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Figure 1: A) HYFAR for haptic clothing interfaces. B) Uniaxial tensile test of HYFAR, its constitutivematerials, and finite element
(FE) simulation. C) Experimental data and simulation of the inflation of a circular actuator. D) Mapping of material parameter
matrices to the FE mesh for an actuator embroidered with a cross-pattern (c.p.), and simulation results. E) Simulation of HYFAR
with various embroidered patterns inflated at 40 kPa. F) Blocked force versus bending angle for stadium-shaped HYFARs
integrated in a unidirectional joint. Upper-body functional garments integrated with HYFAR G) (Design B) for kinesthetic
haptic feedback, and with H) circular actuator (r=4.5 cm; c.p. and four LEDs) for showcasing shape shifting behavior.
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1 INTRODUCTION
Haptic feedback is important in augmented and virtual reality
(AR/VR) because it closes the loop of touch sensation and provides
physical realism to what is being rendered in the virtual world [3].
In this context, clothing is an appealing substrate for haptic inter-
faces because it is in direct contact with the user’s skin and provides
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a large space for delivering haptic feedback. Most haptic garments
are based on rigid devices (e.g. electromagnetic vibrotactors) which
tamper the softness of clothing and increase encumbrance for the
user. Fluidic elastomeric actuators are interesting because they are
soft, can be molded in a variety of shapes, and manufactured at
scale [4]. We introduce a HYperelastic FAbric-Reinforced (HYFAR)
soft actuator that is pneumatically powered and suitable for haptic
clothing. It can render high forces, hyperinflate, be manufactured
from textiles, and thanks to the local programming of the active
membrane, render low encumbrance to the user and inflate into
diverse shapes. We present the manufacturing process to program
the local material properties of the membrane to achieve custom
inflation by reinforcing a fabric-elastomer composite using embroi-
dery. Furthermore, we present the modeling method that simulates
the behavior of inflated, multi-material, hyperelastic membranes. Fi-
nally, we develop functional garments with HYFAR to demonstrate
shape shifting behaviors and render kinesthetic haptic feedback at
the shoulder abduction-adduction joint of the user.

2 SYSTEM DESIGN AND FABRICATION
The HYFAR actuator has two components: 1) an active membrane,
which inflates against the user’s body and 2) a passive inextensible
membrane that serves as a backing for 1. These components create
an airtight bladder that can be integrated on a piece of clothing
(Fig. 1A). The active membrane (∼ 635 um) is a composite made of
a hyperelastic material (i.e., an elastomer) and a stretchable fabric,
which can be embroidered with an inextensible thread to allow for
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custom shape and force profiles. We manufactured HYFAR with
a combination of embroidery, stencil printing, and heat pressing
(Fig. 2A). Digital embroidery is interesting because of its rich de-
sign space that includes patterns such as single, filling, linear and
zigzag stitches, etc. We developed HYFAR actuators (r = 1.5 cm)
with various embroidered patterns including strain-limiting regions
for custom inflation. We achieved diverse inflatable shapes includ-
ing non-symmetrical and directional inflation (2B1), and semi-flat
structures even when pressurized (Fig. 2B2, inner circular region).

Figure 2: A) Fabrication process for HYFAR actuators. B)
Example of HYFAR actuators inflated from 0 - 30 kPA.

3 MODELING AND SIMULATION
Inflation of HYFAR membrane can be expressed as a minimization
problem over a domain Ω ⊂ 𝑅3 as described in the Finite Element
(FE) theory [1]. This problem can be summarized as finding the
displacement field u: Ω → 𝑅3 that minimizes the total Helmholtz
free energy Π in the admissible function space 𝐻 that satisfies
boundary conditions (𝑏.𝑐.; Fig. 1D):

𝑚𝑖𝑛𝑢∈𝐻Π,Π =

∫
Ω
𝜓 (𝑢)𝑑𝑥 − 𝑃𝑉 (1)

where 𝜓 () is the Helmholtz free energy density function, 𝑢 is
the displacement field, 𝑉 is the volume enclosed by deformed and
undeformed configuration, and 𝑃 is the uniform force per unit
deformed area applied by pressurized air on the inner surface of the
membrane. The stress-strain relationship of a hyperelastic material
derives from its strain energy density function𝜓 . We explore three
models of hyperelastic materials: Neohookean, Mooney-Rivlin, and
Arruda-Boyce, and implemented our simulation using a partial
differential equation solver (FEniCS [2]). In our implementation,
we seek a solution for the variational equation:

𝐿(𝑢;ℎ) = 𝑑Π(𝑢 + 𝜖ℎ)
𝑑𝜖

|𝜖=0,∀ℎ ∈ 𝐻 (2)

and used lower-upper decomposition (LU) to solve the variational
problem at each step for increasing pressures (𝑝𝑖−1 + Δ𝑝), where
Δ𝑝 is initially defined by the user and adaptively decreased to
ensure convergence. We validated our simulation by comparing
it to experimental data for a tensile test (Fig. 1B) and inflation of
a circular non-embroidered specimen (Fig. 1C; r = 1.5 cm). The
results showed that the Arruda-Boyce material model can best fit
the experimental data with a mean absolute error (MAE) of 0.17
kPa and root mean squared error (RMSE) of 0.22 kPa for tensile test

over the ranges of 0 - 700% strain; and MAE = 0.13 cm/cm, RMSE =
0.15 cm/cm for an inflation pressure range of 0 - 40 kPa.

To represent a multi-material membrane, we map the elements
of Ω to cells of material matrices with values corresponding to
the parameters of the material locally. We consider an example
circular actuator (r = 1.5 cm) with an embroidered cross pattern and
an inflation pressure ranging from 0-40 kPa (Fig. 1D). Parameter
matrices (e.g. 𝐶1, 𝑁 for Arruda-Boyce) consist of two materials:
hyperelastic and inextensible part of the HYFAR membrane, which
were fitted from tensile test data. A Gaussian filter was applied to
the parameter matrices to smooth the transition between materials.
Using the aforementionedmethod, we simulated a set of membranes
with various embroidered patterns (Fig. 1E).

4 HYFAR HAPTIC CLOTHING INTERFACES
We designed two upper body functional garments demonstrating
kinesthetic haptic feedback (Prototype 1, P1; Fig. 1G) and shape
shifting capabilities (Prototype 2, P2; Fig. 1H). For P1, we fab-
ricated two versions of a stadium-shaped (a=20 cm, r=4.75 cm)
HYFAR actuator without embroidered patterns (Design A) and
with a serpentine-like pattern (Design B). Both designs were tested
for blocked force and bending angle in a unidirectional joint (hu-
man shoulder abduction-adduction joint) at inflation pressures (0
<p<8.27 kPa). The results (Fig. 1F) show that both designs are capa-
ble of exerting increasing blocking forcewith incremental pressures;
Design A can exert forces from 0-45 N, and Design B from 0-92 N
at the aforementioned pressure range. Design B was integrated in
a haptic shirt (Fig. 1G) and tested in a human subject with pres-
sures from 0-8.2 kPa. At maximum pressure, the actuator caused a
bending angle of 50 deg. and an estimated blocking force of ∼38 N
(Fig. 1F) on the shoulder joint. P2 showcases shape shifting capa-
bilities and local inextensible areas that can be used to incorporate
rigid components (e.g., electronics). This actuator includes an em-
broidered cross pattern and four LEDs located on the embroidered
islands with conductive thread stitched in a serpentine-like pattern
serving as electrical connection to an external power supply.

5 DISCUSSION
We presented a new class of soft actuators for haptic clothing in-
terfaces. Our actuator is textile based, lightweight (∼ 0.13 g/𝑐𝑚2),
can exert large forces (up to ∼ 92 N in kinesthetic configuration),
and can be easily integrated in garments using standard manu-
facturing methods. In addition, we developed a model to simulate
the actuators based on FE method that can be expanded to other
inflatables consisting of dissimilar materials and used to explore dif-
ferent geometries and actuation modalities. In the future, functional
garments based on HYFAR can allow for realistic whole-body inter-
actions in virtual reality that increase the believability and realism
of simulated medical procedures, gaming, and training in AR/VR.
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