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Abstract

Haptic devices enable communication via touch, augmenting visual and auditory displays or by offering alternative channels of
communication when vision and hearing are unavailable. Because of the different types of haptic stimuli that are perceivable by users —
vibration, skin stretch, pressure and temperature, among others — devices can be designed to communicate complex information by
delivering multiple types of haptic stimuli simultaneously. These multi-sensory haptic devices are often designed to be wearable, and
have been developed for use in a wide variety of applications including communication, entertainment and rehabilitation. Multi-sensory
haptic devices present unique challenges to designers because human perceptual acuity can vary widely depending on the wearable
location on the body and/or the heterogeneity in human perceptual performance, particularly when multiple cues are presented
simultaneously. Additionally, packaging haptic systems in a wearable form factor presents its own engineering challenges, such as cue
masking, device mounting and actuator capabilities, among others. Thus, in this Review we discuss the state-of-the-art and specific
obstacles present in the field to produce multi-sensory devices that enhance the human capacity for haptic interaction and information
transmission.

[H1] Introduction

Haptic feedback devices incorporate technologies that deliver kinesthetic (that is, the perception of forces acting on the
musculoskeletal system, in coordination with sensation of bodily position and movement (proprioception)) or tactile
sensations to a human user, enabling individuals to receive encoded information through the touch sensory channel. This
touch feedback has been used to enhance realism in virtual environments,! close the action-confirmation loop in user
interfaces,?improve the efficacy of training programs® and augment or substitute for other senses.* When first introduced in
the 1960s,>® haptic devices relied on rigid, grounded mechanisms to produce the forces felt by the user, typically via a
handheld probe or through exoskeleton structures. Owing to advances in actuation and sensing technologies and a
developing understanding of human haptic perception and the benefits of haptic feedback, the range of applications in which
haptic devices have been employed has expanded.

Since the 2000s, as component technologies (sensors, actuators, computing and batteries) have miniaturized, there has
been a steady shift in personal computing technologies moving from desktop to handheld to wearable form factors. Given
the availability of such off-the-shelf technologies, haptic feedback has increasingly been incorporated into consumer devices
like wrist-worn fitness trackers and smart watches that provide vibrational notifications, as well as in video game applications,
which provide touch sensations via glove interfaces and haptic vests. A recent survey of numerous haptic devices, including
grounded, handheld, exoskeleton, finger-worn, and arm-worn devices, along with devices for the torso, head, feet and legs,
demonstrates this shift towards wearability as a key driver in device development, with a strong desire to produce devices
that can be integrated into every-day life without constraining the user’. With this shift in form factor, wearable haptic devices
now increasingly focus on providing cutaneous cues directly to the skin, rather than providing kinesthetic force feedback felt
through the musculoskeletal system.

Wearable haptic devices that are focused on delivering cutaneous tactile feedback primarily transmit stimuli such as
vibration, shear force, pressure and thermal stimuli to the skin of a user, generating afferent responses from a variety of
different sensory receptors in the skin. Many wearable haptic devices use commercially available actuators that are designed
to transmit a single type of haptic cue. Some devices combine several actuators to provide haptic cues to multiple locations
on the body such as in the case of vibrotactile arrays. Most wearable haptic devices proposed to date have focused on the
optimization of haptic cue transmission using a single modality, typically vibration, due to the low cost and low power
requirements of vibrotactile actuators. Such systems are well-suited to delivering discrete cues, such as notifications or alerts
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like those in smart watches and phones. More recently, researchers have begun to develop wearable haptic devices that can
convey multi-sensory haptic cues that combine several different types of haptic stimuli — most frequently, vibration combined
with skin stretch, squeeze or even thermal stimuli. In this Review, we use the term multi-sensory to refer specifically to haptic
interactions and devices involving more than one mechanism of haptic feedback, and the term multi-modal to refer to
interactions involving multiple sensory modalities such as touch, hearing and vision. By integrating multiple actuation
methods, each generating distinct haptic stimuli within a single device, a wide range of haptic perceptual experiences can be
achieved, therefore substantially expanding the potential for wearable haptic devices.

As wearable systems continue to evolve, several important considerations have emerged regarding their design,
implementation and use to optimize human-machine interaction. A variety of wearable multi-sensory haptic technologies
and devices have been developed, each designed to communicate tactile cues in distinct ways. The integration of these body-
worn devices into everyday life requires thoughtful design to ensure user satisfaction and widespread acceptance. These
wearable technologies are particularly well-suited for specific use cases, such as virtual reality, rehabilitation and remote
communication, where sensory feedback enhances the user experience. As the field advances, the direction of research and
development should focus on refining these technologies to improve both functionality and comfort. Scientists and engineers
have a critical role in shaping this progression, ensuring that future innovations align with both technological potential and
the needs of users.

In this Review, we survey the state of multi-sensory wearable haptics with a focus on body-worn devices that convey
multiple types of cutaneous haptic sensations. Although we highlight numerous examples of wearable haptic devices
throughout, readers are directed to other comprehensive surveys to gain a full picture of the state of current devices’°,
Here, we instead focus on the engineering aspects for wearable multi-sensory haptic devices by emphasizing design
considerations and challenges in human perception. By analysing these questions in the context of the component
technologies and by exploring the wide range of applications of wearable haptic devices, we can better understand the future
trajectory of the fields and in doing so provide guidelines with which to shape research and development in this rapidly
evolving technological space.

[H1]Multi-sensory haptic perception

In the same way that graphics and audio target a person’s sight and hearing to convey information, wearable haptic devices
use the skin as their primary communication channel with their human wearer. Thus, understanding the function and
interplay of the skin’s cutaneous receptors is key to comprehending the mechanics of these devices. Given the engineering
focus of this Review, we provide only a high-level overview of cutaneous haptic perception in the following section. For more
details on the mechanisms of human haptic perception, the reader is referred to other comprehensive surveys'**2,

[H2] Cutaneous haptic perception

Receptors in the skin respond to a variety of cutaneous stimuli - not just mechanoreceptors that sense mechanical stimuli
applied to the body, but also thermoreceptors that sense temperature, and nociceptors that detect pain.'* Mechanoreceptors
encode information related to mechanical action on the skin including pressure, stretch and vibration. They are present in
varying density across the body* and can be categorized according to their receptive fields and rates of adaptation.*>*®
Rapidly adapting afferents innervate Meissner and Pacinian corpuscles and are associated with detecting changes in sensation
(such as making and breaking contact). Their peak sensitivity to skin vibrations occurs around 40 Hz (Meissner corpuscles)
and 250 Hz (Pacinian corpuscles). Slow-adapting afferents innervate Merkel disks and Ruffini cylinders and are associated
with detecting sustained presence of stimuli within their receptive field (for example, a varying pressure stimulus). Their peak
sensitivities to skin vibrations and skin stretch occur at low frequencies on the order of 1 Hz. 7 Thermoreceptors sense
changes in temperature in a range between 15 Cand 45 C, also referred to as the non-dangerous thermal range, whereas
pain receptors are activated outside this range.'®!° Thermoreceptors can be divided into cold and warm receptors, which
respond to decreases and increases in skin temperature, respectively.

Nociceptors detect various types of pain stimuli, with different receptor types partially associated with different
sensations. Although most haptic devices have focused on providing only mechanical stimulation to mechanoreceptors,
nociceptors in the skin are responsive to chemical stimuli, providing additional potential channels for haptic feedback. For
example, in wearable devices using flexible microfluidic channels, common (and safe) chemicals could be delivered to the
skin to elicit predictable sensations such as tingling (sanshool), numbing (lidocaine), stinging (cinnamaldehyde), warming
(capsaicin) and cooling (menthol).?°

When an external mechanical stimulus is applied to the skin, all the cutaneous mechanoreceptor afferents in the area
are stimulated, providing tactile information according to their receptive characteristics. Cutaneous receptors respond to
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different aspects of skin deformation according to their function. The mechanoreceptors, in response to stimuli, generate
action potential spikes that are transmitted to the central nervous system. The perception of intensity, shape, motion and
texture result from the integration of tactile information across multiple classes of tactile afferents that are activated during
most haptic interactions.!” Together, the afferents encode multiple types of information (such as pressure, vibration, stretch,
temperature, and/or pain) that can then be interpreted. This integration process is similar to how the brain combines images
registered by both eyes into a coherent view of the environment.

[H2] Cue perception challenges

Wearable haptic devices pose a number of specific challenges relating to cue delivery and perception. On the mechanical
side, devices need to be designed to accommodate the limits of the human user, operating within a narrow range of safe and
comfortable stimulation. For multi-sensory devices this problem is even more pronounced, as devices need to deliver multiple
simultaneous actuations, often with very different actuation profiles and mechanisms, while still guaranteeing comfortable
interaction in a small form factor. Additionally, perceptual issues in multi-sensory devices are complex, as concurrent cues
must be delivered in ways that are both individually salient and which do not interfere with each other mechanically or
perceptually.

[H3] Individual differences in skin mechanical response to stimuli

Owing to its compliance, softness and elasticity, the skin deforms on contact to provide a large contact area that enables
simultaneous activation of multiple receptors, conveying rich information to the brain. The presence of irregularities on the
skin’s surface at specific locations such as the fingertips (via fingerprints) concentrates the applied external stimuli toward
the mechanoreceptors, increases friction and improves the ability to discriminate textures.?'~22 One of the main issues in the
design and use of wearable multi-sensory haptic devices is in the lack of understanding of skin’s mechanical response to
stimuli, making it difficult to create haptic devices, stimuli and interactions that are experienced in a consistent way across
users. Human perception of tactile stimuli is entirely dependent on the contact mechanics that arise between the device and
the skin’s surface.?* Haptic actuation indirectly stimulates mechanoreceptors within the various layers of skin?>in concert with
the layers of fat, muscle, veins and other tissues. Owing to variability in body and limb size, musculature and body fat,?® as
well as the presence of hair, sweat, dust or other variations at the skin’s surface, there are unique mechanical interactions
between a given device and its user. The skin’s properties are also known to be influenced by factors such as age, hormone
levels, cosmetics and humidity, and many other variations further complicate analysis.?’~2°

Mechanoreceptor activation have been quantified under direct loading on the skin,* including indentation,3! shear
loading3*33and vibration.>* More comprehensive studies of fingertip haptic interactions have also been conducted, combining
finite element analyses with experiments.3>3¢ Existing tools, such as extensometry, indentation, torsion, vibration and suction,
enable direct analysis of the skin’s properties providing a better understanding of the mechanics at play.?’ Finite element
analyses have also aimed to capture nonlinear skin responses such as anisotropy and material properties of distinct tissue
layers.38-%0 Of particular importance are the mechanics of devices breaking contact with the skin. Adhesion arising from
surface energy, a material property relating to the attraction between two materials on a molecular level, is an important
tactile stimulus in interactions with hard, planar objects.*! By contrast, for sensations that arise at the interface with biological
materials (that is, in medical contexts), those arising from viscoelastic effects such as stickiness and tack dominate.*> A more
thorough understanding of these interactions is a key area of research to improve our understanding of tactile mechanical
interaction and ensuring that the perception of an applied haptic stimulus is consistently experienced across users.

[H3] Tactile masking

Multi-sensory haptic devices also need to account for the influence of different haptic sensations in concert, which might
interact in unpredictable ways. The key phenomenon here is tactile masking - the obscuring of the perception of one stimulus
by the presence of another one.*® For example, in single-sensory vibrotactile devices, tactile masking of simultaneously
transmitted vibration stimuli increases perceptual thresholds®® resulting in more difficult spatial and temporal cue
differentiation.* Tactile masking is especially challenging to overcome in integrated multi-sensory haptic devices, where the
individual haptic stimuli (such as squeeze, vibration and skin stretch on the arm) are presented in spatial and temporal
proximity.*® Different types of haptic actuation (such as stretch and squeeze) can decrease accurate perception of these
cues?®; for example, the physical spacing between stimulus locations and the relative intensity of these varied cues can further
influence the perceptual effects of this tactile masking.*” More research in this area is needed to determine what methods
either in cue or device design - can be used to mitigate these masking effects.
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[H3] User attention

User attention also influences a user’s perception of tactile cues.*® Indeed, the effect of attention has been observed in spatial
attention across the body*®>°and when attention is spread across multiple senses.’>>2 Furthermore, this difference in haptic
perception has also been observed across categories of differing user volition in inducing haptic stimulation, namely active
and passive haptics. In active haptics, users cause an interaction on their skin, often by exploring surfaces or objects with
their hands, whereas in passive haptics users reflexively sense an interaction applied to their skin to receive tactile
information, such as when someone else strokes their arm.>>>* Additional research in this area is needed to inform haptic cue
and device design, in light of the development of more complex and compact haptic components and devices.

[H1] Engineering and design considerations

[H2] Actuation methods

Although all wearable multi-sensory haptic devices are designed to engage the same biological mechanisms of sensation, the
methods and strategies of actuation to induce haptic sensations vary widely. Many haptic devices incorporate
electromechanical actuators given their widespread commercial availability, ease of implementation and reliability. Other
actuation methods have also been employed in wearable haptic devices, including electrical, polymeric, fluidic and thermal.>®

[H3] Electromechanical

Electromechanical actuators are used ubiquitously to provide haptic feedback®. Most frequently, vibration is accomplished
by eccentric rotating mass (ERM) actuators or voice coil actuators, typically linear resonant actuators. ERM motors achieve
vibration by spinning an unbalanced mass attached to the motor shaft. Despite being inexpensive and capable of delivering
large vibrations relative to their size, they are driven by a single input voltage that couples vibration frequency and amplitude.
Compared to other vibration-type actuators (such as voice coils), stimuli generated with these actuators have longer response
times because it takes time to get the mass spinning at a constant speed when starting from rest. Voice coil actuators can
offer independent control over the frequency and amplitude of the output vibration but have natural resonant frequency
ranges outside of which they are less effective. Through closed-loop control, larger bandwidths can be realized. In both cases,
device performance is highly dependent on the physical design of the actuators used. Position- or torque-controlled DC
motors are often used to generate stretch and squeeze type haptic sensations. These actuators often integrate a lever arm,
pulley or other mechanisms to convert rotational motion to translational displacements of an end-effector against the skin.
Regardless of the type of cue being generated, a balance must be achieved between device performance and other factors
such as cost and weight. Although a more expensive, heavier motor may be able to provide a more accurate or powerful
stimulus, it may not be worth the cost. Typical figures of merit with a haptic-driving motor include speed, torque and power
draw. Pre-packaged Proportional — Integral — Derivative (PID)-controlled servomotors are an appealing option for
electromechanical actuation due to their low cost and ease of use.

[H3] Electrical

Other types of electrical actuation can also be used to provide haptic sensations. Electrovibration and electroadhesion
convert electrical signals into mechanical effect®® and are ubiquitous in displays exhibiting variable surface friction, some of
which are being commercialized, for example, Tanvas’s tactile touch screen technology. Electrotactile stimulation couples the
movement of charge directly to the generation of action potentials in afferent fibers terminating in the skin.>’~>°In principle,
this modality could be used to generate nearly any sensation, provided the signal is appropriately targeted. Recent
demonstrations of electrotactile stimulation have embedded electrodes in a fingertip device®® and in an armband.5 In
practice, however, the stimulation tends to activate several afferent and efferent types over the region covered by the
electrode(s) and is usually perceived by the user as nondescript ‘buzzing’. This modality of haptic feedback is available in
commercial transcutaneous electrical nerve stimulation (TENS) devices, which are sometimes used therapeutically for pain
reduction in cases such as arthritis, chronic low back pain or sports injuries.?54 Although promising for some applications,
this modality can produce galvanic reactions, damage to the skin or numbness when overused or used with overly aggressive
parameters. Advantages of the technique when used on the limbs include quick response and ease of programming signals
which can be easily distinguished by wearers, that is, rhythmic tapping.®®
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[H3] Polymeric

Polymeric materials are ubiquitous in devices for human-machine interfaces,’®%’ in the form of engineered plastics for
structural and active components. Active polymers — including shape memory, stimulus responsive, piezoelectric, and
electrically conductive or semiconductive — might lend themselves to future haptic applications. The advantages of polymeric
materials arise from the ability to tune the structure and properties by chemical synthesis.®® That is, the density, modulus,
adhesion, tack, phase transitions and ionic or electronic conductivity can be imparted to the material at the level of the
molecular structure. However, polymeric actuators tend to have slow dynamic responses due to their mechanism of action,
which may make them unsuited to applications in which the response time to the haptic feedback is critical; for example,
providing an amputee with touch feedback from a prosthetic hand so that they can accurately control hand pose.

Polymers used in haptics can be actuated by thermal, optical, magnetic or electrical means, generally for a mechanical
response.®” Polymers of this class include liquid crystal elastomers,®® dielectric elastomers,’® piezoelectric polymers and
ferroelectric polymers.”* Liquid crystal elastomers are flexible polymer chains whose backbone intermittently incorporates a
rigid mesogenic unit. When solidified from the melt under shear forces (that is, extrusion), the mesogens - rigid subunits
within the flexible structure - align along the sheared axis and form ordered domains.”® If the polymer is crosslinked in this
aligned state, the solid contracts like a muscle when heated, and returns to the elongated, aligned state when cooled. Heat
causes the polymers to contract with actuation stresses close to those of natural muscle. Importantly, heat can be applied
discreetly using optical absorption and later dissipation using a dye sensitizer.”? Dielectric elastomers compress when placed
in between compliant electrodes and subjected to a high potential.”? Piezoelectric polymers such as poly(vinylidene fluoride)
(PVDF) and composites thereof can be actuated at rates of kilohertz, albeit with low displacement.”® Such polymeric
structures provide unique opportunities for the construction of mechanical haptic devices with different profiles and
characteristics. Polymeric actuation does come with some limitations - devices may only provide weak haptic stimuli because
of low displacements, their dynamic response times can be slow, and their robustness for use in wearable devices may be
limited. These challenges are counterbalanced by their unique advantages; for example, polymeric materials can facilitate
fluidic logic’*7® and fluid-based electronics-free devices’””°. These control solutions do not suffer from issues with
washability® and bypass the need for rigid onboard components, enabling safer and more comfortable devices.

[H3] Fluidic

Fluidic haptic devices use pressurized fluid to deform the mechanical structure of an actuator to provide haptic stimuli. Fluidic
actuation has been the most prominent actuation method in the field of soft robotics®! and is lighter (particularly with
pneumatic systems) and more compliant than other approaches. Fluidic haptic devices include pump-driven surface dot
Braille displays,® reed-based vibrotactors,®® and inflatable elastomeric haptic displays based on integrated serpentine liquid
metal traces.* Other fluidic approaches rely on inextensible and non-elastomeric, yet compliant, 2D materials, such as sheets
of polymers. Devices based on these flexible sheets can both squeeze and vibrate®® while applying forces at multiple length
scales simultaneously.2%%” Pressurized fluid can also be used for sensing and transmission of a signal to another location on
the body, without any electronic control or interface.®® In cases where electronic control is desired, bulky infrastructure for
pressurization (pumps) and control (valves) of fluid can be avoided with local pressurization using hybrid electric-fluidic
approaches, including generation of standing waves with piezoelectric actuators® and amplification of fluid pressure based
on electrostatic attraction®®in devices that can fit on the fingertip.°* Compliant microfluidic elastomeric Braille displays have
even used liquid metal electrodes to spark local combustion and generate tactile cues.®? Fluidic haptic devices have also taken
advantage of the textile format common in wearables®?; for example, squeeze and stretch cues have been demonstrated in
‘fluidic fabric muscle sheets’ that employ elastic tubing integrated into a textile sheet.?*% A textile sleeve was fabricated with
internal plastic pouches that could be sequentially inflated with air to generate the illusion of lateral movement on the arm.*®
Similarly pneumatically actuated wearable haptic devices made entirely from heat-sealable textiles were fabricated in a
scalable manner.%” Although the performance of these devices may vary and limitations still exist (such as portability, leakage
and the need for sources of compressed air), the availability of new materials and actuation methods that can be rapidly
fabricated and prototyped®® provides a distinct advantage over traditional electromechanical actuation, and enables the
designer to realize a wide range of tactile cues.

[H3] Thermal

Thermal haptic devices use heating and cooling on the skin to provide information. They can complement other mechanisms
of tactile stimulation in a multi-sensory case to enhance a user’s haptic experiences. For example, thermal feedback devices
combined with fluidic mechanisms take advantage of combined thermofluidic operation (that is, the working fluid acts as
both a pressure source and a thermal reservoir). For instance, a glove device was developed to apply both force and a set
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temperature at the palm of a user’s hand by mixing hot and cold air in an electronic valve-based control system.*® Similarly,
another device used pressurized water delivered from a combination of a hot and a cold tank to a sleeve, with the
temperature of the pressurized fluid controlled by varying the proportions of hot and cold fluid delivered.® In another
approach, elastomeric bubbles arranged in an array were fitted with Peltier modules for heating and cooling.1 Thermal and
fluidic stimuli have also been combined synergistically to generate the illusion of thermal movement using a stationary
thermal stimulus and a moving pneumatic stimulus.%?

Thermal stimuli that do not rely on fluidic actuation have also been successfully deployed in wearable applications,%
with form factors including a ring for a finger'® and a bracelet-like wrist-worn thermal display.'® These thermal approaches
need not be rigid; such as a stretchable, compliant, and comfortable design based on Peltier modules embedded in an
elastomer matrix.'° Going beyond perceived temperatures, thermal haptic devices can also modulate sensations of surface
friction'” and generate the illusion of surface wetness.!%® This capability relies on Joule heating, thermoelectric heat transfer,
or fluidic heat transfer; wearable thermal haptic devices can also leverage the electrocaloric and magnetocaloric effects, as
well as mechanocaloric and phase change materials.1%®1°The limitations of thermal haptic devices vary, but do not preclude
their future use in wearable haptic systems. Peltier devices often require active cooling to operate within reasonable
temperature ranges, and other actuation schemes can have response times on the order of seconds, making them best suited
to specific applications where slower responses are acceptable®! (including thermoregulation in a broad wearable systems
context and low-priority cues in a haptics context).®® Evaluating human perception and performance with thermally actuated
wearable haptic devices is an underexplored area in the field and may provide new avenues for haptic designs and strategies.

[H1] Implementation

Wearable haptic devices can be customized to fit and attach to almost any region of the body. Wearable implementation
must ensure effective attachment to the body so that the haptic stimuli are transmitted to the skin and long-term adoption
by the user. Absolute design characteristics (such as weight, size) might be misleading in evaluating the ‘wearability’ of a
haptic device. Rather, these properties must be considered with respect to where the device is worn and how it will be used.
A device that is unobtrusive on the shoulder may be cumbersome if worn on the hand, or vice versa. The device attachment
method can be considered effective if it is well-suited to location, well-grounded and comfortable. Device fit and
personalization are also important considerations that are key to long term adoption.

[H2] Body location

The choice of body location for a wearable haptic device is dictated by the application (for example, providing haptic feedback
to the residual limb for a person with limb loss using a prosthetic device) or by the perceptual acuity that is required for a
task (for example, simple and discrete haptic notifications may be satisfactorily perceived on areas of the body known for
having lower perceptual resolution, such as the arms or torso, whereas high density information transfer might require a
wearable to be located on a part of the body with better perceptual resolution, like the fingertip). In designing haptic feedback
for any purpose, one of the first key steps is in determining what locations are best suited to that application. Some of the
design objectives that have been defined are®: (i) form factor: wearable devices should alter the body size of the wearer as
little as possible; (ii) weight: they should tire the wearer as little as possible; (iii) impairment: they should limit the motion of
their wearers as little as possible; and (iv) comfort: they should be comfortable to wear and easy to adapt to the wearer limb
size and shape. The differences in skin characteristics, receptor density, and basic ergonomics result in highly varied design
requirements across the body (Fig. 2).

Critically, a wearable device should be designed to take advantage of the area of the body it is applied to. For example,
exoskeletons can apply kinesthetic feedback to the articulated joints they act on by means of electromechanical actuators or
locking mechanisms. A similar type of feedback can also be achieved through cutaneous-only approaches, conveying skin
stretch to the back of, for example, finger joints, the wrist or the elbow, eliciting proprioceptive sensations!!in a more
compact package. The characteristics and degree of sensation elicited is strongly influenced by whether it is applied to
glabrous (the palms) or hairy skin, with glabrous skin typically more sensitive to touch stimuli.'* The best solution to adopt
depends heavily on the task and situation considered.

Sustained vibrations applied at the joints (such as, elbows and knees)''? in correlation with motion, can convey the
sensation of joint movement!3 as well as viscoelastic effects such as stick and slip sensations.'** The hand and the fingertip
are still the most popular places for wearable haptic interfaces®*®!'>because they are the most sensitive to tactile stimulation
and most often used for probing the environment. The upper and lower limbs are common places to locate wearable haptic
devices that provide squeeze,'® twist,'” and caress!'® tactile sensations. In terms of available surface, the torso enables the
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largest area of interaction and devices for this part of the body have existed since the 1990s.'*® Hugging sensations around
the torso have been provided through haptic jackets via vibration'?® or pneumatic actuation.'?! Haptic vests have been
produced with arrays of voice-coil motors positioned around the torso to help increase immersion in artificial
environments.'?? Finally, belts and bracelets for the waist and wrist, respectively, are an often selected form factor, and can
be used to provide a variety of information cues using various means and for applications including communication, training
or guidance, and navigation.116:123-125

[H2] Device grounding

A grounded interface typically refers to the alternative to a wearable device, where the device is located on a table or other
fixed platform, whereby only the forces associated with the haptic stimulus are felt by the user. Here, we expand the use of
this term, grounding, to describe how the reaction forces experienced by the actuator are channelled during a haptic stimulus.
The reaction forces in a grounded device are absorbed by the workbench or external framework. For a wearable device, this
includes how a device is attached to the body, and specifically how the reaction forces are transmitted to the user. Many
wearable devices, whether on the upper arm, ankle or fingertip, are simply strapped on to the area of the body where the
stimulus is applied.® In these cases, the stimulus actuation is accompanied by the reaction forces, absorbed within the entire
assembly of the device frame, strap and part of the body to which it is secured. When cutaneous haptic stimuli are applied
to the skin in a wearable device, the reaction forces transmitted through the grounding mechanism are also perceivable by
the user, and may obscure the intended haptic experience.??® This phenomenon of unintentional feedback also arises in body-
powered prostheses, where the harness rubs against the skin providing an indicator of hand closure,*?” or in fingertip haptics,
where the fingertip receives haptic stimuli on both the finger pad (intended cue) and the nail (unintentional reaction force).'?®
This challenge can be overcome with mechanical design as demonstrated in antagonistic devices, where the cue design has
multiple stimulus points that counteract each other, such as in a wrist-worn device using pin-based radial squeeze'? or the
coordinated stretch in a bracelet of four rockers.'?> As the design and integration of haptic devices progresses, hapticians
should acknowledge and take advantage of the totality of the haptic experience of the user.

[H2] Comfort

The comfort elements for wearable devices are similar to those of clothing, consisting of pressure, texture, thermal balance,
moisture transport and freedom of movement,'3® and are important for long term adoption of any device. In addition to
comfort, some of these elements are also related to the performance of the device. Pressure and moisture transport can
impact the effectiveness of frictional or adhered cue interfaces. Moreover, some parts of the body more naturally lend
themselves to delivery of haptic sensations.” For example, from a user’s perspective, the ears and wrists are considered the
most comfortable locations to stimulate with vibration, unlike the neck and ankle®3!. Similarly, examining the role of wearable
device weight, volume and surface area on user comfort and acceptance, revealed that proximal body locations (on the trunk
or torso) resulted in higher tolerances for each device characteristic compared to distal locations on the limbs.*3? Moreover,
the comfort of the device presents many important design criteria regarding the interplay of material choices, attachment
methods, body location and haptic modalities.

[H2] Personalization and fitting

The design of haptic interfaces must consider the differences in the limbs’ size, shape and perceptual characteristics across
humans. Age, sex and other factors influence these differences.'*3'3*Humans’ sense of touch is highly sensitive to variations
in contact stimulation, making a good fit of the device important for the delivery of accurate sensations. For example,
rendering the same fingertip tactile cues to users with different finger sizes alters the accuracy in identifying cue locations.!3°
Similarly, older adults have lower tactile performance than younger adults.’*® Rendering or software approaches aim to
personalize haptic feedback by adapting the way the interface renders the commanded sensations,*3”'3 whereas hardware
approaches modify the mechanical design of the interface to best fit the target limb.**°

[H1] Future directions for devices

The field of haptic technology has been in a constant state of development and reinvention over the last few decades, and
the recent proliferation of multi-sensory wearable devices has only accelerated this trend (Fig. 3, Table 1).

[H2] Soft haptic wearables

Designing comfortable architectures is essential for wearable devices. Thus, soft compliant structures with integrated sensing
are a very promising approach for achieving effective and comfortable designs.® Miniaturization of these components — or
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incorporation into a flexible form factor —is critical to make the whole device minimally obtrusive. Smart sensors capable of
modulating (that is, gating) the behaviour of tactile actuators can circumvent the use of integrated circuits. However, for
highly sophisticated tactile stimulation, integration of sensing and actuation may take advantage of not only integrated
circuits, but also batteries, wireless telemetry and the capacity to implement machine learning algorithms.

So far, soft materials for wearable haptic applications®” have mainly been used for actuation, with few power sources and
controllers.®! Thus, many wearable haptic devices remain tethered, and untethered approaches typically employ a rigid
battery for power and a traditional hard plastic printed circuit board or microcontroller for onboard computation or wireless
communication with an external computer. For more comfortable devices, compliant electronic power sources are now being
developed using intrinsically stretchable platforms (such as all-hydrogel batteries) and also by incorporation of flexible fibre-
like structures such as cathodes and anodes, application of strain engineering techniques and platforms based on rigid island-
like structures wherein many small cells (that is, ‘traditional’ batteries) are interconnected and incorporated into a soft or
flexible matrix.2*° Furthermore, soft, stretchable electronic pumps!*! have been developed that can drive the many soft fluidic
actuators currently available.'* Fully fluidic approaches (that is, without reliance on electronics) may further reduce the
overall size while remaining compliant. To this end, onboard fluidic energy harvesting'** and fluidic digital logic®® integrated
in textile-based platforms are promising for different haptics applications.®® For example, an RC-like fluidic circuit was
deployed within textile sheets of a wearable for spatiotemporal control of haptic cues, resulting in reduced reliance on
electronic control infrastructure by over 60%.%7 Similarly, bypassing the need for electronic power and computation
altogether, a soft haptic system was developed in which sensing, transduction of a signal and actuation are all performed
fluidically.8®

[H2] Improving the realism of touch-based interactions

Researchers are continuously striving to improve the realism of haptic feedback that is provided by wearables, and the
proliferation of multi-sensory devices is an indicator of this. By incorporating a number of different actuation methods into a
wearable, the richness of the haptic feedback increases to better approximate natural touch interactions.’** Compared to
kinesthetic devices that are often mounted to a desktop or take the form of exoskeletons, wearable haptic devices can provide
such experiences with a relatively low-cost of actuation. Kinesthetic devices must employ rigid kinematic linkages, large
motors and/or complex transmissions to transmit forces and torques to the musculoskeletal system. By contrast, the haptic
feedback provided by wearable multi-sensory devices, despite their relative simplicity, can provide similar sensation by, for
example, cutaneous stimulation if provided coherently with the other senses. 11112145

New approaches to improve realism are most often applied in virtual reality (VR) and augmented reality (AR) scenarios
where there is a strong desire to keep the hands and fingertips unencumbered while adding haptic feedback to a visual-
feedback dominated domain. One method, called referred haptic feedback, explores how haptic stimuli applied at one part
of the body are perceived as touch interactions at other locations, resulting in improved haptic experiences for the user when
compared to visual-feedback alone. For example, multi-sensory pseudo-haptics have been developed for rendering touch
interactions at the wrist correlating to interactions in VR that are experienced at the fingertip.}*> By modulating wrist squeeze
and visual feedback, users were able to consistently perceive virtual objects of varying stiffness. Vibrations provided at
discrete locations on the arm can also be perceived as a stimulus at locations that are not being stimulated, improving
wearability and comfort compared to hand-worn devices.*® Similarly, electrotactile stimulation on the back of the hand can
be used to render haptic interactions that appear to occur in the palm of the hand, in a form factor that is lightweight and
portable.*” These new approaches circumvent some of the implementation challenges related to comfort and wearability.
Although they may not be considered realistic when compared to real-world interactions with objects, these methods
enhance the immersiveness of the user in the VR/AR world by coupling intuitive haptic feedback with realistic visual feedback.

[H1] Application domains

In this section, we analyse and discuss the context in which different multi-sensory devices have been implemented and
identify key application domains with opportunities for development and utilization (Fig. 4).

[H2] Navigation

One application for wearable haptics is in personal navigation, wherein haptics can provide intuitive spatial information to a
user in a private manner. Touch is a spatial sense distributed across the body and has the advantage of having intuitive spatial
encoding based on the area of the skin that is stimulated. Personal navigation wearable devices have been developed in
various form factors on the body including on the back,*® waist,'*° forehead,*® and wrist,12>%5! as well as with handheld
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devices.'> Tactile feedback has also been used to provide information while driving'>3 and obstacle navigation for people with
blindness.1>415

[H2] Teleoperation

Haptic feedback strongly benefits robotic telemanipulation,'>® wherein a human operator carries out tasks by controlling a
remote robotic manipulator. However, modern commercial telemanipulation systems, such as the da Vinci surgical robot,
provide very limited haptic feedback.'” This omission is caused, among others, by the cost that using the robot interface for
haptic feedback has on the stability of the control loop, potentially leading to undesired system oscillations.*>®*>° Complex
telerobotic systems have been developed that provide haptic feedback to the operator, including tactile telerobots.'® For
example, teleoperation systems that deploy dexterous robots on mobile bases enable operators to complete a range of tasks
that depend on haptic feedback, such as discriminating textures or object weights.'®! Cutaneous haptic devices have also
received some attention in this field, as delivering ungrounded cutaneous stimuli provides the human operator with
information about the forces exerted by the remote manipulator without impacting its safety.?® The types of haptic stimuli
used in teleoperation include pressure and vibrations,'%? pressure and kinesthetic cues,®3%4 skin stretch and pressure,'16:16>
as well as pressure, kinesthetic cues and vibrations'®® for applications of remote grasping, palpation and surface exploration.
Further development of wearable and multi-sensory devices could lead to solutions for intuitive, safe and comfortable
teleoperation.

[H2] Communication

A central objective of wearable haptic communication systems is to encode information, which is typically processed visually
or aurally, as tactile stimulation patterns presented to the skin.}’> An advantage of these devices is that they can provide
private, salient information to the user. Wearable devices can transmit tactile languages by encoding phonemes,’>173 Latin
alphanumeric characters,’* and spectral properties of acoustic speech signals,'’> although, to date, these devices have not
been commercialized. Communication need not be confined to language alone, and wearable haptic devices can be used to
communicate abstract information, such as the simple vibrotactile notifications we receive from our smart watches. For
example, multi-sensory haptic devices can transmit large sets of discrete cues that are more reliably perceived than single-
sensory haptic cues,'’® enabling complex content to be communicated to users, such as real-time task performance
feedback.”18 Such findings expand the range of applications for which wearable haptic devices may be deployed.

[H2] VR and AR

VR simulations have already been adopted for education, entertainment and training applications.!’® In these spaces, VR
technology has been praised for adding much needed realism by immersing the user in the application or simulation.
However, current VR solutions are notably missing realistic haptic feedback, preventing users from receiving the added
realism and immersion benefits of being able to feel the environments in their simulations.*>® As such, the role of haptic
feedback in improving VR applications ranging from education programs*°to surgical simulations is being investigated.8.182
Current VR haptic solutions are typically handheld controllers which include simple vibration motors to produce the sensation
of contact with objects. However, these VR interfaces’ make it difficult to imitate the complex and subtle set of tactile cueing
that occurs in real touch interactions with the environment.>® To induce more realistic haptic feedback, haptic gloves,®
fingertip devices,® wrist sensory feedback devices'?® and even haptic shoes have been developed.'® In AR, wearable haptics
has been used to haptically enhance the virtual content'®'8¢ and to alter the tactile perception of tangible objects.!®-18% |n
all cases, multi-sensory solutions are rare and are an open area for further innovation.

[H2] Prosthetic devices

In cases of amputation, and especially upper-limb amputation, the loss of feedback in the form of touch sensation limits the
user’s ability to control their replacement prosthetic device. Haptic technologies have been used to provide touch feedback
on the residual limb or on alternative body locations, such as providing skin stretch feedback on the proximal upper limb for
a transradial amputee.'’? Other methods, such as peripheral nerve stimulation*®® and cortical stimulation®®* feedback, offer
high-quality solutions; however, many of these technologies are still highly experimental, invasive, expensive and with unclear
long-term effects. Haptic technologies are therefore valuable owing to their comparative low cost and non-invasiveness.
Multi-sensory haptic devices are a promising avenue this area because they can present multiple types of information
communicated via different haptic modalities, which can accommodate more advanced devices with greater available
sensory information to help inform user control.’®? Additionally, haptic feedback can be used alongside new prosthetic
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augmentation technologies, such as targeted muscle reinnervation which reroutes efferent nerves from the residual limb to
other sites to enable myoelectric control,'*371°° providing new possibilities for feedback and control combinations.

[H2] Rehabilitation, re-education and training

Haptics have been employed to aid the rehabilitation and re-education of human limbs and movements. For the case of
rehabilitation following neurological injury, although limb movement rehabilitation usually involves situations where patients
are mostly passive and the therapists are in charge of moving the target limb, the direct involvement of patients in the
movement can improve coghitive—motor skills and motor learning.**® Thus, exoskeletons that can provide variable movement
resistance or assistance could assist rehabilitation exercises,'*”*%8 therefore reducing the physical load of therapists while
carrying out longer, more consistent and potentially less expensive rehabilitation exercise sessions. Machines can also track
the patients’ progresses by analysing data such as the force applied, range of motion, frequency of exercises, enhancing
engagement, motivation and adherence to treatment. To date, the improvements in clinical outcomes of robotic
rehabilitation devices that incorporate haptic feedback to support limb movements have been modest, and additional
research is needed to truly leverage the potential benefits of such interventions.%®

For motor skill training with haptics, the haptic feedback provided during training of motor tasks can effectively foster
learning, although the outcomes are often task dependent.?’® Positive outcomes are most often realized when the
information that is provided via the haptic channel cannot be provided using other modalities such as vision or auditory
stimulation.2°! Of critical importance in the design and application of these devices is the safety of the patient, both in the
operation of the haptic devices and their use in concert with other devices - an area which has seen relatively little
standardization in safety expectations across the field.2%?

Although most currently-available approaches use kinesthetic- or cutaneous-only interfaces providing resistance or
guidance forces for training or aiding a target movement, there has recently been an increasing interest for wearable multi-
sensory cutaneous solutions, mostly combining pressure and vibrotactile feedback?® or pressure and skin stretch
feedback®%204-216 for gpplications of motor rehabilitation and learning,16929329 grasping aid and augmentation and for
treating disorders of consciousness.?’#207 Such approaches are generally easier and less expensive to deploy with respect to
haptic exoskeletons and might be even used by patients directly at home, ensuring broader access to these rehabilitation
technologies.?®® Multi-sensory wearable haptic devices with a low cost cutaneous feedback could also incorporate squeeze
and skin stretch for haptic training, which was as effective as a complex kinesthetic haptic device at conveying desired
trajectories for complex motor tasks.?®

[H1] Outlook

Our skin contains different mechanoreceptors that are tuned to respond to a range of haptic sensations. There is a good
understanding of human perception of single-sensory wearable haptic cues about factors such as detection thresholds,
discrimination thresholds, cue identification and the parameters of the cues themselves (amplitude, frequency) that are
necessary to ensure salience. The issues that face designers of single-sensory devices can present more intensely or in
different ways in multi-sensory devices, such as when perceptual masking is observed, or variations in the perceived intensity
of one type of stimulus compared to another (such as squeeze, stretch, vibration.) are presented concurrently. More research
is needed to further elucidate how our perceptual system can process multi-sensory cues to ensure that the information
provided to users is reliably perceived, information-rich and useful.

There is a large and growing number of haptic devices represented in the literature with more devices that offer multi-sensory
cues in a wearable form factor. This is attractive for a wide range of applications, howeuver, it is vital to not only focus on the
mechanisms, but to also consider the interaction between device and end user, such as comfort, long-term wearability and
social acceptance of on-body devices. The grounding or attachment of the device to the body, the compliance of the body to
which the wearable is mounted and the effects of such compliance on the repeatability of the haptic experience of the user
are also important aspects to consider. To achieve more comfortable and compact designs, enable tetherless operation, and
facilitate a broad range of tactile sensations, engineers and scientists are developing and integrating new actuation methods
into wearables, shifting from the electromechanical actuation domain to include electrostatic, polymeric, fluidic actuation,
thermal systems and similar innovations.

There are numerous engineering design challenges when developing haptic devices, such as the wide range of touch
sensations experienced, the challenges of artificially creating these sensations, and the heterogeneity of user experiences
when interacting with haptic devices. In wearable multi-sensory haptic devices, the primary challenge is the lack of realism
of the haptic feedback currently provided. As seen in the visual and auditory domains, to work effectively for users, the
sensory feedback provided, regardless of domain (visual, auditory or haptic), must be high quality and realistic, a goal which
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has not yet been fully realized for the haptic domain. As an example, the recent and wide-spread adoption of VR technologies
that involve immersive visual feedback is directly tied to technological improvements that overcame the limitations of early
prototypes. Improvements in display resolution and the substantial reduction of lag in the visual display improve the provision
of feedback, while miniaturization of component technologies enable more wearable VR headsets.

The lack of realism in current haptic feedback devices can be attributed to the unique nature of haptics and technological
limitations. First, there is a considerable mismatch between the artificial stimuli that are generated by wearable haptic devices
and naturally occurring stimuli encountered in everyday lives.” The former are often limited to the amplitude and bandwidth
triggered by the method of actuation which may not excite all afferent classes in the same way that naturally occurring stimuli
in the skin do. For example, actuation methods aimed at providing vibration cues often rely on resonance characteristics of
the actuator to generate the vibration,?®® and therefore may not achieve the full range of vibration frequencies and
amplitudes that occur naturally. To span a wider range of stimuli characteristics, multiple artificial stimuli might be needed
(such as vibration combined with normal indentation or shearing of the skin) which could be realized using a wide range of
actuation methods (such as electromechanical or pneumatic).>®

A second challenge is the distributed nature of humans’ haptic sense. There are different types of cutaneous
mechanoreceptive afferents throughout the skin with varying densities across the body. In wearable haptic devices that
provide artificial stimuli to the skin, the application of the stimuli is directed to a particular region (Fig. 2). Even when multiple
types of actuation are integrated to generate several types of touch sensations, from a practicality standpoint, the stimuli are
usually applied in a distributed manner. For example, some actuators may be located more proximal and some more distal
along the arm, or some directed to the volar side and others to the dorsal side of the wrist. This is largely a packaging problem
- the body has a limited number of feasible locations for affixing wearable devices, and the selection of a location for a
wearable limit the experience that the user will have.

Underlying these considerations is the very real challenge to demonstrate that there is a tangible benefit to be gained
with the heightened complexity that comes with adding multi-sensory haptics to wearables. Incorporating sensors and
actuators adds cost and complexity that, without validation that the addition of haptics themselves is necessary or even
desirable for achieving a given outcome, may simply not be worth the effort. For example, in surgical and rehabilitation
robotics, patient outcomes when using robotic interventions have not been definitively shown to exceed those realized with
laparoscopic or open surgery?'®, or with standard physical or occupational therapy.?!! In the case of amputees who rely on
prosthetic devices to restore lost function, many users will abandon the prosthesis due to issues with comfort, aesthetics,
complexity or limits in functionality.?!2?!3 Thus, hapticians will first need to demonstrate the benefits of incorporating
wearable haptic devices in a range of application scenarios. Simple solutions for haptic feedback that are integral to the
function of an existing technology, such as how a body-powered cable-driven prosthesis gives some haptic feedback through
interactions that occur between the skin and the prosthesis cable harness,*?” may be preferable to add-on wearable
technologies that seek to recreate realistic natural touch sensations.?3

There might also be cases where the haptic information being transmitted to the user does not need to be realistic, but
rather can bolster or replace other sensory modalities. For example, limitations of human haptic perception can be offset via
haptic illusions,?**215 pseudo-haptics,?¢ or the combination of low-fidelity haptic cues with realistic visual and audio feedback
to enhance the haptic experience.?*’-2¥° Designers of wearable haptic devices have many opportunities for providing rich
information to enhance interactions with technology and overcome remaining problems of realism and dexterity. In addition
to considering the requirements for the haptic stimulus in an application, the physical requirements require attention as well.

As other hardware prototypes, to realize fully wearable devices, lightweight component technologies such as sensors,
actuators, microprocessors and batteries need to be small, robust and lightweight. Increasingly, the development of new
actuators will require inputs from fields which have not previously been prominent within haptics, such as chemistry and
materials science (Box 1). Moreover, if aimed for biomedical applications, medical devices are subjected to regulatory
approvals per their classification. In addition to clinical effectiveness, safety, reliability and security must also be ensured, and
the regulatory review process can slow the translation of products and prototypes to market.
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Key points

e The translation of wearable multi-sensory haptic devices relies on a robust understanding of human haptic
perception so that feedback modalities can be combined to optimally enhance user performance in a given
application domain.

e The contact mechanics at the haptic interface between device and skin varies between users with an unknown effect
on haptic perception.

e In addition to traditional electromechanical actuation, new methods such as polymeric, fluidic and thermal
actuation now exists.

e When designing wearable haptic devices, body location, the device interface to the body, user comfort and
preserving the integrity of the haptic feedback must be considered.
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Table 1. Table of various multi-sensory wearable haptic devices

Haptic Channels:  Stretch «=J»

Actuation:

- 144
| Pressure P

| Vibration |||:||| | Thermal% | Electrical =
Mechanical {@} [ Polymeric%_ [ Therma]g

Fluidic ) | Electostatic 7 1 Chemical J{

Device Haptic Channels Actuation Location Application
Aggravi Elastic Belt''® ‘{:‘]-&“I:lll e} Forearm Teleoperation
Prosthetics
Akther Acoustofluidic Actuator® -[:]-||D|| %_ Fingertip Navigation
Communication
Animotus/Haptic Taco'? o S Hand Navigation
ATH-Ring??3 |||:|||-éh & g Finger VR
Bark Rotation Display!!” 43 e} Forearm Prosthetics
Rehabilitation
Bellowband® %“D" ) Forearm VR
Bianchi Fabric-based Display>™* TPy e} Forearm Communication
Affective
Bortone Fingerpad Display'® g {§} Fingertip VR
Rehabilitation
Buchmann Haptic Belt*** |||]|| 5 Waist Navigation
VR
Cacucciolo Stretchable Pumps'#! «{:}&% ) g Hand General
Chinello Fingertip Device'!3 =gl o Fingertip VR
Chinello Skin Stretch Device!?? 43 e} Forearm Teleoperation
CUFF225 =N ) Upper arm Navigation
Edwards Vibrotactile Belt'** ||D|| o} Waist Navigation
Communication
Erp Vibrotactile Belt'*? ||D|| e} Waist Navigation
Ertan Navigation Vest'!” ||D|| 5 Back Navigation
Fluidic Fabric Muscle Sheets™ TP A 4 General General
Gabardi Thermal Thimble'% 4::}.-9“ S 0 Fingertip VR
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Table 1. Continued

Device Haptic Channels Actuation Location Application
Haptic Jacket®* 120 ||D|| e} Upper arm Communication
Chest Affective
Haptic Thimble*” -['.'_‘]-||D|| e} Fingertip VR
Rehabilitation
hBracelet'%® TRy ey Forearm Teleoperation
Heisser Soft Microactuators”> <3 ) %_ Fingertip Communication
Huggy Pajama'?! & ) Chest Communication
Back Affective
Hussain hRing??° 4::]-&,||D|| ©p Finger Prosthetics
Jumet Squeeze Band**’ Py O Forearm General
Upper arm
Kajimoto Electrotactile Display”® % q Fingertip General
Keef Haptic Glove® |]D||% % ek l} g %_ Hand VR
Teleoperation
Kitamura Vocal Cord Actuators®® |||:]|| ) General General
Kuang Cutaneous Device'?" o et Forehead Navigation
Forearm
Hand
Lee Skin-Like Thermo-Haptics'" % g Hand VR
Leroy HAXEL"! <3 % 0 Fingertip VR
Lin Electrotactile Rendering Sys- % % Fingertip VR
228 _—
tem Hand Communication
Teleoperation
Lu Chemical Haptics®” !|I:|||% A Forearm VR
Face
Macklin Vibrotactile Sleeve®’ |||:||| o) Forearm Communication
McDaniel Haptic Belt'?? ||D|| 3 Waist Communication
M Fingertip Devices>** $ i Fingerti Rehabilitati
errett Fingertip Devices &“D" o ﬁ_ ingertip ehabilitation
MISSIVE®: 172 «C:]-&,“I:lll 5 Upper arm Communication
Mouill¢!8 .{;:}.gh ) g Fingertip VR
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Table 1. Continued

Device Haptic Channels Actuation Location Application
PATCH!™ &30 0 g Forearm VR
Affective
PneuMod'?! -E:]-c%% 0O g Forearm VR
Communication
PneuSleeve”’ N ) General General
Prattichizzo Fingertip Device” |||:||| 3o Fingertip General
Readable System>?! 43 £C% Fingertip Communication
Shi Fluidic Feedback®® o ) Forearm Prosthetics
Shveda Textile Pneumatics'*? &y O General General
Sonar SNA Skin® -m~|||]|| ) Fingertip General
TAPS!7#:232 ||D|| 53 Forearm Communication
TASBI'? S50 & Forearm VR
THED'%S -Qh g Forearm VR
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Figure legends

Figure 1. Wearable haptic device locations. When designing wearable haptic devices, implications of body location must be
considered because the density of touch receptors in the skin varies across the body. Location also brings other considerations
such as how the device might interact with clothing, user comfort and device bulk and weight. In this figure, some of the
trade-offs that exist for selected interaction sites are illustrated, which depend on the particular application scenario for which
the wearable haptic device is used.

Figure 2. Selected wearable multi-sensory haptic devices. The devices use varying actuation types to accomplish feedback
through the different haptic channels. Some channels, such as mechanical pressure, can be accomplished through different
mechanisms. An extended list of devices is presented in a similar fashion in Table 1. Part ‘Copolymer glove’ is reprinted with
permission from ref 65, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). Part ‘Stretchable pumps’ is reprinted with
permission from  https://www.epfl.ch/labs/Imts/Imts-research/stretchable-pumps-for-soft-machine/, CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/). Part ‘Tasbi’ is reprinted with permission from ‘Pezent, E. et al. Tasbi:
Multisensory Squeeze and Vibrotactile Wrist Haptics for Augmented and Virtual Reality. In 2019 IEEE World Haptics
Conference (WHC), 1-6, DOI: 10.1109/WHC.2019.8816098 (2019). https://ieeexplore.ieee.org/document/8816098’, IEEE.
Part ‘Cuff’ is reprinted with permission from ref 225, IEEE. Part ‘Thermal thimble’ is reprinted with permission from ref 103,
IEEE.

Figure 3. Applications of wearable haptic devices in various domains. Wearable multi-sensory haptic feedback systems have
been incorporated into a range of application domains including virtual reality, navigation, training, teleoperation,
rehabilitation, prosthetics and communication, among others. Part ‘VR’, image courtesy of Daria Trinitatova, Dzmitry
Tsetserukou, ref 167. Part ‘Navigation’ is reprinted with permission from ref 97, CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/). Part ‘Training’, image courtesy of FundamentalVR, ref 168. Part
‘Teleoperation’ is reprinted with permission from ref 116, IEEE. Part ‘Rehabilitation’ is reprinted with permission from ref 169,
IEEE. Part ‘Prosthetics’ is reprinted with permission from ref 170, IEEE. Part ‘Communication’, image courtesy of Alix Macklin,
ref 171.
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Box 1: Science, engineering and art in haptics

The field of haptics is necessarily interdisciplinary. Traditionally, it has combined aspects of mechanical engineering, computer
science and psychology. Increasingly, the development of new actuators will require inputs from fields which have not
previously been prominent within haptics, namely chemistry*>and materials science.®” Additionally, we envision that the field
will evolve alongside the science of perception and the neurobiological basis of consciousness. Moreover, as the molecular
and cellular basis for mechanotransduction continues to be understood (as recognized by the 2021 Nobel Prize),?%® haptic
tools may be developed that can stimulate the peripheral nervous system in a more precise way. For example, a deeper
understanding of the response of the cell membrane to stimuli in different types of cells, the level of expression of the relevant
proteins in different afferents and how this influences the mechanical thresholds needed for generating action potentials may
be gained. Such developments could lead to a wider palette of sensations to be generated.

This broadening in understanding and capability may also offer the opportunity to interface with the arts and humanities.
Although artwork designed to be touched has an ancient history, sculptures which can be safely handled are generally
designed to be experienced along with the visual sense, or as a substitute for it (that is, artwork for the blind).??” However, as
haptic sensations can convey information and generate thoughtful and emotional responses, the tactile experience might be
worth exploring for its own sake. For example, textures, temperatures and the surface properties of materials elicit cross-
modal correspondences in synesthetes??® (that is, touch is strongly associated with specific visual, gustatory or olfactory
sensation). Such correspondences, which may exist in non-synesthetes as well, would provide the basis for a rich range of
tactile experience in a new form of tactile artwork. In the area of biomedical haptics — including rehabilitation, medical
training and surgical robotics — the connection of the research to human physiology is dual-facing. That is, the technology
must be designed to interface with biological structures, whereas the outcome of the technology has a biomedical aim (such
as surgery, rehabilitation).

Progress in these areas requires collaboration between fields that often have different methods, lexicons and venues for
dissemination of their results. It is often necessary for all individuals involved in a cross-disciplinary collaboration to learn at
least some of the history, open questions, and jargon of the fields with which they would like to interact. Reading introductory
texts and attending conferences in fields outside one’s own is a good place to start. Unfortunately, the siloed structure of
academic research often produces unintended barriers to collaboration. For example, in electrical engineering and computer
science, information is often disseminated first in the form of conference presentations and associated proceedings articles.
In chemistry and materials science, conferences generally do not require papers, and publication of a journal article often
precludes later submission of a conference paper, and vice versa. Moreover, researchers must acclimate to the pace of
publication in other fields. For example, biology moves more slowly than engineering, and there are fewer journals in which
to disseminate findings. These factors influence the breadth and depth of typical publications within a field and identifying
these differences that may exist in a collaborator’s field takes adjustment and empathy. Potential conflict can be avoided if
one decides early on whether the aims are primarily related to engineering outcomes or to biological ones. Finally, the way
governmental agencies, universities, and research organizations evaluate their academic staff is often strictly categorized by
scientific fields, substantially impacting the career of multi-disciplinary researchers.

Short (40 word) summary

Haptic devices enable communication via touch, augmenting visual and auditory displays or by offering alternative channels
of communication when vision and hearing are unavailable. This Review discusses multi-sensory wearable haptics, focusing
on body-worn devices that convey multiple types of cutaneous haptic feedback.
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