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SKIN-INTEGRATED VIBROHAPTIC
INTERFACES

Haptic technologies add a sense of touch to visual and auditory
queues, as the basis for advanced forms of virtual and augmented
reality experiences. In article number 2008805, John A. Rogers,

Yei Hwan Jung, and Jae-Hwan Kim present the recent progress in
flexible, skin-integrated haptic interfaces that enable rapid, spatio-
temporally programmed perceptions of touch, with an emphasis on
emerging thin, flexible devices that can be gently laminated onto the

WILEY-VCH skin at any set of locations across the body.
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Skin-Integrated Vibrohaptic Interfaces for Virtual

and Augmented Reality

Yei Hwan Jung, Jae-Hwan Kim, and John A. Rogers*

Haptic technology involves the use of electrical or mechanical means to
stimulate afferent nerves or mechanoreceptors in the skin as the basis for
creating sensations of physical touch that can qualitatively expand virtual or
augmented reality experiences beyond those supported by visual and auditory
cues alone. An emerging direction in this field involves the development of
platforms that provide spatiotemporal patterns of sensation to the skin across
not only the fingertips, but to any and all regions of the body, using thin,
skin-like technologies that impose negligible physical burden on the user.
This review highlights the biological basis for skin interfaces of this type and

ematic accelerations could qualitatively
expand such experiences to reach a more
meaningful level of immersion in a vir-
tual world.>3] Although programmable
engagement of the entire somatosen-
sory system may be difficult to achieve,
vibrohaptic mechanisms appear increas-
ingly capable of generating a sense of
virtual touch, not only at the fingertips
but potentially across nearly all regions
of the body.*! Controlled patterns of

the latest advances in haptics in the context of this ambitious goal, including
electrotactile and vibrotactile devices that support perceptions of touch in form
factors that have potential as skin-integrated interfaces. The content includes
a discussion of schemes for integrating these stimulators into programmable
arrays, with an emphasis on scalable materials and designs that have the
potential to support soft interfaces across large areas of the skin. A concluding
section summarizes the potential consequences of successful research

efforts in this area, along with key multidisciplinary challenges and associated

research opportunities in materials science and engineering.

1. Introduction

Rapid advances in technologies for virtual reality (VR) and aug-
mented reality (AR) serve as the basis for hyper-realistic, nearly
flawless visual and audio simulations of computer-generated
environments.!) The addition of tactile sensations and kin-
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such vibrations have the potential to pro-
vide realistic virtual physical interactions
based on rapid, interactive control of spa-
tiotemporal patterns of force modulated in
magnitude and frequency over large areas
at fine resolution.? Efforts to understand
the vibratory characteristics of sensori-
motor functions of the skin and to develop
materials and skin-like systems for vibra-
tory inputs across all regions of the body
will lead to profound advances in tech-
nologies for VR/AR, with applications that
range from virtual social engagements,
immersive gaming/entertainment experiences and interactive
learning, to remote protocols for medical diagnosis, treatment,
training, and rehabilitation, to interactive human-machine
interfaces.3-2°]

Existing haptic systems in smartphones, watches, and game
controllers, as well as those in emerging modular devices that
integrate into garments (i.e., gloves, vests, etc.), rely primarily
on actuators that induce vibratory sensations in the skin. A
timeline of technology developments in haptic feedback inter-
faces to remote or virtual objects appears in Figure 1. One of
the earliest and most widely adopted examples is the gamepad
(Figure 1a), as a modality for interacting with objects or char-
acters in a digital environment.?28 Here, vibratory motors
provide haptic feedback to the hands as a basic, physical per-
ception for various gaming and entertainment applications.
Commercially successful haptic interfaces for VR/AR systems
include, as straightforward extensions of the gamepad, hand-
held controllers for user-friendly engagements with virtual
objects (Figure 1b).2°3U Systems of this type enable varied
modes of control, including grasping, touching, and triggering.
Certain extensions of these haptic interfaces for teleoperation
take the form of fabrics or wearable frames (i.e., exoskeletons)
as gloves or vests, or as devices that mount on the fingertips
(Figure 1c), to allow freedom of movement and manipulation,
without the need to touch a pad or to hold a controller.[®32-3]
The engineering approaches for these wearable technologies
remain, however, rather primitive, typically based on separate
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Figure 1. Past, present, and future of haptic technology for virtual and augmented reality. Representative images of haptic interfaces in the form of
a) a handheld gamepad, b) a handheld controller, c) an exoskeleton-based or wearable glove, and d) a flexible, skin-integrated epidermal electronic
device. Reproduced with permission.[?6l Copyright 2010, John Wiley and Sons. Reproduced with permission.[?l Copyright 2017, ACM. Reproduced with

permission.32l Copyright 2007, ACM. Reproduced with permission.'® Copyright 2015, Wiley-VCH.

bulk components joined with collections of wires and inter-
faced to large battery packs.

An important future direction is in haptic interfaces pre-
sented by thin, lightweight, devices that can integrate directly
as skin-integrated systems onto any or all regions of the body,
without constraints or burdens on the user. Such platforms
represent conceptual extensions of “epidermal electronics” or
“electronic skin” technologies that are rapidly emerging from
university laboratories into commercial systems for clinical-
grade tracking of physiological status for a broad range of
medical applications.l*-% Here, soft, biocompatible elastomers
combine with stretchable and bendable electronic circuit layouts
in hybrid, hard/soft composite structures engineered with guid-
ance from computational models of the mechanics to operate
in a physically imperceptible manner, softly interfaced to the
surface of the epidermis. A compelling vision is for integra-
tion of dense arrays of vibration stimulators into these classes
of platforms to deliver rapid and realistic haptic feedback in
the form of complex, spatiotemporal patterns of actuation
(Figure 1d).PY Beyond existing haptic devices that focus almost
exclusively on the hands, the ability to deliver fast responding
tactile sensations to the skin at any location of the body, without
limitation, could serve as the basis for a far more immersive,
head-to-toe VR/AR experience, outside of the scope of systems
that embed small numbers of actuators into vests, suits, exo-
skeletons, or tactical gear formats. Advances in functional mate-
rials to support mechanical actuation will be critically impor-
tant for continued development of this field. Successful efforts,
taken together with an increasingly broad range of electronic
and mechanical design approaches from the field of epidermal
electronics, may bypass constraints set by the bulky compo-
nents, hard-wired interfaces, battery packs, and other features
of commercially available technologies that impede mobility
and detract from an engaging experience.

This review highlights recent efforts in skin-integrated vibro-
haptic interface technologies that generate artificial touch sen-
sation through oscillatory excitation. The focus is on emerging
research interests in scalable materials and approaches that can
support arrays of thin, lightweight stimulators in flexible, skin-
conforming platforms capable of mounting across all regions
of the body. These technologies are distinct from those that use
separate haptic platforms (i.e., tactile displays) that can be con-
tacted with a finger®>> or those exploit bulk, individual devices

Adv. Funct. Mater. 2021, 31, 2008805

2008805 (2 of 26)

that are held in the hand®®3! or that mount at discrete locations
on the body.3 The content includes an overview of past research
examples that have potential in this context, as well as some
recent work oriented directly at the classes of skin-integrated
systems contemplated here. The article begins with a summary
of the fundamental aspects of tactile sensation mechanisms of
the human skin and its neurophysiology, as important consider-
ations in the design of vibrohaptic interfaces. Following sections
highlight some of the most promising vibratory stimulator sys-
tems, with an emphasis on the functional materials and device
designs, their modes of operation, fabrication procedures, elec-
trical/mechanical characteristics, and suitability for use in skin-
integrated systems. Of these technologies, electrotactile stimu-
lators and several types of vibrotactile actuators, such as those
based on electromagnetic and piezoelectric effects, successfully
apply to haptic interfaces for mimicking touch interactions in
VR/AR. Certain of the most advanced examples illustrate how
these components can be integrated into thin, flexible platforms
with advanced power delivery and wireless control strategies in
conformal skin interfaces with consistent/reliable operation in
tactile feedback. The article concludes by highlighting opportu-
nities and future directions, with an orientation around research
frontiers in functional materials for immersive VR/AR applica-
tions uniquely enabled by skin-integrated devices.

2. Toward Artificial Touch Sensations through
Mechanical Vibrations

The development of haptic devices requires a deep under-
standing of the underlying neurophysiological aspects of
sensory functions and associated mechanisms of the skin,
including effects of spatial variability in the structure of the skin
and the nerves across different regions of the body. The units
within the skin that are responsible for mechanical sensing,
sometimes known as mechanoreceptors, and the nerves that
interface them to the brain, known as afferent nerves, reside
in the dermis, a layer of skin typically 50-100 pm beneath the
surface.’®>l Each type of mechanoreceptor responds to dif-
ferent kinds of mechanical stimuli applied to the surface; those
adapted to detect vibrations are of particular relevance to the
technologies presented in this review. The vibrotactile sensory
threshold corresponds to the minimum depth of indentation
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at the surface of the skin that is perceptible. By comparison to
static deformations, vibratory inputs have far smaller thresh-
olds. The values depend on body location and frequency,
extending into the range of 1 mm at 1 Hz, 10 um at 100 Hz,
to 10 nm at 200 Hz."® An additional consideration is that local
vibratory deformations can propagate laterally across adjacent
regions of the skin, to create unique spatiotemporal propaga-
tion patterns that expand the sensory zone beyond the region
of direct contact."”! The combined effects of these complex
sensory features provide an ability to distinguish diverse tactile
sensations associated with vibrations, thereby creating many
opportunities for the development of materials and devices as
vibrohaptic interfaces in skin-integrated, array formats to repli-
cate intricate patterns of touch perception.

2.1. Tactile Receptors and Their Response to Vibrations
Discriminative touch arises from low-threshold mechanorecep-

tors that interface to rapidly conducting myelinated afferents
to mediate tactile sensations in response to mechanical

pressures on and/or distortions of the skin.” Four different
mechanoreceptive afferent types exist in skin that is free of hair
(glabrous skin): slowly adapting type 1 (SA1), slowly adapting
type 2 (SA2), rapidly adapting type 1 (RA1), and rapidly adapting
type 2 (RA2). The slowly adapting units (SA1 and SA2) respond
continuously to steady deformations, whereas the rapidly
adapting units (RA1 and RA2) respond primarily to changes in
these deformations. These mechanoreceptors are further cat-
egorized by the size of the area of deformed skin, where type
1 units (SA1 and RA1) and type 2 units (SA2 and RA2) support
low and high spatial fidelity, respectively. Figure 2a presents
the four primary mechanoreceptors in human skin: Merkel
receptors, Meissner corpuscles, Ruffini endings, and Pacinian
corpuscles.] The three major components of the skin are
the epidermis (outermost protective layer; =0.05 mm thick),
the dermis (structural support layer beneath the epidermis;
0.6-2.7 mm thick), and the hypodermis (insulating and padding
layer beneath the dermis; 0.3-12 mm thick).[*"-%3] Located in the
basal epidermis, the Merkel receptors (SAl) innervate densely
in the skin (=100 afferents per cm?) to sense points, edges,
and curvatures with a receptive field diameter of 2-3 mm.[%4
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Figure 2. Considerations in the generation of tactile sensations of artificial touch using vibrohaptic interfaces. a) Schematic illustration of the four
primary mechanoreceptors in human skin. Reproduced with permission.[®¥ Copyright 2013, Cengage Learning. b) Graphs of thresholds for detection
of vibrotactile stimulation at different frequencies. Reproduced with permission.® Copyright 2007, Springer Nature. c) 3D representation of perceived
intensities of vibrotactile sensations (solid lines) as a function vibration amplitude (i.e., acceleration) and frequency. The graph also shows a surface
obtained using a nonlinear regression model. Reproduced with permission.3l Copyright 2010, Massachusetts Institute of Technology. d) Results of
two-point discrimination tests on different parts of the human body. Reproduced with permission.”8 Copyright 2018, Elsevier. ) Photograph of an
array of 30 accelerometers attached to various locations across the hand for evaluating spatiotemporal patterns of vibrations during touch interactions.
f) Illustration of the spatiotemporal distribution of vibration intensity generated by tapping the index and middle fingers on a steel plate (top). The
time course of evolution of acceleration (y axis) at locations on the distal phalangeal area of the index and middle finger (bottom). Reproduced with
permission.'l Copyright 2016, National Academy of Sciences.
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Individual Merkel receptors resolve spatial detail of 0.5 mm and
convey information about static stimuli with indentation depths
of at least 1.5 mm. Meissner corpuscles (RA1), also in the basal
epidermis, respond to fine touch, as well as low-frequency vibra-
tions (10-50 Hz) with skin indentations of less than 10 pum.[%3
These receptors respond to stimuli within a receptive field of
between 3 and 5 mm in diameter. Ruffini endings (SA2) reside
in the superficial dermis. With a receptive field of 10-15 mm in
diameter, these endings signal stretching of the skin effectively.
Their sensitivities to stretch and to indentation are 2—4 times
more and 6 times less than those of Merkel receptors, respec-
tively. Pacinian corpuscles (RA2), located in the deep part of the
dermis or in the hypodermis, detect transient pressures, and
high-frequency vibrations with sensitivities of less than 10 nm
at 200 Hz. Their extreme sensitivity and their deep location
lead to receptive fields of larger than 20 mm.® By comparison
to glabrous skin, hair bearing regions contain proportionally
fewer afferent nerves and Meissner corpuscles. Here, rapidly
adapting mechanoreceptors associated with hair cells, and low-
threshold, slowly-conducting, unmyelinated C-tactile (CT) affer-
ents serve as the basis for touch sensation. These CT afferents
are also responsible for the affective properties of touch, such
as positive and negative emotions.%6¢!

Each of these four mechanoreceptors (Figure 2a), except for
the Ruffini endings, detect vibrations at specific ranges of fre-
quencies. During the perception process, a sinusoidal vibration
introduced at the surface of the skin develops into action poten-
tials that transmit through the receptors. Each action potential
signal corresponds to a single cycle of oscillation. The ampli-
tudes of the vibratory deformations determine the total number
of activated nerve afferents. A series of such action potentials
from different receptor activations, followed by synchronous
and repetitive discharge, forms the basis of a perception of
vibration.l””l In general, Merkel receptors detect very low fre-
quency (below =15 Hz) vibrations, Meissner corpuscles detect
low frequency (2-100 Hz) vibrations, and Pacinian corpuscles
detect vibrations that reach the highest perceptible frequencies
(40-500 Hz).[%®l The sensitivity thresholds for vibration depend
on the size and frequency of skin indentation; the values
depend on receptor type (Figure 2b).%% The thresholds meas-
ured from human subjects, summarized in Figure 2b, indicate
that the highest sensitivity to vibrations occurs in a frequency
range from 200 to 250 Hz. The median thresholds for Merkel
receptors, Meissner corpuscles, and Pacinian corpuscles are
56.5, 13.8, and 9.2 um, respectively.”!

Based on feedback from subjects stimulated with multiple
different waveforms over the frequencies of 0-300 Hz, bands
of sensitivity fall into three distinctive perceptual qualities:
slow motion (up to =6 Hz), fluttering motion (=10-70 Hz), and
smooth vibration (above =150 Hz).”% Different psychophysical
experiments also reveal that a stimulus in the range of 540 Hz
feels like a light flutter of the skin that can be localized accu-
rately.”!l This sensation changes into a vibratory hum as the fre-
quency increases to values between 60 and 80 Hz."?!

In addition, psychophysical studies of perceived intensi-
ties of sensations due to vibrations as a function of frequency
for various fixed amplitudes (i.e., accelerations) reveal the
key effects. The 3D plot in Figure 2c represents the relation-
ship between perceived intensity, amplitude and frequency,
based on reports of 11 participants for 30 conditions of
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sinusoidal vibrotactile stimuli transmitted to the hand gen-
erated from a mechanical shaker.”?! Specifically, the partici-
pants grasp a mobile device designed to mimic vibrotactile
feedback mechanisms available in mobile phones. Here, a
zero perceived intensity represents a detection threshold,
the smallest signal that is perceived. The perceived inten-
sity increases monotonically with acceleration at a fixed
frequency and decreases with frequency at a fixed acceleration.
In terms of vibrational displacement, a plot that represents
displacement against frequency at a fixed perceived inten-
sity follows the U-shape curve of Figure 2b, as the functional
relationship of perceived intensity with stimulus frequency
depends on the detection threshold.” This result suggests
that generating vibrations with a similar perceptual magnitude
requires greater accelerations at higher frequencies.””!

2.2. Tactile Sensitivity across the Human Body

The nature of spatial variations of the perception of touch across
the body are also important to consider. Receptors tend to be
densely arrayed in the face and hands, with comparatively sparse
distributions across areas of the back and thighs. The number
of receptors determines the sensitivity of the skin, not only by
the magnitudes of the deformations but also in terms of their
spatial details. The two-point discrimination test records the
smallest distance between two sharp points that are perceived
as distinct stimuli.’®”/! This test represents a standard method
for determining the spatial resolution of the sensitivity. Results
from such measurements performed on different parts of the
body (Figure 2d) reveal that skin associated with the face and
hands offer the finest resolution, to scales of 24 mm on the
fingertips.’® By contrast, regions such as the upper arm, thigh,
and calf support resolution that is ten times more coarse, in the
range of =40 mm.

Psychophysical tests define the tactile sensitivity based on
patient reports of sensation upon pressing skin using monofila-
ments. The contact force required to stimulate receptors in the
forehead and palm must exceed 0.6 mN.”’l On the thigh and
shin, this force increases by more than ten times (10 mN). Such
differences relate directly to the spatial distribution of the mech-
anoreceptors. Out of roughly 45 624 mechanoreceptors across
the entire body, =18 675 mechanoreceptors reside on one hand,
which comprises of only 1.2% of the total skin area.®” In com-
parison, only 2105 and 443 mechanoreceptors reside on the back
(13.9% skin area) and thigh (9.2% skin area), respectively. The
vibrotactile sensory thresholds at 200 Hz for the hand, back, and
thigh are 0.07, 1.4, and 1.8 um, respectively.® The reaction time
relates to the distance between the stimulated site and the brain,
which determines the neural transfer times. The temporal reso-
lution at different skin sites ranges between 5 and 25 ms.[*?

2.3. Spatiotemporal Patterns of Vibrations across the Skin

As suggested previously, complex spatiotemporal patterns of
propagating deformations during physical interactions with the
skin form important additional aspects of tactile sensation. Spe-
cifically, touching an object not only excites the receptors at the
region of direct contact, but also across adjacent areas separated
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in distance by as much as a few centimeters, as distributed
vibratory and static disturbances through the tissues of the
skin.[83-8 Different modes of interactions, such as tapping or
sliding against a metal or fabric surface, induce different spati-
otemporal patterns. Detailed studies that exploit arrays of accel-
erometers attached at different locations of the hand capture
these effects as dynamic and spatial vibrations during various
modes of skin interactions (Figure 2e).2l Videos of color maps
of averaged acceleration magnitudes yield visual representa-
tions of the spatial and temporal patterns of vibration intensity
for different interaction modes. The results of measurements
for a variety of manual interactions reveal that vibration inten-
sities yield interaction-dependent distributions of deformations
that peak/fade rapidly within a few milliseconds. As might be
expected, vibration amplitudes at the region of skin-object con-
tact are larger for interactions with hard objects (e.g., 4.7 m s~
for steel) compared to those with soft objects (e.g., 2.4 m s72
for fabric). Moreover, tapping causes more broadly distributed
patterns of vibration compared to those for sliding contact.
Likewise, increasing the force of the contacts increases the spa-
tial extent of these patterns. As a specific example, tapping a
surface with the fingertips leads to deformations that propa-
gate across the dorsal surface and dissipate at the wrist, within
20-30 ms of the instant of contact.

Figure 2f shows an example of a measured spatiotemporal
distribution of vibration intensity and the corresponding time
course of evolution of acceleration for the case of tapping index
and middle fingertips against a steel plate. The largest ampli-
tudes occur in a frequency band of 10-100 Hz, in such cases. Dis-
tinct patterns of vibration energy that arise from hand gestures
associated with indirect tapping and grasping demonstrate the
importance of the frequency content of the propagated energy.
Energy appears mainly in a frequency band of 200-400 Hz
for indirect tapping, such as tapping a surface with a stylus.
Grasping a soft ball induces little vibrational energy above 10 Hz.

These and other findings establish important considerations
in the development of haptic interfaces. Specifically, the com-
plex, sophisticated nature of the mechanoreceptor system indi-
cates that achieving a realistic sense of touch with such an inter-
face technology requires thoughtful consideration and imple-
mentation of the actuators, their spatial distribution, and the
temporal characteristics of their operation. The broad frequency
range that characterizes the responses of mechanoreceptors in
the skin, and in particular their high sensitivity to vibratory
inputs, creates significant opportunities in the development
of vibrohaptic feedback as a means to mimic the perception of
touch with high levels of richness and complexity. Manipulating
the frequency and amplitude of vibrations can produce a wide
range of tactile sensations. The frequency dependence of the
threshold for sensation in Figure 2b suggests that frequen-
cies below 100 Hz require actuators with large amplitudes to
achieve practical levels of perception, sometimes defined by
magnitudes that are 10-20 dB above threshold compared to
receptors detecting high frequency vibrations.

These and related considerations must also account for the
distribution of the afferent nerves and mechanoreceptors across
the body. In general, skin regions that have high thresholds
also have low spatial and temporal sensitivities, and in such
cases, haptic interfaces can be achieved with sparse arrays of
powerful actuators. When operated in a coordinated fashion,
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such arrays can also reproduce spatiotemporal patterns similar
to those observed in the propagation studies described above,
for realistic artificial touch. An ultimate solution in the context
of VR/AR systems adheres to the vision described previously,
of technologies in the form of thin, lightweight flexible arrays,
gently interfaced to the soft, curved surfaces of the skin, with
wireless, real-time programmability. Recent advances in mate-
rials science, mechanical engineering and electrical engineering
suggest that such systems are increasingly within reach. The
following sections highlight some of the most promising direc-
tions in this rapidly growing area of interdisciplinary research.

3. Materials and Designs for Haptic Stimulators

The most well-explored strategies for creating vibrohaptic sen-
sations through physical interfaces to the skin fall into two cate-
gories. The first relies on physical forces delivered by functional
materials to the mechanoreceptors through electrical, magnetic,
pneumatic, hydraulic, piezoelectric, or other effects, in methods
known collectively as vibrotactile stimulation.”) The second
exploits currents injected from skin-contacting electrodes to
underlying afferent nerves, in a scheme referred to as electro-
tactile stimulation.®®! Figure 3 shows representative images
of promising mechanisms of these types as skin-integrated
vibrohaptic interface systems. Each technique has strengths
and weaknesses. For example, electrotactile stimulation has
the advantage of simplicity and immediate ability to scale to
arrays in platforms that can adopt thin, stretchable form factors
to facilitate integration with the skin. A drawback is that such
approaches require careful selection of the skin-contacting elec-
trode materials and precise control over the injected currents to
allow safe, controlled operation.

Vibrotactile actuators of various types avoid these challenges
through the delivery of mechanical stimuli using biocompatible
materials at the skin interface in designs that guarantee safe,
pain-free operation. The main challenge in electromagnetic
devices for such purposes is that achieving sufficient forces and
displacements typically demand complex designs, bulky com-
ponents, and poor power efficiencies. Alternative schemes such
as those based on pneumatic effects or functional materials
allow for miniaturized dimensions and scalable fabrication,
but they also demand high voltages and/or power for opera-
tion, often with requirements for externalized hardware for
pumping, as an example. The following sections summarize
the latest advances in these technologies, including those that
have some promise but have not yet been explored in the types
of large, thin, and skin-integrated platforms envisioned here.

3.1. Electrotactile Stimulators

An electrical current injected through an electrode pair attached
to the skin generates a potential gradient that depolarizes the
afferent nerves under the electrode that serves as the cathode.
The nerves activate above a certain threshold potential. Thera-
peutic electrical nerve stimulation, reflex stimulation, muscle
activation, and defibrillation are examples of applications that
use this mechanism. Due primarily to its simplicity, electrotac-
tile stimulation is one of the most widely explored approaches
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Figure 3. Materials and device structures for vibrohaptic interfaces. a) Photograph of an electrotactile stimulator on a fingertip. b) Photograph of
several commercial eccentric rotating mass actuators. c) Photograph of a voice coil-based electromagnetic actuator. Reproduced with permission.['¢!
Copyright 2018, Wiley-VCH. d) Photograph of a hydraulically amplified taxel actuator in actuated states, with the finger for scale. Reproduced with per-
mission.®3 Copyright 2020, Wiley-VCH. e) Scanning electron microscope image of an array of ultrathin piezoelectric actuators and sensors laminated
onto a replica of human skin. Reproduced with permission.®2 Copyright 2015, Springer Nature. f) Photograph of a wearable pneumatic vibrotactile
actuator mounted on a fingertip. Reproduced with permission. Copyright, Reconfigurable Robotics Lab, EPFL.

for inducing tactile sensations.®#9 Choices of electrical stim-
ulation parameters and electrode geometries determine the
intensities and patterns of sensation, as the basis for program-
mable control. Applying appropriate electrical waveforms to the
electrodes activates afferent nerves as the source of a sense of
vibration in a way that largely bypasses the role of the mechano-
receptors. Typical electrical current density levels applied to the
skin range from 0.1 to 10 mA cm™2 at corresponding voltages of
between 30 and 50 V using electrodes that have lateral dimen-
sions in the range of 2-40 mm.[03

Systems in arrayed geometries can be constructed with
thicknesses typically far less than 1 mm, in physical forms that
can approach those of the skin itself. The selection of electrode
sizes depends on the size of the targeted skin area and on the
thickness of the underlying fat layer. For example, the effective-
ness of electrical stimulation with small electrodes decreases as
the thickness of underlying fat layer increases, due to the large
current spread. The current densities required for operation
span a wide range, due to the strong dependence of percep-
tual threshold levels on electrode characteristics and locations
of stimulation. Inhomogeneities in the skin and across the
electrodes and their skin interfaces greatly influence current
density distribution, affecting stimulation efficiency and com-
fort differently across different parts of the skin. Section 4.1.1
highlights these issues in detail.

Popular electrode materials include mixed layers of con-
ventional, skin-compatible metals such gold, stainless steel,
and platinum”®4 as well as soft conductive hydrogels and
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carbon impregnated elastomers.*929%] In some cases,
layers of poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate (PEDOT:PSS) or silver/silver chloride (Ag/AgCl) serve to
control the overall resistivity of the electrodes and the contact
impedance to the skin.”%8l These and other electrode mate-
rials are often derived from those used in electrophysiological
recordings, such as electrocardiograms, electromyograms
(EMG) and electroencephalograms, due to a similar set of con-
siderations and requirements.

An additional aspect in the selection of electrode materials
depends on the trade-off between the homogeneity of current
distribution and the resistivity of the electrodes. Low resistivity
can result in a less homogeneous current distribution, while
high values can lead to high voltages at the stimulation elec-
trodes. A resistivity above the value of the skin (Ogecirode > 700 Q
m) typically results in an acceptable current distribution.

Traditional electrotactile stimulators include a pair of elec-
trodes, one as an active interface and another as a reference, typi-
cally with rectangular or circular shapes and lateral dimensions
of a few or a few tens of millimeters. Many reported schemes
use hydrogels coated on top of electrodes of Ag, AgCl, and/or
carbon. A representative case uses a skin-contacting, electrically
conductive hydrogel with relatively low peel strength for easy
removability from the skin, a second hydrogel layer with low
resistivity for even current distribution, and a conductive fabric-
based substrate with connector leads. An alternative layout
involves a concentric geometry in which a ring-shaped reference
electrode surrounds a central, disc-shaped active electrode in a
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coaxial configuration to localize the induced sensation and mini-
mize interference with measurements of EMG or other electro-
physiological signals for control or feedback.”>) A commercial
electrode structure in this type of concentric format (40 mm
in diameter; Spes Medica) has an active electrode diameter of
10 mm and reference electrode ring outer diameter of 30 mm,
with a 5 mm separation in between.’” Arrays of microelectrodes
for electrotactile stimulation can support high spatial densities,
as patterned metal films on thin sheets of plastic or, preferably,
elastomeric substrates to facilitate mechanically compliant inte-
gration with skin. Figure 3a shows an electrotactile stimulator
designed for the fingertips using stretchable, filamentary serpen-
tine interconnects to ensure low modulus, skin-like properties.
A key concern in electrotactile stimulators arises from the
need to maintain sufficient levels of current injection to elicit
robust sensations, but at values below those that create uncom-
fortable or even painful responses. The challenge is that the elec-
trical impedance at the skin interface can vary widely between
individuals and even across the body of a given subject. Changes
can also occur over time due to sweating, fluctuations in the
hydration level of the skin and other factors. Engineering solu-
tions therefore require careful attention to the hardware designs,
specifically to electronic systems that provide feedback control
over the stimulation parameters and to materials that support
robust, skin-integrated electrical interfaces with consistently
low impedance. Section 4.1 discusses some features of the most
advanced skin-integrated electrotactile stimulators in detail.

3.2. Vibrotactile Stimulators

As mentioned previously, mechanical stimulation of the
skin avoids many of the challenges associated with electrical
approaches. Several different materials and device designs for
this type of vibrotactile interface have promise for future haptic
systems. The following describes the main classes of these
technologies, their operational mechanisms and key attributes.

3.2.1. Electromagnetic Actuators

Electromagnetic actuators that rely on Lorentz forces, such
as eccentric rotating mass actuators (ERM), are ubiquitous
in mobile electronic devices and gaming controllers.[100.101
ERM actuators (Figure 3b) are direct current (DC) motors
that include an off-center mass attached to a rotation shaft, in
designs commonly referred to as “eccentric.” Rapid rotations
lead to vibratory actuation generated by uneven centripetal
forces, typically resulting in side-to-side motions. Commer-
cially available ERM actuators include those in small coin
cell packages (7 mm in diameter, 2 mm in thickness, 0.6 g
in weight; Jinlong Machinery) or cylinder-like form factors
(10.8 mm in length, 3.0 mm in height, 0.9 g in weight; Jinlong
Machinery), with simple, cost-effective designs and capabili-
ties for generating strong vibrational forces.'?l Coin cell-type
designs are attractive for haptics because the housing seals
all moving parts to facilitate physical interfaces with the skin
in convenient geometries. Such devices also often include
a commutation circuit board built around a shaft in the center,
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a rotor with two voice coils and an eccentric mass that rests
on the shaft through a center bearing, with a disk-type magnet
that attaches to the motor chassis. At the underside of the
rotor, two metal brushes that connect to the voice coils estab-
lish contacts to the commutation circuit, in which a current
generates a magnetic field in the coils. This field interacts with
the flux of the magnet and, in turn, moves the rotor, allowing
the metal brushes to alternate the direction of field.

All commercially available ERM actuators utilize powerful
neodymium-based (i.e., NdFeB) magnets, a rare-earth alloy that
can reduce power consumption by half compared to otherwise
similar designs that incorporate alnico (i.e., alloy of Al, Ni, and
Co) or ferrite (i.e., Fe;0,) magnets. The typical operating volt-
ages range from 1.5 to 3.3 V, and power consumption levels
range from =60 to 200 mW, depending on vibration strength.
The speed of the motor increases with supplied voltage, to
increase the frequency of vibration by a corresponding amount.

The inductive and resistive characteristics of the motors
average a supplied pulse-width modulation (PWM) signal into a
DC voltage that is proportional to the duty cycle. Precise control
of the vibration using this PWM scheme can be achieved easily
with standard microcontrollers. The main drawbacks are in
intrinsically slow transition times between steady and moving
states (=50 ms) and in limitations in control that follow from
interrelationships between the frequency and amplitude of the
response. The first issue can be addressed, to a certain extent,
by using an initial overdrive voltage to overcome the inertia of
the eccentric mass and to quickly start the rotation before a
transition to the rated voltage.[103104

Vibration strengths of ERM actuators vary according to size
and other properties, and are measured as maximum acceler-
ations (units of Gs, the acceleration from gravity; 9.81 m s7?)
for a 100 g mass load.'" For actuators within lateral dimen-
sions of =1 cm, the vibration strengths for coin cell-type ERMs
range from 0.35 G (6.0 mm in diameter, 1.8 mm in thickness)
to 3.0 G (12 mm in diameter, 3.4 mm in thickness). Values for
cylinder-like ERMs range from 0.25 (9.4 mm in length, 4.0 mm
in height) to 3.0 G (16.3 mm in length, 6.2 mm in height) at
input DC voltages of 3.3 V.

Enhanced responsiveness and power efficiency can be
achieved with voice coil-based electromagnetic actuators
and linear resonance actuators (LRA).06-198] These devices
(Figure 3c) rely on an electrical current that passes through a
loop of wires to induce a magnetic field that exerts actuation
on an aligned magnetic material via a Lorentz force. An alter-
nating current (AC) drives the voice coil to produce motions
of the magnet, which also acts as a moving mass. Specifically,
current through the coil generates a magnetic field, which
interacts with the moving magnet to produce an oscillating
force across the vertical axis. An additional spring connects the
moving mass to the voice coil, creating a perceptible vibration
force with low power consumption when the voice coil oper-
ates near the resonant frequency of the spring.

Most LRAs operate efficiently only within a narrow band
(2 Hz) around the resonant frequency.'%>10 A driver inte-
grated circuit (IC) can automatically track this resonance and
adjust to achieve maximum efficiency. The rapid response of
the moving magnet upon application of a current yields start
times (=30 ms) that are typically shorter than those for an ERM
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actuator (=50 ms)." The temporal resolution of the skin,
which lies between 5 and 25 ms depending on location, is an
important consideration in the design of haptic actuators that
can produce sharp and crisp sensory effects. In an LRA, the
stop time can be long (=300 ms), due to the stored kinetic and
potential energy in the system during actuation. Control sys-
tems that integrate active braking functions can improve this
aspect of the performance by applying phase-shifted AC signals
to generate forces to oppose continued oscillation. As with com-
mercially available ERMs, LRA devices can interfere magneti-
cally with nearby electronics. Additional control systems can
minimize such effects. The associated requirements, however,
lead to complex operation schemes and specialized drivers.

Nevertheless, LRAs are high-performance and reliable alter-
natives to ERMs, due mainly to improved response characteris-
tics and efficient spring mechanisms. Coin-cell-type LRAs can
generate vibrational strengths in the range of 0.7 G (6.0 mm
in diameter, 1.8 mm in thickness) to 1.9 G (12 mm in diameter,
3.7 mm in thickness), at AC voltages between 1.2 and 2.0 V.
Comparable LRA devices (12 mm in diameter, 3.4 mm in thick-
ness) consume ~45% of the power required for otherwise similar
ERMs (10 mm in diameter, 3.6 mm in thickness) for operation
at the tactile threshold (minimal detectable activation levels), at
different frequencies (175 Hz for ERM and 69 Hz for LRA).M12

An additional consideration is that both types of devices
can be relatively heavy and bulky because they typically rely on
conventional materials, such as stainless steel, neodymium,
and copper, for the mass elements, permanent magnets, and
coils, respectively. For example, the weight of a small coin cell
type ERM or LRA device (2.5-4 mm in thickness, 9-10 mm in
diameter) is in the range of 1-2 g. The scalability for reduced
sizes and arrayed layouts is limited by manual assembly pro-
cesses for the constituent components. Alternative materials
and device designs may address these drawbacks, as described
in the context of electromagnetic vibrotactile actuators for skin-
integrated haptic interfaces in Section 4.2.

3.2.2. Electroactive Polymer Actuators

Functional materials that transform electrical energy directly
into mechanical vibrations without moving parts avoid the bulk
and mechanical complexity of electromagnetic actuators, and
they provide straightforward paths to integration into large-scale
arrays. Electroactive polymers (EAP) are materials that undergo a
dimensional change in response to an applied electric field and/
or generate an electrical polarization in response to an applied
mechanical stress.'!'>"11] These materials appear in a wide range
of mechanical sensors and actuators for industrial, medical, con-
sumet, and musical applications."”!8 Actuators capable of pro-
ducing large displacements and forces with rapid response times
have potential as haptic interfaces, especially those that can be
implemented in thin form factors. Choices of designs that gen-
erate vertical (out-of-plane) vibrational displacements range from
linearly contracting multilayer stacks to cantilevers, to pinned
boundary configurations. This section highlights promising
classes of EAPs, with a focus on materials, electrical characteris-
tics and layouts optimized for vibratory actuation.

EAPs, as defined here, incorporate materials that operate
through the action of Coulomb forces, induced polarizations

Adv. Funct. Mater. 2021, 31, 2008805

2008805 (8 of 26)

or motions of ions. Devices based on the first category typically
use an electrical bias applied to a parallel plate capacitor formed
with a low modulus polymer as the dielectric and deformable/
stretchable conductors (e.g., carbon-impregnated grease) as the
electrodes."? The bias leads to electrostatic forces that com-
press the polymer to reduce the overall thickness of the struc-
ture and, by the Poisson effect, to increase its lateral dimensions.
Important characteristics of electronic EAPs are their ability
to operate stably in air with simple materials, to respond rap-
idly (within milliseconds), and to hold induced displacements
under a DC voltage.”” The polymers in these devices are typi-
cally incompressible dielectric elastomers such as silicones and
polyurethanes. The relatively low dielectric constants lead to
high driving voltages (>1 kV) and corresponding electric fields
(>100 MV m™), with operating limits set by electrical breakdown.
Single-film dielectric elastomer actuators (DEAs) typically feature
elastomer thicknesses in the range of 10-200 um and offer max-
imum out-of-plane strains of 25-35%, corresponding to vertical
displacements (contraction) of 3.5-70 um.['?'12| The lateral dis-
placements correspond roughly to one half of these strains mul-
tiplied by the lateral dimensions of the actuators, typically in the
range of 10-20 mm for representative devices used in haptics.

The linear elastic stretchability and the modulus of the elas-
tomers, along with the structure of the actuator, are key proper-
ties that define the range of displacements that can be achieved
and the maximum forces that can be applied. These two met-
rics represent important performance parameters, where dis-
placement is the maximum distance of actuation when the
actuator is operated without a load and the blocking force is
the maximum force generated when motion of the actuator is
completely blocked. Multilayer geometries can increase these
parameters for a given driving voltage. The elastic restoring
force of the polymer supports response times that can reach
the ms range, relevant to vibratory operation for haptics, using
appropriate voltage waveforms.

A representative vibrotactile DEA includes multilayers of sili-
cone elastomer (8 layers, each 25 um in thickness; CF19-2186,
Nusil Company) separated with compliant carbon-film elec-
trodes formed by spraying and drying a carbon powder solution
through a mask, for a total thickness of 210 pm.['2l Here, an
array of 4 x 5 actuators, each with a 2 mm in diameter, reside
in a total area of 11 X 14 mm?. A hemispherical dome struc-
ture at each actuator forms a cavity with a height of 0.1 mm
such that an applied electric field leads to a buckling deforma-
tion that alters the height of the cavity. Most DEAs for tactile
stimulation purposes employ such structures.'?128] A voltage
of 3.5 kV produces a displacement of 471 um with a blocking
force of 14 mN. An appealing feature is that these actuators are
mechanically compliant and flexible, such that the entire array
can be formed into a thimble shape as shown in Figure 3d.
Viscoelastic effects reduce the displacements from =390 um to
~205 um as the operating frequency increases from 0 to 100 Hz
at a constant peak voltage of 2.5 kV. The maximum current
level reaches =0.1 mA, corresponding to a peak instantaneous
power consumption of 350 mW, but with a much lower time-
averaged value for typical uses. Specifically, in dynamic appli-
cations like those in vibratory operation, power consumption
increases linearly with the frequency, actuator capacitance, and
square of applied electric field (Pejectrical = Cact V2f, Where C, is
the capacitance of the actuator when charged, V is the applied
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potential, and fis the driving frequency). Based on this calcula-
tion, the electrical power input for a single DEA in the array
described here is =25 mW for operation at 100 Hz.

A recent variant of the DEA is a device that exploits dielectric
liquids sealed between a pair of flexible membranes with pat-
terned conductive coatings. Application of a bias between these
coatings causes the membranes to move together, in a zipping
process that pushes liquid to create an out-of-plane displace-
ment. Designs include conical-shaped cavities and deformable
shells. The first type consists of a compliant electrode layer
attached to a membrane of a dielectric elastomer that rests on
top of a conductive chamber with a conical shape.['?’l The mem-
brane zips down in the chamber upon application of a voltage
between the electrode and the chamber body. The second
type consists of a flexible polymer shell coated with flexible
electrodes and filled with a liquid dielectric (i.e. silicone oil),
referred to as hydraulically amplified self-healing electrostatic
(HASEL) actuator.3132l An applied voltage between the two
facing electrodes causes zipping of the shell due to an electro-
static attraction, displacing the liquid dielectric against viscous
resistance. A recent example of a vibrotactile actuator based on
this type appears in Figure 3d. The device exploits membranes
of polyethylene terephthalate and electrodes of Al (50 nm) on
the periphery and on the bottom, referred to as hydraulically
amplified taxel (HAXEL) actuator. A circular membrane of poly-
dimethylsiloxane (PDMS) resides on the central-top region.'3’]
A voltage applied between top and bottom electrodes zips the
two, thereby pushing the liquid toward the central region to
cause out-of-plane displacements that create a dome-shape. The
actuator (6 mm in length, 6 mm in width, 2.5 mm circular diam-
eter at the center) generates 300 mN force and displacements
of 500 um, with a response time of under 5 ms, at an oper-
ating voltage of 1.4 kV. The displacement decreases to 100 pm
at 200 Hz, presumably due to effects of inertia and viscosity.

Other types of electronic EAPs include electrostrictive poly-
mers, which respond with positive strains to electric fields due
to the reorientation of randomly aligned chain backbones along
the direction of the field.'**1%] These interactions lead to strains
that are proportional to the square of the electric field. Repre-
sentative electrostrictive polymers include high-energy-electron
irradiated (HEEI) poly(vinylidene fluoride-trifluoroethylene)
(P(VDF-TrFE)) copolymers, electrostrictive graft elastomers
(G-elastomer), and P(VDF-TrFE)-based terpolymers.'*®l An
example of a commercially available film-type vibratory actu-
ator (10 mm in length, 10 mm in width, 150 um in thickness;
Novasentis Inc.) uses a electrostrictive polymer in a multilayer
geometry with 20-25 layers, each with a thickness of 3-5 um
and with electrodes on the top and bottom surfaces.3138 A
50 um thick layer of polyether ether ketone (PEEK) serves as
an elastic substrate. The actuator mounts onto a flexible printed
circuit board (FPCB) by attaching either one end of the film as
a cantilever-condition or two facing ends as a pinned boundary-
condition. Published examples include actuators mounted in the
cantilever geometry with a free-end displacement of 526 um for
an input voltage of 150 V and a response time of 160 ms, with
forces at frequencies that are within the range of human tactile
perception (see Section 2). The power consumption peaks with
a value of 378 mW and drops abruptly by an order of magnitude
within 100 ms. As with DEAs, the time-averaged power con-
sumption is comparatively low, =23 mW for 100 Hz operation.
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Liquid crystal polymers represent another class of electronic
EAPs, where the actuation follows from changes in the alignment
of liquid-crystalline side chains. Such changes arise from applica-
tion of an electric field or from a change in temperature, to pro-
duce dimensional changes of the polymer, and corresponding dis-
placements of the actuator.® The response times for field-driven
actuation (=10 ms) are considerably faster than those for thermally
induced actuation (=125-500 ms for 100 um thick film), where
rates in the latter follow from considerations in thermal trans-
port to the surroundings." Other drawbacks of liquid crystal
polymers with thermally induced activation include low efficiency
(<5%), ultimately limited by the Carnot efficiency, and require-
ments of continuous heating during activation periods. Field-
driven liquid crystal polymers are promising due to high effi-
ciency (=75%) and moderate field requirements (1.5-25 MV m™),
but their maximum strains are relatively small (=4%).

Ionic EAPs, as an alternative to electronic EAPs, offer some
potential as the basis for vibrotactile actuators.">12013 Actua-
tion relies on swelling or contraction of a polymeric membrane
based on motions of mobile ions under the influence of electric
fields. Materials for such purposes include ionic polymer—metal
composites (IPMC) and conducting polymers. A common
IPMC actuator sandwiches a membrane of perfluorinated
ionomers (e.g., Nafion and Flemion) with two metal layers
(e.g., platinum and/or gold).!° After immersion of an IPMC
actuator in water, application of an electric field attracts cations
toward the cathode (i.e., positively charged ionomer).'* With
anions anchored to the backbone of the polymer, this accu-
mulation of positive charge generates an electrostatic strain
and consequent bending of the entire structure. Conducting
polymers for ionic EAPs feature conjugated structures (e.g.,
polypyrrole and polyaniline) that undergo dimensional change
under the electrochemically changing oxidation states, due to
the addition or removal of charges from the membrane and a
balancing flux of ions."*? Typical devices based on ionic EAPs
achieve displacements of 2-10 mm and forces of 0.5-50 mN at
low operating voltages (1-10 V), but at high currents (hundreds
of mA). The resulting high operating powers are a key disad-
vantage, as are requirements for aqueous operating environ-
ments to facilitate ionic transport. For these reasons, ionic EAP
remain relatively underexplored for haptics.

3.2.3. Piezoelectric Polymer and Ceramic Actuators

Piezoelectrics are materials that undergo changes in polari-
zation that produce electric fields in response to mechanical
stresses or vice versa.l The piezoelectric coefficient (d,,),
where “x” refers to the direction of the applied field and “y”
is the axis of effective strain, with units of “meter per Volt” or
“Coulomb per Newton,” is a tensor that captures the magnitude
of this effect for different directions along the material and for
different directions of the applied electric field or mechanical
stress. In many actuators, the most important component of
this tensor is denoted as “ds;,” corresponding to the strain that
occurs in the polarization axis for an electric field in this same
direction. Other coefficients include, as examples, d3; and d;s,
which are measures of perpendicular and shear deformations
to the polarization axis, respectively. In general, piezoelectric
materials fall into three categories: crystals such as quartz,
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ceramics such as lead zirconate titanate (PZT), and polymers
such as polyvinylidene fluoride (PVDF).

PZT-based ceramics are in widespread use due to their
ease of synthesis and their large piezoelectric constants.[*140]
Doping PZT with donors and acceptors create different varieties
of materials with properties that can be tailored to the applica-
tion requirements. For example, PZT-5A is useful for applica-
tions at high temperatures but with reduced performance (374
pC N7tin ds3) compared to PZT-5H (593 pC N7 in ds;), which
has the disadvantage of temperature dependent response. As
comparison, the dj; of lead magnesium niobate-lead titanate
(1-x)[Pb(Mg;;3Nby3)O3]-x[PbTiO5] (PMN-PT), a single-crystal
alternative for high performance, is 2820 pC N! (67% PMN and
33% PT).'"”8] Barium titanate BaTiO; with a ds3 of 191 pC N1
is a ceramic that is attractive for its lead-free composition.!*’]

PVDF is a polymeric alternative to these inorganic materials, of
interest for its low modulus, high fracture strain, and ease of pro-
cessability. The ds3 is —271 pC N7, where the negative sign indi-
cates that the thickness decreases upon application of an electric
field in the direction of the poling field."> This constant is posi-
tive for almost all piezoelectric materials except for PVDF and its
copolymers with trifluoroethylene (P(VDF-TrFE)).'>! PVDF exists
in five crystalline polymorphs, the o~, , ¥, &, and & phases,
that form in ways that depend on the processing details. The
[S-phase shows the strongest piezoelectric behavior, due to a sig-
nificant dipole moment from an all-trans, planar zigzag confor-
mation.® Solvent casting methods, fiber electrospinning tech-
niques, the addition of nucleating fillers, and the development
of PVDF copolymers are among various techniques that can
facilitate the formation of the Bphase.>? Films of fphase PVDF
can be obtained by transitioning the o~phase, which is obtained
naturally in casting films, by stretching and poling under high
temperature (80-150 °C).>31%¢ Polymer-inorganic composites,
such as those that embed PZT fibers or BaTiO; nanocubes into a
PVDF matrix, produce hybrid forms of films with a good balance
between electrical and mechanical properties, suggesting poten-
tial applications in vibratory actuators.>7-1>%)

A typical actuator consists of a thin film (50-1000 um in
thickness) of a single or multilayer stack of piezoelectric material
formed between pairs of electrodes in a parallel plate geometry,
to produce a vertical displacement with a force upon applica-
tion of a voltage, where the d;; piezoelectric constant defines the
magnitude of the response. The electrical and mechanical prop-
erties, such as driving voltage, response time, displacement, and
generative force depend on the material properties and structure,
as well as the overall actuator design. The most widely explored
materials for vibrotactile actuators are PVDF and PZT. The
former is often favored due to its mechanically flexible and trans-
parent properties and the latter to its high piezoelectric constant.

One example of a vibrotactile actuator array (8 x 6) uses a
B-phase, large-area film of PVDF (153 x 93 mm?) with a thick-
ness of 80 um and pairs of transparent electrodes of indium-—
tin—oxide (17 x 14 mm?) on opposing sides of the film.['] An
AC voltage with peak values between 500 and 1000 V leads to
forces of =0.5 N and displacements that are detectable on the
fingertips at 100 Hz (see Section 2).

As with DEAs, multilayer geometries can reduce the oper-
ating voltages and increase the displacements. In one case,
an actuator using a stack of 25 layers of PVDF (each 20 um
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in thickness) formed by doctor-blading an ink formulation in
a ketone solvent, separated by silver electrodes, with dimen-
sions of 35 x 14 x 2 mm? and an active area of 12 x 8 mm?,
operates at 200 V to provide a force feedback of 200 mN cm™
and a displacement of =2.5 um.[!l Similar to DEAs, the power
consumption of piezoelectric actuators increases linearly with
frequency and capacitance. In this particular case, the power
consumption is less than 3 mW for an AC input with an ampli-
tude of 350 V and a frequency of 450 Hz.

Although the high piezoelectric coefficient of PZT is an advan-
tage, its high modulus and low fracture strains represent key dis-
advantages relative to PVDF and related piezoelectric polymers
for use as skin-integrated haptic devices. One strategy to over-
come this deficiency exploits PZT layers with extremely small
thicknesses and thin polymer encapsulation structures to achieve
low bending stiffnesses necessary to conform to the surface of
the skin.[621%3 Figure 3e shows a scanning electron microscope
(SEM) image of an array of such PZT sensors and actuators,
integrated onto the surface of a replica of human skin. Fabrica-
tion begins with formation of a 500 nm thick film of PZT using
sol-gel techniques and annealing at high temperatures on an
oxidized silicon wafer. The sensors (100 X 500 pm?) and actuators
(200 x 1000 um?) include a bottom electrode (Ti/Pt, 20/300 nm),
a PZT layer, and a top electrode (Cr/Au, 10/200 nm), defined by
photolithography processes and wet etching techniques. Retrieval
of the devices involves elimination of the underlying oxide layer
with diluted hydrofluoric acid and application and removal of
a thermal tape for release onto a separate layers of poly(methyl
methacrylate) (PMMA; =50 nm in thickness) and polyimide
(1.2 um in thickness). Coating another layer of polyimide (1.2 um
in thickness) on top of the devices for protection, followed by
formation of openings through the protection layer for access
to metal electrodes and deposition of metal interconnects (Au/
Cr, 200/10 nm) completes the structure. Eliminating the under-
lying PMMA layer with acetone and performing another transfer
process with a thermal tape onto a 20 um thick film of silicone
yields a device in a sufficiently thin format to allow direct cou-
pling to the surface of skin. These structures provide an ability
to apply forces to soft tissues and to monitor their resulting dis-
placements as the basis for characterizing the mechanical prop-
erties. Because displacements are on the order of a fraction of a
micron, thick, multilayer stacks of such devices are required to
generate vibrational amplitudes sufficient for haptics.

Vibrotactile actuators based on PZT typically exploit one of
three different multilayer configurations, often referred to as
stack, bending, and cymbal actuators.'**1%0 The first incorporates
multiple layers of PZT films assembled together in orientations
that use deformations based on the longitudinal piezoelectric
coefficient, ds3.1%) Such multilayer techniques are similar to
those used in DEA and electrostrictive actuators. One reported
design offers a maximum force of 900 N, displacement of 10 um
and a response time of 1-5 s for a driving voltage of 100 V in a
system that incorporates 100 layers of thin PZT (100 um) sheets,
with dimensions of 5 x 5 x 12.7 mm?3.1%% This configuration is
nonideal for skin-integrated vibrotactile actuators due to the large
required thicknesses and the resulting low bendability.

Bending actuators consist of cantilever beams with piezo-
electric films in bimorph or unimorph configurations.[%8l
Bimorph designs incorporate two piezoelectric plates with
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polarization normal to the interface, such that one plate expands
and the other contracts with applied electric field. Unimorphs
use a single piezoelectric plate attached to a nonpiezoelectric
elastic plate (i.e., passive plate) to induce a transverse defor-
mation with applied electric field. The cantilever-style actuator
(Novasentis Inc.) based on the electrostrictive poly(vinylidene
fluoride-trifluoroethylene—chlorofluoroethylene) (P(VDF-TrFE-
CFE)) terpolymer attached to a PEEK-based passive plate pre-
sented in Section 3.3.2 is an example of this unimorph configu-
ration. For a piezoelectric bending actuator with dimensions of
12.7 x 10 X 0.6 mm? in a bimorph cantilever configuration with
one end fixed, the tip can move with amplitudes of up to 35 um
and a maximum blocking force of 0.5-1 N and response time
of 100 us, under a driving voltage of 100 V.'%! An example of a
practical bending actuator (30 mm in length, 15 mm in width,
0.35 mm in thickness, 0.3 g in weight; PiezoHapt, TDK Elec-
tronics) uses a unimorph structure with electrodes that sand-
wich a 200 um thick PZT layer (20 x 10 mm? in dimensions) on
opposing sides.'] A 100 um thick metal plate based on a Ni-Fe
alloy with large lateral dimensions (30 x 15 mm?) bonds to one
side of the actuator, thereby enabling the entire plate to vibrate
under an AC voltage of 12 V with a power consumption less than
5 mW, a response time less than 4 ms, and a displacement of
65 um. The blocking force is within the range of human tactile
perception (see Section 2). A sine wave signal with a frequency
of 200 Hz and a voltage of 12 V yields a maximum vibrational
acceleration of 0.3 G (for a 100 g mass), which can be compared
directly with ERM and LRA actuators (see Section 3.2.1).

A cymbal actuator consists of a single- or multilayer of
circular piezoelectric disk sandwiched between two cymbal-
shaped metal end caps.'®] The cymbals, typically made with
thin layers of brass or titanium and with lateral dimensions
that match the disk, bond to the two opposing sides of the
disk on the edges, such that cavities form between the cymbals
and the disk. Application of an electric field triggers a lateral
compression in the piezoelectric disk which converts into an
axial displacement due to the flexural, bending motion of the
cymbals in the vertical direction. Such designs provide charac-
teristics intermediate between those provided by the stack and
bending configurations.

One example of a vibrotactile actuator (9 mm in length,
9 mm in width, 1.1 mm in thickness, 0.3 g in weight;
PowerHap, TDK Electronics) with this layout uses 23 layers of
PZT (0.6 mm in total thickness), copper electrodes, and a tita-
nium-based cymbal (8.7 mm in diameter, 0.1 mm in thickness)
generates a displacement of 35 um and blocking force of 3.0 N
(60 V input), with a response time of less than 1 ms.l”% A sine
wave with a frequency of 200 Hz and a voltage of 60 V yields a
maximum vibrational acceleration of 2.5 G (for a 100 g mass).
The power consumption is less than 5 mW.

The resonant frequency for vibratory actuation depends on
the stiffness, the thickness, and the mass of the piezoelectric
material and the electrodes. Reducing the thickness, increasing
the stiffness and reducing the mass all lead to increases in
frequency. All classes of piezoelectric actuators require high
drive voltages, although typically much less than those associ-
ated with DEAs. Driver ICs specifically developed for piezo-
electric actuators are available for voltages of up to 200 V, using
embedded amplifiers that have input voltages of 1-5 V.
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3.2.4. Soft Pneumatic Actuators

Soft pneumatic actuators (SPA) operate by transferring air from
a source to a deformable bladder.”73] A typical device includes
a thin membrane of an elastomer in a circular shape to seal an
underlying reservoir. Modulating the pressure of air in the res-
ervoir causes the membrane to inflate or deflate, much like a
balloon. Such actuation techniques have structural advantages
especially in tight spaces or on sensitive regions of the body
where rigid and bulky components are nonideal. For example,
pneumatic actuators composed entirely of soft materials in thin
geometries, without hard materials or sharp edges typically
found in electronic or conventional actuator components, can
be used even at the most challenging locations on the skin such
as between a residual limb and a prosthetic socket. Various
electrical, mechanical, thermal, or electrochemical pumping
mechanisms and active or passive valves control the flow into
and out of these reservoirs to yield forces that can reach several
Newtons or more.

In one example designed to incorporate into a prosthetic
liner for arm amputees, air passed inside a silicone-based
chamber with pressures in the range of tens of kPa generates
8.5 N of vibrotactile force across a circulate area with a diam-
eter of 16 mm from an actuator with a thickness of 6 mm.["4 A
collection of regulators, sensors, and high-speed valves support
vibratory actuations at frequencies up to 70 Hz. The air pres-
sure, as well as the types of silicone materials that form the base
of the SPA determine the pressure, displacement, and force of
the actuation. SPAs with a given geometry but constructed with
two different silicone formulations (type A: Dragon Skin 30,
Smooth-On; type B: RTV-1520, Silika Moldes e Insumos) result
in maximum pressures of 70 and 50 kPa, with displacements of
3.5 and 4.5 mm, and forces of 8.5 and 9.5 N for type A and type
B, respectively.” A dynamic analysis demonstrates that the
response times and displacements at 10 Hz and 40 kPa of the
type B device is faster (0.24 m s vs 0.09 m s7) and larger (by
2 times) than the type A device. These differences follow from
a higher (by 1.5 times) elastic modulus for the type B material
compared to the type A.

A miniature soft pneumatic actuator of this sort, with dimen-
sions comparable to actuators discussed previously, appears
in Figure 3f[7¢] The main structural material in this case is
PDMS, with an elastic modulus similar to that of human skin.
The actuation region consists of an intermediate flexible mask
layer (polypropylene; 50 um) sandwiched between two silicone
layers, with a total thickness of 500 um. The lateral design of
the intermediate layer adopts a spoon-like shape with a head
diameter of 10 mm that forms the actuation region and a
handle width of 2 mm that forms the channel for the air pump.
This structure bonds to the bottom silicone layer to ensure
that deformation occurs on the top PDMS layer, upon inflation
through the channel. The top and bottom PDMS layers bond
in the remaining regions. A pressure of 25 kPa generates a
force of up to 1 N and an inflation height of 1.5 mm. A high-
speed pressure regulator enables rapid inflation and deflation,
for operation in a range of frequencies from 5 to 100 Hz. At
30 Hz, the vibration amplitude decreases to 70% of the max-
imum measured value, with further significant decreases as
the frequency reaches 100 Hz. Whereas the physical geometry
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and base material determine the static characteristics of SPA,
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3.3. Comparative Summary of Options in Haptic Stimulators

such as the maximum pressure, displacement, and force, the

high-pressure air source and regulator systems often limit the
vibratory actuation, especially in a range of high frequencies.
As with DEAs, viscoelasticity can dampen vibrational operation

in this range.

Table 1 summarizes examples of electrotactile and vibrotac-
tile actuators, organized according to their material prop-
erties, performance, and structure. Entries also include
typical driving input parameters, as well as vibratory output

Table 1. Examples of electrotactile and vibrotactile actuators organized according to their material properties, performance attributes, and design

features.
Stimulation Type Key materials and features Dimensions ~ Mechanically Electrical input Vibratory output?
method [mm] compliant
Typical Typical Overall power
voltage [V] current [mA] [mW]
Electrotactile Patch Conductive hydrogel contact L =10-20 Y 2040 (pulse) 2 - ==0.5 mA cm™2
electrodes! with PVC/PES support W =20-30 (varies by subjects,
T=1 skin region, and PWM)
Epidermal Metal (Au) contact array with D== Y 30-50 (pulse) 1-3 - J=5-30mAcm™
electrodes!13313%] ultrathin silicone support  T=0.03-0.06 (varies by subjects,
skin region, and PWM)
Electromagnetic ~ Coin-cell ERMI®  Internally rotating W alloy D =6-12 N 2.5-3 (DQ) 27-78 - a,=0.25-3.0G
mass with Cu coil and T=18-34 (depends on size) dy
NdFeB magnet and Fg not available
Coin-cell LRAM®  Moving NdFeB magnetwith D = 6-12 N 1.2-2.0 (AC) 28-69 - a,=07-1.9G
Cu coil and steel wave spring  T=1.8-3.7 (depends on size)
do and Fg not available
Flexible voice-coil ~ Cu/Au coil and moving D=15-18 Y 5 (pulse) 5-150 - dy ==191-300 um
actuatorl®"1#7] NdFeB magnet framed T=2.5-40 Fg and a, not available
with PDMS body
Dielectric Small dome-shaped 8 layers of silicone D=2 Y 3500 (AC) - 25 do = =471 um
elastomer actuator arrayl'?®l  separated with stretchable T=0.2 Fg=14mN
carbon-film a, not available
Large dome-shaped 6 layers of PDMS D=16 Y 3000-4000 (AC) - - do ==300-650 pm
actuator arrayl'?8l  separated with stretchable T=07 Fg = 50-250 mN
AgNW film a, not available
Piezoelectric Unimorph 25 layers of P(VDF-TrFE) L=10 Y 150 - 23 do =526 pm
electrostrictive mounted on polyether w=10 Fg and a, not available
polymer actuator®®  ether ketone (passive) T=0.15
Single layer polymer PVDF sandwiched L=17 Y 500-1000 (AC) - - Fg =500 mN
actuatorl'6%l with transparent ITO W=14 do and a, not available
electrodes T=0.08
Multilayer polymer 25 layers of PVDF L=12 N 200-350 (AC) - 3 dy=2.5um
actuator!'®l separated with Ag w=8 Fg==190 mN
electrodes T=2 a, not available
Unimorph ceramic  PZT mounted on Ni-Fe L=30 Y 12 (AC) - 5 do=65um
actuator!'6°] alloy plate (passive) W=15 a,=03G
T=0.35 Fg not available
Cymbal ceramic 23 layers of PZT separated D=87 N 60 (AC) - 5 dy=35um
actuator!”?! with Cu electrodes and T=0.1 Fg=3.0N
mounted with Ti cymbals a,=25G
Soft pneumatic Large SPA for Air chamber created with D=16 Y - - - Fg=85N
prosthetic liner4  two silicone membranes T=6 do and a, not available
and fabric
Miniature SPAI78l Spoon-like air chamber D=10 Y - - - dy=1.5mm
created with two PDMS T=0.5 Fg=10N

membranes and flexible
polypropylene

a, not available

3J: current density; do: no-load displacement; Fg: Blocking force; a,: vibrational acceleration for a 100 g mass.
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parameters, such as current density for electrotactile stimula-
tors, and displacement, maximum blocking force, and peak
vibration amplitude for vibrotactile actuators. ERMs and
LRAs are commercially available, including some with drive
ICs in integrated packages with waveform generators and
amplifiers, and therefore currently represent the simplest,
most reliable, and most accessible components for exploring
various system level considerations. Potential improvements
for skin-integrated formats include replacing the rigid, heavy
metalized housings of these actuators, along with the associ-
ated drive electronics, with soft, skin-compatible alternatives
to minimize the mechanical mismatch between the devices
and the body. A challenge is in interfacing materials that also
efficiently transmit vibrations, without significant damping.
Voice coil- and inorganic piezoelectric-based vibratory actua-
tors also exist, but with comparatively low levels of maturity
and availability. Soft encapsulation techniques are common
for voice coil-based actuators in skin-integrated haptics, but
requirements for conventional magnets prevent realization
of entirely soft, compliant devices. Similarly, the multilayers
used in traditional inorganic piezoelectric actuators typically
also lead to rigid overall structures. EAPs and polymer piezo-
electrics are attractive due to their flexible mechanics, large
actuation strains, fast responses, and high energy densities,
but particularly in the case of EAPs, the high voltage require-
ments create safety concerns and practical difficulties in the
design of drive electronics. Pneumatic actuators have various
attractive features, but they are also in their infancy as haptic
interfaces and their scalability is limited by requirements
for pumping and valving technologies, many of which are
poorly suited for skin-integrated or wearable applications due
their weight and bulk. Given serious drawbacks associated
with nearly all existing options, many opportunities exist for
research on unusual materials and device structures for skin-
integrated vibrotactile actuators. In addition, the criteria for
practical skin-integrated electronics are demanding, as safety
and tactile sensation thresholds must be considered carefully.
The following sections review vibrohaptic interface systems
that utilize some of the most promising actuation methods
discussed here.

4. Progress in Skin-Integrated Vibrohaptic
Interfaces

Important performance characteristics of vibrohaptic interfaces
that adopt the arrayed, skin-integrated characteristics envi-
sioned here include low power consumption, wireless control,
fast spatiotemporal response, lightweight construction, thin
layouts, and soft, flexible mechanics. In this context, battery-
free operation can be an important, although not essential,
additional feature. The systems must not induce irritation at
the skin surface and must offer high levels of safety from the
standpoint of electrical leakage, radio-frequency exposure, and
thermal load, while at the same time and ability to generate
strong forces, large amplitudes and broad ranges of vibratory
frequencies. This set of demanding requirements can only be
addressed through advanced materials and innovative engi-
neering approaches.
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4.1. Skin-Integrated Vibrohaptic Interface Based on Electrotactile
Stimulators

Many types of haptic interfaces use electrotactile mecha-
nisms, ranging from touch screen displays that also sup-
port programmable tactile sensations, to controllers for
human—computer interactions, to robotic prosthetics with sen-
sory feedback.®*77178] Although electrotactile mechanisms offer
simplicity in design and operation, their use in imitating real-
world tactile cues demand active control over the stimulation
intensity across narrow ranges, with built-in safety measures to
prevent excessive stimulation that can result from natural fluc-
tuations in the electrode—skin impedance, as suggested previ-
ously. Mild, or even insensible, levels of sweating or changes
in the hydration state of the skin can change its intrinsic elec-
trical characteristics and, therefore, the impedance.® The elec-
trodes themselves can undergo mechanical/electrical fatigue or
their adhesion to the skin can degrade due to natural motions
or processes (e.g., exfoliation of dead cells from the stratum
corneum), also with associated effects on the impedance. The
designs and construction aspects of the electrodes, the choices
of materials and the safety control systems are, thus, essential
in achieving both mechanically and electronically stable elec-
trotactile stimulators, especially in applications, like those in
VR/AR, that require fast and precise control over sensations.
Figure 4 presents some examples of skin-integrated electro-
tactile interface methods, including those that use techniques
to adjust impedance levels through advanced controllers, fab-
rication strategies to improve skin-conformality, and material
choices to allow stimulation with high spatial densities. The fol-
lowing sections describe associated considerations and recent
work to address some of these issues.

4.1.7. Controlling Sensation Intensity of Electrotactile Stimulation

In addition to the effects mentioned above, where the inten-
sity of an electrotactile sensation can change over time due to
biological or electronic effects, the nature and strength of the
perception depends strongly on variations across individuals.
Psychophysical experiments based on electrotactile stimula-
tions on the stump skin of the forearms of amputees, and in
separate studies on the arms of able-bodied subjects, highlight
mean perceptual thresholds for six distinct sensory modali-
ties: touch, pressure, buzz, vibration, numb, and pain.l”® Sen-
sations of touch and pain correspond to minimal detectable
sensation and maximal endurable pain, respectively. Stimu-
lation involves two electrodes (25 mm in diameter) as active
and reference, with nominal current amplitudes of 3.75 mA,
pulse widths of 200 us (200 us interpulse delay) and frequen-
cies of 50 Hz. The active electrodes are on the stump skin of
the forearms for amputees and on the frontsides of the upper
arms for able-bodied participants. The reference electrode is
at 10 cm above the elbow crease of the same stump for ampu-
tees and on the backside of the upper arm for able-bodied
participants. The mean thresholds of amputees, in terms of
current densities, are 0.21 mA cm™ for touch, 0.28 mA cm™
for pressure, 0.39 mA cm~ for buzz, 0.49 mA cm™2 for vibra-
tion, 0.66 mA cm™ for numb, and 0.90 mA cm? for pain.
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Figure 4. Skin-integrated electrotactile stimulators. a) Schematic illustration of the process of electrotactile stimulation with two electrodes. Currents
that flow across the afferent nerves in the skin produce sensations. As the electrode gradually peels away from the skin, the current density for a con-
stant applied voltage increases, resulting in an enhanced sensation. b) Changes in the peak resistance of the electrode—skin interface due to peeling
and reapplying the electrode. As the electrode peels from the skin, the sensation increases and ultimately leads to discomfort. The results show the
mean and SD of experiments over five trials. c) Photograph of a participant with below-elbow amputation using a prosthesis with electrotactile touch
feedback during a hammering of a nail. Reproduced with permission.l®!l Copyright 2018, The American Association for the Advancement of Science.
d) Photograph of large-area electrodes mounted on the biceps for muscle stimulation. The inset shows a magnified view. e) Photograph of an elec-
trotactile stimulator on the forearm during operation while the participant controls a robot arm to grip a bottle filled with water. f) Gripping forces
with (red) and without (black) stimulation feedback. With electrotactile feedback, the participant can grip the bottle in a controlled manner, to prevent
collapse. Reproduced with permission.l® Copyright 2015, Wiley-VCH. g) Photograph of a multiplexed array of electrotactile stimulators on the outside
of an elastomeric finger-tube. Turning the tube inside out relocates the array on the inner surface of the finger-tube to allow contact with the skin.
h) Photograph of a multifunctional, skin-integrated system for electrotactile stimulation with electrode arrays multiplexed using silicon nanomembrane
(Si NM) diodes, high-sensitivity strain monitoring with Si NM gauges, and tactile sensing with elastomeric capacitors on the anterior of the thumb.
Reproduced with permission.l® Copyright 2012, Institute of Physics. i) Photograph of a skin-worn electrotactile device with Ag/AgCl electrodes confor-
mally mounted on a fingertip. j) Photograph of a fingertip with an electrotactile device touching a physical model of a car. Reproduced under the terms
of the Creative Commons CC BY 4.0 License.®] Copyright 2018, the Authors. Published by Association for Computing Machinery.

Depending on the individual, the lowest and highest threshold
for touch is 0.16 and 0.33 mA cm2, and for pain is 0.73 and

for pain and from variations in methodologies between the
experiments. One study suggests that large electrodes induce

0.99 mA cm™2, respectively. The mean thresholds for the able-
bodied subjects are similar for touch, but significantly lower for
pain (0.72 mA cm™).

Research also suggests that there is a strong dependence of
the tactile thresholds on the distance between electrodes and
on body location, given differences in skin impedance and
densities of afferent nerves.! Specifically, the ratio of current
threshold for “pain” to “touch” varies from 1.5 to 1.6 for the
fingertip to 5-10 for the abdomen. Difficulties in determining
thresholds arise from the absence of a uniform definition
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greater stimulation-related discomfort than smaller electrodes
at equivalent current densities. Specifically, at a current density
of 0.043 mA cm™?, the perceived intensity of large electrodes
(35 cm?) exceeds by nearly two times that of small electrodes
(16 cm?).180 These results suggest that practical use might
require individually optimized settings, determined empirically
from tests and subject reports for a given pair of electrodes,
body locations and stimulation waveforms.

Figure 4a illustrates one of the simplest effects, where a
decrease in contact area of a partially delaminating electrode

© 2020 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

leads to an increase in impedance, and therefore an associated
increase in the spatial concentration of current injected through
the skin in the contacting regions, for a given applied voltage.l*!
In the absence of fast control electronics, such delamination
effects, particularly if they occur suddenly, can lead to current
spikes and associated pain or electrical shock. Typical electro-
tactile stimulation involves current pulses with durations that
are too short to reach a steady state or to adapt/modify in real
time. The peak resistance is defined by dividing a peak voltage
(Vp), in response to a current pulse, by the current amplitude.
As a specific example, at a V;, of 20 V, estimated using a cur-
rent stimulation waveform with 2 mA current (I), 200 us pulse
duration (T) at 20 Hz, through two electrodes each with dimen-
sions of 28 x 20 mm?, over 5 trials, the mean peak resistance
(Rp) is =11 kQ. A delamination of 25%, 50%, and 75% of the
area of the stimulation electrode increases the mean R, to =14,
16, and 22 kQ, with corresponding changes in the mean V; to
=27, 32, and 44 V (Figure 4b), respectively. The current densi-
ties would then likely vary in a corresponding manner, moving
from thresholds for 0.36 to 1.43 mA cm™2 across this range. The
relationships for phase charge (Q) and peak pulse energy (E,)
with stimulation parameters of a monophasic square wave are
Q =1IT, and E, = R,I’T, respectively.'81182

To compensate, advanced controller electronics imple-
mented in the device can regulate the perceived sensation
intensity regardless of the impedance change at the interface
by modulating the stimulation parameters (I and T) immedi-
ately upon an impedance change.® For example, lowering
the current amplitude in response to a delamination event to
maintain constant current density minimizes the variability
in perceived sensation. Designing a controller that automati-
cally adjusts these parameters requires precise understanding
of the relationship between the stimulation parameter, imped-
ance, and perceived sensation. Studies that quantify these
effects rely on groups of participants, each of whom adjusts
stimulation parameters in response to changes in perceived
sensation intensity. One example involves ten participants
with two pairs of electrodes, each pair consisting of active
and reference electrodes, placed in the same location but
on contralateral sides of the body. With initial stimulation
parameters matched on both pairs, increasing T (e.g., from
200 to 700 ps with 50 us increment; 50 Hz in frequency) on
one pair (i.e., test pair) increases V,, thereby changing R, and
the sensation intensity. Subsequently, the participants select
and adjust amplitudes of current pulses, I, of the test pair to
match reference sensation intensities on the other pair, under
eight experimental conditions, with changes in session days,
magnitudes of sensation, stimulation locations, pulse dura-
tion, and electrode sizes. Collecting the values of I and V,,
corresponding to each value of T, with the same perceived
magnitude of sensation reveals linear relationships between
E, and R, and between Q and R, Fitted lines constrained
to the measured points show strong correlation coefficients
(>0.9) for both relationships. The result is a set of linear plots
(Ep vs R, and Q vs R;) across each participant that represents
constant sensation intensity.

These results form the foundations for a model that uses
computed slopes of the constant intensities to enable applica-
tion of modulated current amplitudes and pulse durations to
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compensate for any changes in impedance, thereby actively
regulating the sensation intensity to minimize variabilities.
For example, if R, changes due to a mechanical disturbance,
such as a peel-off, the E, and Q deviate from the linear rela-
tionship, corresponding to a change in sensation intensity. A
controller implemented with the model immediately regulates
stimulation parameters to prevent such deviations. Various
tests, including those that use electroconductive gels and
sweating to alter the impedance, highlight the effectiveness
of this approach. This type of controller functions well during
daily activities, including ascending and descending flights of
stairs, hammering nails into wood (Figure 4c), and exercising
on an elliptical trainer, as mixed conditions of mechanical dis-
turbances and sweating at the electrode—skin interface. Limita-
tions are in regulating changes in sensation intensities under
large changes in impedance (>40 kQ) and in effects caused by
nerve adaptation or psychophysical effects that are not reflected
with impedance. The utility is also restricted to certain indi-
viduals and electrode sizes and placement locations. Further
refinements in the electronics and/or in the development of
materials that provide stable impedances even with changes in
the properties of the skin may be needed. Considerations and
possibilities for this latter strategy appear in the next section.

4.1.2. Materials and Designs for Skin-Integrated Electrotactile
Electrodes

Most skin-integrated electrotactile electrodes are vulnerable to
delamination due to the mechanical and geometrical mismatch
between the materials for the electrodes and the skin, and to
interfacial forces that arise from natural motions, like bending,
stretching, and twisting, further increased by forces that pass
through wired connections to external electronics. Commer-
cially available electrodes (see Section 3.1) typically use gel- or
woven-type patches with centimeter-scale areas and millimeter-
scale thicknesses. An attractive form of skin-integrated elec-
trotactile stimulator system adopts the physical properties of
the skin itself for improved ability to conform to the relief on
the surface of skin and the curved textures of the body, some-
times referred to as epidermal electronics. One popular such
approach integrates patterned metal traces with stretchable
serpentine-shaped filamentary geometries and microelectrodes
with supporting electronics on thin elastomeric substrates.

An example of this type of epidermal stimulation electrode
consists of a 200 nm thick concentric metal layer that has an
inner disk (1.0 mm in radius) and an outer ring (2.0 mm in
radius), with a 0.5 mm space in between.['*3] Fabrication begins
with the formation of a sacrificial layer (PMMA; =100 nm in
thickness) on a silicon wafer as a support for a layer of poly-
imide (1.2 um in thickness). Sputter deposition of metal (Cr/
Au, 5/200 nm), followed by photolithography and wet etching
processes define the outer ring (i.e., anode) of the stimulator.
Another coating of polyimide (1.2 um in thickness), sputter
deposition of metal (Cr/Au, 7/300 nm), and photolithog-
raphy and wet etching forms the inner disk (i.e., cathode). A
final encapsulation layer (polyimide; 1.2 um in thickness) pat-
terned and etched with contact holes at the locations of regions
that form the skin interface completes the device structure.
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Dissolving the PMMA using acetone enables retrieval of the
entire structure onto a water-soluble tape for transfer-printing
onto a low modulus silicone elastomer sheet (=30 um in thick-
ness, =60 kPa in modulus, =900% in fracture strain; Ecoflex).

Compared with a widely utilized commercial stimulation
electrode (Ambu Neuroline 700) that uses a soft hydrogel layer
(=200-300 kPa in modulus, =1 mm in thickness), this epi-
dermal system has a considerably lower modulus and reduced
thickness; these two factors lead to a bending stiffness that is
a factor of more than three million times lower. These charac-
teristics are similar to those of the skin itself, to allow a robust,
nonirritating, and conforming interface that is compatible
with natural body movements and interfaces across nearly any
region of the skin. Figure 4d shows an image of such stimula-
tion electrodes attached onto the biceps. The maximum strain
induced in the materials for the serpentine-based interconnects
and electrodes, under a stretching deformation of 21%, is below
0.3%, which is within the elastic regime of gold.

Figure 4e shows a subject controlling a robotic arm using
stimulation signals obtained from EMG as a sensory input to
control the force of gripping a water bottle. The EMG sensor,
fabricated using same procedures of the electrotactile stimu-
lator, lies alongside the stimulation electrodes, thereby com-
bining both features in a single, epidermal electronic platform.
A force sensor attached to the gripper of the robotic arm meas-
ures the applied force between the water bottle and the gripper,
and this information passes to the subject in the form of an
electrotactile feedback. The stimulation delivers sensory input
at a level proportional to the force measured by the sensor.
Without this type of feedback, the subject is unable to effec-
tively control the gripping force of the robot, causing the water
bottle to collapse during the gripping process. By contrast, with
feedback the subject can gently and moderately grip the water
bottle in a well-controlled manner. A plot in Figure 4f shows the
measured forces of gripping the water bottle with and without
electrotactile feedback, demonstrating random peaks and rela-
tively higher applied forces in the latter case that lead to col-
lapse. Here, the maximum current applied to the electrodes of
2 mA, corresponds to a maximum gripping force of 27 N.

This multifunctional platform also enables the control of vir-
tual arms presented on a computer screen and physical robotic
arms using proprioceptive feedback. Mounting two devices, one
over the long head of the biceps brachii and the other on the
lateral head of the triceps brachii muscles, allows control of the
arms through an angular range between —60° and 60° based
on EMG signals obtained from flexing or extending the elbow
joint. Adding electrotactile feedback significantly improves
the performance, by decreasing mean absolute errors, com-
puted using two-way analysis of variance (ANOVA), from 31.6°
without feedback to 16.9° with feedback. Conventional tech-
nology approaches also provide similar improvements but only
with multiple sets of separate, standard electrodes and wired
connections.

Use of a layer that presses the electrodes against the skin can
further improve the contact of electrotactile electrodes beyond
that possible with van der Waals interactions or adhesives. A sil-
icon-based multiplexed array of electrotactile stimulators placed
in the interior surface of an elastomeric sheet in closed-tube fin-
gertip geometry represents an example of this type of strategy, to
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support high spatiotemporal resolution and improved mechan-
ical stability (Figure 4g).84 Similar to the system introduced in
Figure 4d—f, ultrathin electrodes (=500 um in total thickness)
and serpentine metal traces for stretchable interconnects form
a skin-integrated fingertip electrotactile device. Specifically, the
electrodes use a concentric design with an inner disk (400 um
in radius) and an outer ring (1000 um in radius), with a 250 pm
space in between and thickness of 600 nm. The fabrication fol-
lows procedures similar to those of the epidermal electrotactile
stimulator described in Section 4.1.2, but with the addition of
silicon nanomembrane (Si NM) diodes (225 X 100 um? in lateral
dimensions and 300 nm in thickness) to facilitate matrix type
readout and addressing. Fabrication uses silicon-on-insulator
wafers and standard silicon processes to yield devices that have
PIN (p-doped/intrinsic/n-doped) configurations. Eliminating
the oxide layer allows transfer printing of these diodes to a layer
of polyimide. An interconnect layer (100 um in width, 600 nm in
thickness) then connects the diodes with concentric electrodes
for a multiplexed array. Each diode supports stable electrostimu-
lation with input voltage up to 20 V and 0.25 mA current.

Placing the device inside of an elastomeric tube (500 pm) that
is specially designed to match the geometry of the fingertip cre-
ates an intimate contact between the skin and electrodes, and
secures the stimulators on the skin. A soft silicone elastomer
(Ecoflex) (see Section 4.1.2) serves as the base material of the
finger tube, in a form defined by pouring a polymer precursor
onto a finger model and curing at room temperature for 1 h
(repeated 3x; =125 um in thickness each). An important step in
the fabrication involves flipping the tube inside out, such that
devices initially attached on the outer surface move to the inner
surface. This reversal induces a maximum strain of =30-40%
on the inner and outer surfaces, thereby requiring careful, com-
putationally guided designs that minimize strains in the mate-
rials, of particular importance in avoiding damage to brittle
materials such as silicon (fracture strain of =1%). Orienting the
short dimensions of the diodes parallel to the flipping direction
minimizes these strains. A mesh structure of serpentine inter-
connects is also important. These design optimizations lead to
maximum strains of only 0.051%, 0.10%, and 0.040% for the
gold, polyimide, and the silicon, respectively. In addition to
the electrotactile features, strain, and tactile sensors mounted
on the outer surfaces of the elastomeric tube suggest options
for incorporating additional electronics into the system for mul-
tifunctional operation (Figure 4h).

Another type of electrotactile device for the fingertip features
a “feel-through” interface that allows sensations from natural
tactile stimuli to pass directly through the device, by using con-
cepts in epidermal device construction and ultrathin temporary
tattoo paper (=4.5 um in thickness; Silhouette Temporary Tattoo
Paper) as the substrate (Figure 4i).1#>1%] The electrotactile stimu-
lator (10 x 10 mm?) contains an array of 8 circular electrodes with
a 4 mm center-to-center spacing. The fabrication begins with
screen-printing of a pattern of PEDOT:PSS electrical traces with
2 um thickness and 500 pm width on the tattoo paper for elec-
trical connections of the electrodes to contact pads for external
control and power supply. Another screen-printing process
forms an array of 8 circular electrodes based on a Ag/AgCl ink,
each with a 2 mm in diameter and 20 um in thickness. A layer
of polyurethane- and epoxy-based insulator together with a skin
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adhesive yields a total thickness of =10 um to encapsulate the
device everywhere except at the regions of the electrodes. In an
integrated layout, the total thickness is =35 um in the region of
the Ag/AgCl electrodes and =15 pum in the other areas. As the
adhesive layer bonds with the skin, the height difference between
two regions slightly stretches the area of the electrode-sur-
rounding ring to create a microspring mechanism that pushes
the electrodes onto the skin for consistent electrical contact.

The soft materials and ultrathin design allow the users to
feel real objects and surfaces through the device without sig-
nificant mechanical obstruction. In combination, a tactile sen-
sation generated by the electrotactile stimulator allows the user
to feel both the touched object as well as the artificial sensation.
Figure 4j shows an example of this feature, where the subject
wearing the ink-based electrotactile device perceives natural
textures, shapes, and interactive elements of a tire through the
device, as well as imitated vibrations of the car engine gener-
ated from electrotactile feedback.®] A key limitation is a life-
time limited to =8 h in an office environment due to effects
from water, such as sweat, that degrade the PEDOT:PSS and
skin-tattoo paper interface.

4.2. Skin-Integrated Vibrohaptic Interface Based on
Electromagnetic Actuators

As mentioned in previous sections, mechanical actuators can
directly activate mechanoreceptors in the skin to produce sen-
sations without risks of electrical shocks or pain associated
with electrotactile stimulation techniques, in a way that also
bypasses many of the associated sources of variability. Electro-
magnetic motors or voice coils deliver sinusoidal oscillation of
mechanical pressure to initiate tactile sensations, in packages
that can be simple and highly reliable. Vibration intensities
can be controlled through current magnitudes, pulsation char-
acteristics, or oscillation frequencies. The devices are available
in small form factors (i.e., ERM and LRA), such as millimeter-
scale mini-actuators (see Section 3.2), or in customized voice
coil-based forms that eliminate rigid components like metal-
ized casings, as described next.

4.2.1. Materials and Designs for Flexible Electromagnetic Actuators

The structure and components of an electromagnetically
driven voice coil-based actuator that incorporates a mechani-
cally compliant structure follow the basic principles described
in Section 3.2.1." The device is similar to a conventional LRA,
but replaces metalized parts like voice coil, casing, and spring,
with FPCB, elastomeric body, and polymeric film, respec-
tively, to yield a flexible form of actuator more well suited for
skin-integration. The fabrication process begins with electro-
plating gold to a thickness of 16 um on photolithographically
defined spiral patterns of metal (Cr/Au, 20/50 nm) to form a
coil with 45 turns supported by a 50 um thick FPCB of poly-
imide. A separator of polyvinyl chloride (PVC) mounts on this
FPCB using a transparent adhesive (Loctite). A cantilever also
formed using PVC holds a 2 mm thick neodymium magnet
at the center, mounted on a ring-shaped body of PDMS with
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an inner diameter, outer diameter, and height of 15, 20, and
3 mm, respectively. This structure attaches on top of the voice
coil with the separator in between. A skin-contacting layer of
polylactic acid in a dome-like shape and a diameter of 1 mm
mounts on top of the exposed region of the cantilever to expose
vibratory movement of the magnet toward the skin. The overall
structure secures the freely moving magnet at the center of the
coil to maintain a straight vertical motion within the concen-
trated magnetic fields.

The finalized actuator has an operating frequency range
of 10-200 Hz and a current range of 30-150 mA, with a max-
imum displacement of =191 um and a resonant frequency at
40 Hz. The displacement decreases significantly as the fre-
quency is increased. An average displacement at 150 Hz and
150 mA is 5 pm, for example. The actuator generally achieves
higher displacements (>50 um) at lower frequencies (<90 Hz).
A psychophysical experiment based on 20 participants reveals
that the device generates the strongest and most convenient
vibration at around 60 and 70 Hz. A ring-shaped piezoresis-
tive sensor that has inner and outer diameter of 3 and 10 mm,
respectively, comprised of a polymeric piezoresistive film
impregnated with carbon black (100 um in thickness; Velostat)
sandwiched with FPCBs, attaches on top of the actuator. The
integrated sensor and actuator enable touch sensing and vibro-
tactile feedback at the same location. The following section
describes the use of this type of device in a skin-integrated
platform.

4.2.2. Design Strategies for Skin-Integrated Electromagnetic
Actuators

A combination of tactile sensing and feedback creates unique
opportunities for future applications of VR/AR.'®! The actu-
ator/sensor individually attaches onto the fingertips of a light-
weight, 3D-printed polyurethane-based flexible film (4 MPa in
strength; Ninjaflex) printed to match the shape of a hand. A
finger cap made using neoprene fabric overlays each fingertip,
to secure the actuator on the palmar side of the fingertips as
the user slides the fingers inside, by firmly contacting actuator/
sensor against the skin.

With each actuator/sensor mounted on the index, middle,
and ring fingers, this system forms a communication tool
based on modified Braille alphabetic writing platform.
Assigning each fingertip to a dot of the Braille (6 dots in
total) gives the users the ability to create six dots combina-
tions using both hands for representing English alphabets.
A series of Braille codes to describe a word or a sentence can
be sent by tapping on a hard surface, captured using the sen-
sors, and delivering impulses wirelessly to the receiver’s glove
to reproduce corresponding vibration patterns via the fingertip
actuators. Here, Bluetooth systems attached on the wrists sup-
port wireless communication. Data from a pool of subjects
including 10 deaf blind and 10 nondisabled subjects indicates
an accuracy of =70% in communicating a few words. Although
this system is currently restricted to the fingertips and rela-
tively narrow application possibilities, scaled platforms of this
general type might have relevance for immersive VR/AR expe-
riences in the future.
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Figure 5. Skin-integrated electromagnetic vibratory actuators based on voice-coils. a) Exploded-view schematic illustration of a skin-integrated wireless
haptic interface with 32 independently controlled haptic actuators. b) Exploded-view schematic diagram of a haptic actuator. c¢) Schematic illustration
of the wireless electronics and circuit; the main circuit components are labelled 1-6. d) Photograph of a skin-integrated wireless haptic interface based
on voice-coil vibrotactile actuators under bending. €) A finite element analysis result of a skin-integrated wireless haptic interface under bending. The
color represents the equivalent strain, and the insets show the areas with relatively high strain levels. f) Dynamic illustration of a skin-integrated haptic
interface for a virtual reality application showing a ‘virtual touch process’ and ‘sense of virtual touch.” A girl touches a screen that displays a video
feed of her grandmother, who is wearing a skin-integrated wireless haptic interface on her hand and her arm (inset photograph). Reproduced with
permission.’!l Copyright 2019, Springer Nature.

Although most wearable or skin-integrated vibrotactile
systems focus on the fingertips and, sometimes, the hands,
an interesting opportunity is for advanced materials and
device approaches that allow application across all regions
of the human body. Figure 5a—e show an array of 32 elec-
tromagnetic actuators embedded in a soft elastomer layer,
that operates wirelessly by harvesting radio-frequency power
and communicating with controllers via near-field inductive
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coupling.P!! The actuators incorporate a mechanically com-
pliant geometry, where freestanding magnets oscillate against
the voice coils with induced AC signals Figure 5b. Here, a
tightly wound thin copper coil (3 mm in inner diameter, 14 mm
in outer diameter, 300 turns, 50 um in wire diameter) attaches
to a PDMS body (12 mm in inner diameter, 18 mm in outer
diameter, 2.5 mm in thickness) to activate and move a per-
manent magnet (nickel-plated neodymium magnet; 8 mm in
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diameter, 1.6 mm in thickness, 0.6 g in weight). The magnet
attaches to a polyimide-based film (125 um in thickness) in
the shape of a circular ring with a semicircular slit in the
middle. This structure acts as a cantilever for the magnet
to maintain alignment to the center of the coil while freely
vibrating. Each actuator weighs 1.4 g and operates with
1.75 mW input power (set at =5 mA in current) with reso-
nant frequencies between 100 and 300 Hz. For maximum
tactile sensation, the peak frequency (the highest vibration
amplitude) is purposefully tuned, using theoretical models
to guide design choices, to 200 Hz, achieved by either modi-
fying the semicircular slit of the film or controlling the thick-
ness and number of turns of the coil. The coils connect to
a wireless power-harvester and communication circuit com-
prised of various system-on-chip ICs to communicate with
an external control unit through near-field communication
(NFC) protocols (Figure 5c). Stretchable serpentine copper
structures (50-200 pm in width, 18 um in thickness) form
all electrical traces, including the power harvesting antenna,
NFC antenna, and interconnects, which, when combined
with an ultrathin layer of polyimide sheet (12.5 um in thick-
ness) as the circuit board, yield a mechanically compliant
array layout. The actuators and electronic components bond
to the circuit platform using low temperature solder joints.
A soft encapsulation (2.5 mm in thickness) layer exploits a
low modulus formulation of skin-colored PDMS (=60 kPa) to
yield a skin-compatible system with flexible, stretchable, and
twistable mechanics (Figure 5d,e). A thin coating (=0.1 mm)
of an ultralow-modulus silicone (=3.0 kPa) and a stretchable
fabric substrate (Spandex) that incorporates strain-limiting
mechanics prevent damage to the components. The natu-
rally tacky surface facilitates reversible contact to the skin,
with an adhesion energy of =90 N m™ for hairless areas and
~80 N m™ for hairy areas. Various shapes of skin-integrated
devices can be tailored for different body parts. For instance,
devices with lateral geometries in butterfly (=120 g in weight)
and peanut (=81 g in weight) shapes naturally fit on the back
and upper limb, respectively.

Communication and power harvesting by NFC enables com-
pletely wireless, battery-free operation and control over the
actuators, such that real-time manipulation and rapid, spati-
otemporal commands are possible via a touch screen-enabled
external controller (i.e., tablet computer) programmed with
advanced graphical user interface (GUI) software. The GUI
features frequency and amplitude tuning capabilities for the
delivery of customized patterns of tactile sensations. Figure 5f
illustrates the operation of the skin-integrated haptic inter-
face for VR applications, where a baby touching on the screen
remotely triggers a haptic sensation to a skin-integrated haptic
interface worn by a person visible in the screen, in the form of
a continuous wave of vibratory excitation in a spatiotemporal
pattern of touch to match that of the baby’s fingertips. Exam-
ples of potential uses range broadly from social media appli-
cations for virtual tactile interactions, prosthetic applications
for reproducing the shape characteristics of objects, to gaming
applications for activating various interaction modes during a
game. Section 5 discusses these new opportunities, along with
other possible uses that are unique to skin-integrated haptic
interfaces.
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4.3. Skin-Integrated Vibrohaptic Interface Based on
Piezoelectric Actuators

As mechanical interfaces, piezoelectric actuators are attractive
for their lack of moving parts and their ability to be constructed
in forms that are more compact and thinner than electromag-
netic actuators, although most devices require substantial thick-
nesses to achieve meaningful displacements (see Section 3.2).
As mentioned previously, an electrical input through metal
plates of both sides of a piezoelectric layer generates controlled
physical movements, with rapid displacements at small cur-
rents (a few micro amps) and relatively large voltages (a few
hundred volts), as described in Section 3.2.3. Examples in
Figure 6 describe the use of piezoelectric actuators for skin-
integrated haptics and tactile feedback in VR/AR environments.

4.3.1. Designs and Applications for Skin-Integrated Piezoelectric
Actuators

An example of a haptic feedback interface that uses PZT-based
piezoelectric actuators attaches on the radial side of the fin-
gertip.®8 The purpose of this device is to enhance natural tac-
tile sensations by generating a subsensory vibration on the
surrounding mechanoreceptors, as a “sensorimotor enhancer.” A
piezoelectric actuator based on PZT stack with a size (12.8 mm
in length, 9 mm in width, 47 mm in thickness; Cedrat Tech-
nology) comparable to a fingertip mounts onto a modified latex
cap with one side cut open. The user wears the cap with the
actuator positioned to the radial side and the exposed (opened)
region positioned to the palmar side of the fingertip. The piezo-
electric actuator on the radial side leaves the palmar side exposed
to allow direct skin interaction with objects. Upon a touch event,
a simultaneous subsensory tactile feedback on the side of the fin-
gertip enhances the sensation by intensifying the tactile receptors
around the finger pulp, via a phenomenon known as stochastic
resonance. Such enhancement can be valuable for tasks that
require high-precision manual dexterity.

Studies with 11 participants show improvements for different
tactile evaluations, including two-point discrimination tests,
one-point touch tests, active sensory tests, and motor skill tests.
The results of two-point discrimination tests indicate statisti-
cally significant differences for cases when the PZT actuator
induces a vibrotactile sensation on the radial side of the fin-
gertip, such that mean distances of discrimination decrease by
~20% for cases with vibration compared to without. A one-point
touch test that involves a monofilament pressing onto the fin-
gertips shows that threshold forces decrease by =20% when the
device delivers vibration. Results from a texture discrimination
test that uses sandpapers with different grit sizes to measure
correct rates exhibit an increased correct rate by up to =70%,
when compared with a nonvibration case (=50%). A final motor
skill test, which measures the minimal grasping force, shows
that grasping an object with the radial vibration requires ~90%
of the force that is needed for grasping without any vibration.
The results in all cases indicate that different vibration ampli-
tudes affect the sensory performance, and improvements occur
with all the tested amplitude levels (50%, 75%, 100%, 125%, and
150% of perception threshold).
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Figure 6. Skin-integrated piezoelectric vibratory actuators. a) Photograph of the bonded layers of a PZT vibratory stimulator and a PZT mechanical
sensor placed inside a 3D-printed glove. The inset shows a magnified view. b) Schematic illustration (top) of real-time haptic feedback in response to
interactive events (releasing and touching an object) in a virtual environment. Graph (bottom) of the vibration intensity generated by the stimulator.
) Schematic illustrations of a baseball gaming program (left) and plots of measured haptic stimulation intensities (right). Events such as grabbing
a bat (top) and heavy striking (bottom) appear with screenshots of real-time demonstrations in the virtual environment (insets). Reproduced under
the terms of the Creative Commons CC BY 4.0 License.®3l Copyright 2020, the Authors. Published by The American Association for the Advancement

of Science.

Figure 6a—c present an example of a virtual touch sensation
using a haptic feedback interface based on a piezoelectric stimu-
lator.?3 Here, a piezoelectric sensor mounts on top of the stimus-
lator for concurrent recording and stimulation. Specifically, the
sensor converts mechanical signals induced by the stimulator
into electrical signals, such that real-time stimulation can be
visualized and analyzed. Fabrication begins with a polishing of
a PZT ceramic surface (150 mm in length, 150 mm in width;
Fuji Ceramics Inc.), followed by sputter-deposition of metal
(Cr/Au, 20, 200 nm). This metalized side of the ceramic bonds
to a copper foil using a conductive silver paste with vacuum
annealing (3.5 h at 175 °C). A chemical mechanical polishing
process applied to the opposing side of the ceramic thins the
material to a thickness of 20 um. Sputter-deposition of metal
(Cr/Au, 20, 200 nm) defines the other contact. Laser cutting the
film yields a single layer PZT (8 mm in length, 5 mm in width,
20 um in thickness) coated with metal layers on both sides to
form a PZT chip. Bonding two chips yields a dual-purpose
device as an actuator and sensor. The actuator offers a resonant
frequency of 270 Hz with a tunable intensity for driving voltages
between 6 and 12 V. Psychophysical evaluations designate 6, 8,
and 10 V inputs as light, medium, and strong vibratory forces
on the palm of hand. Figure 6a shows the device mounted on
the interior of a 3D-printed customized glove using silver paste
to connect the wires on electrodes and polyimide tape to secure
the device. Wearing this glove presses the PZT device directly
on the skin.

Figure 6b presents a case of VR manipulation, where a visual
reflection of a participant in the VR environment shows hand
interactions, such as releasing and touching a virtual object.
The bottom plots in Figure 6b illustrate signals from the sensor
part of the system, as recordings of the intensity generated by
the stimulation part of the device. In dynamic VR interactions,
such as playing virtual baseball (Figure 6c¢), different vibrotac-
tile intensities on gloves for different events, like virtually grab-
bing a baseball bat (top of Figure 6¢) and striking heavily on the
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ball (bottom of Figure 6¢), provide immersive experiences to the
user. Plots on the right of Figure 6¢ show that the haptic inter-
face generates a significantly more intense vibration feedback
when the user strikes heavily on the ball, compared to lightly
grabbing a baseball bat.

An intimate physical contact of the actuators to the skin is
essential. Traditional haptic gloves and exoskeletons employ
straps, bands and related mechanisms with rigid structures
around the hand for this purpose, but with drawbacks in
added weight, impeded contact with the actuator, and con-
strained movements. A piezoelectric-based haptic interface
focuses on mounting the actuators tightly on the finger-
tips using hook-and-loop fasteners along with a lightweight
braking mechanism for kinesthetic feedback to minimize
these limitations.'®) Two piezoelectric vibrotactile actuators
(10.5 mm in length, 3.8 mm in width, 2 mm in thickness;
PiezoVibe, Murata) strap on the index finger and thumb. Each
generates 1.2 G of vibratory acceleration (for a 20 g mass) at
240 Hz using 6 mW of power. An electrostatic brake, enabled
by two metal strips to generate frictional force, creates kines-
thetic feedback. The brake consists of thin flexible steel strips
(18 cm in length, 1 cm in width, 100 um in thickness), with
one strip coated with a dielectric layer (polyimide, 13 um in
thickness), attached together to slide freely when no voltage is
applied, but to generate 20 N of frictional force for a voltage
of 1.5 kV at 20 Hz, as a result of electrostatic attraction. A
combination of a piezoelectric actuator and electrostatic brake
simultaneously provides haptic and kinesthetic feedback,
respectively.

Capabilities in precise manipulation of virtual objects
depend critically on tightly fitted, lightweight haptic interfaces.
Participants engaged with such systems can manipulate virtual
objects with precision and natural motions. Further work on
materials may create opportunities for further reductions in
size and increases in flexibility, as an improved skin interface
and user experience.
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5. Conclusion and Outlook

Systems for VR/AR represent one of the most exciting and
fastest growing segments of modern technology, motivated by
a compelling collection of application possibilities that span
social media, entertainment, medicine, human-machine inter-
faces and training %!l Traditional work on haptic devices for
such purposes focuses on engagement across the fingertips,
often in the form of handheld devices, gloves or finger sleeves.
A recent additional trend, highlighted by this review article, is
toward large, skin-integrated platforms that can support inter-
faces to the skin at any location across the body. The vision is for
full-body engagement as part of an immersive VR/AR system
that qualitatively expands virtual experiences beyond visual and
auditory inputs. This area offers tremendous opportunities for
research in materials science and device engineering, not only
in the development of advanced actuators, the main focus of
this paper, but also across all other essential aspects of these
systems, from integrated electronics, to data communication
components, power supplies, and skin interfaces.

The engineering goal is for thin, skin-like platforms that
interface with minimal mass loading or mechanical constraints
on natural motions of the body and the skin, even at highly
curved, sensitive regions, as a physically imperceptible active,
high-speed, programmable technology, either as free-standing
devices or as integrated parts of form-fitting garments. Suc-
cessful outcomes have the potential to support virtual worlds,
with essential features that cannot be reproduced through dis-
plays and speakers. This set of frontier possibilities is particu-
larly important to continued improvements in technologies
for VR/AR, simply because further enhancements of existing,
highly developed video and audio systems will likely have only
incremental significance on the user experience. Touch inter-
faces, by contrast, remain in a state of relative infancy, with
potential for new ideas and research results to greatly and
qualitatively improve the levels of immersion and functional
options.

The consequences are interesting to contemplate. The most
immediate observation is that capabilities for imitating real-
world tactile cues will add meaning to VR/AR-enabled social
connections and networking by adding physical touch—one of
the deepest and most emotionally powerful means for inter-
personal communication. The implications are significant
in both professional and personal occasions, where physical
engagements can catalyze and expand interactions and col-
laborations. For example, the ability to share, feel and manip-
ulate virtual objects and to interact not only with the hands
but other parts of the body will facilitate understanding of
complex and sometimes subtle aspects of engagements that
cannot be conveyed through sights and sounds alone.[4192.193]
Other opportunities are in video games and entertainment,
where vivid tactile sensations and physical interactions with
characters or other users will create diverse means to shape
experiences.['*4

Virtual interactions that include tactile sensation will also
promote medical treatments and facilitate the delivery of tel-
emedicine, a trend with rapidly increasing recent momentum,
due in part to a growing awareness created by the COVID-19
pandemic.'”! The possibilities extend beyond traditional
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forms of health care to emotional support for children or the
elderly via comforting haptic feedback to encourage a sense of
togetherness and security.’”% Similar therapies can extend
to a range of mental disorders, from posttraumatic stresses, to
autism, mood instabilities, anxieties, and certain neurological
disorders.”7] Such psychotherapies are most effective when
they include touch beyond the fingertips, to parts of the body
that are most relevant for treatment purposes.

As an additional example of medical relevance, vibrohaptic
systems can serve as control interfaces for robotic prosthetics,
where they offer potential as a surrogate form of sensory
engagement to replace capabilities lost through an amputa-
tion.[1722198.199] Reported examples include sequences of haptic
feedback signals to an unaffected region of the body as a means
to control prosthetics with integrated sensors. The result can
enable tasks that require delicate tactile information on objects
in the environment, as discussed in Section 2.

Related applications also involve scenarios that benefit
from information channels provided to the skin, as a comple-
ment to those supported by the eyes and ears. Examples are
in the context of haptic navigation or warning systems and in
advanced simulation training environments.[?9-2921 As a case
of the former, spatiotemporal patterns of tactile stimulation
on different parts of the body can aid drivers or pilots, without
distracting their view of the surroundings. An example of the
latter is in virtual training for soldiers that includes various
combat situations in simulated environments.

The vision for full-body haptic interfaces in these and many
other scenarios will only be fulfilled if the supporting tech-
nology not only supports the necessary functionality but does
so in a manner that imposes no burden on the user, with an
imperceptible load on the body. These requirements represent
daunting, but highly motivating, technical challenges that form
the basis of a set of exciting topics for research and develop-
ment in materials science and engineering. The actuators
themselves appear to involve the most significant hurdles, but
their integration into supporting technology systems is also
critically important. Recent advances and synergistic contin-
uing work in stretchable electronics and in energy harvesting
and storage systems are essential in this context. Unusual
schemes in wireless communication and power delivery, and in
ultralow power electronic devices and computational systems,
represent additional relevant areas of on-going research. Soft-
ware control interfaces and sensors for closed-loop feedback to
ensure reliable, safe, and reproducible sensations are also cen-
tral to system operation. The underlying biology of haptic per-
ception and the nature of skin-mediated device interfaces must
be considered in any scheme. Interdisciplinary work in these
contexts, geared toward a goal of skin-integrated haptic inter-
faces that can engage with all of the mechanoreceptors across
all regions of the body, represents a powerful and broadly sig-
nificant direction for research.
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