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Figure 1: Our pipeline for designing active kinesthetic garments. Given a set of motions (a) and a compliant garment with
electrostatic clutches (light green) (b), our method automatically generates efficient connecting structures (c), that offer strong
resistance to input motions when clutches are active while minimizing interference otherwise. Once fabricated, our designs
can provide force-feedback on-demand in various applications such as a VR training scenarios (d).

ABSTRACT
Garments with the ability to provide kinesthetic force-feedback
on-demand can augment human capabilities in a non-obtrusive
way, enabling numerous applications in VR haptics, motion assis-
tance, and robotic control. However, designing such garments is
a complex, and often manual task, particularly when the goal is
to resist multiple motions with a single design. In this work, we
propose a computational pipeline for designing connecting struc-
tures between active components—one of the central challenges
in this context. We focus on electrostatic (ES) clutches that are
compliant in their passive state while strongly resisting elongation
when activated. Our method automatically computes optimized
connecting structures that efficiently resist a range of pre-defined
body motions on demand. We propose a novel dual-objective op-
timization approach to simultaneously maximize the resistance
to motion when clutches are active, while minimizing resistance
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when inactive. We demonstrate our method on a set of problems
involving different body sites and a range of motions. We further
fabricate and evaluate a subset of our automatically created designs
against manually created baselines using mechanical testing and in
a VR pointing study.
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1 INTRODUCTION
Kinesthetic garments are an efficient and non-obtrusive way of
providing force feedback for human body motion. By augmenting
stretchable fabric with strategically designed reinforcements, they
offer targeted resistance to motions along specific directions [41].
They are part of an emerging trend of soft robotic garments [36] that
have the potential to assist human wearers in various ways such
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as during locomotion [20, 21], rehabilitation [2], and increasing
immersion in mixed reality [3, 15, 35]. However, relying only on
passivemechanical structure for feedback prevents their use in such
applications because they require active feedback.

In this work, we propose a computational approach for designing
active kinesthetic garments that can resist user-defined motions on
demand. To implement such adaptive resistance, we rely on elec-
trostatic clutches [16], i.e., pre-fabricated components that provide
extremely high stiffness contrast between their active and inac-
tive states. Designing active kinesthetic garments then amounts to
determining clutch placements, typically placed over high-strain
areas, and finding a passive structure that connects and anchors
the active components. Crucially, this layout should result in the
garment providing maximal resistance when clutches are active,
but minimally interfere with motion otherwise. Designing effective
connecting structures requires the understanding of the interac-
tion between stretchable garments in multiple states sliding over a
deforming body in multiple poses, a very difficult and unintuitive
task.

To address this challenge, we formalize the design of active
kinesthetic garments as an on-body topology optimization problem
whose objective function explicitly balances the opposing goals for
active and inactive states. By maximizing the difference in elastic
energy between active and inactive states, our formulation encour-
ages layouts in which clutches link disconnected parts of the passive
structure. In this way, clutches leverage the passive structure to es-
tablish strong, load-carrying paths when active while maintaining
freedom of movement otherwise.

We implement our formulation within a standard evolutionary
optimization algorithm, and produce a set of active kinesthetic gar-
ment designs that each target multiple motions spanning different
body sites. Our results indicate that designs produced with our
approach are highly effective and outperform manually-designed
alternatives by significant margins. To further substantiate this
analysis, we manufacture a subset of our designs for experimental
evaluation. Both mechanical testing and a VR pointing task indi-
cate clear advantages for the designs created with our method. To
summarize, we make the following contributions:

• A computational design pipeline for the automatic creation
of active kinesthetic garments that includes a novel objec-
tive function that considers active components and multiple
motions.

• A set of fabricated active kinesthetic garments built on compli-
ant material integrating ES clutches as kinesthetic feedback
components.

• A comprehensive evaluation showing the effectiveness of our
method in simulation, in a physical validation, and in a VR
user study against manually-designed and visual baselines.

2 RELATEDWORK
We summarize works in the areas of computational methods in
garment modeling and augmentation, intersecting with hardware
and devices capable of providing body-scale kinesthetic feedback.

Body-scale Kinesthetic Haptic Feedback Systems. Early work to
provide kinesthetic feedback to the body used motors and hydraulic
pistons to actuate heavy bulky haptic platforms. More recently,

several wearable body kinesthetic feedback systems have been de-
veloped, mostly based on electromagnetic motors [9, 39] with rods
[5, 37] or cables [4, 13] transmission, and based on pneumatic actu-
ators [11, 15] which are soft and more comfortable at the detriment
of a bulkier equipment (pumps, compressors, valves). An alterna-
tive way to provide body kinesthetic feedback are passive blocking
mechanisms like vacuum jamming [10] (still requiring pumps) and
ES clutches [12, 17, 33, 34]. In particular, ES clutches offer the ad-
vantages of being ultra-thin, light, and soft enabling the design of
compliant kinesthetic garment designs. Such kinesthetic systems
are typically manually designed to specifically fit a limb/joint and
block a certain motion. In contrast, we leverage an automatic de-
sign method that models and simulates clutches, allowing us to
accommodate any set of motions and body areas.

Topology Optimization. Topology optimization is a powerful
method used in engineering disciplines to most efficiently distribute
a finite amount of material, typically to minimize compliance [6, 42].
The graphics community has also combined compliance minimiza-
tion with user guided input [26, 38]. It has also been demonstrated
on elastic materials [40] as well as structures undergoing large
displacements [8]. Closer to our work, topology optimization has
moved into the on-body domain where it has been used for per-
sonalized cast design [44] and casts designed for thermal comfort
[43]. Most recently, Vechev et al. demonstrated the design of kines-
thetic garments, which are passively reinforced garments designed
to resist a single motion [41]. However, this work only formulates
a single compliance minimization objective, and thus cannot be
used in a setting that leverages active components. We extend this
approach in two important ways, first by the addition of a dual
objective that considers the active and inactive states of our com-
ponents. A second important contribution is a formulation that
enables optimization for multiple motions.

Intelligent Garment Augmentation. The intelligent design of gar-
ments is an emerging discipline with important applications for the
general population. Computational design approaches to garment
design have recently started to consider motion as a fundamen-
tal design quantity in so-called 4D garments [23] that minimize
friction and pressure via integrated knitting maps. In addition to
minimizing friction during motion, Montes et al. also optimize for
pressure distributions and body fit by employing a physically based
model of skin-tight garments on the body [27]. Vechev et al. aug-
ment existing skin-tight clothing with passive reinforced materials
to resist a single given motion, employing a more flexible model
of the garment that allows cloth to slide and lift-off from the body
[41]. Optimization of component placement has also been used
in soft-robotic garments, in combining elastic cords, clutches, and
dampers to reduce the force and power required by a person to
generate lower body motion [29]. Evolutionary optimization tech-
niques were employed by Gholami et al. for designing garments
with optimally placed fabric sensors [14]. Muthukumarana et al.
integrated combinations of active shape-memory based compo-
nents into garments allowing for actuation on clothing [28]. In our
work, we augment garments with active components that generate
kinesthetic feedback and design supporting optimization objectives
to create efficient structures connecting them.
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Figure 2: Pipeline overview, from left to right (a) Input: Designers specify N motions with a single rest pose, and a garment
(shirt). The simulated behaviour of the garment is shown, with light blue indicating high strain. Clutches are then placed on
the garment over high strain areas. (b) Automatic Design: We simulate the garment under each motion with all clutches ON
(top), or OFF (bottom), noting that the energy di�erence between these states increases until the target coverage is reached.
Designs can be sampled at any point in the evolutionary progress. (c) Fabricate: We assemble the ES clutches made of �exible
strips sliding in a stretchable textile guide and fabricate the connecting structures attaching everything together to make the
�nal active kinesthetic garment (right).

3 COMPUTATIONAL DESIGN PIPELINE
Our method supports designers in the task of creatingactivekines-
thetic garments that can resist any motion from a prede�ned set of
movements. The design goals of our pipeline are to enable kines-
thetic garments that maximize the feedback felt by users when
ES Clutches are active, while minimizing interference with their
motion when inactive. Our pipeline consists of three main phases:
1) input � where designers specify motions, garment designs, and
clutch placements; 2) automatic design � where our method au-
tomatically links clutches with sti� material to satisfy the above
design goals; and 3) a fabrication phase. The full computational
pipeline is illustrated in Fig 2.

3.1 Input
Our pipeline requires three components as input: a set of body
motion, a base garment, and a prede�ned number of ES clutches.

Motions.are speci�ed using the STAR/SMPL parametric human
body model [24, 30] which produces a surface meshEwith N =
6890 vertices2 R3= based on a72pose\ parameters. To create
target poses, we sample from the AMASS dataset [25] and make
individual adjustments to the\ as needed. We de�ne a motion as
a single rest pose�v and an accompanying deformed posev. A set
of motions is de�ned withv = ¹v1• ” ” ” •v8º deformed poses, and a
common rest pose�v.

Garments and Connecting Structures.are modeled as 2D mesh
surfaces embedded on the body, initialized with the same rest and
deformed nodal positions as the underlying body mesh. A garment
in its rest state is de�ned through nodal positions�x = ¹ �x1• ” ” ” •�x=º 2
R3 andx = ¹x1• ” ” ” •x=º 2 R3= when deformed. The connecting
structure of the garment is modeled using a bi-material distribution
where each triangle element4 of the garment mesh is assigned a
speci�c material property. This property is set through the design
variable34 2 »0•1¼for each element4, where0 and1 correspond
to clothandreinforced clothrespectively.

Active Components.In our formulation, ES clutches are modeled
as rectangular surface meshes that are attached to the garment
at a prede�ned set of vertices. A key requirement for optimal ES
clutch operation is that they are initialized in ataut state, that is,
all slack must be removed from the system before forces are felt at
the endpoints. We create a low-dimensional parametrization of ES
clutches that is de�ned by the following variables: astarting point, a
surface direction, and alength and width. From this, we procedurally
generate a spline, and extrude a mesh (see Appendix A) with rest
verticesq = ¹q1• ” ” ” •q< º 2 R3= and �q = ¹�q1• ” ” ” •�q< º 2 R3= when
deformed. The endpoints@2 of the clutch mesh (three at each end)
are connected to the garment mesh using simple quadratic penalty
functions, which allows for �rm attachment.

3.2 Automatic Design
Finding a passive mechanical structure that optimally connects
electrostatic clutches placed by the user is a key challenge in the
design of active kinesthetic garments. Recent work by Vechev et
al. [41] demonstrated a method for on-body topology optimization
using a single compliance-minimization objective (summarized in
Appendix C). Such an objective cannot be applied in our setting,
as it has no notion of component states, and the single objective
does not su�ciently capture the high-level goal of minimizing mo-
tion interference when components are inactive. Therefore, we
propose to extend this formulation from passive reinforcements to
our setting of active kinesthetic garments by(1)distinguishing be-
tween active and inactive clutch states by extending the simulation
model with stateful components,(2)reconciling the di�erent design
goals for active and inactive states through a new state-dependant
dual-objective, and(3)accounting for multiple motions.

Active Component Model and Simulation.ES Clutch sti�ness
varies according to their state, thus, we model their behaviour
using a bi-modal material. We implement this as a neo-Hookean
material that resists compression and changes modes depending
on the activation vectorW= »W0•W1• ”””•W=¼• W= 2 »0•1¼. EachW8
determines the state of clutch8, with 0 and 1 corresponding to
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inactive and active states, respectively. The Young's modulus of
the clutch material is then set to. 8

clutch = W8. sti‚ ¸ ¹ 1 � W8º. cloth.
The elastic energy stored in the clutches during deformation is
de�ned as� clutches¹@•Wº. We de�ne penalty terms� body¹E•qº pre-
venting clutches from entering the body, and an additional term
� a‹ach = 1

2: ¹@2 � GG
2 º) ¹@2 � GG

2 º that attaches the six endpoint
vertices to their respective locationsG2 on the garment. Through-
out all examples, we set constant values for Young's Modulus to
. cloth = 0”5MPa, . reinforced_cloth = 0”5GPa, and. sti‚ = 3”0GPa. We
use a Poisson's ratio of 0.33 for all materials.

We combine our active component model, with the garment-on-
body model described in [41]. The terms� garment¹x•3º, � body¹E•xº,
and � a‹ach are summarized in Appendix B. With the model and
energies de�ned above, we perform a quasi-static simulation by
solving an unconstrained optimization problem,

x� •q� = arg min
x•q

� garment¹x•3º ¸ � body¹E•xº ¸ � a‹ach ¹xº ¸

� clutches¹q•Wº ¸ � body¹E•qº ¸ � a‹ach¹qº •
(1)

using the GPU-based L-BFGS [22] optimizer provided by PyTorch
[32]. We take advantage of GPU parallelism by simulating all states
(poses) simultaneously. We consider simulations converged once
the gradient norm of (1) reaches 1e-7.

State-Dependant Dual-Objective.A central goal for the structural
optimization step is to �nd a material layout such that the garment
resists the speci�ed motions as strongly as possible when clutches
are active, while showing minimal resistance otherwise. Assuming
all-elastic materials, we translate this goal into the requirement
that the stored energy of the garment should be maximized when
clutches are active, and minimized when they are inactive. Our key
insight is to introduce anenergy di�erential objectivethat combines
these opposing goals as

d� = arg max
d

� garment¹G�
$# ¹d•q•Wº•dº

� � garment¹G�
$� � ¹d•q•Wº•dº

s.t.
Õ

4
� 434 = � � • f ¹G�

$# º = 0• f ¹G�
$� � º = 0

• (2)

where q holds the variables of all clutches, andG�
$# , G�

$� � are
distinct equilibrium states corresponding to all clutches being active
(W8 = 188) and inactive (W8 = 088), respectively.

To solve this optimization problem with the BESO algorithm, we
must compute the per-element sensitivities, i.e., the partial deriva-
tives of the objective function with respect to per-element material
assignment variables34. Following (2), we simply have to sum the
sensitivity values for the active and inactive states to obtain a sin-
gle value that is used in the BESO ranking procedure. Everything
else follows the procedure described in [41] and is summarized in
Appendix C.

Multiple Motions.Whereas the method described in [41] com-
putes static reinforcements for a single target motion, we ultimately
want to move towardsprogrammable garmentsthat can resist many
motions by use of their active components. To this end, we extend
(2) to the multi-motion setting by summing contributions for all

poses as

d� = arg max
d

Õ

:

^� :
garment¹G

�
:•$# ¹d•q•Wº•dº

�
Õ

:

^� :
garment¹G

�
:•$� � ¹d•q•Wº•dº

s.t.
Õ

4
� 434 = � � • f ¹G�

:•$# º = 0• f ¹G�
:•$� � º = 0 8: •

(3)

where : runs over all input poses. A problem with this simple
approach is that the optimization may receive larger rewards for
increasing an already good performance for a given pose instead
of improving the worst-performing case. We address this problem
by normalizing the strain energy density for each pose in a pre-
processing step

^� :
garment =

Õ

4
C4� 4 ^, :•4

garment¹G
� •34º• ^, :•4 =

, :•4

max4¹, :•4 º
” (4)

In this way, each pose is given the same importance, irrespective
of its initial strain energy, thus encouraging material layouts that
more evenly distribute the garment's performance across all input
motions.

3.3 Hardware Details and Fabrication
In the last step of the pipeline, designs are fabricated.

ES Clutches.provide resistance to elongation when active [1],
while remaining stretchable with low resistance when inactive.
They are thin, light and �exible which make them highly compliant
and consume very low power when engaged (e.g. one 14cm by 1cm
clutch consumes 12 mW at 350V). The ES clutches from [1] were
modi�ed for better integration by making them sti�er to reduce
bending, packaging them in elastic guides to keep them fully self-
retractable and safer for on-body use. Each ES clutch is composed
of 3 parts: an electrode strip, an insulating strip, and a stretchable
textile guide. Strips are made of 125` m metalized polyester �lms
from McMaster-Carr. Films are laser cut into long 1cm wide strips
of various lengths. Additionally, insulating strips are covered with
a 25̀ m thick layer of poly (vinylidene �uoride-tri�uoroethylene-
chlorotri�uoroethylene) from Piezotech-Arkema [1].

Garments and Attachments.All designs are exported as meshes
and manually processed in Blender. We simplify geometry, and
unroll the designs onto �at surfaces using the Paper model plugin
(without changing area). As our connecting material, we attached
a layer of polyurethane (Siser EasyWeed Stretch) onto 100% cotton
fabric. This material combination enables much higher forces than
in [41]. As base garments we used stretchable GripGrab UV sleeves
and Nike Dri-Fit Pro Compression shirts. The di�erent parts of
the connecting structure were cut with a Trotec 300 laser cutter
and glued onto base garments following marks taken on an exper-
imenter wearing the garment. Next, pressure buttons are riveted
at locations where ES clutches connect. Finally, ES clutches are
�xed onto the garments using pressure buttons and connected with
thin wires to a custom voltage power supply powered by a USB
power bank and controlled by Bluetooth (see Fig. 2b). The overall
modular system can accommodate di�erent sizes of clutches and
slight variations in body sizes.
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4 EVALUATION
We conduct a multi-faceted evaluation of our method showing
results for di�erent types of motions and garments in simulation, a
mechanical force study, and a VR pointing task.

4.1 Automatic Designs
We show a range of designs produced by our method for a variety of
motions and garment types. For all experiments, we use a common
rest pose with the body in an A-pose, and sample from a set of
motions that includeArms Forward, Arms Raise, Arm Flexion, Arm
Extension, Bend Forwards(see Fig.3). Three garments are designed
using our tool to cover a variety of body sites: a short-sleeve shirt,
an arm-sleeve, and a long-sleeve shirt. All clutches are placed man-
ually on the garments, typically over high strain energy areas of
the garments (see Fig. 2a). We set the following standard BESO
parameters for all experiments: evolutionary rate�' = 1”5%, maxi-
mum material added per iteration�' = 1”5%, material interpolation
? = 1”6. Similarly, we set the material budget to� � = 15%for all
examples except for arm �exion and extension, where we use� � =
20%. As our primary metric, we use therelative energy density

d¹W•dº =
� garment¹G� ¹W•dº•dº � � dense

� garment¹G� ¹W•1º•1º � � opt
• (5)

i.e., the ratio between energy density for the optimized and fully
dense designs. As the optimization progresses, we expect to see
a widening gap in this metric between active and inactive clutch
states (see Fig. 6 for a visualization).

Single-Motion Designs.We begin by showing results for the sin-
gle motion cases of our method. We target Arm Flexion with a
single (8cm) clutch on the elbow, and Arm Extension also with
a single (8cm) clutch on the inside of the forearm. We show two
separate results in Fig. 3 a, and b. Relative to the fully dense design,
we see that energy densityincreasesto 1.14 for �exion, and 1.74
for extension when clutches are active. When clutches are inactive,
relative energy densitydecreasesto 0.34 and 0.54, respectively.

Next, we target single motions on the upper body using three
clutches of 15cm length. Fig. 3 shows results for Arms Forward,
Arms Raise, and Bend Forwards, with increases in relative energy
density of 2.13, 1.51, and 2.47 respectively. For deactivated clutches,
we observe that relative energy density decreases to 0.48, 0.66, and
0.73 for each design.

Figure 3: Single-Motion designs for (a) Arm Flexion, (b) Arm
Extension, (c) Arms Forwards, (d) Arms Raise, and (e) Bend
Forwards. Color coding indicates energy density.

Multi-Motion Designs.The ability to resist multiple motions with
a single design is an important step towards programmable active
kinesthetic garments. We used our method to create three such
designs, starting with an arm sleeve design (Fig. 4) that combines
Flexion and Extension. It uses the same 20% material budget as in the
single motion designs, but now this material must be distributed to
balance performance for two distinct motions. The optimized design
achieves relative energy densities of 0.88 and 1.27 for Flexion and
Extension, respectively, which is 77% and 73% of the corresponding
single-motion designs. For perspective, when evaluating the single-
motion designs for Flexion/Extension on the Extension/Flexion
motion, the relative e�ciency is only 2%/5%. These results are not
unexpected as Flexion and Extension are orthogonal motions such
that designs optimized for only one of them are ine�ective for the
other one.

Figure 4: Multi-motion design for simultaneously optimized
for (a) Arm Flexion and (b) Arm Extension. This design ef-
fectively integrates the single motion designs of Fig. 3 into
an intertwined structure (c).

Our second design is a shirt that combines three upper body
motions as shown in Fig. 5. Many of the features observed in the
single-motion versions can be seen here, with clutches linking dis-
connected reinforcements. It is worth noting that each of these
motions leads to a distinct load path (light green/yellow) running
through at least one of the clutches. We also compare the perfor-
mance of the multi-motion design to the single-motion versions. As
can be seen in Table. 1, the multi-motion design is within 83%, 72%,
and 65% as e�cient as the single-motion designs, and yet using
the same material budget. The performance of the single-motion
designs on motions for which they were not optimized is, again,
signi�cantly lower.

Additionally, for each motion we show the progress plots of
the evolutionary optimization in Fig. 6. As our automatic design
method removes material, we see a clear separation in relative
energy density for active and inactive states for all three motions.
In the inactivemode, the relative energy densities of the garment for
each motion aredecreasedby 0.62, 0.72, and 0.5, showing that our
method is able to consistently achieve its minimization objective.

Our �nal example investigates the scalability of our method to
more complex scenarios involving �ve clutches and �ve motions.
The performance of this design exhibits relative energy density
increases of 1.41, 0.85, 1.62, 0.64, and 1.16 for the motions Arms
Forwards, Arms Raise, Bend Forwards, Arm Flexion, and Arm Ex-
tension, respectively. These numbers are comparable to the results
obtained for our other multi-motion garments, especially as the
allotted per-motion coverage has decreased overall. In general, the
more motions a given design supports with thesamematerial cover-
age target (i.e. 15%), the material available per motion will decrease
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Figure 5: Active kinesthetic shirt designed for the three mo-
tions: (a) Arms Forwards, (b) Arms Raise, and (c) Bend For-
wards. Strain energy density is shown in color-coding with
increasing intensity from dark blue to red.

Figure 6: Progress of the evolutionary optimization algo-
rithm for the Shirt Design for (a) Arms Forwards, (b) Arms
Raise, and (c) Bend Forwards.

Evaluated On
Optimized For

Forwards Raise Bend All

Arms Forwards 2.13 0.46 0.34 1.77
Arms Raise 0.62 1.51 0.14 1.08
Bend Forwards 0.35 0.81 2.47 1.60

Table 1: Comparison of garments optimized for a single mo-
tion against a garment optimized for all three motions. A
higher number corresponds to an increase in relative energy
density when clutches are active.

and thus be less energy-dense in the ON state. In this case, the ma-
terial coverage target can be increased, or the designer can sample
from an earlier progression step with higher coverage.

Figure 7: Active kinesthetic long-sleeve shirt with �ve
clutches designed for �ve motions as indicated.

4.2 Comparison to Manual Designs
We conducted a pilot study to provide a manual baseline for our
automatically generated designs. A central question in this context
is whether users converge towards particular designs and if those
designs exhibit features found in automatically generated ones. We
recruited six participants (5M, 1F), two of whom were experts in
structural optimization techniques (P2, P3). Using our interactive
tool, we asked users to 'draw' sti� material on garment meshes,
connecting a set of already placed clutches. Participants were asked
to distribute material in such a way as to maximally resist the set
of speci�ed motions when clutches are activated. Each participant
created two designs, a 2-clutch, 2-motion arm sleeve, covering no
more than 20% of the available area, and a 3-clutch 3-motion shirt
with a coverage budget of 15%. Each of these designs corresponds
to an automatically generated designs shown in the previous sec-
tion. The secondary goal of minimizing energy when the clutch is
inactive was not assigned.

Figure 8: Manually-designed garments for 2-motion arm
sleeve (top), and 3-motion shirt (bottom) for participants
P1 (left) to P6 (right) with clutches shown in green. Note the
large variance among the designs, particularly in the shirt
case. The sleeve from P1 and the shirt from P2 were chosen
for fabrication. * Denotes expert designed garments.

The manually-created results shown in Fig. 8 exhibit large va-
riety in their designs. While most examples can be expected to
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