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Cutaneous Electrohydraulic (CUTE) Wearable Devices for

Pleasant Broad-Bandwidth Haptic Cues

Natalia Sanchez-Tamayo, Zachary Yoder, Philipp Rothemund, Giulia Ballardini,

Christoph Keplinger,* and Katherine J. Kuchenbecker*

By focusing on vibrations, current wearable haptic devices underutilize the
skin’s perceptual capabilities. Devices that provide richer haptic stimuli,
including contact feedback and/or variable pressure, are typically heavy and
bulky due to the underlying actuator technology and the low sensitivity of
hairy skin, which covers most of the body. This article presents a system
architecture for compact wearable devices that deliver salient and pleasant
broad-bandwidth haptic cues: Cutaneous Electrohydraulic (CUTE) devices
combine a custom materials design for soft haptic electrohydraulic actuators
that feature high stroke, high force, and electrical safety with a comfortable
mounting strategy that places the actuator in a non-contact resting position. A
prototypical wrist-wearable CUTE device produces rich tactile sensations by
making and breaking contact with the skin (2.44 mm actuation stroke),
applying high controllable forces (exceeding 2.3 N), and delivering vibrations
at a wide range of amplitudes and frequencies (0-200 Hz). A perceptual study
with 14 participants achieves 97.9% recognition accuracy across six diverse

feedback devices have great potential for
sending meaningful information to users
by employing the skin as a communication
platform.*l Such technology can be used
to enhance immersion in virtual and aug-
mented reality,®] or to complement or re-
place audio and visual cues in loud or visu-
ally demanding scenarios.[®]

There are two types of skin with differ-
ent tactile acuity.l”! Glabrous skin (i.e., non-
hairy skin predominantly found on the lips,
palms, and soles of the feet) is particularly
sensitive and can detect small variations in
applied forces and displacements (e.g., fin-
gertip detection thresholds of 1.5 mN[®! for
a point force and 24 pm displacement for
20 Hz vibration®!). Due to the high spa-
tial and temporal acuity of glabrous skin,

cues and verifies their pleasant and expressive feel. This system architecture
for wearable devices gives unprecedented control over the haptic cues
delivered to the skin, providing an elegant and discreet way to activate the

user’s sense of touch.

1. Introduction

The skin is the human body’s largest organ and can perceive
diverse tactile stimuli including soft contacts, pressure, high-
frequency vibrations (up to 1000 Hz!2]), heat, and pain.[*] Haptic

wearable haptic devices are often designed
to deliver tactile stimuli directly to the
fingerpad.l'™1?l However, such designs en-
cumber the hands of the user, preventing
free interaction with the environment and
limiting the application space of such de-
vices. Non-glabrous, hairy skin covers the
majority of the body surface (about 90%('*)) and plays a funda-
mental role in the perception of pleasant sensations!'*! due to
the presence of C-tactile afferents that respond to slow-moving
touch with low indentation forces (0.3—-2.5 mN['>16)). This type
of skin has a lower spatial density of mechanoreceptors, result-
ing in lower sensitivity compared to glabrous skin (e.g., forearm
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detection thresholds of 2.6 mNI®! for a point force and 149 pm for
20 Hz vibration!®)). Locating haptic feedback devices on the hairy
skin keeps the hands free and enables larger skin areas to be used
for haptic communication, but the lower cutaneous sensitivity re-
quires higher forces and displacements to generate perceivable
stimuli,['?] thereby rendering such devices more challenging to
realize in a compact and comfortable form factor.

Both types of skin can perceive a wide variety of mechanical
stimuli, such as broad-bandwidth vibrations, the start and end of
contact, sustained pressure, shear forces, and complex combined
stimuli.l'”] However, most haptic actuation systems cannot repro-
duce this range of tactile sensations. The most commonly used
actuators for haptic feedback are eccentric rotating mass (ERM)
motors and linear resonant actuators (LRAs), both of which pro-
vide only vibrations.['>!8] ERMs cannot independently vary the
amplitude of vibration and frequency,['! while LRAs operate ef-
ficiently only near their resonant frequency, considerably limiting
the range of sensations they can transmit. Moreover, these actu-
ators typically produce vibrations at frequencies above 100 Hz!'!
that are very salient to both types of skin,[?) thus making them
particularly useful for attracting the user’s attention. Yet, users
often report that extended vibrotactile feedback is uncomfortable
and annoying, sometimes even causing unpleasant tingling sen-
sations or numbness.[21:22]

An alternative method for producing salient haptic sensations
is contact feedback, which involves physically making and break-
ing contact with the skin. New contacts capture the user’s atten-
tion because changing tactile stimuli are more noticeable than
constant stimuli due to sensory adaptation.l?)] The sensations
of making and breaking contact are common in many physical
interactions and have been found to provide strong and appeal-
ing sensations(?*! that are more effective at guiding user motion
than vibrating, squeezing, or twisting the skin.?’! Yet, this type
of haptic feedback is underutilized and can be difficult to achieve
because it requires actuators that produce large and controllable
displacements in combination with suitable grounding of reac-
tion forces. Thus, wearable haptic devices usually maintain con-
tact with the skin and cannot provide contact feedback.

Voice-coil actuators are a potential solution for generating ver-
satile haptic cues since they can deliver sustained pressure in ad-
dition to vibrotactile feedback.'?) However, voice-coil actuators
continuously draw current when holding an output force and
generate heat during operation, resulting in reduced efficiency!*®’
and potential burn risks(?’l; furthermore, their mechanical de-
sign often results in large, rigid devices.?**] More generally,
simultaneously providing different haptic stimuli (such as vi-
bration, contact feedback, and variable pressure) on the hairy
skin typically results in heavy and bulky devices (e.g., refs. [25,
28, 31-33]) due to the lower sensitivity of this type of skin and
the underlying limitations in traditional electromagnetic actuator
technology.

Haptic devices with small form factors and large displace-
ments can be achieved through the use of pneumatic actua-
tors, featuring steady-state output and low-frequency vibration
in conformal packages that can adapt to the skin.}*>’] Larger
wrist-wearable pneumatic devices can press into the skin with
forces over 10 N.3839 Low-frequency actuation (<20 Hz) has
been found to convey calming, relaxing, and pleasant sensations,
as well as intuitive concepts such as aliveness (e.g., bubbles at
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about 2 Hz, the human respiratory rate of about 0.8 Hz.[*0]).
However, pneumatic devices typically have a long response time,
which adds a delay to real-time haptic feedback and limits their
operation at high frequencies (typically driven below 50 Hz).[*!]
Additionally, most require bulky air tubes and/or must be teth-
ered to heavy, noisy, and inefficient air compressors, limiting
their application space.[*>*3]

In contrast to pneumatic actuators, soft electrostatic actu-
ators can be driven by compact, efficient, electronic power
supplies.[**’] Dielectric elastomer actuators (DEAs) have been
used to render static pressure and high-frequency vibration,*$->1]
but they are prone to electrical breakdown and require stretch-
able materials that present manufacturing challenges.>?] Hy-
draulically amplified self-healing electrostatic (HASEL) actuators
couple electrostatic actuation with hydraulic pressurel>3-¢ and
show strong potential for driving haptic devices due to their
tunable forces and displacements,*’! quiet and controllable soft
actuation,®®! low power consumption,5*%°l and actuation fre-
quencies ranging from 0 Hz to beyond 100 Hz.>3>!] However,
HASEL actuators typically employ exposed electrodes with high
voltages (>1000 V) and therefore require additional materials in-
novations to ensure safe contact with the skin while maintain-
ing reliable high-performance operation at small scales. Addi-
tionally, devices and system designs that enable high-frequency
operation, contact feedback, and suitable mechanical grounding
of actuator reaction forces are needed to deliver diverse cuta-
neous cues.

Hydraulically amplified taxels (HAXELS)%?! are a type of elec-
trohydraulic actuator that builds upon HASEL technology and is
specialized for tactile feedback. HAXELs consist of slim electri-
cally insulated actuators (6 X 6 x 0.8 mm) that drive a central
2.5-mm-diameter bubble. They provide focused tactile feedback
on the fingertips, outputting up to 0.5 mm of displacement and
up to 0.25 N peak-to-peak force at 80 Hz. HAXELSs deliver haptic
cues with good recognition on the fingertips and can also output
vibration and shear feedback in constant contact with the skin.
However, even with larger designs (10 mm width) that provided
increased forces (0.75 N), relatively low recognition rates were
achieved when they were adhered to less-sensitive parts of the
body.[63!

Thus far, there are no wearable devices capable of deliver-
ing diverse and controllable cutaneous cues, including contact
feedback, variable pressure, and broad-bandwidth vibration, in a
compact form factor and with sufficient force and displacement
to be salient on the hairy skin. In this work, we present a sys-
tem architecture for a new class of compact and expressive cuta-
neous devices that safely leverage electrohydraulic actuation for
large stroke (2.44 mm), high force generation (2.3 N), and broad-
bandwidth (0-200 Hz) motion, thereby enabling the delivery of
highly customizable, diverse haptic cues to hairy skin (Figure 1a),
resulting in discreet, localized haptic feedback for myriad appli-
cations (Figure 1b). Extending this concept to multi-degree-of-
freedom actuators or multi-unit arrays!*’! will facilitate the out-
put of more complex tactile sensations such as shear forces and
spatial patterns, but here we focus first on carefully characteriz-
ing the underlying principles, capabilities, and user perception
of a single degree of freedom (Figure 1c).

The high performance and safe operation of our system ar-
chitecture are derived from a new materials design that includes
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Figure 1. System architecture for cutaneous electrohydraulic (CUTE) wearable devices that harness electrohydraulic actuation to deliver rich and pleasant
haptic sensations to the hairy skin. a) Our devices provide an expressive range of cutaneous cues on the user’s hairy skin, including making and breaking
contact, pressing, and vibrating with independently controllable frequency and amplitude over a wide bandwidth; the output stroke is proportional to
the input voltage. b) Possible fields of application for wearable, compact, and expressive cutaneous devices. c) Prototypical CUTE wrist-wearable device
(37 x 40 x 15 mm plus strap) with an inset showing actuation in free space. d) The four main actuation modes of the wrist-wearable device; note the

details of contact between the electrohydraulic actuator and the user’s skin.

low-resistance electrodes, actuator encapsulation, and an elas-
tomeric membrane that serves the dual purposes of electrically
insulating the device and providing a restoring force to enable
high-bandwidth actuation. This materials design, coupled with a
new actuator geometry, enables small-footprint actuators that can
be stacked to increase their stroke without substantial reduction
in force, leading to compact and effective haptic devices. These
wearables are quiet, consume low power, and do not heat up dur-
ing operation. To allow contact feedback, we introduce a comfort-
able mounting strategy that places the electrohydraulic actuators
in a non-contact resting position and provides grounding of re-
action forces for strong haptic sensations.

We demonstrate the effectiveness of this approach through
the creation of a compact cutaneous electrohydraulic (CUTE) de-
vice capable of delivering distinct tactile cues to the dorsal side
of the wrist (Figure 1c,d). In a perceptual study, fourteen adults
achieved very high recognition accuracy (97.9%) over six haptic
signals, including five active cues and one reference cue with no
output. Participants then felt, described, and rated eleven CUTE
haptic cues (including the first five) using the circumplex model
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for affect,!%] which is a standard representation of emotion. The
results show that our device is highly comfortable and creates
recognizable haptic cues that communicate diverse sensations
ranging from calming to exciting. Remarkably, users perceive al-
most all of these wide-ranging cues to be pleasant; only the steady
vibration was deemed unpleasant. Our prototypical cutaneous
electrohydraulic device demonstrates salient, expressive, and
pleasant haptic cue delivery, thereby validating the effectiveness
of our presented system architecture and illustrating its poten-
tial for compact wearable devices that can deliver a wide range of
cutaneous sensations.

2. Results

2.1. Materials Design for Safe-to-Touch, Small-Footprint
Electrohydraulic Actuators

Our system architecture is driven by soft electrohydraulic zip-

ping actuators based on HASEL technology.’**®! Each actu-
ator consists of a pouch made from a flexible, inextensible

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 2. Materials design for safe-to-touch, small-footprint CUTE actuators. a) An individual electrohydraulic actuator pouch consists of a flexible yet
inextensible dielectric shell filled with liquid dielectric; the edge regions of both sides of the pouch are covered in flexible electrodes and insulation. A
stack of ten pouches increases actuation stroke. b) Under sufficiently high voltage, the electrodes zip together, resulting in the expansion of the center
region of each pouch in the stack. ¢) Multi-material structure of the electrohydraulic actuator strip used to fabricate a stack of ten pouches. d) Folding
of the assembled actuator strip to achieve an actuator stack where all exterior electrodes are grounded.

thermoplastic shell that has electrodes on both sides and is filled
with liquid dielectric (Figure 2a). When a voltage is applied across
the electrodes, the electric field generates an electrostatic Maxwell
stress that acts on the dielectric layers. A sufficiently high voltage
causes the electrodes to begin zipping together and displace the
liquid dielectric, thus increasing the hydraulic pressure within
the pouch and resulting in an expansion of the part of the pouch
not covered by electrodes (Figure 2b).

We use a square pouch geometry (14 X 14 mm): each pouch
has two separate pairs of electrodes located in opposing edge
regions that progressively zip toward the center. We compared
this design to one with the same footprint but two neighbor-
ing pouches (similar to refs. [47, 65]); experiments demonstrated
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that the single-pouch design provides higher forces and displace-
ments (Figure S1, Supporting Information).

To fabricate the actuators, we heat-seal a series of pouches
from two sheets of 15-um-thick BoPET film and screen-print
the electrode pattern with silver ink on both sides (Figure 2c),
following the process described by Mitchell et al.l%! Silver ink
has lower resistance (<0.005 Q sq™! for 25 pm thickness) than
the carbon ink (<50 Q sq7! for 25 pm thickness) used in many
previous worksl>#8; with the narrow electrode patterns needed
for our small actuator stack, carbon electrodes heat up during
high-frequency actuation, while silver electrodes do not. We next
apply an insulating layer over the electrodes; an adhesive 60-um-
thick PET film is laser-cut in a prescribed pattern (Figure 2c) and
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Figure 3. Characterization of actuation performance for a single pouch and a ten-pouch stack. a,c) Schematics of the measurement using a dual-mode
muscle lever, a device that can prescribe a displacement or force profile while measuring force and displacement. b) The force was measured at a range
of distances spanning the displacement range of the respective actuator, using five prescribed voltages (0, 3, 4, 5, 6 kV) at each distance. d,e) Mean
measured force and standard deviation in force (n =9, shaded region) for the single pouch and the ten-pouch stack as a function of distance and voltage.

f,g) Mean force and standard deviation (n = 9) generated by each actuator configuration across its distance and voltage ranges.

applied over both sides of the strip of pouches, fully covering
the electrodes but minimally covering the electrode-free areas.
We then fill the strip of actuators with 0.08 mL of 5-cSt-viscosity
silicone oil per pouch.

The PET adhesive layer electrically insulates the electrodes, en-
abling safe operation of the actuators in close contact with hu-
man skin. Further, this layer prevents electrical arcing through
the air between the high-voltage electrode and the ground elec-
trode. This insulation is the first of four safety mechanisms in
our system architecture described in Section 2.3 and the Sup-
porting Information. For typical HASEL actuators in prior work,
about 10 mm of excess film had to be left at the edge of each ex-
posed electrode to ensure an air gap of sufficient length to prevent
this arcing, adding mechanical constraints that reduce actuator
performance (especially at small scales) and increasing actuator
footprint.l”’] Our added insulation layer allows us to omit nearly
all of this excess film and is therefore key for enabling small-
footprint, high-performance actuators.

The complete strip of actuator pouches is folded into a stack
using a folding pattern that places the ground electrodes along
the exterior (Figure 2d); we first fold the strip in half and then fold
it accordion style. Further details on fabrication and the effects of
the volume of liquid dielectric in each pouch are provided in the
Experimental Section and in the Supplementary Materials and
Methods, Figures S2 and S3 (Supporting Information).
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2.2. Quasi-Static Performance of the Electrohydraulic Actuation
Unit

To characterize the force-displacement curves and the generated
forces of single-pouch electrohydraulic actuators, we placed in-
dividual pouches at a range of distances d (measured from the
base of the actuator) from a dual-mode muscle lever and ap-
plied ramped square-wave actuation voltages of 3, 4, 5, or 6 kV
(Figure 3a,b; Figure S4, Supporting Information). Stacks of ten
pouches were characterized in the same way (Figure 3c). For both
configurations (single pouch and ten-pouch stack), we tested
three actuator samples and processed three actuation cycles at
each displacement. Figure 3d,e shows the mean measured forces
and standard deviations (SDs) across the nine force measure-
ments as a function of the distance d for both configurations. A
force F. &> 0 N at a voltage of V_4 = 0 kV indicates that the actu-
ator was in contact with the muscle lever in the relaxed state, i.e.,
the actuator experienced a pre-load.

To determine the force F, that is actively generated by the
single-pouch actuator and the ten-pouch stack, we calculated the
difference in force between its on and off states (Figure 3f,g).
Single-pouch actuators generated an average peak force of
3.7+ 0.2 N (mean + SD), while the ten-pouch actuators generated
an average peak force of 4.4 + 0.4 N. The ten-pouch actuators gen-
erated forces at substantially higher distances than the individual
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Figure 4. Cutaneous electrohydraulic wearable device. a) Components and structure of the CUTE wrist-wearable device. b) The prototype has a footprint
similar to a commercially available smartwatch (Apple Watch SE, 44 mm) and a mass of only 13.9 g. ¢) Device displacement when fitted with three
different elastomeric membranes. d) Multi-layer electrical safety design. e) Energy stored and electrical current in the actuator.

pouches (Figure 3f,g). This property of stacks facilitates their use
in haptic devices that place the resting actuator out of contact with
the skin, as it must have sufficient stroke to travel through the air
gap and deliver touch sensations to the skin. Further, generating
forces at higher distances is desirable for delivering cues to com-
pliant human tissue, which deforms during contact.

2.3. Cutaneous Electrohydraulic Wearable Device

We propose a system architecture that leverages the proposed
materials design to create wearable devices that deliver broad-
bandwidth haptic cues. We demonstrate the effectiveness of this
approach through a prototypical CUTE wearable device, as shown
in Figures 1c,d, and 4, and Movie S1 (Supporting Information).
This device is lightweight (13.9 g without cables) and has a com-
pact and easily wearable form factor; it consists of a ten-pouch
electrohydraulic actuator covered with an elastomeric membrane
and suspended off the skin in a rigid housing (Figure 4a,b). This
mounting strategy provides effective mechanical grounding of re-
action forces generated when the soft actuator contacts the skin,
enabling strong haptic cues to be delivered to the user; the lack of
suitable mechanical grounding has previously been a challenge
for soft haptic wearable devices.!®”] The device stands on the skin
via two conformal spacers and can be attached with skin-safe
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adhesive and/or a strap. Depending on the application and the
mounting location, the spacers can be adjusted to specify the dis-
tance between the actuator’s base and the user’s skin. As shown
in Figure 3g, a smaller distance generally results in earlier contact
and larger output forces.

The 600-um-thick elastomeric membrane retains the actua-
tor stack in a non-contact resting position and provides an ad-
ditional layer of electrical insulation between the user and the
device’s internal components. The elastomeric layer also plays
a key role in enabling high-frequency actuation. The relaxation
time of HASEL actuators is generally limited by the time the lig-
uid dielectric takes to flow back between the electrodes;®!! this
time can be reduced by introducing restoring forces, therefore
enabling higher actuation bandwidth. The system’s quasi-static
actuation performance can be customized by changing the com-
position of the elastomeric membrane (Figure 4c). Softer mem-
branes provided increased stroke, while stiffer membranes pro-
vided increased restoring force and greater durability. Since we
particularly value high-bandwidth actuation and long device life-
time, we chose the stiffest tested membrane material, which al-
lows a free displacement of 2.44 mm at 6 kV.

Our design architecture includes multiple mechanisms that
ensure the user’s electrical safety while still allowing high actu-
ation performance (Figure 4d). The actuator electrodes are fully
insulated, the folding pattern of the stack provides an electrically
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grounded exterior, and the case and elastomeric layer encapsu-
late all electrical components. High-frequency actuation requires
higher current, which introduces a trade-off between safe current
limits and fast actuation speeds. Although the user is never in
direct contact with the electrical components, we limit the maxi-
mum current of the power supply to 2 mA for device characteriza-
tion experiments (Section 2.4) and 1 mA for all haptic cues used
in the perceptual study (Section 2.5) to follow safety guidelines
for magnitudes and exposure times of current passing through
the body.[®®! In addition to the operating current, we considered
the energy stored in the device, since accidental, rapid discharge
of large high-voltage capacitors can result in potentially danger-
ous current spikes. We calculated the maximum energy stored by
our actuator stack as 16.6 m]; high-voltage capacitors that store
less than 250 m] of energy are not considered a hazard.[®] Fi-
nally, we also employ a custom electrical circuit that shuts off the
high-voltage supply in less than 3 ms if dielectric breakdown of
the actuator is detected, as described in the Supplementary Ma-
terials and Methods, as well as Table S1 and Figures S5 and S6
(Supporting Information). This circuit ensures short current ex-
posure durations, as [EC 60479-1 states that currents of 2 mA for
a duration of up to 10 s usually produce no harmful effects.[8!
Beneficially, it also reduces the risk of the thermoplastic film heat-
ing up or burning due to a sustained electrical short. We further
discuss electrical safety in Section 3 and in the Supporting Infor-
mation.

2.4. Characterization of the Cutaneous Electrohydraulic Wearable
Device

Using a force sensor rigidly attached to a plate, we measured the
output force of the device at different distances from the base
when operated at voltages from 1 to 6 kV (Figure 5a,b). Figure 5c
shows the average measured forces for distances d from 6.5 to
10 mm. At d = 6.5 mm, the device exerts a force greater than
2.8 N under a pre-load of 0.5 N when actuated at 6 kV; thus, it
generates forces over 2.3 N. At distances larger than 8.0 mm, the
device was not in contact with the plate during the off state and
generated forces up to 1 N. These results reveal higher quasi-
static force output of the device at the same distance d compared
to the results of the ten-pouch actuator stack (Figure 3g). This
difference stems from the restoring force provided by the elas-
tomeric membrane, which compresses the relaxed ten-pouch ac-
tuator. As a result, the device can be placed closer to the skin with-
out making contact, which enables the actuator to operate in the
regime where it can generate higher forces (i.e., at a smaller dis-
tance from the base). When the device is placed close to contact,
it can generate forces higher than 1 N, and when located 2 mm
away from the contact location (d = 10 mm), it can still gener-
ate forces of at least 0.18 N. This capability of generating forces
at multiple distances demonstrates the suitability of CUTE de-
vices for contact feedback (making and breaking contact with the
skin). Even though forces are lower at higher distances for the
non-contact resting position, previous work on wearable devices
on the forearm demonstrated relatively good haptic cue recogni-
tion with forces of 0.15 N.[74]

In addition to measuring the output forces at fixed distances,
we characterized the blocking force of the device (i.e., the min-
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imum applied force under which the device produces a stroke
smaller than 1 um) using the same experimental setup presented
in Section 2.2. We prescribed forces that slowly increased over
time and measured the resulting actuation stroke of the device.
The results show that the device has a blocking force of approx-
imately 16 N when actuated with 6 kV. Further information on
this result appears in the Supplementary Materials and Methods
and Figure S7 (Supporting Information).

The cutaneous electrohydraulic device displayed high control-
lability and wide-bandwidth actuation. We tested the force output
of the device in several conditions from 0.4 to 200 Hz, using posi-
tive sinusoidal input voltage waveforms. Figure 5d demonstrates
device actuation forces of 0.86 N peak-to-peak (F,,) at 1 Hz actua-
tion starting from no contact, as well as 0.75 N at the much higher
frequency of 100 Hz. We tested four maximum actuation volt-
ages (Figure 5e) and three distances from the base (Figure 5f) to
demonstrate customizable performance according to the magni-
tude of the input voltage and the height of the device’s conformal
spacers. Even when the device is mounted without initial contact,
application of a sinusoidal voltage causes it to contact the plate
and provide peak-to-peak vibrational forces that are larger than
0.5 N. These results demonstrate that the amplitude of the output
force and the frequency of the signal can be independently varied,
and that the device is capable of achieving high actuation forces
at a wide range of frequencies. Even during high-frequency actu-
ation at 200 Hz, we measured F,,, of 0.87 N when pre-loaded (d =
7.1 mm), and 0.73 N when starting from a no-contact position
(d = 8.5 mm), which represents less than 14% force reduction
compared to its output at 1 Hz.

To test the frequency content of the response, we measured the
output force while driving the actuator with a linear chirp from
0 to 200 Hz over ten seconds. Figure 5g shows the measured
input voltage and force output, while Figure 5h shows the power
spectral density of the input voltage and the output force; the defi-
nition of power in dB used in this analysis is described in the Sup-
porting Information. The results indicate that the device provides
a clean response at the desired frequency throughout the tested
range, with no resonances at lower frequencies and a minimal
response at double the desired frequency (14 dB smaller). The
device can also actuate at frequencies above 200 Hz; we tested
it up to 500 Hz (Figure S8, Supporting Information), measuring
substantial force output, though the measured peak voltage par-
tially deviated from the prescribed peak voltage at frequencies
above 200 Hz, especially for higher peak-to-peak voltages. Fur-
ther, we perform a transfer function estimate of the output force
over the input voltage from 0 to 200 Hz (Figure 5i), which shows
that the device has a relatively flat output across frequencies and
corroborates that the system does not have strong resonances or
antiresonances. This clean and controllable response makes the
actuator suitable for delivering crisp haptic sensations at precise
frequencies.

A key benefit of electrohydraulic actuators is the low power
they require to hold their actuation state;>*% our device draws
only 3.0 mW when holding an extended position (Figure S9, Sup-
porting Information). This low power consumption leads to min-
imal heating of the device. To demonstrate this safety and com-
fort advantage, we measured the temperature of the device dur-
ing sustained low-frequency actuation and observed no temper-
ature increase (Movie S2, Supporting Information). In contrast,
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Figure 5. Quasi-static and dynamic characterization of the CUTE device. a)

Arigid force sensor measured normal forces at a distance d above the base

of the membrane-covered stack. b) Input voltage and output force for d = 8.5 mm. c) Mean of measured actuation forces as a function of distance and
voltage. d) Input voltage and output force for 1 and 100 Hz actuation. e) Peak-to-peak output force for sinusoidal input signals at 0.4-200 Hz in octaves,
for a distance of 8.5 mm and peak voltages from 3 to 6 kV. f) Peak-to-peak output force for sinusoidal input signals with a peak voltage of 6 kV and
distances from 7.1 mm to 9.5 mm. g) Voltage signal (0-6 kV) and output force for a linear chirp test (0-200 Hz) at 8.5 mm. h) Spectrograms of the input

and output in the chirp test. i) Magnitude and phase of the transfer functio

Movie S2 (Supporting Information) shows that a similarly sized
voice-coil actuator commonly used in haptics undergoes rapid
heating when driven with a zero-mean sinusoidal voltage at the
same frequency.

2.5. Perceptual Study Evaluating the Cutaneous Electrohydraulic
Wearable Device

We conducted a perceptual study to evaluate the CUTE device’s
ability to deliver haptic cues to the hairy skin on the dorsal side

Adv. Sci. 2024, 2402461 2402461 (8 of 14)

n estimated from the chirp test.

of a user’s non-dominant wrist, which is a typical location for
long-term wearable devices (e.g., wristwatches). The perceptual
study consisted of two tasks plus an evaluation of the device. The
cue identification task aimed to determine how well humans can
recognize a diverse set of haptic cues provided by the device. The
cue description task sought to evaluate the qualitative perception
of a broader set of the device’s haptic cues.

Figure 6b shows the experimental setup for the perceptual
study, which included an armrest for the user’s non-dominant
arm, a wireless mouse, a screen, and noise-canceling headphones
playing pink noise (to mask environmental noise). We powered
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Figure 6. Design and results of the perceptual study revealing that CUTE haptic sensations are easily recognized and are almost all perceived as pleasant.
a) Voltage waveform (top) and corresponding measured force (bottom) for the six cues used in the cue identification task; cue 0 is a reference cue of
constant zero voltage (no actuation). b) User interface and experimental setup. c) Results of the cue identification task: three cues were identified perfectly,
and the other three were recognized more than 90% of the time, for an overall recognition accuracy of 97.9%. The identified cue significantly depends
on the delivered cue, y2(25, n = 840) = 3992.64, p < 0.0001. d) Results of the cue description task for the 11 active cues tested by the participants;
the perpendicular line segments show the means and standard errors (n = 14) for the perceived emotional valence and arousal of each cue. Only the
sustained vibration (cue 3) is rated unpleasant. e) Voltage waveform (top) and corresponding measured force (bottom) for the six additional cues used
in the cue description task.

the device from a current-limited high-voltage amplifier with
custom safety hardware for automatic shut-off as described in
Section 2.3. We recruited fourteen participants (7 females and
7 males) ranging in age from 22 to 52 years old (mean age of
31 + 7). The participants had widely varying levels of experience
with haptic devices, and half of them had previously worn a com-
mercial haptic-feedback-enabled device on their wrist.

2.5.1. Cue Identification Task

For each trial of the cue identification task, a haptic cue was de-
livered by the device, and the participant was asked to identify
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it by selecting the visual depiction of the corresponding voltage
waveform. Six haptic cues, each 6 s long, were used. The five ac-
tive cues were made of different combinations of sinusoidal and
square signals with frequencies ranging from 0.5 to 25 Hz and a
maximum voltage of 6 kV. An additional cue of constant zero volt-
age was added as a reference. Figure 6a shows the voltage wave-
forms of these haptic cues and their generated forces when actu-
ated at a non-contact resting position against a rigid plate (further
described in Tables S2 and S3, Figures S10-S14, and Movie S3,
Supporting Information).

The cue identification task consisted of three sequential
phases. In the first, participants had a free practice phase of up
to three minutes to learn the haptic cues: when they clicked the
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visual waveform for a cue, that cue would play. Next, they prac-
ticed the cue identification task, receiving immediate visual feed-
back indicating which cue had been presented. Each cue was pre-
sented twice in random order. Then, in the last phase, partici-
pants were asked to identify each of the six cues ten times in
random order (for a total of 60 trials) divided into four sets of
15 cues. A short break was provided after each set. The number
of cues and repetitions used in this task were chosen in accor-
dance with previous studies!””78! and were designed to balance
sufficient sample size with total experiment time for each partic-
ipant.

Participants achieved an overall accuracy of 97.9%, with six of
fourteen achieving perfect cue recognition. A chi-square test of
independence was conducted to further examine these results,
7225, N = 840) = 3992.64, p < 0.0001, indicating that the identi-
fied cue significantly depends on the delivered haptic cue, reject-
ing the null hypothesis. Three cues (cues 0, 3, and 4) were iden-
tified with 100% accuracy (out of 140 trials per cue), as shown in
Figure 6¢. The 0.5 Hz square wave (cue 1) and 1 Hz sinusoid (cue
2) had high recognition rates of 98.6%, and 97.9%, respectively.
Cue 5 had the lowest recognition rate (90.7%); it was misidenti-
fied as cue 0 (1.4%), cue 1 (2.1%), or cue 2 (5.7%). These mis-
takes could be due to the low number of contact changes in the
cue and/or its similarity with the other cues; cue 5 has sinusoidal
actuation at the beginning and end, similar to cue 2, as well as a
sharp step similar to cue 1.

2.5.2. Cue Description Task

In the cue description task, participants experienced the five ac-
tive cues of the previous task as well as six additional cues with
frequencies ranging from 0.5 to 40 Hz. They rated each cue’s
emotional valence (from —1: “unpleasant” to 1: “pleasant”) and
arousal (from -1: “calming” to 1: “exciting”) using scale bars.
Figure 6d shows the mean and standard error of these ratings
in a circumplex model graph.[®*) The six additional haptic cues
for this task are shown in Figure 6e and in Figures S15-S20,
Tables S3 and S4, and Movie S4 (Supporting Information). The
forces measured for these haptic cues illustrate the large design
space for haptic cues possible with the CUTE device, including
variable frequencies and tunable contact forces.

The results of the arousal ratings show that our device provides
haptic cues that evoke sensations ranging from exciting to calm-
ing. The perceived arousal seems to be directly related to the slew
rate of the actuation signal, i.e., the rate of change of the applied
voltage. Specifically, vibrotactile cues that had higher frequencies
(above 24 Hz) were found to be exciting (cue 3: 0.61 + 0.11; cue 4:
0.36 + 0.14; cue 9: 0.46 + 0.14). Cue 5, which had a low slew rate
and the lowest number of distinct contact changes, was found
to be the most calming (-0.44 + 0.13). On the other hand, the
valence ratings showed that all cues aside from cue 3 (-0.12 +
0.23) were perceived as pleasant. In particular, haptic cues with
slow and smooth changes were rated as more pleasant, with the
highest rating given to cue 2 (0.62 + 0.09).

To further evaluate the expressiveness of this approach to cuta-
neous feedback, we also asked participants to describe how each
cue felt. The results of these open-ended questions confirmed
that the device is capable of providing haptic cues that evoke a va-
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riety of different sensations. For example, most participants as-
sociated the two cues with higher frequencies with alarms and
alerts (10/14 = 71.43% for cue 3; 9/14 = 64.3% for cue 4). Cues
with a regular pattern and a slow transition in making and break-
ing contact with the skin were described with terms related to
aliveness, such as “heartbeat,” “lifelike”, and “animals” (42.9%
for cues 2 and 10; 50% for cue 11). Cue 6, which had a decreasing
amplitude, was associated with devices turning off (42.9%), while
cue 9, a chirp with increasing frequency, was associated with en-
gines (64.3%) and devices starting up (78.9%). Finally, the cues
that included sustained pressure and slow motion (0.5-1 Hz)
were described as gentle and soft (cue 5: 28.6%,; cue 8: 35.7%),
while cue 1, which had sustained pressure and rapid transitions,
was associated with touch, tapping, and notifications by six par-
ticipants (42.9%) and with clocks by seven participants (50%). Ad-
ditional descriptions of the haptic cues given by participants are
included in Tables S2-S4 (Supporting Information).

2.5.3. Device Evaluation

After completing both tasks, participants rated the design of the
device and its ability to deliver haptic stimuli on a scale bar from
0: “strongly disagree” to 1: “strongly agree.” Participants found
the device highly comfortable to wear (0.91 + 0.06), and they
could feel the start (0.80 + 0.07) and end (0.72 + 0.06) of con-
tact between the actuator and their skin as well as how strongly
the actuator was pushing (0.78 + 0.08).

In the final open-ended survey question, participants com-
mented positively on the wide range of haptic sensations that
the device can evoke. Almost half of the participants who had
previous experience with wrist-worn devices (3/7 = 42.8%) com-
mented that the device was lighter and at least as comfortable
as commercially available wrist-worn devices. Four participants
(28.6%) commented that the perception of the cue was affected
by the speed at which the contact with the skin was made. Thus,
the slow transitions of the sinusoidal waveforms (e.g., cues 2 and
5) were more difficult to feel than sharp changes of similar mag-
nitude (e.g., cue 1).

3. Discussion and Conclusion

Here, we introduced a system architecture for a new class of
compact haptic devices designed to deliver salient, distinguish-
able, and pleasant cutaneous sensations to the hairy skin. To
achieve this performance, we leverage a custom materials design
for electrohydraulic actuators that can safely contact the skin and
have a small footprint; this materials design unlocks a unique
set of performance attributes essential for robust haptic feedback
— namely, controllable actuation from constant output to high
frequencies, variable amplitude, clean frequency response, high
output force, and large stroke. Our mounting strategy provides
a method to harness these performance attributes to make and
break contact with the skin, transfer forces effectively, and apply
more complex feedback combining multiple modes of mechani-
cal stimuli. To highlight the advantages of our approach, Table 1
compares CUTE devices to other technologies previously used for
haptic actuation on hairy skin. Only cutaneous electrohydraulic
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3 e s~ limit for energy stored!®®! is fifteen times higher than the en-
g SL oY € gy g
D ce £33 = ergy stored in the CUTE actuators. Future systems using ve
2 EEETD S gy ¥ g very
5 anoe = large actuators or connecting multiple units together should
) N 5 o include peak current limits, fuses, or other techniques to prevent
&0 2 g =z eo%¢8 i simultaneous discharge of large capacitive loads.[>’!
5 g ; < 3 e s 283 < g w We instantiated our system architecture through a prototypi-
£ Exsg& & BAI3 cal CUTE device that delivers richly varying tactile sensations to
Y 9 v the hairy skin in a compact, lightweight, and wearable form fac-
g g v 2 tor. The near-perfect cue recognition rates of the perceptual study
: g g 3 suggest that this device effectively transforms various actuation
- 5 ¢ g &6 Y
2 B T B 5 waveforms into diverse and recognizable cutaneous sensations
= o I T om that can easily be identified even on the wrist, which has low
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tactile sensitivity.®2] These results indicate that such devices
would be suitable for delivering distinguishable haptic cues on
other parts of the body with similar sensitivity, such as the upper
arm or the lower back.[®*]

The cue ratings indicate that participants experienced almost
uniformly pleasant broad-bandwidth cutaneous sensations dur-
ing the study. The material composition of the device plays an im-
portant role in its pleasant perception: the actuator, elastomeric
membrane, and conformal spacer feel soft to the touch due to
their mechanical compliance, and the actuator’s low thermal con-
ductivity, low thermal capacitance, and low heat generation min-
imize heat transfer with the skin. The pleasantness of the cues
also stems from our system’s ability to produce tactile sensations
that have rarely been output by wearable devices (contact feed-
back, slowly changing pressure), resulting in evoked sensations
that feel far more natural than pure vibrotactile stimuli. Such sen-
sations could also stimulate C-tactile afferents that are associated
with the perception of pleasant touch and typically respond to
slow, low-force mechanical stimuli.®* Additionally, the contact
feedback enabled by the device may be a key contributing factor
to the high accuracy rate observed in the cue identification task.
Specifically, the dynamic changes in tactile stimuli, such as the
start and end of contact, trigger both the fast- and slow-adapting
types of Af fibers in the hairy skin.[®] Consequently, contact feed-
back should result in a stronger neural response compared to
static touch and should limit sensory adaptation, which typically
increases the threshold required for perceiving successive haptic
stimuli.[¢]

Furthermore, the haptic cues from our study mainly occupy
the first (exciting/pleasant) and fourth (calming/pleasant) quad-
rants of the valence-arousal circumplex model. The combined
space of these two quadrants is seldom reached by previous work
using only vibrotactile feedback.l*87#] These results demon-
strate the value of our system architecture as a method to pro-
duce compelling haptic cues for diverse applications, such as
non-urgent notifications and haptic guidance.

In addition, the high controllability of the system and the cus-
tomizability of its haptic cues enable unprecedented design free-
dom to explore new cutaneous sensations, which can be used
to advance the study of human haptic perception. Since the ca-
pacitance of an electrohydraulic zipping actuator depends on its
deformation and changes repeatably during actuation, these de-
vices could simultaneously function as actuators and capacitive
sensors.[>*#%0 This principle of self-sensing could be imple-
mented in our cutaneous devices to provide more precise contact
timing and more advanced haptic sensations through closed-loop
control. Furthermore, the high degree of control over the actua-
tor output could be used to provide haptic sensations that can
be adjusted according to user sensitivity, which varies across fre-
quencies and body locations. Immersive feedback across the body
could be created by more advanced garments containing arrays
of CUTE actuators.

In summary, this class of haptic devices provides a unique
way to evoke a wide range of salient sensations, from lifelike and
emotive touch to exciting and powerful vibrations. This unprece-
dented haptic actuation capability can enable richer immersion
in AR/VR, complementing visual and audio cues in new ways,
and holds great potential for discreetly sending information to
the user through their skin.
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4. Experimental Section

Materials: The electrohydraulic actuators were fabricated from a
BoPET film with a single-sided heat-sealing layer (Mylar Petroplast 850H,
DuPont), the electrodes were screen-printed with silver ink (ECI-1011,
Henkel), and an adhesive PET film was applied for the insulation later
(Polyester Film Electrical Tape 5, 3M). Each pouch was filled with silicone
oil (Silicone oil M5, Carl Roth). Copper tape (6.35 mm Oubaka copper
tape, Oubaka) was applied to the leads of the electrodes and secured with
a drop of conductive carbon glue (16056 DAG-T-502 Carbon Paint, Ted
Pella) to ensure a robust electrical connection.

The body of the device was fabricated using a multi-material 3D printer
()850, Stratasys) using rigid material (Vero PureWhite, Stratasys) for the
housing and conformal material (Agilus30 and VeroUltraClear, Stratasys)
for the spacers. The elastomeric membrane was cast from three types of
two-part silicone elastomer (E10: Ecoflex 00-10, E30: Ecoflex 00-30, and
E50: Ecoflex 00-50, Smooth-On) using a bladecaster (Zehntner ZAA2300 &
ZUA2000, Proceq) set to a thickness of 600 um. Insulated high-voltage ca-
bles (HFP-1828-19-10, hivolt) were added and disposable skin-safe adhe-
sive film (2477P, 3M) was used to adhere the device spacers to the skin.
The device strap was constructed using soft loop fabric (Polyamide Velour,
Extremtextil), stretchable fabric (stretch bengaline, fabfab), and hook-tape
(molded Velcro hook-tape, Extremtextil).

Methods:  For all experiments, the actuator was driven with a high-
voltage amplifier (TREK 610E, TREK 10/10B-HS, or TREK 50/12, Advanced
Energy) controlled by Matlab (R2022a, The Mathworks) via a data acqui-
sition (DAQ) device (USB 6212-BNC, National Instruments).

For the quasi-static force-displacement experiments (Figure 3), the
force of the actuator was measured using a displacement-controlled dual-
mode muscle lever (310C-LR, Aurora Scientific). For static and dynamic
characterization of the device (Figure 5), the forces were measured us-
ing a calibrated force sensor (Nano17, ATI Industrial Automation). Power
measurements were conducted by measuring the voltage using the built-
in voltage monitor of the high-voltage amplifier (TREK 50/12, Advanced
Energy) and simultaneously measuring the current on the ground side of
the actuator using an electrometer (Model 6514, Keithley). Displacement
measurements were done with a laser displacement sensor (LK-H157,
Keyence). The movies in the Supporting Information were recorded using
acamera (Canon EOS R5), a voice-coil actuator (Haptuator Redesign, Tac-
tile Labs), an infrared camera (VarioCAM HD, InfraTec), and a high-speed
camera (Phantom v2640, Vision Research).

Perceptual Study:  The perceptual study employed the high-voltage am-
plifier TREK 50/12 (Advanced Energy) and a safety circuit further described
in the Supplementary Materials and Methods (Supporting Information).
This human-subject experiment was approved by the Max Planck Society’s
Ethics Council under the framework agreement of the Haptic Intelligence
Department (protocol number FO30A). All participants provided written
informed consent; those who were not employed by the Max Planck Soci-
ety were compensated at minimum wage for the duration of the study (on
average 15 euros for 80 min of participation time).

Statistical Analysis:  For the data presented in Figure 3, we computed
the mean and standard deviation (SD) using Matlab for both the single-
pouch and ten-pouch actuators. For each displacement, three different
actuators were tested for three cycles each, yielding a total sample size
of n=09.

A chi-squared test of independence was performed on the results of the
cue identification task using Python to determine if there was any depen-
dency between the delivered and perceived cues. The y2 and p values were
reported for a sample size of n = 840, degrees of freedom = 25. Statistical
significance was set at a family-wise error rate of a = 0.05.

The cue description results presented in Figure 6d report the mean and
standard error (SE) of the valence and arousal scores given by the partici-
pants (n = 14) for each haptic cue.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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