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Soft actuators are gaining significant attention due to their ability to provide realistic tactile sensations in
various applications. However, their soft nature makes them vulnerable to damage from external factors,
limiting actuation stability and device lifespan. The susceptibility to damage becomes higher with these
actuators often in direct contact with their surroundings to generate tactile feedback. Upon onset of
damage, the stability or repeatability of the device will be undermined. Eventually, when complete failure
occurs, these actuators are disposed of, accumulating waste and driving the consumption of natural
resources. This emphasizes the need to enhance the durability of soft tactile actuators for continued
operation. This review presents the principles of tactile feedback of actuators, followed by a discussion
of the mechanisms, advancements, and challenges faced by soft tactile actuators to realize high
Received 17th November 2023 actuation performance, categorized by their driving stimuli. Diverse approaches to achieve durability are

DOI: 10.1039/d3cs01017a evaluated, including self-healing, damage resistance, self-cleaning, and temperature stability for soft

actuators. In these sections, current challenges and potential material designs are identified, paving the
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1. Introduction

The sense of touch shapes our daily interaction with the world,
allowing us to experience textures, pressure, vibrations, tem-
perature, and even pain. The importance of tactile sensations
became more apparent after the COVID-19 pandemic, as touch
plays a vital role in social and emotional communication.'
Recognizing the significance of touch, there is a growing
interest in developing devices that provide tactile feedback,
going beyond typical audio and visual cues to convey informa-
tion. However, many of these devices use rigid tactile
actuators.” These actuators differ from the soft and compliant
nature of our skin, making it difficult to transmit realistic
tactile sensations. Additionally, their size and bulkiness limit
their practicality for wearables.’

In response to these challenges, soft tactile actuators have
emerged as a promising solution. These actuators share similar
properties with soft biological materials with moduli ranging
from 10* to 10° Pa and often utilize materials such as fluids,
hydrogels, elastomers, and plastic films.* Their compliant
nature allows them to interact safely with the human body
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way for developing durable soft tactile actuators.

and adapt to their environment, leading to success in recreat-
ing realistic tactile sensations. Owing to these features, soft
tactile actuators have attracted attention in various fields,
including healthcare, virtual reality, augmented reality,
robotics, and wearables.>*”®

Nevertheless, a critical issue in the practical application of
these soft tactile actuators is their durability.” Here, durability
is referred to as the ability to withstand operational failure. Due
to their soft nature, these actuators are prone to premature
failures caused by factors like overloading, punctures, tears,
and cuts from external sources.”’® This vulnerability is parti-
cularly concerning since tactile actuators are in constant direct
contact with their external environment. Furthermore, environ-
mental factors like moisture, dust, and temperature could
compromise their long-term use, affecting their actuation
performance stability.*™* These factors may easily be encoun-
tered in common scenarios such as sweaty hands, humid
environments, poor storage conditions, and changing seasons.
When these actuators fail, they are often discarded, contribut-
ing to electronic waste and the depletion of resources required
for manufacturing. Thus, as industries move towards circular
economy practices to minimize waste, designing soft and
durable tactile actuators becomes critically important.'* This
remains challenging as the pursuit of durability may compro-
mise their soft features and actuation capabilities.

In this review, we present strategies of fabricating soft
tactile actuators with both high performance and durability

Chem. Soc. Rev., 2024, 53, 3485-3535 | 3485


https://orcid.org/0000-0003-1383-1623
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cs01017a&domain=pdf&date_stamp=2024-02-27
https://rsc.li/chem-soc-rev
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs01017a
https://pubs.rsc.org/en/journals/journal/CS
https://pubs.rsc.org/en/journals/journal/CS?issueid=CS053007

Open Access Article. Published on 27 februar 2024. Downloaded on 9.12.2025. 05.10.11.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

Scheme 1 Summary of this review to achieve high performance and
durable soft tactile actuators.

(Scheme 1). The scope of the study will focus on actuators that
create tactile sensations by applying mechanical stimuli to the
skin. We start by exploring the fundamental principles behind
human tactile sensations, and then use that knowledge to
establish the performance criteria for soft tactile actuators.
Moving forward, we discuss the mechanisms, advancements,
and strategies for enhancing the performance of soft tactile
actuators, categorized according to the primary driving stimuli
that drive them. To make soft tactile actuators more durable,
we evaluate material and design approaches that enable self-
healing, damage resistance, self-cleaning, and temperature
stability. Concluding our review, we offer insights into recent
advancements that can potentially enhance these soft and
durable tactile actuators. To our knowledge, this review is the
first comprehensive evaluation of soft tactile actuators that
distinctively emphasize on durability. Thus, the scope of this
review differs from those that are focused on soft robotics,**’
haptic devices,>” and designing soft materials with self-healing
capabilities or extreme mechanical properties.'®'®'” With the
aim of addressing the common challenges in designing better
soft actuators to meet real-world conditions,” our review pro-
vides in-depth evaluation of the material and design strategies
to achieve high performance and durability for tactile soft
actuators. We hope this review will derive new ideas to advance
the field and encourage collaboration between researchers
working on materials and devices.

2. Overview of tactile feedback
2.1 Anatomical origin of tactile sensation

The numerous mechanoreceptors in our skin mediate human
tactile sensation.'® From the anatomical point of view (Fig. 1a),
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a mechanoreceptor is a morphologically specialized and stress-
responsive receptor that is typically located at the peripheral
axon terminal of a sensory neuron (dorsal root ganglion).
Tactile sensing relies on the mechano-responsive ion channels
on the sensory axon terminal that rapidly transduce mechan-
ical inputs into electrical signals."® When a mechanical stimu-
lus deforms a receptor, the mechano-coupling between the
receptor and the enclosed axon terminal causes the terminal
to depolarize. An action potential is generated and transmitted
along the primary afferent axon until reaching the central
nervous system (spinal cord and brain). In a real-world touch
event, numerous mechanoreceptors at the touch site would be
activated, and the signals would be integrated to form a
conscious sensation in the brain.

Human skin is either hairy or glabrous. Hair skin covers
most of the human body, while glabrous skin, having the
highest density of mechanoreceptors, covers the palmar surface
of our hands and feet. Most state-of-the-art haptic devices are
designed to be worn on hands or around fingers,> as we use
them most frequently when exploring the external world. The
presence of fingerprints, or the array of papillary ridges, also
plays a role in enhancing and amplifying tactile sensations.”®
Wearable haptic devices targeting larger skin areas and featur-
ing the coverage of hairy skin have also been developed,®"*>
enhancing the immersiveness of virtual reality (VR). The glab-
rous skin of humans (e.g:, palm/finger skin) contains four
types of mechanoreceptors (Fig. 1e), with each type specialized
in its morphology, innervated neuron type, and spatial
distribution in the skin sublayers (epidermis, dermis, and
subcutaneous tissue). Consequently, these mechanoreceptors
respond to mechanical stimuli in different neural spiking
submodalities,> which in concert allow us to perceive complex
tactile information that intermixes pressure, motion, vibration,
and texture. Here, we briefly describe the morphology and
stimulus responsiveness of these mechanoreceptors to reveal
how these factors can have an influence on the design of haptic
actuators. Readers may refer to biological literature for greater
details on human tactile perception.>*

2.2 Classification of mechanoreceptors

Four primary types of mechanoreceptors reside within the
glabrous skin: Merkel disks, Meissner corpuscles, Ruffini end-
ings, and Pacinian corpuscles. These mechanoreceptors exhibit
different time-domain spiking patterns in response to mechan-
ical stimuli. They are broadly classified as slow-adapting (SA)
and rapid-adapting (RA) afferents (Fig. 1b). SA afferents are
capable of continuously firing action potentials under steady
stress conditions, such as normal pressure or lateral stretch.
Also, the firing frequency positively correlates with the applied
stress level (Fig. 1c).>*>® SA afferents mainly detect static skin
deformations, allowing the identification of the object shape,
surface texture, and hardness upon contact. In contrast, RA
afferents quickly adapt to constant stimuli, generating spikes
solely during transient moments of stress variation. This ren-
ders them sensitive to motion and vibration yet unresponsive to
constant stress. For vibrational sensations, a RA afferent would

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Anatomical origin of tactile sensation. (a) Neural signalling pathway from mechanoreceptors to the central nervous system. (b) Spiking patterns of
slow and rapid adapting mechanoreceptors. (c) Firing frequency of slow adapting (SA) receptors under different pressure levels. (d) Firing frequency of
rapid adapting (RA) receptors under different vibrational frequency. (e) Schematic illustrations of the four major mechanoreceptors. (f) Receptive fields of

type 1 and type 2 receptors.

spike in synchrony with the vibration (one spike signaling one
vibrating cycle, Fig. 1d). The firing rate of RA and SA spikes
serves as an essential cue for tactile perception. The differing
adaptation rates can be due to the different ion-channel-
activation modes in the axon terminals.

Mechanoreceptors are also classified according to their
receptive fields (Fig. 1f). This refers to the specific skin area
where a receptor responds to mechanical stimulus and conveys
a neural response. Type 1 afferents are distinguished by their
small receptive fields and dense skin innervation.”” They are
situated below the surface of the skin, specifically within the
boundary between the epidermis and dermis, at depths less
than 1 mm. These attributes impart tactile acuity to type 1
afferents to convey neural images of surface events at high
spatial resolutions.>’?® In contrast, Type 2 afferents possess
larger receptive fields, resulting in transmitted information
having a more global nature. These receptors are typically
embedded deeply within the skin in the dermal and subcuta-
neous layers.>’

Merkel disks, classified as slow-adapting type 1 (SA1) affer-
ents, are located in the basal layer of the epidermis, and
innervate the skin densely. SA1 afferents yield pressure-like
sensations in response to static or slowly moving stimuli. In
particular, their sensitivity to specific sections of the local
stress—strain field endows them with sensitivity to points,

This journal is © The Royal Society of Chemistry 2024

edges, and curvatures.?”*° Individual SA1 receptors can resolve

spatial details as fine as 0.5 mm and exhibit a linear response
with indentation depths up to 1.5 mm. Owing to these attri-
butes, SA1 receptors are often associated with form and texture
perception.”” Meissner corpuscles, characterized as rapid-
adapting type 1 (RA1) afferents, are at the dermal papillae. In
comparison to SA1 receptors, RA1 afferents densely innervate
the skin (approximately 150 per cm® at the fingertips) and
demonstrate heightened sensitivity to dynamic skin deforma-
tions. Notably, RA1 afferents excel in detecting and discrimi-
nating at low frequencies, exhibiting optimal responses within
the 30 to 60 Hz range.>"*> Heights of 2 mm can be detected on
a flat surface when there is movement between the skin and
surface.’® This allows RA1 afferents to sense minute skin
motions effectively, facilitating the detection of slippage and
sudden changes in loading essential for grip control.>” Slow-
adapting type 2 (SA2) afferents, or Ruffini endings, possess
large receptive fields with indistinct borders.”” Although
they exhibit approximately six times lower skin indentation
sensitivity compared to SA1 afferents, SA2 afferents demon-
strate higher sensitivity (two to four times higher) to skin
stretching. Working with muscle spindles and joint afferents,
SA2 afferents contribute to perceiving hand motions.>”*° Paci-
nian corpuscles, identified as rapid-adapting type 2 (RA2)
afferents, reside within the deep layers of the dermis. They
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display remarkable sensitivity to high-frequency vibrations, extend-
ing up to 1000 Hz (most sensitive between 200 and 300 Hz),*>** and
can detect vibrations at the nanometer scale (approximately 10 nm
in amplitude) at 200 Hz." RA2 afferents enable responses to distant
events through transmitted vibrations.”” This vibratory sensation
proves vital for tool utilization; for instance, when writing with a pen,
vibrations from the pen tip are transmitted along the pen body and
are detected by RA2 afferents to perceive the paper texture.

Given the intricate nature of tactile perception, mechanor-
eceptors often function in combination to execute tasks.>*?’
The perception of roughness across various textures relies on
the combined contributions of SA1, RA1, and RA2 afferents,
with coarse textures effectively resolved by SA1 afferents and
fine features triggering RA1 and RA2 afferents.®” Furthermore,
in real world tasks such as object manipulation, mechanore-
ceptor responses change across stages from object contact and
force loading to lifting and unloading. To create a tactile device
that activates multiple mechanoreceptors for a diverse range of
sensations, the integration of distinct actuating systems and
modes is promising.

Whilst the tactile sensation of glabrous skin, particularly
that of human hands, is essential for exploring the environ-
ment through touch, the hairy skin that covers 90% of the
human body surface also plays a significant role in tactile
sensation and is crucial for performing daily activities. The
hairy skin contains all mechanoreceptors except for the Meiss-
ner corpuscles. Merkel cells (SA1) in hairy skin form small
clusters known as touch domes, while Ruffini endings (SA2)
and Pacinian corpuscles (RA2) have a similar morphology and
spatial distribution to those in glabrous skin. It is important to
note that the hairy skin contains proportionally fewer mechan-
oreceptors compared to smooth, glabrous skin, resulting in a
lower level of sensitivity. While Meissner corpuscles are absent
in hairy skin, RA2 tactile perception is instead mediated by
innervated hair follicles.***” Hair follicles are miniature organs
where hair resides and are densely innervated by afferent nerve
fibers. These fibers respond to hair movement when stimuli are
applied and removed, indicating that they are rapid-adapting
and not sensitive to static pressure. The different types of hair
and their association with different nerve fibers have been
discussed in previous literature in greater detail,*®**° and are
not the focus of this review. Other mechanoreceptors in hairy
skin include the field receptors, which respond to skin move-
ments, and the C-tactile nerve endings, which are relevant to
pleasant sensations during slow stroking.

The difference in mechanoreceptor type and density
between glabrous and hairy skin results in varying tactile
sensing abilities. When designing a tactile actuator, it is
important to consider the specific region of the body for which
the actuator is intended and to tailor the design parameters to
match the tactile sensing capabilities of that particular skin
type and body part.

2.3 Implications for tactile actuator design

Comprehending the diverse spatiotemporal tactile sensing
capabilities of mechanoreceptors provides pivotal insights for
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designing soft tactile actuators. One crucial parameter to
address is the absolute threshold, denoting the minimal tactile
stimulation required for an individual to perceive or detect a
sensory input.*® The absolute threshold establishes the mini-
mum performance level necessary for a soft tactile actuator.
Furthermore, any operation signal noise from actuation is
deemed acceptable only if it remains beneath this threshold.
The fingertips and lips tend to have the highest tactile acuity,
displaying lower thresholds than other body parts.*"*> When
subjected to static stimuli, the fingertip skin deformation,
force, and pressure thresholds amount to 10 pm, 0.8 mN, and
0.2 N cm ™2, respectively. When permitted to move, the skin can
discern surface structures of 0.85 um height.>* Upon exposure
to dynamic stimuli, peak sensitivity emerges between 200 and
300 Hz, and the absolute threshold during normal stimulation
varies from 0.1 to 0.2 pm.*° To elicit tactile sensation in the
hairy skin, a higher level of displacement and pressure will be
required given the low density of mechanoreceptors. However,
the threshold of hairy skin has not been thoroughly explored
and demands further research to guide the design and devel-
opment of tactile actuators specifically tailored for use on
hairy skin.

Tactile devices frequently incorporate arrays of actuators to
transmit spatial information. Consequently, the just noticeable
difference (JND) is significant in the device design. The JND
signifies the smallest detectable difference in tactile stimula-
tion perceivable by an individual.>® In terms of force, this
pertains to the augmentation amount an individual experiences
before realizing that augmentation has occurred.**** Notably,
the two-point discrimination threshold determines the dis-
tance between two tactile stimulus points required for an
individual to perceive them as separate and distinct. This
threshold varies across body parts and is dominated by the
size of receptive fields of SA1 afferents, with the fingertips
exhibiting the smallest thresholds.”® On average, humans can
discriminate two points placed approximately 1-2 mm apart on
their fingertips.*® For the proximal and distal body parts (e.g.
back, forearm, thigh, etc.), the threshold is as much as
~40 mm due to the lower density of SA1 mechanoreceptors
in hairy skin.>*

In general, absolute thresholds and JNDs differ appreciably
across various sources, and the values provided serve as design
guidelines for soft tactile actuators. These thresholds can vary
due to multiple factors, including temperature, age, and con-
tact area.”>*>*® In addition, the differences in the type and
density of mechanoreceptors across different body regions lead
to distinct tactile sensory thresholds, thus necessitating differ-
ent design considerations for tactile actuators. For haptic
devices intended for the glabrous fingertips and palms, a high
density of tactile pixels and finely graded output force levels are
essential, given the small JND of the fingertips. In this context,
the maximum displacements and forces can be moderated. On
the other hand, for haptic interfaces covering a large body area
with hairy skin, the actuators should be capable of delivering
larger forces and displacements, while the requirements for
force and spatial resolution are less stringent. In summary,

This journal is © The Royal Society of Chemistry 2024
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when designing these tactile devices, specific operating condi-
tions, the intended user demographic, the targeting body
regions, and indenter dimensions must be taken into account.
Such considerations ensure that soft tactile devices are tailored
for optimal performance and sensory experiences.

3. Soft tactile actuators

Soft actuators operate by exerting mechanical forces and dis-
placements onto the skin. However, their inherent softness
introduces a challenge, often resulting in limited force genera-
tion. Over time, innovative employment of soft materials and
novel design concepts have promoted rapid advancements in
soft tactile actuators, allowing them to be effectively used to
generate a wide range of sensations. A diverse array of driving
mechanisms have been harnessed for these actuators, includ-
ing electric fields, air pressure, thermal stimuli, and magnetic
fields. In this section, we discuss their working principles and
advancements, and explore potential avenues for enhancing
their performance further.

3.1 Electric field

Electrical stimulation to drive soft actuators for tactile feedback
offers a high degree of control, allowing for modulation of
signal phase, amplitude, and frequency.””*® This approach
provides significant advantages, as these electrically driven
actuators can be integrated with commercial power sources
and drivers, creating portable and untethered tactile devices.
Generally, soft actuators driven by electrical stimulation can be
categorized as electronic or ionic. Electronic actuators, where
the primary driving force for actuation is generated by electric
fields, encompass dielectric elastomer, electrohydraulic, piezo-
electric, and electrostrictive actuators. The actuation perfor-
mance of these electronic actuators designed for tactile
feedback, typically requiring moderate to high applied voltages
(10” to 10" V), is summarized in Table 1. On the other hand,
ionic actuators, also called electrochemical actuators, operate
effectively with lower voltage requirements (<10' V). This
section highlights the working principles and progress of
electrically stimulated actuators for tactile feedback, along with
potential improvement strategies.

3.1.1 Dielectric elastomer actuators. Dielectric elastomer
actuators (DEAs) are comprised of a soft dielectric elastomer
layer sandwiched between two compliant electrodes (Fig. 2a).*®
The region with two overlapping electrodes is the active region
of DEAs. Upon applying an electric field, opposite charges
accumulate on the electrodes, leading to their attraction due
to the generated electrostatic pressure, also known as the
Maxwell pressure (P). Actuation is achieved as the Maxwell
pressure compresses the active region of the dielectric elasto-
mer along the thickness direction, causing area expansion.
Owing to their soft nature (elastic modulus below several
MPa), DEAs can achieve safe tactile interactions with humans,
as the mechanical impedance of DEAs matches that of human
skin.’® Notable advantage of these actuators includes high
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actuation strains, wide frequency bandwidths, rapid response,
low weight, easy miniaturization, and design flexibility.®”*

Actuation strain, a key performance indicator, correlates to

the Maxwell pressure and the elastic modulus (Y) of dielectric

elastomers. Along the thickness direction of dielectric elasto-

mers, the actuation strain s, is expressed as
P eoer E2

S, = —— =

Y Y

(3.1)

where ¢y, &, and E are the vacuum permittivity, dielectric
constant, and electric field, respectively. This implies that
actuation strain can be elevated by increasing the dielectric
constant and reducing the elastic modulus at a given electric
field. DEAs offer a range of working modes, depending on
their configurations.”® Framed DEAs involve pre-straining the
elastomer onto a rigid frame to achieve in-plane expansion.
Diaphragm or buckling DEAs adopt planar constructions,
utilizing a rigid ring or passive regions to limit area expansion,
thereby achieving out-of-plane displacements. Unimorph DEAs,
affixed to a flexible passive layer, achieve bending with voltage
application.

DEAs have the potential to operate over a wide frequency
range from 10" Hz to 10" Hz, aligning with the stimulation
frequencies of mechanoreceptors.”" Positive results of vibrotac-
tile perception threshold tests evidence their suitability for
tactile feedback.””””* The frequency bandwidth is influenced
by the RC time constant of DEA charging and discharging as
well as the viscoelastic response of dielectric elastomers.®® The
RC time constant refers to the product of the resistance and
capacitance of the circuit. By using compliant electrodes with
high conductivity, low RC constants are attained, at which the
frequency bandwidth becomes limited by viscoelastic losses.
Commonly employed very high bond (VHB) acrylic tapes tend
to reach equilibrium actuation states around 0.1 Hz. However,
due to high viscoelastic losses, these DEAs exhibit limited
repeatability at frequencies exceeding several tens of Hz. In
contrast, DEAs using silicone elastomers with low viscoelastic
losses, like polydimethylsiloxane (PDMS), have demonstrated
stable actuation at frequencies up to ~10* Hz, rendering them
suitable for tactile feedback.”” Despite these benefits, the
dielectric constant of PDMS is low (2.5 to 3 at 1 kHz) and thus
requires larger electric fields and voltages for actuation.”® To
broaden the choices of dielectric elastomers, strategies such as
incorporating crosslinkers into elastomers, blending with car-
bon nanospring fillers, or introducing an elastic interlayer can
be applied.”®”® Huang et al. designed a DEA with low viscoe-
lastic losses and high dielectric constants (18.9 at 1 kHz) by
introducing cyanoethyl cellulose into plasticized PVC gels.”®
Low viscoelastic losses resulted from multiple molecular inter-
actions, such as electrostatic interactions and hydrogen bonds
that restricted chain mobility. The resultant elastomer exhib-
ited minimal relative displacement shifts after 1000 cycles
(7.78%), outperforming VHB (136.09%) and closely matching
PDMS (5.70%).

In addition to the working frequency, voltage is an essential
concern of DEA haptics. In pursuit of commercialization and
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Fig. 2 Dielectric elastomer actuators (DEA) for tactile feedback. (a) Illustration of the working principle of DEAs. (b) Untethered ultrathin and lightweight
DEA tactile device (top). Skin stretched by the DEA upon voltage application (bottom). Adapted with permission from ref. 50. Copyright 2020, Wiley-VCH.
(c) Working principle of a vibrotactile device using two multilayer DEAs and a blunt probe for stimulating various mechanoreceptors. (d) Photograph of
the vibrotactile device attached on a human finger. (c) and (d) Are adapted with permission from ref. 53. Copyright 2023, Wiley-VCH. (e) A wearable haptic
communicator applied on the volunteer arm for location and direction identification. The communicator comprises a 2 x 2 array of rolled DEAs mounted
onto a flexible circuit. Adapted with permission from ref. 55. Copyright 2020, Mary Ann Liebert, Inc. (f) Working principle of double-cone configured DEAs
with a rigid indenter. Adapted from ref. 51 and published by IEEE under Creative Commons CC BY License.

portability, DEAs are expected to operate at lower voltages enhancing the dielectric constant or reducing the elastic mod-
(below kV) while achieving actuation outputs sufficient for ulus of dielectric elastomers. Strategies include incorporating
tactile feedback.”” As such, extensive efforts have focused on high-dielectric-constant fillers,*>®" chemically modifying the
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elastomer backbones, adding plasticizers, and ther-
mally softening elastomers.®® The detailed optimization meth-
ods and their influence have been discussed in reviews."”*
When tuning these parameters, the dielectric breakdown
strength generally decreases, highlighting the need for careful
optimization to balance actuation performance and dielectric
breakdown. Strategies to prevent dielectric breakdown are
discussed in Section 4.2.2.

Multilayer configurations are commonly employed to fulfil
the demands of generating tactile feedback, which increases
the overall Maxwell stresses and amplifies the capabilities of
DEAs. Generally, two multilayer setups are employed for tactile
devices: stacked and rolled configurations. Stacked DEAs are
fabricated by vertically stacking numerous layers of dielectric
elastomers and electrodes in series. Early works by Koo et al. led
to the development of a wearable tactile display comprising
eighteen silicone dielectric layers in diaphragm configurations,
inducing out-of-plane displacements to generate tactile
sensations.*® Capitalizing on the simplicity of these configura-
tions, a large DEA array (10 x 10) can be easily demonstrated.
The device successfully met the tactile display requisites,
delivering output displacements and forces of 1.8 mm and
~23 mN, respectively, at 3 kV and 10 Hz. Subsequent refine-
ment of the frequency performance of similar designs was
further achieved by introducing a high voltage switching circuit
that expedited discharging times, resulting in a twofold
enhancement of displacements at 100 Hz.%®

While these early demonstrations hold promise for tactile
devices, they require high driving voltages that limit portability
and risk dielectric breakdown. This may be addressed by
reducing the thickness of individual layers within stacks.*”
For instance, Ji et al presented an untethered, ultrathin
(18 um), and lightweight (1.3 g) DEA that produced vibrotactile
sensations at the fingertip at relatively low voltages (Fig. 2b).>°
The tactile device, comprised of three stacked layers (each 6 pm
thick), required 450 V to achieve actuation performances sur-
passing sensation thresholds. The ultrathin feature enabled the
device to be mechanically transparent, enabling unrestricted
finger movement and direct feeling of objects. Designed to be
in skin contact, the DEA compressed the skin at rest. Upon
voltage application, the DEA expanded, causing the skin to
stretch and move perpendicularly to the DEA plane. Haptic
testing on eleven volunteers affirmed the device efficacy, report-
ing identification rates from 73% to 97% at varying frequencies
and waveforms. Nonetheless, manually stacking multiple layers
for enhanced actuation output can be tedious, especially at
reduced thickness. Instead, Son et al. utilized photolithography
and secondary sputtering to achieve a multilayer DEA
composed of 900 elastomer layers (PDMS blended with ionic
liquid EMIM TFSI fillers, each layer measuring 10 pm in
thickness).>® Upon voltage application, the resultant Maxwell
pressure on individual layers induced compression throughout
the entire DEA. This design led to notable improvements,
achieving lateral displacements of approximately 160 pm at
200 V (20 V um ™) and blocking forces up to 250 mN at 250 V
(25 V um ™). The importance of material design is highlighted
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as the addition of ionic liquid fillers provided a combination of
low modulus and high dielectric constants that enabled high
actuation displacements at the sensitive frequency (200 Hz) for
vibration perception. The developed vibrotactile device com-
prised two multilayer DEAs (450 elastomer layers each) with a
connecting probe, generating mechanical indentations on the
skin (Fig. 2c and d). Measurements on a fingertip model
indicated that actuation displacements at 200 V from 1 to
200 Hz were 5 to 15 times higher than perception thresholds.
Moreover, the device displayed the capacity to operate with
intricate tactile signals of varying amplitudes, frequencies, and
patterns, implying its potential to encompass a broad spectrum
of tactile sensations.

Rolled DEAs are fabricated by rolling multiple stacked layers
into a cylindrical structure. Upon voltage application, the
biaxial actuation is translated into linear motion along the
cylinder’s axial direction. The design relies on adequate friction
and adhesion between individual layers to counteract unwind-
ing and ensure that displacements occur along the axial direc-
tion. By adjusting factors like the number of turns, height, and
thickness, force output can be amplified.*>°° Zhao et al. per-
formed such optimization, resulting in rolled DEAs producing
free actuation displacements, blocking forces, and operating
frequencies of up to 1 mm, 1 N, and 200 Hz, respectively.’® Due
to their suitability to stimulate less sensitive areas, such as the
arm, these rolled DEA designs could be practically applied as a
wearable haptic communicator (Fig. 2e).>> The forearm com-
prised of a 2 x 2 rolled DEA array was employed for perception
threshold and identification tests. During these tests, the DEA
was randomly and sequentially triggered across a range of
frequencies (10, 60, and 200 Hz), prompting volunteers to
distinguish the location and direction of the actuation. The
performance of the haptic communicator displayed consider-
able potential, achieving high identification accuracy rates of
82.8% (location) and 88.2% (direction).

For enhanced safety considerations, several works have
integrated DEAs with rigid indenters, thus preventing direct
contact between the skin and the actuator.>>* This design
commonly involves positioning the indenter perpendicular to
the plane of the dielectric elastomer. When voltage is applied,
the area expansion of the DEA causes the indenter to retract.
Subsequent removal of the voltage leads to the recovery of the
DEA, pushing the indenter outward to contact the skin. Based
on this principle, Youn et al. achieved a fingertip tactile device
capable of applying a high force of 8.48 N at 304 Hz and 4 kv.>"
This was accomplished using double-cone geometries, where a
two-layer Elastosil P7670 DEA and a passive layer were pre-
strained onto circular frames and then bonded with the inden-
ter in between, forming a conical structure (Fig. 2f). The high
force output was attributed to the use of rigid couplings,
minimizing force losses. Additionally, for maximal tactile feed-
back, the mass of the indenter was adjusted to shift the
resonance frequency of the device to around 250 Hz—the
sensitive range for fingertip vibrations. These devices demon-
strate the capability of DEAs to stimulate body parts or indivi-
duals with high perception thresholds.

This journal is © The Royal Society of Chemistry 2024
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However, when the rigid indenter interfaces with the skin,
the pressure distribution and skin deformation are inadequate
to replicate compliance.”® This implies that to mimic the soft-
ness of a virtual object, a soft interface between the tactile
device and skin is required. Hydrostatically coupled DEAs have
been proposed to address this, wherein actuation is transferred
from the DEA to the passive layer in contact with the skin,
facilitated by an insulating fluid such as sealing corn oil or
silicone grease.>*°>* During actuation, lateral expansion is
constrained due to the support of the rigid frame, causing the
DEA to buckle outward while the passive layer moves inward via
hydrostatic transmission. Another significant advantage of
coupling with liquids is their ability to redistribute internal
fluid when force is applied to the passive membrane. This
ensures that the active DEA does not experience local changes
in thickness from external forces that might promote dielectric
breakdown. Efforts to enhance these hydrostatically coupled
DEAs have included increasing the force output to 1 N through
multilayer DEAs.”®> The size was also reduced to create a
wearable tactile device suitable for multi-finger operations.
Furthermore, the tactile device was integrated with commercial
hand-tracking sensors, simulating virtual interactions with
computer-generated objects. Psychophysical studies demon-
strated the effectiveness of hydrostatically coupled DEAs for
wearable tactile devices, with 15 volunteers successfully distin-
guishing between varying stimuli generated by the device.

While reducing the thickness of films has led to moderate
driving voltages (200-1000 V), obtaining high forces and sub-
stantial displacements often necessitates the incorporation of
multiple layers, a process that may be labour-intensive or
require intricate procedures. The majority of these tactile
actuators remain reliant on large high voltage power supplies,
highlighting the need for more work that integrates DEAs with
portable power sources, as demonstrated by Ji et al.*® Achieving
this would promote the application of DEAs for wearable tactile
devices. Despite the high voltages being utilized, due to the low
current being applied, low amount of power is consumed in the
milliwatt range. DEAs have been designed with low modulus
properties, which enable them to achieve large actuation
strains. While this is advantageous, it comes with the drawback
of increased susceptibility to external damage, which can result
in premature failures. Hence, future works may focus on
developing elastomers and designs that exhibit improved fre-
quency response, demand lower voltage requirements, and
prioritize durability. It is crucial to achieve a balance between
these factors while ensuring that DEAs can deliver sufficient
actuation force and displacement to simulate a diverse range of
tactile feedback sensations effectively.

3.1.2 Electrohydraulic actuators. The structure and work-
ing principle of electrohydraulic actuators are similar to those
of DEAs. Sandwiched between two electrodes, these actuators
replace dielectric elastomers with dielectric fluids that are
encapsulated within a flexible shell. Unlike DEAs, stretchable
membranes and electrodes are not required, preventing perfor-
mance degradation associated with strain.”* When high vol-
tages are applied, opposite charges on the electrodes attract
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each other and generate electrostatic force, which compresses
the dielectric fluid and its shell, redistributing the fluid
(Fig. 3a). The electrostatic force (F) can be expressed as the
following equation:®®

1
530 €medium 4 V2

2
Emedium
<—[insu]ator ~+ Zmedium

Einsulator

F= (3.2)

where &medium and &nsulator are the dielectric constant of the
medium (dielectric fluid) and insulator (shell), respectively, at
which #edium @nd Einsulator are their corresponding thickness. 4
is the active area of electrodes and V is the operating voltage.
When tinguiator 1S much lower than f¢pedium, finsulator €aN be
omitted and eqn (3.2) can be simplified as

1
2
~€0€medium AV

F=2 (3.3)

Zmediumz
Hydraulically amplified self-healing electrostatic (HASEL)
actuators, a type of electrohydraulic actuator, have garnered
significant attention due to their impressive performance attri-
butes, including high output force, power density, efficiency
(~40%), and wide frequency bandwidth (~ 200 Hz).>* Notably,
when the operating voltage increases, there is a critical point
known as the “pull-in transition” during which the electrostatic
force overcomes the mechanical restoring force, leading to a
rapid increase in actuation performance and pulling the elec-
trodes together.”® To mitigate pull-in instability, various elec-
trohydraulic actuators have deviated from parallel electrode
configurations and employed electrostatic zipping, with over-
lapping electrodes placed at the sides of the shell.”””°® When
voltages are applied, the electrodes are progressively drawn
together in a zipping motion, starting from the sides where the
electrodes are the closest and the electric fields are the highest.
Subsequently, the dielectric liquid is displaced to regions with-
out electrodes. Based on zipping mechanisms, electrohydraulic
actuators have achieved rapid response, high actuation strains,
and large force outputs.”®*°
Given the performance capabilities of electrohydraulic
actuators, they have found natural application in tactile
devices. To improve mechanical transmission to the skin, Shao
et al. designed a large area haptic display that provided
increased skin contact (Fig. 3b).>° By integrating six pairs of
parallel hydrogel electrodes, static and dynamic patterns for
tactile feedback can be obtained. For instance, activating the
electrodes in sequence to move the liquid from one end to the
other yielded directional tactile motions that volunteers could
perceive. However, the use of an inextensible shell, such as
biaxially oriented polypropylene (BOPP), may constrain actua-
tion displacements. To address this limitation, hydraulically
amplified taxels (HAXELs) comprised of a fluid-filled cavity
enclosed by a shell composed of both stretchable and non-
stretchable components were developed.®® Large actuation dis-
placement could be achieved as the stretchable elastomer made
up the top central region meant to contact the skin. Voltage
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with permission from ref. 59. Copyright 2020, IEEE. (c) Schematic and (d) photograph of selective activation of segregated electrodes which enables
HAXEL actuators to generate in-plane motions. Left half of the electrodes were activated to shift the bump in the right direction. (c) and (d) Are adapted
with permission from ref. 56. Copyright 2020, Wiley-VCH. (e) A fully printable, soft, and stretchable 2 x 3 array of HAXELs before and after mounting on
the fingertip. Adapted from ref. 58 and published by Wiley-VCH under Creative Commons CC BY License.

application led to electrostatic zipping in non-stretchable (P(VDF-TrFE-CTFE)) as the dielectric layer increased electro-
regions, displacing the fluid into the central area and creating static pressure at a given voltage. By selectively activating
a raised bump. Furthermore, the incorporation of poly segmented electrodes, both in-plane and out-of-plane displace-
(vinylidene fluoride-trifluoroethylene-chlorotrifluoroethylene) ments of the bump could be achieved (Fig. 3c and d). This
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enabled the transmission of shear and normal forces to users,
broadening the range of sensations and applications, including
texture recognition. HAXEL actuators demonstrated the ability
to operate over a wide frequency range, achieving forces of
300 mN at 80 Hz and 100 um at 200 Hz. Coupled with a rapid
response time of less than 5 ms, these actuators exhibited great
potential for wearable haptic devices characterized by minimal
lag and realistic touch sensations. User tests further demon-
strated their application, as participants accurately identified
normal and shear forces with over 80% accuracy. Due to the
highly thin form factor and flexible nature, 5 x 5 HAXEL arrays
could be mounted onto the body. This concept was refined
through fabrication process modifications for greater yield and
performance.’” 5 x 5 HAXEL arrays were tested on regions with
different sensitivities (palm, back of hand, and the lower back),
at which volunteers reported high average pattern recognition
of 84%, 89%, and 47%, respectively. To further enhance
identification accuracy, it is suggested to utilize HAXELs with
higher force outputs. To achieve high stimulation at the fin-
gertips, Grasso et al. fabricated soft, compliant, and stretchable
HAXEL arrays entirely through inkjet printing (Fig. 3e).”® Dri-
ven by 4 kv, these arrays exhibited free displacements and
blocking forces of 200 pm and ~22 mN, respectively. Even at
1 kHz, the displacement remained above 20 pm, surpassing
perception thresholds. Trials on 12 volunteers showed a high
identification accuracy of 85% with no significant deterioration
in performance over 9 days, which indicates the effectiveness
and reliability of HAXEL actuators for wearable haptics. Testing
involving 12 volunteers yielded an identification accuracy of
85%, with no notable decline in performance observed over
9 days. This outcome underscores the effectiveness and relia-
bility of HAXEL actuators for wearable haptic applications.

Although electrohydraulic tactile actuators have shown pro-
mises for tactile devices with high output forces and displace-
ments, the operating voltage is relatively high. This may be
addressed by increasing the dielectric constant of the shell to
generate larger electrostatic forces.”* Stacking multiple electro-
hydraulic actuators could potentially improve force outputs at
lower voltages.'” The advancement of high voltage power
supplies may further enable electrohydraulic actuators to
become untethered and portable, allowing them to be better
suited for portable or wearable devices. For instance, a battery
powered, pocket sized, 10-channel power supply has been
designed with each having an output of 10 kV and was further
demonstrated to drive an array of ten HASEL actuators.'*®
Nonetheless, power input remains low in the milliwatt range
due to the low current applied. While research has demon-
strated electrical self-healing of the dielectric liquid, the possi-
bility of shell puncture and subsequent liquid leakage remains.
To tackle this challenge, the utilization of self-healing materials
is discussed in Section 4.1.

3.1.3 Piezoelectric and electrostrictive actuators

When subjected to an electric field, intrinsic electromechanical
coupling within dielectric materials enables polymers to
undergo actuation via piezoelectric effects and electrostriction.
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Piezoelectric and electrostrictive actuators offer several advan-
tages for generating tactile feedback, including flexibility, high-
frequency operation, rapid response, and moderate driving
voltages. While these polymers may share similarities in the
device structure and characteristics, their underlying working
principles remain distinct. The piezoelectric effect is often
exhibited in non-centrosymmetric polymers and arises from
changes in polarization due to mechanical stress, generating
charges (Fig. 4a)."°>'%® This implies that dielectric polymers
with greater dipole moments exhibit larger piezoelectric effects.
Conversely, a mechanical strain is induced when an electric
field is applied to a piezoelectric polymer. Notably, the piezo-
electric effect is linear, with actuation strain proportional to
the applied electric field. Commonly employed piezoelectric
polymers for actuators include poly(vinylidene fluoride)
(PVDF)'®* and poly(vinylidene fluoride-trifluoroethylene)
(P(VDF-TIFE)).*!

On the other hand, electrostriction occurs as dipoles within
the dielectric polymer align themselves along the direction of
the electric field. This alignment induces changes in the
chain conformations of the material, resulting in alterations
in their dimensions (Fig. 4b)."°>'*® This mechanism differs
from Maxwell pressures, originating from the Coulombic inter-
actions between oppositely charged electrodes. However, in
the case of polar polymers with a low modulus, actuation
results from the combined effects of Maxwell pressure and
electrostriction.'°>'” When polar polymers have a high mod-
ulus, actuation is primarily driven by electrostriction effects.
Polymers known to utilize electrostriction for actuation include
poly(vinylidene  fluoride-trifluoroethylene—chlorofluoroethy-
lene) (P(VDF-TrFE-CFE)),*® poly(vinylidene fluoride-trifluoro-
ethylene-chlorotrifluoroethylene) (P(VDF-TrFE-CTFE)),'*> and
polyurethane elastomers.'® As shown in eqn (3.4), for linear
dielectrics, the electrostrictive strain (Sg) is proportional to the
square of the electric field (E).**'°

sg = QP = Q(e — 1)e’ E? (3.4)

& and 