
  

  Abstract—Our sense of touch offers a useful mode of 

communication through haptics that can augment the often-

crowded visual and auditory pathways, but haptic devices have 

yet to be fully integrated into garments and other soft wearables 

in a way that maintains the compliance and comfort of everyday 

clothing, resulting in a barrier to widespread adoption. We 

introduce a haptic device—a squeeze band—made entirely from 

textiles. This textile-based device is actuated by pressurized air, 

and its force-pressure response can be tailored in a controllable 

manner by altering the geometry of internal inflatable regions 

within the device during a rapid and inexpensive process of 

fabrication. We describe this fabrication and characterize six 

different squeeze bands that exemplify the highly tunable nature 

of our textile-based approach to wearable haptic devices. 

 

I. INTRODUCTION 

Efficient and effective communication in our increasingly 
attention-demanding environments requires communicative 
pathways that can interface well with each other and within 
our everyday lives. Humans often rely on visual and auditory 
signals in their day-to-day activities, and information can be 
lost in the “noise” of those encumbered pathways of 
communication. Haptic cues, delivered through kinesthetic 
and tactile signals, serve as a proven method for adding to—
but not further cluttering—the typical ways in which humans 
communicate, not only with each other but also with 
computers, machines, and robots [1]. Moreover, people with 
clinically impeded pathways of communication can oftentimes 
benefit from alternative modes of communication that align 
with their particular needs [2]. Haptic devices are thus well 
suited to supplement our often overloaded or impaired visual 
and auditory pathways, especially in augmented and virtual 
realities [3], navigation of relatively complex environments 
[4], and human-robot interaction (HRI) [5], [6].  

A recent focus of research entails the wearable aspect of 
haptic devices [7], [8]. These devices generate tactile cues to 
stimulate mechanoreceptors in the skin that respond to 
pressure and touch [1]. Lately, research has centered on the use 
of rigid electromechanical devices anchored by a soft or 
compliant material to ground the forces from the device to the 
user’s body. Rigid haptic devices have been integrated into 
items that emulate often-worn adornments, including 
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wristbands (e.g., bracelets) [5], [9], [10], armbands (and 
sleeves), gloves [11], and jackets or vests [12], [13]. 

Going a step further, a burgeoning research direction for 
wearable haptics involves the development or employment of 
fully soft haptic devices. Recent advances leverage silicone or 
similar elastomers, as seen in elastomeric reed-based 
vibrotactors [14], microfluidic elastomeric Braille displays 
based on combustion sparked by liquid metal electrodes [15], 
and arrays of dielectric elastomeric actuators (DEAs) [16], 
[17]. Squeeze and stretch cues have been demonstrated in 
“fluidic fabric muscle sheets” that employ elastic tubing 
integrated into a textile sheet [18], [19]. Other fluidic 
approaches with soft materials typically include inextensible 
yet compliant two-dimensional (2D) materials, such as sheets 
of polymers [20]–[22].  

In this work, we introduce an approach for wearable haptic 
devices made entirely from heat-sealable textiles (HSTs). The 
squeeze band shown in this work is composed of two sheets 
of HST and an intermediate patterned non-stick sheet. The 
HST sheets are hermetically heat sealed together, and the 
patterned non-stick sheet between the HST sheets creates 
localized, predefined unbonded regions. These internal 
unbonded regions then act as (i) channels through which fluid 
can be routed or (ii) pouches that inflate upon pressurization. 
Due to the inextensibility of the HSTs, inflation of the pouches 
causes contraction tangential to the surface of the device, in an 
architecture known as a pouch motor [23], [24]. We extend the 
use of a pouch motor by adapting it to leverage the concept of 
Laplace pressure [25] to deliver the squeeze cue, which sets 
this work apart from a prior demonstration in which a textile-
based device applied localized compression [26]. When the 
device is wrapped securely around a user’s wrist (or any 
appendage), this tangential (i.e., circumferential) contraction 
induces an evenly distributed Laplace pressure felt by the user 
as a radial squeeze (Fig. 1), in this manner differing from 
blood pressure cuffs and other similar devices that rely on the 
expansion of a bladder [22], [27]–[30] rather than the 
contraction of a band or sleeve shown herein.  

A Textile-Based Approach to Wearable Haptic Devices 

Barclay Jumet, Student Member, IEEE, Zane A. Zook, Student Member, IEEE, Doris Xu, Nathaniel 

Fino, Anoop Rajappan, Mark W. Schara, Jeffrey Berning, Nicolas Escobar,  

Marcia K. O’Malley, Fellow, IEEE, Daniel J. Preston, Member, IEEE 

Figure 1. Operational principle of the textile haptic squeeze band: a 

pressure supply inflates pouches within the band, causing it to contract 

circumferentially and delivering a squeeze cue to the wearer. 
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This textile-based squeeze band is constructed from low-
cost and compliant fabrics that enable facile 2D fabrication 
(e.g., laser cutting or vinyl cutting followed by heat pressing 
or ironing, with the potential for roll-to-roll manufacturing at 
scale) [31]. The use of air as a function medium [32] ensures a 
lightweight and washable device that can be used in a variety 
of environments and applications.  

II. OVERVIEW AND FABRICATION OF HST-BASED DEVICES 

Textiles are the quintessential material for wearables due 

to their ubiquitous use in clothing [33]. Beyond clothing, 

textiles are common in automobiles, furniture, backpacks and 

bags, beds, blankets, toys, and a host of other everyday items. 

HSTs in particular are already used in mass manufacturing 

methods, are commercially available and inexpensive, and 

offer the capability for “do-it-yourself” (DIY) solutions and 

at-home fabrication. The approach outlined in this paper 

benefits from (i) simple fabrication (Fig. 2) compared to the 

current state of the art, (ii) highly tunable force output 

characteristics, and (iii) characteristics of force (from 1.7 N in 

our weakest squeeze band at 50 kPa to 67 N in our strongest 

squeeze band at 100 kPa) and latency (~150 ms rise time of 

applied force) that are comparable to other compliant wearable 

haptic devices (we note that prior work indicates squeeze 

forces of less than 10 N have been sufficient for haptic 

communication [34]). These merits are compounded by the 

advantages of the lightweight, conforming, and comfortable 

properties that textile-based devices in general inherently 

provide over their rigid counterparts, amounting to a haptically 

capable device that is able to be integrated into our clothing 

and other aspects of everyday life. 

A. Materials 

We used a nylon taffeta textile (FHST, Seattle Fabrics) 
with a thermoplastic polyurethane (TPU) backing for all HST 
layers, although any HSTs (i.e., any composite textile-
thermoplastic sheets) could be employed using the principles 
described in this work. The non-stick layers are made from an 
adhesive-backed paper (DL8511FS, Packzon). The adhesive 
backing allowed for single-step cutting of all features during 
fabrication. Pneumatic pressure was supplied through a Luer 
lock dispensing tip (JG13-0.5HPX, Jensen Global), although 
a variety of fully soft attachment mechanisms are available 
[31]. The Luer lock dispensing tip is permanently sealed to the 
device with epoxy (Plastic Bonder 50139, JB Weld). Lastly, 
adhesive-backed hook and loop fastener (94985K35, 
McMaster-Carr) facilitates easy donning and doffing of the 
squeeze band. 

B. Fabrication 

The squeeze band can be manufactured through a variety 
of 2D manufacturing processes; we employed a vinyl cutter 
(Maker 3, Cricut) and heat press (DK20SP, Digital Knight) for 
fabrication (Fig. 2a). The internal geometries of the pouches 
and pathways for airflow in the non-stick layer (i.e., the 
adhesive-backed paper) are cut with a shallow first pass then 
followed with a second pass using a deeper cut to define the 
squeeze band and alignment tabs. The remaining weeded 
layers are aligned and thermally bonded at 200° C and 345 kPa 

Figure 2. Overview of fabrication and design. (a) Fabrication steps include cutting the heat-sealable textile and non-stick adhesive-backed paper, aligning 

the mirrored halves, heat pressing, and assembling additional components. (b) Dimensions are shown for pertinent parameters of the squeeze band. 
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for 30 seconds. Immediately after removal of the pressed 
layers, we found that it is best to “cold press” the device in a 
separate pressing machine until the squeeze band fully cools. 
This process ensures a strong bond between layers of HST and 
prevents any wrinkles due to uneven contraction during non-
isothermal ambient cooling. Features for alignment are 
trimmed from the squeeze band, and the Luer lock dispensing 
tip and adhesive-backed hook and loop material are attached. 

C. Design 

The pouch motor, the basis of our squeeze band, is a well-
established mechanism of actuation akin to McKibben 
actuators [35], [36] and other pneumatic artificial muscles 
(PAMs) [37], [38]. Defined by the designed internal geometry 
of the pouches, the squeeze cue (i.e., the induced Laplace 
pressure from the tangential contraction of serial pouches) is 
tunable to meet a variety of needs and applications. Discussed 
more thoroughly in Section III, we varied the internal 
geometry (e.g., dimensions and aspect ratios) of the pouches 
and the total number of the pouches, n, to achieve a spectrum 
of force profiles. The area of each pouch is determined from 
the pouch width, w, and the pouch length, l0 (Fig. 2b). Varying 
l0, w, and n (and therefore the total active area, l0×w×n) allows 
for a tunable force response for a given pressure.  

The overall device was designed to be approximately the 
size of a watchband for use on a wrist. The total length, L, is 
330 mm; the total width is 50 mm; the distance spanned by all 
pouches (i.e., the total length of the non-stick layer) was 
constrained to 250 mm. Accordingly, the dimensions for the 
internal geometries varied within the millimeter-scale 
according to dimensional upper limits imposed by a wrist-
wearable device and lower limits stemming from the 
techniques of fabrication. 

III. CHARACTERIZATION AND DEMONSTRATION OF A 

SQUEEZE CUE 

A. Experimental Setup 

The experimental setup used to characterize our haptic 
squeeze bands is shown schematically in Fig. 3a. A supply of 
high pressure from the laboratory’s compressed air line was 
fed into an electronically controlled pressure regulator 
(8083T1, McMaster-Carr) that was able to regulate the air 
pressure from 50 kPa to 100 kPa at 10 kPa intervals with an 
uncertainty of approximately 1 kPa. An accumulator (NY-16, 
NYAIR) with a volume of 1.89 L was placed downstream of 
the pressure regulator to act as a pneumatic capacitor. The 
addition of this tank helped to reduce fluctuations in pressure 
from downstream activity when inflating the squeeze band. A 
3-way, 2-position solenoid valve (VT307, SMC Pneumatics) 
was electronically controlled to open and close the pneumatic 
supply to the band. Lastly, just upstream of the squeeze band, 
a pressure sensor (ADP5151, Panasonic) recorded the actual 
pressure of the band as it inflated (Fig. 3b). 

The force generated by the squeeze band was measured 
endogenously by an ATI Nano25 load cell in an instrumented 
wrist-shaped test rig. The wrist rig consists of additively 
manufactured parts (VisiJet-M2R-CL, 3D Systems), acting as 
a rigid skeletal structure, surrounded by an Eco-Flex silicone 

molding (00-30, Smooth-On) that emulates the stiffness of 
skin.  

Before all trials, each band was wrapped around the wrist 
rig to a preloaded value of 0.5 N. The load cell was zeroed 
before proceeding with pressurizing the squeeze band and 
recording experimental data. All force data were filtered 
through a second-order low-pass Butterworth filter with a 
critical frequency of 10 Hz and a sampling frequency of      
1000 Hz.  

B. Static Response 

We fabricated six haptic squeeze bands, each with different 
a combination of pouch lengths (10mm, 15mm, 20mm, or 
30mm), pouch widths (20mm or 30mm), and number of 
pouches (6 or 12 pouches). The dimensions of each design are 
shown in Fig. 4a. An analysis of the steady-state response of 
the squeeze bands was conducted by attaching each band to the 
instrumented wrist rig and inflating to a desired pressure. The 
pressure input for each band ranged from 50 kPa to 100 kPa in 
10 kPa intervals; each squeeze band was tested five times at 
each of these given pressures, and the results of the five trails 
were averaged for further analysis.  

Characteristic trials of the force from each squeeze band at 
100 kPa are shown in Fig. 4b. The force is primarily dependent 
on the pouch geometries (l0, w) but also depends to a lesser 
degree on the number of pouches in each squeeze band. A step 
input of pressure corresponds to a near-step response in force. 
The rise time, defined as the time required for the force to 
increase from 10% to 90% of its steady state value, decreases 
as the pressure increases. The rise time varies from 
approximately 0.1 seconds to 1 second at 100 kPa of applied 
pressure depending on the squeeze band’s internal geometry.  

The squeeze bands demonstrate a wide range of forces 
across the various pouch parameters. The smallest active area, 
10 mm by 20 mm with 6 pouches, has a steady state force of 

Figure 3. A schematic (a) and photograph (b) depict the experimental setup. 
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approximately 5 N at 100 kPa of pressure. The largest active 
area, 30 mm by 30 mm with 6 pouches, exhibits a squeeze 
force of nearly 70 N at the same applied pressure of 100 kPa. 
Unlike the other designs, the largest band exhibits a significant 
fall time likely explained by a kink forming in the channels 
preventing depressurization when the solenoid is exhausted.  

C. Effects of Geometry on the Force Profile 

The force-pressure relationships are shown in Fig. 5a for 
each squeeze band. Each point in the plotted data represents 
an average of the maximum forces reached over five trials 
performed for each squeeze band. All squeeze bands, 
regardless of geometry, show a markedly linear relationship 
between the force and pressure. This relationship agrees with 
intuition given that force scales with pressure and area, and 
area remains approximately the same (upon reaching steady 
state for a given amount of contraction in a squeeze band), 
suggesting that force would be directly proportional to the 
applied pressure. Evidenced by the linear force-pressure trend 
(R2 > 0.98 for all squeeze bands) and the variation in slopes of 
force versus pressure with a clear dependence on internal 
geometries, our haptic squeeze bands demonstrate a wide 
degree of tunability. Our current designs are capable of 
squeeze forces varying from under 2 N (at 50 kPa) to over 65 
N (at 100 kPa). A squeeze band can thus be designed to suit a 
particular application or user depending on the desired 

squeeze forces and operating pressures by developing a band 
with the desired linear force-pressure relationship.  

The force output from each squeeze cue was measured in 
terms of both tangential and normal forces. Tangential forces 
were calculated from the root sum of squares of the two axes 
in shear. The magnitudes of tangential and normal forces are 
shown in Fig. 5b. These forces are normalized by the 
maximum normal force exhibited by each squeeze band, 
averaged over the 5 trials. The tangential forces remain below 
7.5% of the normal forces across all squeeze band designs and 
applied pressures. The low tangential forces observed in the 
data indicate that the squeeze band is delivering a squeeze cue 
without imbuing an additional sensation of a skin-stretch cue, 
which addresses a limitation of squeeze bands that apply 
squeeze cues from a single point of contraction (in which the 
band material must then translate circumferentially [39]).  

Furthermore, the apparent self-similarity of normal forces 
across all of the band designs shown in Fig. 5b suggests that 
an underlying physical model may be applied to describe and 
optimize performance of our devices in future work. 

To demonstrate that our textile-based approach to haptic 
devices can be seamlessly integrated into everyday wearables, 
we heat sealed a squeeze band directly onto the sleeve of a 
standard jersey knit T-shirt (Fig. 6). The shirt can be donned 

Figure 4. (a) Parameters of the designs of each squeeze band used in this 

work. (b) Force responses from a step input pressure of 100 kPa for each 
squeeze band (solid lines represent normal force; dashed lines represent 

pressure). 

Figure 5. (a) Aggregated force versus pressure response for all types of the 

squeeze band. (b) Normal and tangential forces normalized to the maximum 
normal force of each squeeze band. Error bars represent the standard 

deviation of 5 trials. 
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and doffed just as one would with a normal shirt. The squeeze 
band can then be fitted snugly around the arm with hook and 
loop fastener mounted on an unbonded flap of fabric that 
extends from the sleeve. This integration showcases one 
implementation of a variety of designs in which our textile-
based haptic squeeze band can be deployed. 

IV. CONCLUSION 

Our entirely textile-based squeeze band not only offers 
sufficient forces by leveraging pouch motors that induce 
Laplace pressure to enact a salient squeeze cue but also 
exhibits an improvement over existing soft haptic devices by 
employing a ubiquitous class of materials commonly used in 
clothing. This work paves the way for well-integrated 
wearable haptics to become a part of our everyday lives. 

The force resulting from a step input of pressure exhibits a 
step-response output. The forces generated by our haptic 
squeeze bands are also predominately normal to the wrist (i.e., 
radial) and thus facilitate a clear squeeze cue. Moreover, as 
seen from the set of six designs characterized, there exists a 
wide range of force profiles that are tunable based on both 
predefined internal geometric designs and real-time 
adjustment of pressure. 

Prior work suggests that a range of 0–10 N is sufficient for 
squeeze cues [34]. Our squeeze band provides a maximum of 
67 N with one version of the squeeze band in the pressures we 
tested, but the linear force-pressure response of these devices 
and their broad tunability in terms of range of operating forces 
suggest that careful design of the internal geometry could 
generate a haptic squeeze band that varies linearly from 0–10 
N for a desired range of input pressures.  

The new methodology of design presented here will lead 
to soft, wearable textile-based haptic devices that are highly 
tunable and easily integrated into everyday clothing. 
Interfacing textile-based haptics with soft controllers will be 
important for harnessing the full set of benefits from such 
compliant and comfortable devices. While our device 
currently relies on a simple on-off control scheme, more 
complex actuation is possible through the addition of control 
systems and fluidic valves. Many of these components, 
however, are electromechanical and rigid [40]. Our squeeze 
band could exhibit a more diverse set of actuation patterns 
through the employment or integration of a fluidic 
demultiplexer [41], pneumatic random-access memory 
storage [42], and a host of soft fluidic logic approaches [43]–
[45]. There exists an abundance of future directions for 
integrated control of a fully soft squeeze band; future work 
could explore the intersection of textile-based haptics with 
soft controllers.  
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