a certain position. To achieve this, we contribute generic
string-based input modules that can be placed at different body loca-
tions to generate displacement from specific user interactions. From
most common biomechanical body movements that people do and
clothing manipulations that people perform on the clothing surface,
we identified three fundamental actions: pulling, folding/bending,
and twisting. In Figure 2, we list example interactions that involve
these fundamental actions, present input modules for these actions
and show implemented examples. For pulling and folding, obtaining

the displacement from both directions of motion are shown. We
use arrows to show the user actions and color-coded white and red
strings to visualize the created displacement. To flexibly route the
strings around the body and secure their paths, we create fabric-
based channels (Figure 2, left) at fixed clothing locations through
which the string can pass. These channels are made by sewing the
two ends of H-shaped fabric pieces close enough to create channels
of around 2 mm diameter.

Pulling is a common clothing manipulation that can be done on
belts, zippers, drawstrings, etc., as shown in Figure 2 left. To obtain
the displacement from a pulling action, the string can directly be
connected to the pulled element (e.g., the zipper) if the user is
pulling along the same direction; to harvest pulling in the other
direction, the string can be redirected by going through a channel
and reverting the direction.

Folding part of a clothing or bending a body part is also fre-
quently done on the body (Figure 2, middle). Collars, sleeves, and
even edges of a skirt can be folded. Bending can take place at many
different body parts at varying scales, including the wrist, arm, leg,
torso, etc. We present modules for harvesting both directions of
folding/bending. For flexing an originally flat body part or piece
of fabric at a joint, the string is attached to one end and is routed
along the outer convex side of the fold, which gets elongated when
folding. Similarly, routing the string along the inner concave side
of the fold creates a displacement during extending. To ensure the
string stays on the correct side for very thin folding planes like the
arm shown in the example, the channels can be placed at the joint
to secure the string’s path.

Lastly, twisting is a fundamental body movement that can be
performed at the head, arm, body, etc., as shown in Figure 2 right.
For twisting motions, the string is fixed at one end and creates a
displacement on the other end when the body part is twisted, as
shown by the user twisting the torso in the example.

The specific user interactions will create displacement and force
at varying scales, from around 30 cm when pulling the zipper of
a jacket to only 2 cm when twisting the forearm. Larger-scale
user interactions can accumulate energy more effectively, whereas
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Figure 3: Some of the storing strategies we experimented,
including (a) routing elastic cord in a zigzag manner and (b)
routing inelastic cord on stretchy fabric. We finally opted for
(c) linearly routing elastic cord along clothing seams for ease
of deployment and parameterization.

smaller-scale interactions can be exploited for effortless and easy
release of energy. The given examples are not exhaustive and can be
further expanded since the clothing elements are very specific to the
clothing design, and the human body has over 200 degrees of free-
dom. The user interactions that drive Texergy thus can vary across
individuals and contexts, enabling highly customized interaction
for harvesting and releasing the energy.

3.2 Storing energy in textiles

To effectively store the mechanical energy, soft elastic materials that
can be easily deployed onto different body parts are needed. There
is a great variety of elastic textiles in the form of both 1D strings
and 2D fabrics that store mechanical energy when stretched. We
empirically experimented with various materials as well as layouts
and show interesting ones in Figure 3 to offer options in different
design contexts.

(a) We tried routing elastic rubber cords in a zig-zag manner
on a fabric patch which can then be sewn onto the clothing. This
allows hosting a lot of elastic material in a very small area, making
it space-efficient and capable of generating very large displacement
on the body for actuation. However, redirecting the rubber cord
multiple times through the channels adds a lot of friction, and
characterizing the energy in the cord becomes overly complex. The
underlying patch also has to be deployed on non-stretchy areas on
the clothing. (b) We also tried using 2D textiles to store energy by
sewing plastic beads onto a stretchy fabric and routing inelastic
fishing lines through the beads. When the fishing line is pulled,
the beads stretch the underlying fabric to store energy. This is
beneficial when the clothing on which Texergy is deployed already
has a stretchy area, which then can directly be used for harvesting
the energy without using additional materials. However, the force
that can be generated by stretching a small piece of fabric is limited,
and additional sewing effort is also required.

In order to make Texergy programmable and easy to deploy, we
finally chose to linearly route elastic rubber cords like shown in
Figure 3 c. The cord’s 1D form factor allows us to flexibly route it
around the body and integrate it into the clothing as stretchable
"seams". The transparent rubber cord can be either worn outside
the clothing or inside loose clothes and can be routed with the
channels. To wear the rubber cord inside tight clothing, one can

route the cord inside a Bowden tube, which can be sewn onto the
inside seams of clothing. The rubber cord stretches globally without
redirection and, therefore, makes it easier to characterize its force
and displacement behavior to make Texergy programmable. A stress-
strain characterization of the rubber cord is shown in Section 5.1.
The rubber cord also has good elasticity and can be stretched to
more than 200% of its original length. It can therefore be reliably
used to provide significant displacement for actuation.

3.3 Energy control mechanism

The harvested energy then needs to be stored and later released by
another user action to generate user-defined actuation. Mechanisms
for this purpose have been realized in rigid form factors, such as
pull-back toy cars and automatic umbrellas, but a soft version that
fit wearable contexts is yet to be shown. We thus contribute textile-
based and deformable energy control mechanisms with soft latches
that keep the elastic material stretched to store the energy and can
later be opened to release the energy. To enable harvesting different
types of user interactions, we present a basic control mechanism
that stores the energy from one-time user actions and an extended
mechanism that can accumulate energy from repetitive user actions.

3.3.1 Harvesting one-time movements. Figure 4 shows the basic
control mechanism that is soft and almost entirely textile-based
with only one very small (3 mm in height and width, 5 mm in
length) 3D-printed piece. As shown in the schematics (a), we create
a soft textile-based latch with (1) a hoop, (2) a compliant hook with
a higher left edge, enabling it to travel rightward under the hoop
but is stopped by the hoop when moving leftward (i.e., engaging
the latch), and (3) a pleat connected to the hoop that is folded when
the hook is engaged but can be unfolded to remove the hook (i.e.,
releasing the latch). We then lay out the energy control mechanism
o— elastic string
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Figure 4: (a) The schematics of the control mechanism. (b)
The fabricated prototype. The mechanism (c) harvests the
energy from user interactions with an elastic cord and (d)
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later released by another action to actuate the output.
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based on this soft latch. The hoop and the connected pleat sit on the
fixed base layer. The hook is mounted on a moving displacement
layer and connect to the elastic rubber cord on the left and the
harvesting and output string on the right.

Figures 4 b-e show the working prototype. (b-c) When the har-
vesting string is pulled by a user action, the rubber cord stretches
and moves the hook. (d) When the desired displacement is har-
vested, the hook travels past the hoop and is stopped. This keeps
the rubber cord stretched and stores the energy. (e) Later, the pleat
on the hoop is pulled to unfold and remove the engaged hook.
The hook then retracts to its original position to release the stored
energy in the rubber cord for actuation.

With only one soft latch, the basic control architecture allows
harvesting one-time motion.

3.3.2 Harvesting repetitive movements. We expand the versatility
and functionality of Texergy by extending the basic control mecha-
nism for one-time harvesting motion to be able to harvest repetitive
movements. This enables Texergy to be applied to a wider range
of application scenarios, including harvesting energy from smaller,
fine-grained repetitive motions (e.g., wrist bends and arm twists)
and accumulating more energy over time for actuation. We achieve
this by adding more latches to allow multi-step energy storage, and
a repetitive harvesting mechanism to allow harvesting the same
user interaction multiple times in an accumulative manner.

Figure 5 shows the repetitive harvesting control mechanism. As
shown in the schematics (a), the added hoops allow the hook to
make multiple stops when charging. The releasing strip is adapted
to connect all pleats to allow instant release of energy. On the right,
we add a second retractable hook that connects to the base with
elastic strings and can be moved repetitively by the same harvesting
interaction. Each interaction moves the retractable hook to pull the
upper displacement layer to store one step of energy. After each
interaction, the retractable hook returns to its housing and is ready
for the next repeating harvesting motion.

Figure 5 b-g show the working prototype. (b-d) The harvesting
user interaction moves the retractable hook, which then pulls the
displacement layer and the main hook to stretch the rubber cord.
(e) After one harvesting motion, the main hook is stopped at the
first hoop to store one step of energy. Meanwhile the retractable
hook returns to the housing. (f) After four steps of harvesting with
repeated user interactions, the energy is completely charged. (g)
Pulling the releasing strip unfolds all the pleats such that the main
hook can retract to the left to release the stored energy.

The detailed design, fabrication, and customization of the control
mechanisms are detailed later in Section 4.

Both mechanisms are 18 mm in width, and the lengths scale
with the total displacement required by the design. For repetitive
harvesting mechanisms, the one-step displacement is determined
by designer-defined total displacement and the number of steps
(e.g., the mechanism shown in Figure 5 has 4 steps of 2.5 cm one-
step displacement to achieve 10 cm in total). The maximum number
of steps that can be accommodated for a fixed total displacement
is constrained by the length of the hoop, which should be smaller
than one-step displacement to avoid overlapping hoops.

Jiang, et al.
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Figure 5: (a-b) The schematics and implemented prototype
of the extended mechanism that allows harvesting energy
from repetitive user interactions. (c-d) The user pulls a re-
tractable hook, which then moves the displacement layer
to accumulate one step of energy. (e) The retractable hook
returns to its original position after the user interaction and
is ready for the next harvesting movement. (f) After four
harvesting steps, the energy is fully charged. (g) We adapt
the releasing mechanism to multi-step harvesting by using a
tendon structure to connect the pleats.

The mechanisms are fabricated with deformable, textile-based
materials and can be deployed flexibly on curved surfaces on the
body. To avoid the base layer crumpling due to the tension, it needs
to be anchored (e.g., by sewing) to the underneath clothing, which
is ideally low-stretch and tightly worn. This can be achieved with
form-fitting garments common in sports, performance, and medical
apparel, or even with everyday items like tight jeans. For looser
clothing, a stiffer base layer can be used at the cost of compromising
flexibility. The efficiency of harvesting and releasing energy de-
creases on more curved surfaces and higher number of harvesting
steps, with a more detailed evaluation shown in Section 5.2.

3.4 Actuation end-effectors

The displacement and force created when the stored energy is re-
leased can then be used to actuate on-body outputs. The default
output created by Texergy is a string being displaced. Here, we
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demonstrate a variety of actuation end-effectors that can be cou-
pled with the output string to extend to a diverse set of on-body
output types. When deployed, the end-effectors need to be securely
anchored to the body (e.g., by fixating onto the clothing) to deliver
effective outputs.

Figure 6 shows the four implemented end-effector examples. The
displacement and force needed to actuate the specific output are
indicated for reference. To start with, string-based actuators can
trigger tendon-driven shape-changing outputs (Figure 6, top left).
We route the actuation string in a zig-zag manner on a skirt which,
when pulled, could change the style of the skirt for personal ex-
pression, aesthetics, changing environment, etc. The visual display
of the clothing (Figure 6, down left) can also be changed. This can
be done by overlapping two layers and cutting out areas on the
top layer selectively such that when the string pulls the underlying
display layer with visual patterns, the display can be seen from
the cutouts. With this sliding actuation mechanism, one can ei-
ther hide or reveal a display (e.g., our rose example) or show an
animated/changing visual effect using an underlying layer with
multiple visual patterns.

We also contribute two simple methods that use strings to create
haptic feedback on the body. These can include tactile feedback
(Figure 6, top right) as well as kinesthetic ones (Figure 6, down
right). Tactile haptic feedback employs strings to act on the skin or
clothing surface. For example, we directly route the output string
around the arm to deliver squeezing sensations when the string is
pulled. Our tests showed that a 2 N output force was able to create
a strong squeezing feedback on the arm. Kinesthetic feedback can
be created by routing the output string along body joints on the
kinematic chain. When the string is tightened, the movement of the
joint along the routing is constrained and the user feels resistive
force. We show an example of a finger-worn device that resists the
index finger’s bending when the string is pulled. Our tests show
that 1N of output force could create strong resistive haptic feedback.

While the demonstrated actuation end-effectors already show
the versatility of the on-body outputs that Texergy is compatible
with, the list is far from complete. As we focus on contributing a
passive actuation system, the simple and generic form factor of
Texergy’s output string can be extended to adapt to many existing
on-body output designs with specific end-effectors.

tactile haptic feedback

shape chnge
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Figure 6: Example string-based output end-effectors that en-
able creating a shape change, a display, and tactile and kines-
thetic haptic feedback.

4 FABRICATION AND DESIGN

We present a fabrication approach that makes Texergy easy to fab-
ricate and customizable. Here, we detail the material choices, our
fabrication method using laser-cutting and the iterated design pa-
rameters, and a dedicated design tool that allows programming of
Texergy systems.

4.1 Material choices

We experimented with different elastic cord and textile options
to determine the materials for Texergy. We use thin rubber cords
with high elasticity and low surface friction for all elastic strings
in the system - 1 mm diameter cords are routed for storing energy
and 0.4 mm diameter cords that take a small force to stretch (1
N to extend a 5 cm cord to 10 cm) connect the harvesting strip
to the base layer for harvesting repetitive movements. Standard
inelastic fishing lines or other non-stretchy textile strips can be
used to connect the input modules and the actuation mechanism
to the core control mechanism.

The textiles used in Texergy need to be non-stretchy to avoid
losing mechanical energy to the stretch, and non-fray and laser-
cut-safe to comply with our fabrication method. On top of these
requirements, textiles with lower friction reduce the energy lost in
friction and allow the layers to move smoothly on the surface to
achieve more efficient energy harvesting and release. We empiri-
cally tested a range of fabrics available in a local fabric store and
chose two fabrics of different softness (Figure 7 top). A heavier and

lasercut with
softer fabric

lasercut with
stiffer fabric

3D-printed hooks H L

1mm rubber cord  0.4mm rubber cord needleandthreads

i. assemble the hoops and the releasing strip
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ii. sew the hooks and the route the elastic cords
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iii. assemble the strips onto the base layer
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Figure 7: The materials required to create a repetitive har-
vesting control architecture (top) and the assembly process
(i-iii).
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thicker dry waxed organic cotton! of 227 g/m? is used to make the
hoops and the displacement layer which requires more stiffness
- the hoops need to maintain the shape for the underlying layer
to pass through and the displacement strip should avoid buckling
up to move along the surface smoothly. For all other parts of the
system, a thinner and lighter coated cotton?® of 180 g/m? is used to
make the entire system softer and conform to the body better dur-
ing wear. We further taped the textiles with standard transparent
acrylic tape to make the textile surfaces glossier to reduce friction.

4.2 Fabrication

We provide a novel fabrication process that leverages laser cutting
and simple manual assembly to create textile structures for ease of
prototyping Texergy. The Texergy mechanism is mostly based on
layers with different dimensions (e.g., base layer, hoops, releasing
strips) that should be connected at the correct position for the
system to be functional. This could be done by sewing the layers
together at the connecting points, but the sewing process is time-
consuming and requires expertise considering the amount of sewing
and the precision needed. We thus adopted a novel laser cutting
and simple manual assembling procedure. Figure 7 top shows the
laser-cut pieces used for creating the core mechanism. We used a
repetitive harvesting architecture as an example, which include all
pieces needed for the one-time harvesting mechanisms.

For parts that need to stay fixed and securely connect with each
other, including the base layer, the hoops, the hook housing, and
the releasing strip, we create slot and tab joints for connection,
which can be lasercut and simply assembled without sewing. The
assembly process is shown in Figure 7 i. As shown in Figure 7 top,
we lasercut H-shaped hoop pieces (in black) with wide tabs on both
ends to be inserted into the corresponding slots (in white) lasercut
on the gray base layer. The channels can be created in a similar
manner with smaller H-shaped pieces for routing the strings on the
body. The same method is used to create the tendon structure for
releasing that connects all the foldable pleats. We laser-cut slots on
the hoop pieces and symmetric inward cuts on the releasing strip to
create tabs at a fixed distance equal to the gap between hoops. The
releasing strip is then pulled through each pleat for connection.

We then assemble the moving parts, including the displacement
layer and the repetitive harvesting strip, as shown in Figure 7 ii. The
3D-printed hook is sewn onto the strip, and the elastic rubber cord
goes through the strip secured by tying a knot at the back. Rubber
cords of different thicknesses are used for storing the energy and
enabling repetitive harvesting motions.

Finally, the fixed base and the moving strips are assembled to-
gether (Figure 7 iii). The harvesting strip is connected to the base
via the rubber cord such that the hook sits inside the housing and
the displacement layer is routed through the hoops. The assembled
mechanism weighs 22 grams.

4.2.1 Optimizing design parameters for mechanical durability. The
detailed dimensions of the laser-cut pieces (shown in Figure 7)
have been empirically iterated and are shown in Figure 8. The
connecting points between the components are color-coded. To

!https://wedofabric.com/collections/canvas/products/light-waxed-cotton
Zhttps://swafing.de/leona-beschichtet-rueckseite-buegeln-beschichtete-
baumwolle/074671
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Figure 8: The iterated design parameters. The connecting
points between different parts are color-coded.

ease deployment on the body, we minimized the width of the control
mechanism while guaranteeing the parts’ compatibility with the
fabrication methods and the mechanical durability of the assembled
prototype. Here, we provide a brief walkthrough of the iterated
dimensions and evaluate the mechanism’s mechanical durability.

The constraining factor in miniaturization is the width of the
hook, which should be stably printed with off-the-shelf FDM print-
ers and be mechanically strong. To successfully print the holes on
the hook base for sewing, the width was iterated to be 5mm. Then
to comply with the laser-cutting process, all the laser cut slots need
to be at a minimum distance from the edge to avoid thin fabric
elements that could break easily. We empirically determined this
gap to be around 3 mm and adopted this in our design. Finally, to
ensure the hook’s smooth movement on the displacement layer
under the hoop, we iterated the gap between the tabs on the hoop
piece such that the assembled piece could form a hoop that the
hook could pass through with minimal friction but could still stably
engage. This is empirically determined to be 14 mm, which is 2 mm
more than the gap between the slots on the base layer (12 mm).

We evaluate the mechanical durability of the assembled proto-
type made with our fabrication approach by testing the connecting
points’ performance under large force and repetitive use. The con-
nection fails at 10 N between the base layer and the hoop and at
5 N between the pleat and the releasing strip, after which a new
tab piece needs to be reassembled. While our slot-and-tab design
helps with customization and simplifies prototyping, fabrics are
generally subject to wear and tear under high force. The durability
can be improved by replacing the textiles with stiffer ones (e.g., if
the releasing strip is also made with the stiffer fabric, its connection
with the pleat does not break under very high force), but this makes
the assembly harder and is subject to availability of the textiles that
designers can find.

4.3 Designing Texergy systems

To support the customization of Texergy systems, we provide sug-
gestions and a dedicated design tool. When designing a customized
end-to-end on-body actuation system, the designer should first
think about what user actions to use for harvesting and releasing
the energy, what output to trigger, and use inelastic strings to route
these accordingly to one location where the central control mech-
anism needs to be placed. For routing the elements and creating
an output to actuate, the designer can use the input and output
modules we suggested in Section 3. Below, we provide a dedicated
design tool for programming the core control mechanism. The
tool’s input parameters are designed to be highly flexible, ensuring
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that Texergy remains generalizable and not restricted to specific
use cases. Future work could extend it further to support more
application-specific workflows or domains.

4.3.1 Design Tool. The design tool is based on a plug-in in Fusion
360 3, as shown in Figure 9. The plug-in UI asks for the total dis-
placement and the peak force the user wants to use for actuation
(Figure 9 a). Based on the user input, the tool calculates the maxi-
mum length of the rubber cord that can generate the required force
at the required displacement based on the Mooney-Rivlin model
fitted on our empirically measured data (detailed in Section 5.1).
Due to the energy lost to friction when Texergy is deployed on
the body, we recommend overestimating the force and/or take a
cord shorter than the calculated value to generate a larger force to
ensure that the desired output can be successfully actuated. Chang-
ing the displacement and force values dynamically updates the
vector design file displayed on the left and the rubber cord length
recommendation. As Figure 9 b shows, the user can also switch
to charging with repetitive motions and indicate the number of
charging steps. The vector design file updates accordingly to add
the additional pieces needed for charging with repetitive motion.
After finalizing the design, clicking the "OK" button would export
the dxf file that can be laser-cut with textiles. The user can also
change other parameters and the sketch in Fusion directly to have
finer control. We also provide stl files for the two hooks that can
be 3D-printed with off-the-shelf PLA filament.

a © TEXERGY
Total displacement 10 cm
Peak force 4N

Rubber cord length shorter than 11.8 cm

Charge with Charge with
@ one-time motion
O repetitive motion

0K Cancel
b © TEXERGY
Total displacement 15cm
Peak force 2N

Rubber cord length shorter than 55.3 cm

Charge with Charge with
(© one-time motion
@ repetitive motion
Number of charging steps. 6

OK Cancel

Figure 9: We provide a design tool for customizing the control
mechanism. (a) The tool generates rubber cord length rec-
ommendations based on user-input displacement and force
values and updates the vector design file. (b) The designer
can switch to harvesting repetitive motion with a specified
number of steps. The generated vector file can be laser-cut.

Shttps://www.autodesk.com/products/fusion-360

5 TECHNICAL EVALUATION

We perform a series of tests to characterize Texergy mechanisms.
The mechanisms were tested over 50 cycles of the pipeline and the
performance remains consistent. Below, we show evaluation of the
energy stored in the rubber cord, the efficiency of harvesting and
releasing when Texergy is deployed on varying body surfaces, and
the force needed to release the energy.

5.1 Storing energy in elastic cords

To enable programming the energy stored, we performed charac-
terization of the elastic cords. We used rubber elastic cords of 1 mm
diameter and tested the stress-strain relation of cords with lengths
of 10 cm, 15 cm, 20 cm, and 25 cm. With each rubber cord, we slowly
pulled the cord connected to a force gauge (Baoshishan ZP-50N
with 0.01 N accuracy) and measured the pulling force at each 1 cm
elongation. The rubber cords were elongated to only twice their
original lengths to prevent plastic deformation from damaging the
material and to reduce the hysteresis. Since Texergy is compatible
with elastic cords, not limited to the specific one used in our imple-
mentation, we chose not to characterize the chosen cord’s hysteresis
since it would not generalize. The measurements were repeated
three times. We fitted a third-order Mooney-Rivlin model [30, 36]
to the measurements, which is commonly used to characterize the
nonlinear elastic behavior of rubber materials. To normalize the
strain across cords of different lengths, we plot the measured force
against the stretch factor (displacement over original length). The
fitted Mooney-Rivlin curve is shown in Figure 10. The shaded area
shows the standard deviation across the measurements.

The model fits the measured data with R? = 0.97 and yielded
Mooney-Rivlin parameters C; = 2.9602, C2 = —5.9159,C3 = 5.2137.
The measurements confirm that the chosen rubber cord is able to
store a good amount of force that can be used to actuate lightweight
on-body outputs. Rubber cords with shorter initial lengths and
larger displacement can create a larger peak force during harvesting
or releasing. The fitted model can then inform the length of the
rubber cord that needs to be used in Texergy to satisfy the force
and displacement values input by the users.

Third-Order Mooney-Rivlin Fit

> e 10cm
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4 e 20cm
e 25cm
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Figure 10: We characterize the energy stored in elastic rubber
cords of four lengths by fitting a Mooney-Rivlin curve with
R? = 0.97 to the empirical force-stretch ratio data.



UIST °25, September 28-October 1, 2025, Busan, Republic of Korea

5.2 Harvesting and releasing energy on the body

While the rubber cord stores the mechanical energy, the actual
harvesting and releasing performance is significantly affected by
Texergy’s control mechanism shown in Section 3.3 as well as the
practical deployment on the body. Specifically, friction is intro-
duced when the hook travels under a hoop and when the rubber
cord stretches on a curved surface. This reduces the efficiency of
both harvesting and releasing energy. We thus evaluate the required
pulling force to harvest the energy and the actuation completion
of Texergy on curved surfaces to understand its performance in
practical uses. We deploy both one-time harvesting and repetitive
harvesting mechanisms (with two and four charging steps) on sur-
faces with different curvatures. The mechanisms use 10 cm of 1 mm
diameter rubber string to achieve 10 cm displacement. We measure
the actual pulling force required to stretch the string by 10 cm to
understand the efficiency of harvesting; and we assess whether the
desired actuation is achieved (i.e., if the hook returns fully to the
start position to deliver 10 cm displacement). For curved surfaces,
we 3D-printed spheres with diameters from 12 cm to 20 cm and 2
cm apart, which were then covered with foam (shore hardness A15)
to simulate soft human skin (shore hardness A10-30 based on [43]).
The required pulling force changes based on the pulling direction.
To simulate the worst-case scenario with the highest friction, we
pulled along the surface. The forces are measured with a force gauge
and repeated three times. We also label exemplary body parts that
fall into the range of the tested curvature based on the ANSUR
II dataset [11] and empirical measurements. However, since body
dimensions differ significantly across individuals, we recommend
empirically measuring the dimensions and adjusting the prototype
for personalized designs. Alternatively, Texergy mechanisms can be
created based on clothing sizes to generalize to similar body sizes.
This also nicely integrates with mass manufacturing to potentially
allow Texergy-embedded clothing to be bought off-the-rack.

The results are shown in Figure 11. For all mechanisms, the
required pulling force increases significantly as the underlying sur-
face curvature increases, and only increases by a small amount
with the number of steps. This implies that to actuate the same
output for users with smaller body sizes, a higher-force harvesting
movement is needed to harvest the energy needed. Full actuation
can be achieved on all surfaces for one-time harvesting. However,

curvature one-time repetitive (2-step) repetitive (4-step)
ides of torso H - - -
S-'d f limh, (diameter) | required full required full required full
Sides oriimbs pulling force | actuation | pulling force | actuation | pulling force | actuation
upueybthigh flat 469N v 477N v 486N e
ribcage
sliinian 20cm | 7.08N v 724N v 7.95N v
upper arm A 18om | 7.32N v 149N v 8.69N v
over ih SN 16om | 81N | v | 842N | v | aaN [ X
neck l4om | 862N | | 886N v | 93N X
forearm
lower calf 12m | 9.06N v 924N X 10.78N X

Figure 11: The efficiency of harvesting and releasing energy
on curved surfaces. With increasing curvature, the harvest-
ing force increases significantly, and actuation in repetitive
harvesting mechanisms starts to fail. Examples of body parts
are given for each curvature for reference.
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one-time repetitive (2-step) repetitive (4-step)
displacement displacement displacement
Scm | 10cm | 15cm Scm | 10cm | 15cm Scm | 10cm | 15cm
flat 2.05N | 275N [ 355N | 211N | 2.87N | 3.68N | 224N | 2.96N | 3.84N
20cm | 165N | 2.08N | 287N | 1.74N | 22N | 311N | 211N | 244N | 3.36N
16cm | 149N | 1.83N | 223N | 1.65N | 21N | 238N | 1.72N | 227N | 269N

curvature
(diameter)

Figure 12: The force needed to release the stored energy on
curved surfaces with different mechanisms and stored energy.
Strong forces are needed when more energy is stored on
flatter surfaces and with a higher number of steps.

as the number of steps increases, the actuation begins to fail as the
hook gets stopped by one of the hoops due to friction in highly
curved surfaces. We therefore recommend avoiding using repetitive
harvesting on highly curved surfaces to achieve more efficient en-
ergy harvesting and successful actuation. In practical deployment,
the efficiency is further affected by the routing of harvesting move-
ment and output end-effector in individual designs, which should
be empirically determined.

5.3 Triggering the energy release

Based on the design parameters shown in Figure 8, pulling the
releasing strip to release the energy requires a small displacement of
1.4 cm from the user. Here, we characterize how much pulling force
is required to release the stored energy. We evaluate the required
force in both one-time and repetitive harvesting mechanisms in
relation to the energy stored and the underlying surface curvatures.
We test one-time harvesting mechanisms and repetitive harvesting
mechanisms with two and four steps, which affect the number of
pleats the releasing strip routes through. We vary the energy stored
by taking a rubber cord of 15 cm original length and harvesting the
energy from displacements of 5 cm, 10 cm, and 15 cm. For different
underlying surfaces, we used the same setup as in Section 5.2 and
tested flat, 20cm diameter, and 16cm diameter surfaces.

The results are shown in Figure 12. The release force stays in a
reasonable range of under 4N, which users are able to provide with
daily body movements and clothing manipulations. The release
force increases significantly with the amount of energy stored
but decreases with increasing surface curvature. The force only
increases marginally with the number of steps with a lower than 0.5
N difference between one-time mechanisms and 4-step repetitive
ones. This is because the hook only engages with one of the hoops,
while very little force is needed to move the other pleats in parallel
with the releasing strip.

6 APPLICATIONS

We showcase four applications to demonstrate Texergy’s versatility
and capability.

6.1 Automatic belt

Automatic umbrellas store energy to actuate the output (i.e., the
umbrella opening) instantaneously by a small finger press to re-
place the cumbersome user motions (i.e., pushing the runner over a
large distance) required in traditional umbrellas. Texergy can realize
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tightening

\_

quick release

Figure 13: (a) We created a quick-release belt with Texergy
that is integrated into the pants. (b-c) The energy is stored
when the user tightens the belt and (d-e) can be released by a
small pulling action to loosen the belt instantaneously.

similar functionalities but on the body and with a soft and flexible
form factor. Specifically, Texergy can be leveraged to replace con-
ventional long-distance and/or large-force clothing manipulations
with shorter and easier user actions to achieve the same output.

As an example, we created an automatic belt that can be loosened
instantly with a very small one-hand action as shown in Figure 13.
This makes belts easier to unfasten and can be helpful when one
hand of the user is occupied or for rapid removal in emergencies.
(a) We sew the hoop part of a one-time harvesting mechanism at
the left side, and the elastic rubber cord is routed on the denim
on the right side of the waist. The displacement layer functions as
the belt and the hoop the belt hole. (b) As the user pulls the belt
through the belt hole, the rubber cord is stretched. (c) The hook on
the belt locks onto the hoop to fasten the belt and securely tighten
the jeans at the waist. (d-e) Later a very small and quick pulling
action on the release strip can unfasten the belt instantly. Users can
also additively modify the mechanism or change the color of the
components to customize the appearance of the belt.

6.2 Passive exosuit with dynamic assistance

Passive exosuits are wearable devices that assist user movement by
using non-powered mechanical components, such as elastic bands
and springs. For example, passive exosuits that assist with knee
extensions usually use an elastic tendon that runs across the knee
and gets stretched during knee bends, like the tendon shown in
Figure 14 a. The tension in the stretched tendon helps lift the foot
to assist knee extension. While the assistance provided by current
passive exosuits is always constant, i.e., the users feel the same
force every time they bend the knee, Texergy can provide dynamic
assistance and on demand to further help with effective training.

We demonstrate this with a Texergy-based passive exosuit for
knee extension that, instead of having an elastic band with constant
force, allows the user to dynamically change how tight the tendon
is and adjust the assistance. The implemented prototype is shown
in Figure 14. (a) A 4-step repetitive harvesting Texergy mechanism
is added with the tendon as the output to control the tendon. The
mechanism harvests energy from repeating knee bends during the
exercise with a shorter harvesting strip that runs over the knee and
connects to the calf. The rubber cord runs along the upper thigh
with one end fixed at the waist.

The exosuit provides assistance dynamically to assist in a cycle
of knee extension exercises. (b) To ease into the exercise, the user
starts the exercise with the tendon tightened and maximum force
support (~7N), which helps lift up the lower leg from the bent knee
position. When the user returns to bent-knee, one step of energy
is harvested and stored. This loosens the tendon a bit and reduces
the assistance when the user performs the second knee extension.
The knee extensions thus get progressively harder as the tendon
gets looser with each step of energy harvested from knee bends
to encourage improving the performance gradually. (d) After four
extensions, the tendon is completely loose with no assistance, and
the energy is completely charged. The user then performs the knee
extensions independently without any help. (e) Later, when the
user starts to get tired and is in need of assistance, he/she can pull
the release strip to release the stored energy. The tendon is then
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Figure 14: (a) We use a 4-step Texergy mechanism to control
the tendon for knee extensions to achieve dynamic, user-
triggered assistance. (b-c) The tendon provides kinesthetic
force feedback during extension and one step of energy is
harvested from each knee-bend. As energy is harvested, the
assistance gradually reduces to progressively make the ex-
ercise harder. (d) After four extensions, the harvesting is
completed and the user exercises independently. (e) Assis-
tance can be triggered later on demand to repeat b-d.
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tightened again to start the next cycle of assisted exercise, which
repeat the steps from (b) to (e).

6.3 Self-powered VR haptic feedback

Virtual Reality technologies are becoming more wearable and mo-
bile with Head-Mounted Displays that are able to create immersive
visual experiences. Texergy has the potential to complement these
immersive experiences with haptic feedback that can be directly
integrated into clothing, providing untethered actuation that is en-
tirely powered by user actions. To achieve this, the user interactions
needed for harvesting and releasing the energy in Texergy can be
cleverly mapped to user actions in the virtual experience to provide
real-time haptic experiences. Though not as versatile as traditional
actuators, many virtual experiences contain recurring actions and
events in which tailored Texergy systems can provide power-free
repeated actuation of the haptic feedback.

As an example, we create a simple VR application in which the
user wears a rocket arm that can be fired to attack and later re-
called to return back to the user’s arm (similar to Iron Man’s armor).
We implement a Texergy-based haptic top that provides on-and-
off squeezing haptic feedback that corresponds to wearing or not
wearing the rocket arm. The working of the application is shown
in Figure 15. (a) Similar to Figure 6, we route fishing lines around
the arm to create squeezing haptic feedback. A Texergy mecha-
nism is placed on the arm, and the elastic rubber cord connects to

squeezing feedback for
wearing the rocket arm

string relaxed
no squeezing

string squeezes to
simulate wearing

Figure 15: (a) Texergy can be driven by implicit user actions
in VR to provide highly wearable passive haptic feedback,
e.g., create squeezing sensations to simulate wearing a rocket
arm. (b-c) Firing the rocket arm charges the energy and the
squeezing disappears. (d-e) Recalling the arm releases the
energy and actuates the squeezing as the arm flies back.

Jiang, et al.

the shoulder. When no energy is stored, the fishing line is in its
default squeezing state to simulate wearing the rocket arm. The
user manipulates the two sliders on the rocket arm in VR for firing
and recalling the arm, which correspond to the harvesting and the
releasing movements, respectively. (b) When shooting a target, the
user pulls the front slider to lock the target. This pulling movement
is harvested by the mechanism to store some energy. (c) When
the user releases the slider to fire the rocket arm, the energy is
harvested which relaxes the fishing line and the squeezing feed-
back disappears. (d) To recall the rocket arm, the user pulls the
back slider in VR and the releasing strip in the mechanism. This
releases the stored energy to pull the fishing line tight, creating the
squeezing sensation as the rocket arm flies back.

6.4 Shape-changing dancing costume

As shown in Figure 1, Texergy can be used to create instantaneous
shape changes with a small and unobtrusive motion in the per-
formance. This sudden change of visual appearance can amplify
theater or fashion performances by creating a dramatic visual ef-
fect at the finale or seamlessly transforming a costume to reflect
a plot twist, etc. We used a simple tendon-driven shape change to
demonstrate the effect, but the same mechanism works for other on-
body shape changes, offering designers new creative possibilities
for dynamic visual storytelling.

Here, we show the detailed mechanism that realizes the pre-
sented shape-changing costume in Figure 16. The strings that are
routed on the body are color-coded. The rubber cord is routed along
the outer seams of the top and the pants. The harvesting string
routes under the arm to harvest displacement during arm lifts and
stretches the rubber cord. After the energy is harvested, the dancer
can freely move around and continue the dance. The stored energy
can be later released by twisting the body, which is enabled by
the releasing string that connects the shoulder to the pleat on the
mechanism. This then actuates the shape-changing output. This
interactive shape-changing directly integrated into the costume
can be used repetitively during a performance - the actuated output
is automatically reset when the user is doing the harvesting motion
to prepare for the next actuation.

to actuate the shape-changing output

output

twisting the body releases the energy & et
end-effector

lifting arm harvests the energy

rubber cord

Figure 16: The dancing costume routes different body move-
ments to control the actuation of the on-body shape change.
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7 LIMITATIONS AND FUTURE WORK

Limitations on the latch mechanism. The latch mechanism requires a
minimum displacement or force to engage, constrained by the size
of each latch. In our design, we minimized this size while avoiding
the 3D-printed hook breaking or tearing apart the fabric-based
hoops. Further miniaturization could involve coating the fabric to
reduce fraying at the cost of increasing stiffness, or using stronger
materials (e.g., metal) for smaller, more durable hooks.

Currently, the latch mechanisms and the elastic string are laid out
linearly to reduce friction. This constrains the total displacement
and force by the lengths of the mechanism and the elastic string.
Future work could explore more space-efficient routing geometries,
which would require methods to minimize friction during routing
(e.g., by developing wearable alternatives to pulley systems).

Limitations on soft elastic materials. Soft elastic materials, such
as stretchy textiles and rubber cords that we considered for storing
energy in Texergy, have some inherent limitations compared to
metal springs. Stretchy textiles and rubber cords have nonlinear
stress-strain behavior and are more prone to hysteresis, making it
difficult to characterize the stored and released energy. They also
produce less force and are less durable than metal springs. Texergy
is thus not intended to replace high-strength actuation or precise
motors, but rather to provide sufficient displacement for light-force
on-body actuation using soft elastic materials that offer flexibility
and body compatibility.

Extending types of actuation. As an initial exploration of textile-
based programmable on-body actuation, Texergy creates a linear,
one-time actuation with the same displacement that is harvested.
Going forward there is a vast space to extend the types of actuation
that Texergy can create to make such actuation even more dynamic
and versatile. For example, the stored energy can be released in
multiple steps to create an intermittent actuation effect. In our
repetitive harvesting control mechanism, this can be achieved by
pulling each pleat separately. However, this requires careful de-
sign of user interactions to perform the stepped release. Texergy
requires harvesting the same displacement and force as the actu-
ation. There is potential in creating textile-based pulley systems
on the body to trade displacement for force or vice versa when the
harvesting displacement and force do not equal those needed for
actuation. For example, this can enable harvesting a short-distance,
high-force user action to then actuate a long-distance, low-force
on-body output. This can be done by routing the output strings
through channels to create the pulleys, but would add a lot of fric-
tion. The output motion types, which is currently limited to linear
actuation, can also be expanded. He et al. [14] achieved a wide
range of motion types (e.g., rotation, reciprocation, and oscillation)
in 3D-printed passive actuation systems. However, as these motion
types are typically realized by rigid gears and mechanisms, clothing
compatible alternatives will need to be developed. For example, soft
robotics approaches like twisted string actuators can be used to
create rotary outputs.

Decoupling stored energy and output. Currently, in Texergy, the
energy stored and the output actuation are always connected - in
the implementation, both are realized by moving the displacement
layer. This implies that after releasing the stored energy to actuate
the output, the output is gradually "unactuated" and returns to its

original state during the next round of harvesting. This enables
resetting the on-body output automatically without requiring an
additional user interaction. However, we believe that an extension
of the current Texergy control mechanism that decouples stored en-
ergy and output actuation can provide more flexibility in designing
the interactions. This requires an engaging mechanism that tem-
porarily connects the output to the stored energy during actuation
and an output resetting action that the user can easily perform.

Wearability and daily use. The system is made primarily of fabrics
with a minimal amount of plastics and therefore can be washed
like regular clothing. The channels route and anchor the strings to
the body, preventing slack or tangling. Enclosing the mechanism
within the garment can further improve wearability and protect it
from external damage in daily use.

Improving the durability of Texergy in mass manufacturing. Tex-
ergy require low-friction textiles and our fabrication approach,
which enable easy and programmable customization of Texergy
systems, require laser-cut-safe and non-fray ones. It was difficult to
find off-the-shelf textiles that satisfied these requirements, hence
the necessity of taping non-fray coated cotton textiles to reduce the
friction. Our fabrication approach also introduces wear and tear at
the connection points between the slots and tabs, making Texergy
vulnerable to high force applications. The materials we used and
the fabrication approach we contributed, therefore, are best suited
for the customized prototyping of passive on-body actuation. On
the other hand, Texergy has the potential to be directly integrated
into off-the-rack clothing during mass manufacturing processes to
make clothing more expressive and interactive. In that case, Tex-
ergy mechanisms would benefit from specialized textile materials
that mechanically comply with the requirements and industrial
fabrication method that can make the mechanism more robust.

8 CONCLUSION

Texergy presents a textile-based technical framework for passive,
programmable, and interactive actuation of on-body output to en-
hance its functionality and versatility. Specifically, Texergy enables
the designer to control when and at what scale of output is actuated
by what user action. Texergy achieves this by harvesting energy
from user actions, storing it mechanically on the body, and later
releasing the energy on demand to actuate the on-body output. We
provided components to enable creating end-to-end Texergy sys-
tems on the body, including input modules that harvest energy from
user actions, elastic materials that can store the energy, energy con-
trol mechanisms that realize the store and release of the energy, and
output end-effectors that connect Texergy mechanisms to existing
on-body outputs. Texergy uses almost entirely textile materials and
is created using a novel fabrication approach based on laser-cutting
and simple manual assembly to enable integration into clothing
and easy prototyping. The results of our technical experiments
and a dedicated design tool are provided to support customizing
Texergy mechanisms’ actuation force and distance, type of har-
vesting, and deployment. Finally, we have demonstrated Texergy’s
capabilities with four clothing-integrated, passive applications that
enable user-defined actuation of on-body outputs for assistance,
dynamic haptic feedback, and change of visual appearance that are
"powered" entirely by the user’s implicit actions.
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