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Abstract 10 

HapƟc devices enable communicaƟon via touch, augmenƟng visual and auditory displays or by offering alternaƟve channels of 11 
communicaƟon when vision and hearing are unavailable. Because of the different types of hapƟc sƟmuli that are perceivable by users – 12 
vibraƟon, skin stretch, pressure and temperature, among others – devices can be designed to communicate complex informaƟon by 13 
delivering mulƟple types of hapƟc sƟmuli simultaneously. These mulƟ-sensory hapƟc devices are oŌen designed to be wearable, and 14 
have been developed for use in a wide variety of applicaƟons including communicaƟon, entertainment and rehabilitaƟon. MulƟ-sensory 15 
hapƟc devices present unique challenges to designers because human perceptual acuity can vary widely depending on the wearable 16 
locaƟon on the body and/or the heterogeneity in human perceptual performance, parƟcularly when mulƟple cues are presented 17 
simultaneously. AddiƟonally, packaging hapƟc systems in a wearable form factor presents its own engineering challenges, such as cue 18 
masking, device mounƟng and actuator capabiliƟes, among others. Thus, in this Review we discuss the state-of-the-art and specific 19 
obstacles present in the field to produce mulƟ-sensory devices that enhance the human capacity for hapƟc interacƟon and informaƟon 20 
transmission. 21 

[H1] IntroducƟon 22 

HapƟc feedback devices incorporate technologies that deliver kinestheƟc (that is, the percepƟon of forces acƟng on the 23 
musculoskeletal system, in coordinaƟon with sensaƟon of bodily posiƟon and movement (propriocepƟon)) or tacƟle 24 
sensaƟons to a human user, enabling individuals to receive encoded informaƟon through the touch sensory channel. This 25 
touch feedback has been used to enhance realism in virtual environments,1 close the acƟon-confirmaƟon loop in user 26 
interfaces,2 improve the efficacy of training programs3 and augment or subsƟtute for other senses.4 When first introduced in 27 
the 1960s,5,6 hapƟc devices relied on rigid, grounded mechanisms to produce the forces felt by the user, typically via a 28 
handheld probe or through exoskeleton structures. Owing to advances in actuaƟon and sensing technologies and a 29 
developing understanding of human hapƟc percepƟon and the benefits of hapƟc feedback, the range of applicaƟons in which 30 
hapƟc devices have been employed has expanded. 31 
 Since the 2000s, as component technologies (sensors, actuators, compuƟng and baƩeries) have miniaturized, there has 32 
been a steady shiŌ in personal compuƟng technologies moving from desktop to handheld to wearable form factors. Given 33 
the availability of such off-the-shelf technologies, hapƟc feedback has increasingly been incorporated into consumer devices 34 
like wrist-worn fitness trackers and smart watches that provide vibraƟonal noƟficaƟons, as well as in video game applicaƟons, 35 
which provide touch sensaƟons via glove interfaces and hapƟc vests.  A recent survey of numerous hapƟc devices, including 36 
grounded, handheld, exoskeleton, finger-worn, and arm-worn devices, along with devices for the torso, head, feet and legs, 37 
demonstrates this shiŌ towards wearability as a key driver in device development, with a strong desire to produce devices 38 
that can be integrated into every-day life without constraining the user7. With this shiŌ in form factor, wearable hapƟc devices 39 
now increasingly focus on providing cutaneous cues directly to the skin, rather than providing kinestheƟc force feedback felt 40 
through the musculoskeletal system. 41 
 42 
 Wearable hapƟc devices that are focused on delivering cutaneous tacƟle feedback primarily transmit sƟmuli such as 43 
vibraƟon, shear force, pressure and thermal sƟmuli to the skin of a user, generaƟng afferent responses from a variety of 44 
different sensory receptors in the skin. Many wearable hapƟc devices use commercially available actuators that are designed 45 
to transmit a single type of hapƟc cue. Some devices combine several actuators to provide hapƟc cues to mulƟple locaƟons 46 
on the body such as in the case of vibrotacƟle arrays. Most wearable hapƟc devices proposed to date have focused on the 47 
opƟmizaƟon of hapƟc cue transmission using a single modality, typically vibraƟon, due to the low cost and low power 48 
requirements of vibrotacƟle actuators. Such systems are well-suited to delivering discrete cues, such as noƟficaƟons or alerts 49 
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like those in smart watches and phones. More recently, researchers have begun to develop wearable hapƟc devices that can 50 
convey mulƟ-sensory hapƟc cues that combine several different types of hapƟc sƟmuli – most frequently, vibraƟon combined 51 
with skin stretch, squeeze or even thermal sƟmuli. In this Review, we use the term mulƟ-sensory to refer specifically to hapƟc 52 
interacƟons and devices involving more than one mechanism of hapƟc feedback, and the term mulƟ-modal to refer to 53 
interacƟons involving mulƟple sensory modaliƟes such as touch, hearing and vision. By integraƟng mulƟple actuaƟon 54 
methods, each generaƟng disƟnct hapƟc sƟmuli within a single device, a wide range of hapƟc perceptual experiences can be 55 
achieved, therefore substanƟally expanding the potenƟal for wearable hapƟc devices. 56 
 As wearable systems conƟnue to evolve, several important consideraƟons have emerged regarding their design, 57 
implementaƟon and use to opƟmize human-machine interacƟon. A variety of wearable mulƟ-sensory hapƟc technologies 58 
and devices have been developed, each designed to communicate tacƟle cues in disƟnct ways. The integraƟon of these body-59 
worn devices into everyday life requires thoughƞul design to ensure user saƟsfacƟon and widespread acceptance. These 60 
wearable technologies are parƟcularly well-suited for specific use cases, such as virtual reality, rehabilitaƟon and remote 61 
communicaƟon, where sensory feedback enhances the user experience. As the field advances, the direcƟon of research and 62 
development should focus on refining these technologies to improve both funcƟonality and comfort. ScienƟsts and engineers 63 
have a criƟcal role in shaping this progression, ensuring that future innovaƟons align with both technological potenƟal and 64 
the needs of users. 65 
 In this Review, we survey the state of mulƟ-sensory wearable hapƟcs with a focus on body-worn devices that convey 66 
mulƟple types of cutaneous hapƟc sensaƟons. Although we highlight numerous examples of wearable hapƟc devices 67 
throughout, readers are directed to other comprehensive surveys to gain a full picture of the state of current devices7–10. 68 
Here, we instead focus on the engineering aspects for wearable mulƟ-sensory hapƟc devices by emphasizing design 69 
consideraƟons and challenges in human percepƟon. By analysing these quesƟons in the context of the component 70 
technologies and by exploring the wide range of applicaƟons of wearable hapƟc devices, we can beƩer understand the future 71 
trajectory of the fields and in doing so provide guidelines with which to shape research and development in this rapidly 72 
evolving technological space. 73 

[H1]MulƟ-sensory hapƟc percepƟon 74 

In the same way that graphics and audio target a person’s sight and hearing to convey informaƟon, wearable hapƟc devices 75 
use the skin as their primary communicaƟon channel with their human wearer. Thus, understanding the funcƟon and 76 
interplay of the skin’s cutaneous receptors is key to comprehending the mechanics of these devices. Given the engineering 77 
focus of this Review, we provide only a high-level overview of cutaneous hapƟc percepƟon in the following secƟon. For more 78 
details on the mechanisms of human hapƟc percepƟon, the reader is referred to other comprehensive surveys11,12. 79 

[H2] Cutaneous hapƟc percepƟon 80 

Receptors in the skin respond to a variety of cutaneous sƟmuli - not just mechanoreceptors that sense mechanical sƟmuli 81 
applied to the body, but also thermoreceptors that sense temperature, and nociceptors that detect pain.13 Mechanoreceptors 82 
encode informaƟon related to mechanical acƟon on the skin including pressure, stretch and vibraƟon. They are present in 83 
varying density across the body14 and can be categorized according to their recepƟve fields and rates of adaptaƟon.15,16 84 
Rapidly adapƟng afferents innervate Meissner and Pacinian corpuscles and are associated with detecƟng changes in sensaƟon 85 
(such as making and breaking contact). Their peak sensiƟvity to skin vibraƟons occurs around 40 Hz (Meissner corpuscles) 86 
and 250 Hz (Pacinian corpuscles). Slow-adapƟng afferents innervate Merkel disks and Ruffini cylinders and are associated 87 
with detecƟng sustained presence of sƟmuli within their recepƟve field (for example, a varying pressure sƟmulus). Their peak 88 
sensiƟviƟes to skin vibraƟons and skin stretch occur at low frequencies on the order of 1 Hz. 17 Thermoreceptors sense 89 
changes in temperature in a range between 15 C and 45 C, also referred to as the non-dangerous thermal range, whereas 90 
pain receptors are acƟvated outside this range.18,19 Thermoreceptors can be divided into cold and warm receptors, which 91 
respond to decreases and increases in skin temperature, respecƟvely. 92 
 Nociceptors detect various types of pain sƟmuli, with different receptor types parƟally associated with different 93 
sensaƟons. Although most hapƟc devices have focused on providing only mechanical sƟmulaƟon to mechanoreceptors, 94 
nociceptors in the skin are responsive to chemical sƟmuli, providing addiƟonal potenƟal channels for hapƟc feedback. For 95 
example, in wearable devices using flexible microfluidic channels, common (and safe) chemicals could be delivered to the 96 
skin to elicit predictable sensaƟons such as Ɵngling (sanshool), numbing (lidocaine), sƟnging (cinnamaldehyde), warming 97 
(capsaicin) and cooling (menthol).20 98 
 When an external mechanical sƟmulus is applied to the skin, all the cutaneous mechanoreceptor afferents in the area 99 
are sƟmulated, providing tacƟle informaƟon according to their recepƟve characterisƟcs. Cutaneous receptors respond to 100 
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different aspects of skin deformaƟon according to their funcƟon. The mechanoreceptors, in response to sƟmuli, generate 101 
acƟon potenƟal spikes that are transmiƩed to the central nervous system. The percepƟon of intensity, shape, moƟon and 102 
texture result from the integraƟon of tacƟle informaƟon across mulƟple classes of tacƟle afferents that are acƟvated during 103 
most hapƟc interacƟons.17 Together, the afferents encode mulƟple types of informaƟon (such as pressure, vibraƟon, stretch, 104 
temperature, and/or pain) that can then be interpreted. This integraƟon process is similar to how the brain combines images 105 
registered by both eyes into a coherent view of the environment. 106 

[H2] Cue percepƟon challenges 107 

Wearable hapƟc devices pose a number of specific challenges relaƟng to cue delivery and percepƟon. On the mechanical 108 
side, devices need to be designed to accommodate the limits of the human user, operaƟng within a narrow range of safe and 109 
comfortable sƟmulaƟon. For mulƟ-sensory devices this problem is even more pronounced, as devices need to deliver mulƟple 110 
simultaneous actuaƟons, oŌen with very different actuaƟon profiles and mechanisms, while sƟll guaranteeing comfortable 111 
interacƟon in a small form factor. AddiƟonally, perceptual issues in mulƟ-sensory devices are complex, as concurrent cues 112 
must be delivered in ways that are both individually salient and which do not interfere with each other mechanically or 113 
perceptually.  114 

[H3] Individual differences in skin mechanical response to sƟmuli 115 

Owing to its compliance, soŌness and elasƟcity, the skin deforms on contact to provide a large contact area that enables 116 
simultaneous acƟvaƟon of mulƟple receptors, conveying rich informaƟon to the brain. The presence of irregulariƟes on the 117 
skin’s surface at specific locaƟons such as the fingerƟps (via fingerprints) concentrates the applied external sƟmuli toward 118 
the mechanoreceptors, increases fricƟon and improves the ability to discriminate textures.21–23 One of the main issues in the 119 
design and use of wearable mulƟ-sensory hapƟc devices is in the lack of understanding of skin’s mechanical response to 120 
sƟmuli, making it difficult to create hapƟc devices, sƟmuli and interacƟons that are experienced in a consistent way across 121 
users. Human percepƟon of tacƟle sƟmuli is enƟrely dependent on the contact mechanics that arise between the device and 122 
the skin’s surface.24 HapƟc actuaƟon indirectly sƟmulates mechanoreceptors within the various layers of skin25 in concert with 123 
the layers of fat, muscle, veins and other Ɵssues. Owing to variability in body and limb size, musculature and body fat,26 as 124 
well as the presence of hair, sweat, dust or other variaƟons at the skin’s surface, there are unique mechanical interacƟons 125 
between a given device and its user. The skin’s properƟes are also known to be influenced by factors such as age, hormone 126 
levels, cosmeƟcs and humidity, and many other variaƟons further complicate analysis.27–29 127 
 Mechanoreceptor acƟvaƟon have been quanƟfied under direct loading on the skin,30 including indentaƟon,31 shear 128 
loading32,33 and vibraƟon.34 More comprehensive studies of fingerƟp hapƟc interacƟons have also been conducted, combining 129 
finite element analyses with experiments.35,36 ExisƟng tools, such as extensometry, indentaƟon, torsion, vibraƟon and sucƟon, 130 
enable direct analysis of the skin’s properƟes providing a beƩer understanding of the mechanics at play.37 Finite element 131 
analyses have also aimed to capture nonlinear skin responses such as anisotropy and material properƟes of disƟnct Ɵssue 132 
layers.38–40 Of parƟcular importance are the mechanics of devices breaking contact with the skin. Adhesion arising from 133 
surface energy, a material property relaƟng to the aƩracƟon between two materials on a molecular level, is an important 134 
tacƟle sƟmulus in interacƟons with hard, planar objects.41 By contrast, for sensaƟons that arise at the interface with biological 135 
materials (that is, in medical contexts), those arising from viscoelasƟc effects such as sƟckiness and tack dominate.42 A more 136 
thorough understanding of these interacƟons is a key area of research to improve our understanding of tacƟle mechanical 137 
interacƟon and ensuring that the percepƟon of an applied hapƟc sƟmulus is consistently experienced across users. 138 

[H3] TacƟle masking 139 

MulƟ-sensory hapƟc devices also need to account for the influence of different hapƟc sensaƟons in concert, which might 140 
interact in unpredictable ways. The key phenomenon here is tacƟle masking - the obscuring of the percepƟon of one sƟmulus 141 
by the presence of another one.43 For example, in single-sensory vibrotacƟle devices, tacƟle masking of simultaneously 142 
transmiƩed vibraƟon sƟmuli increases perceptual thresholds43 resulƟng in more difficult spaƟal and temporal cue 143 
differenƟaƟon.44 TacƟle masking is especially challenging to overcome in integrated mulƟ-sensory hapƟc devices, where the 144 
individual hapƟc sƟmuli (such as squeeze, vibraƟon and skin stretch on the arm) are presented in spaƟal and temporal 145 
proximity.45 Different types of hapƟc actuaƟon (such as stretch and squeeze) can decrease accurate percepƟon of these 146 
cues46; for example, the physical spacing between sƟmulus locaƟons and the relaƟve intensity of these varied cues can further 147 
influence the perceptual effects of this tacƟle masking.47 More research in this area is needed to determine what methods 148 
either in cue or device design - can be used to miƟgate these masking effects. 149 
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[H3] User aƩenƟon 150 

User aƩenƟon also influences a user’s percepƟon of tacƟle cues.48 Indeed, the effect of aƩenƟon has been observed in spaƟal 151 
aƩenƟon across the body49,50 and when aƩenƟon is spread across mulƟple senses.51,52 Furthermore, this difference in hapƟc 152 
percepƟon has also been observed across categories of differing user voliƟon in inducing hapƟc sƟmulaƟon, namely acƟve 153 
and passive hapƟcs. In acƟve hapƟcs, users cause an interacƟon on their skin, oŌen by exploring surfaces or objects with 154 
their hands, whereas in passive hapƟcs users reflexively sense an interacƟon applied to their skin to receive tacƟle 155 
informaƟon, such as when someone else strokes their arm.53,54 AddiƟonal research in this area is needed to inform hapƟc cue 156 
and device design, in light of the development of more complex and compact hapƟc components and devices. 157 

[H1] Engineering and design consideraƟons 158 

[H2] ActuaƟon methods 159 

Although all wearable mulƟ-sensory hapƟc devices are designed to engage the same biological mechanisms of sensaƟon, the 160 
methods and strategies of actuaƟon to induce hapƟc sensaƟons vary widely. Many hapƟc devices incorporate 161 
electromechanical actuators given their widespread commercial availability, ease of implementaƟon and reliability. Other 162 
actuaƟon methods have also been employed in wearable hapƟc devices, including electrical, polymeric, fluidic and thermal.55 163 

[H3] Electromechanical 164 

Electromechanical actuators are used ubiquitously to provide hapƟc feedback9. Most frequently, vibraƟon is accomplished 165 
by eccentric rotaƟng mass (ERM) actuators or voice coil actuators, typically linear resonant actuators. ERM motors achieve 166 
vibraƟon by spinning an unbalanced mass aƩached to the motor shaŌ. Despite being inexpensive and capable of delivering 167 
large vibraƟons relaƟve to their size, they are driven by a single input voltage that couples vibraƟon frequency and amplitude. 168 
Compared to other vibraƟon-type actuators (such as voice coils), sƟmuli generated with these actuators have longer response 169 
Ɵmes because it takes Ɵme to get the mass spinning at a constant speed when starƟng from rest. Voice coil actuators can 170 
offer independent control over the frequency and amplitude of the output vibraƟon but have natural resonant frequency 171 
ranges outside of which they are less effecƟve. Through closed-loop control, larger bandwidths can be realized. In both cases, 172 
device performance is highly dependent on the physical design of the actuators used. PosiƟon- or torque-controlled DC 173 
motors are oŌen used to generate stretch and squeeze type hapƟc sensaƟons. These actuators oŌen integrate a lever arm, 174 
pulley or other mechanisms to convert rotaƟonal moƟon to translaƟonal displacements of an end-effector against the skin. 175 
Regardless of the type of cue being generated, a balance must be achieved between device performance and other factors 176 
such as cost and weight. Although a more expensive, heavier motor may be able to provide a more accurate or powerful 177 
sƟmulus, it may not be worth the cost. Typical figures of merit with a hapƟc-driving motor include speed, torque and power 178 
draw. Pre-packaged ProporƟonal – Integral – DerivaƟve (PID)-controlled servomotors are an appealing opƟon for 179 
electromechanical actuaƟon due to their low cost and ease of use.  180 

[H3] Electrical 181 

Other types of electrical actuaƟon can also be used to provide hapƟc sensaƟons. ElectrovibraƟon and electroadhesion 182 
convert electrical signals into mechanical effect56 and are ubiquitous in displays exhibiƟng variable surface fricƟon, some of 183 
which are being commercialized, for example, Tanvas’s tacƟle touch screen technology. ElectrotacƟle sƟmulaƟon couples the 184 
movement of charge directly to the generaƟon of acƟon potenƟals in afferent fibers terminaƟng in the skin.57–59 In principle, 185 
this modality could be used to generate nearly any sensaƟon, provided the signal is appropriately targeted. Recent 186 
demonstraƟons of electrotacƟle sƟmulaƟon have embedded electrodes in a fingerƟp device60 and in an armband.61 In 187 
pracƟce, however, the sƟmulaƟon tends to acƟvate several afferent and efferent types over the region covered by the 188 
electrode(s) and is usually perceived by the user as nondescript ‘buzzing’. This modality of hapƟc feedback is available in 189 
commercial transcutaneous electrical nerve sƟmulaƟon (TENS) devices, which are someƟmes used therapeuƟcally for pain 190 
reducƟon in cases such as arthriƟs, chronic low back pain or sports injuries.62–64 Although promising for some applicaƟons, 191 
this modality can produce galvanic reacƟons, damage to the skin or numbness when overused or used with overly aggressive 192 
parameters. Advantages of the technique when used on the limbs include quick response and ease of programming signals 193 
which can be easily disƟnguished by wearers, that is, rhythmic tapping.65 194 
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[H3] Polymeric 195 

Polymeric materials are ubiquitous in devices for human-machine interfaces,66,67 in the form of engineered plasƟcs for 196 
structural and acƟve components. AcƟve polymers – including shape memory, sƟmulus responsive, piezoelectric, and 197 
electrically conducƟve or semiconducƟve – might lend themselves to future hapƟc applicaƟons. The advantages of polymeric 198 
materials arise from the ability to tune the structure and properƟes by chemical synthesis.68 That is, the density, modulus, 199 
adhesion, tack, phase transiƟons and ionic or electronic conducƟvity can be imparted to the material at the level of the 200 
molecular structure. However, polymeric actuators tend to have slow dynamic responses due to their mechanism of acƟon, 201 
which may make them unsuited to applicaƟons in which the response Ɵme to the hapƟc feedback is criƟcal; for example, 202 
providing an amputee with touch feedback from a prostheƟc hand so that they can accurately control hand pose. 203 
 Polymers used in hapƟcs can be actuated by thermal, opƟcal, magneƟc or electrical means, generally for a mechanical 204 
response.67 Polymers of this class include liquid crystal elastomers,69 dielectric elastomers,70 piezoelectric polymers and 205 
ferroelectric polymers.71 Liquid crystal elastomers are flexible polymer chains whose backbone intermiƩently incorporates a 206 
rigid mesogenic unit. When solidified from the melt under shear forces (that is, extrusion), the mesogens - rigid subunits 207 
within the flexible structure - align along the sheared axis and form ordered domains.70 If the polymer is crosslinked in this 208 
aligned state, the solid contracts like a muscle when heated, and returns to the elongated, aligned state when cooled. Heat 209 
causes the polymers to contract with actuaƟon stresses close to those of natural muscle. Importantly, heat can be applied 210 
discreetly using opƟcal absorpƟon and later dissipaƟon using a dye sensiƟzer.72 Dielectric elastomers compress when placed 211 
in between compliant electrodes and subjected to a high potenƟal.72 Piezoelectric polymers such as poly(vinylidene fluoride) 212 
(PVDF) and composites thereof can be actuated at rates of kilohertz, albeit with low displacement.73 Such polymeric 213 
structures provide unique opportuniƟes for the construcƟon of mechanical hapƟc devices with different profiles and 214 
characterisƟcs. Polymeric actuaƟon does come with some limitaƟons - devices may only provide weak hapƟc sƟmuli because 215 
of low displacements, their dynamic response Ɵmes can be slow, and their robustness for use in wearable devices may be 216 
limited. These challenges are counterbalanced by their unique advantages; for example, polymeric materials can facilitate 217 
fluidic logic74–76 and fluid-based electronics-free devices77–79. These control soluƟons do not suffer from issues with 218 
washability80 and bypass the need for rigid onboard components, enabling safer and more comfortable devices. 219 

[H3] Fluidic 220 

Fluidic hapƟc devices use pressurized fluid to deform the mechanical structure of an actuator to provide hapƟc sƟmuli. Fluidic 221 
actuaƟon has been the most prominent actuaƟon method in the field of soŌ roboƟcs81 and is lighter (parƟcularly with 222 
pneumaƟc systems) and more compliant than other approaches. Fluidic hapƟc devices include pump-driven surface dot 223 
Braille displays,82 reed-based vibrotactors,83 and inflatable elastomeric hapƟc displays based on integrated serpenƟne liquid 224 
metal traces.84 Other fluidic approaches rely on inextensible and non-elastomeric, yet compliant, 2D materials, such as sheets 225 
of polymers. Devices based on these flexible sheets can both squeeze and vibrate85 while applying forces at mulƟple length 226 
scales simultaneously.86,87 Pressurized fluid can also be used for sensing and transmission of a signal to another locaƟon on 227 
the body, without any electronic control or interface.88 In cases where electronic control is desired, bulky infrastructure for 228 
pressurizaƟon (pumps) and control (valves) of fluid can be avoided with local pressurizaƟon using hybrid electric-fluidic 229 
approaches, including generaƟon of standing waves with piezoelectric actuators89 and amplificaƟon of fluid pressure based 230 
on electrostaƟc aƩracƟon90 in devices that can fit on the fingerƟp.91 Compliant microfluidic elastomeric Braille displays have 231 
even used liquid metal electrodes to spark local combusƟon and generate tacƟle cues.92 Fluidic hapƟc devices have also taken 232 
advantage of the texƟle format common in wearables93; for example, squeeze and stretch cues have been demonstrated in 233 
‘fluidic fabric muscle sheets’ that employ elasƟc tubing integrated into a texƟle sheet.94,95 A texƟle sleeve was fabricated with 234 
internal plasƟc pouches that could be sequenƟally inflated with air to generate the illusion of lateral movement on the arm.96 235 
Similarly pneumaƟcally actuated wearable hapƟc devices made enƟrely from heat-sealable texƟles were fabricated in a 236 
scalable manner.97 Although the performance of these devices may vary and limitaƟons sƟll exist (such as portability, leakage 237 
and the need for sources of compressed air), the availability of new materials and actuaƟon methods that can be rapidly 238 
fabricated and prototyped98 provides a disƟnct advantage over tradiƟonal electromechanical actuaƟon, and enables the 239 
designer to realize a wide range of tacƟle cues. 240 

[H3] Thermal 241 

Thermal hapƟc devices use heaƟng and cooling on the skin to provide informaƟon. They can complement other mechanisms 242 
of tacƟle sƟmulaƟon in a mulƟ-sensory case to enhance a user’s hapƟc experiences. For example, thermal feedback devices 243 
combined with fluidic mechanisms take advantage of combined thermofluidic operaƟon (that is, the working fluid acts as 244 
both a pressure source and a thermal reservoir). For instance, a glove device was developed to apply both force and a set 245 
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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.99 Similarly, 246 
another device used pressurized water delivered from a combinaƟon of a hot and a cold tank to a sleeve, with the 247 
temperature of the pressurized fluid controlled by varying the proporƟons of hot and cold fluid delivered.100 In another 248 
approach, elastomeric bubbles arranged in an array were fiƩed with PelƟer modules for heaƟng and cooling.101 Thermal and 249 
fluidic sƟmuli have also been combined synergisƟcally to generate the illusion of thermal movement using a staƟonary 250 
thermal sƟmulus and a moving pneumaƟc sƟmulus.102 251 
 Thermal sƟmuli that do not rely on fluidic actuaƟon have also been successfully deployed in wearable applicaƟons,103 252 
with form factors including a ring for a finger104 and a bracelet-like wrist-worn thermal display.105 These thermal approaches 253 
need not be rigid; such as a stretchable, compliant, and comfortable design based on PelƟer modules embedded in an 254 
elastomer matrix.106 Going beyond perceived temperatures, thermal hapƟc devices can also modulate sensaƟons of surface 255 
fricƟon107 and generate the illusion of surface wetness.108 This capability relies on Joule heaƟng, thermoelectric heat transfer, 256 
or fluidic heat transfer; wearable thermal hapƟc devices can also leverage the electrocaloric and magnetocaloric effects, as 257 
well as mechanocaloric and phase change materials.109,110 The limitaƟons of thermal hapƟc devices vary, but do not preclude 258 
their future use in wearable hapƟc systems. PelƟer devices oŌen require acƟve cooling to operate within reasonable 259 
temperature ranges, and other actuaƟon schemes can have response Ɵmes on the order of seconds, making them best suited 260 
to specific applicaƟons where slower responses are acceptable81 (including thermoregulaƟon in a broad wearable systems 261 
context and low-priority cues in a hapƟcs context).93 EvaluaƟng human percepƟon and performance with thermally actuated 262 
wearable hapƟc devices is an underexplored area in the field and may provide new avenues for hapƟc designs and strategies. 263 

[H1] ImplementaƟon  264 

Wearable hapƟc devices can be customized to fit and aƩach to almost any region of the body. Wearable implementaƟon 265 
must ensure effecƟve aƩachment to the body so that the hapƟc sƟmuli are transmiƩed to the skin and long-term adopƟon 266 
by the user. Absolute design characterisƟcs (such as weight, size) might be misleading in evaluaƟng the ‘wearability’ of a 267 
hapƟc device. Rather, these properƟes must be considered with respect to where the device is worn and how it will be used. 268 
A device that is unobtrusive on the shoulder may be cumbersome if worn on the hand, or vice versa. The device aƩachment 269 
method can be considered effecƟve if it is well-suited to locaƟon, well-grounded and comfortable. Device fit and 270 
personalizaƟon are also important consideraƟons that are key to long term adopƟon. 271 

[H2] Body locaƟon 272 

The choice of body locaƟon for a wearable hapƟc device is dictated by the applicaƟon (for example, providing hapƟc feedback 273 
to the residual limb for a person with limb loss using a prostheƟc device) or by the perceptual acuity that is required for a 274 
task (for example, simple and discrete hapƟc noƟficaƟons may be saƟsfactorily perceived on areas of the body known for 275 
having lower perceptual resoluƟon, such as the arms or torso, whereas high density informaƟon transfer might require a 276 
wearable to be located on a part of the body with beƩer perceptual resoluƟon, like the fingerƟp). In designing hapƟc feedback 277 
for any purpose, one of the first key steps is in determining what locaƟons are best suited to that applicaƟon. Some of the 278 
design objecƟves that have been defined are9: (i) form factor: wearable devices should alter the body size of the wearer as 279 
liƩle as possible; (ii) weight: they should Ɵre the wearer as liƩle as possible; (iii) impairment: they should limit the moƟon of 280 
their wearers as liƩle as possible; and (iv) comfort: they should be comfortable to wear and easy to adapt to the wearer limb 281 
size and shape. The differences in skin characterisƟcs, receptor density, and basic ergonomics result in highly varied design 282 
requirements across the body (Fig. 2). 283 
 284 
 CriƟcally, a wearable device should be designed to take advantage of the area of the body it is applied to. For example, 285 
exoskeletons can apply kinestheƟc feedback to the arƟculated joints they act on by means of electromechanical actuators or 286 
locking mechanisms. A similar type of feedback can also be achieved through cutaneous-only approaches, conveying skin 287 
stretch to the back of, for example, finger joints, the wrist or the elbow, eliciƟng propriocepƟve sensaƟons111 in a more 288 
compact package. The characterisƟcs and degree of sensaƟon elicited is strongly influenced by whether it is applied to 289 
glabrous (the palms) or hairy skin, with glabrous skin typically more sensiƟve to touch sƟmuli.14 The best soluƟon to adopt 290 
depends heavily on the task and situaƟon considered. 291 
 Sustained vibraƟons applied at the joints (such as, elbows and knees)112 in correlaƟon with moƟon, can convey the 292 
sensaƟon of joint movement113 as well as viscoelasƟc effects such as sƟck and slip sensaƟons.114 The hand and the fingerƟp 293 
are sƟll the most popular places for wearable hapƟc interfaces9,59,115 because they are the most sensiƟve to tacƟle sƟmulaƟon 294 
and most oŌen used for probing the environment. The upper and lower limbs are common places to locate wearable hapƟc 295 
devices that provide squeeze,116 twist,117 and caress118 tacƟle sensaƟons. In terms of available surface, the torso enables the 296 
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largest area of interacƟon and devices for this part of the body have existed since the 1990s.119 Hugging sensaƟons around 297 
the torso have been provided through hapƟc jackets via vibraƟon120 or pneumaƟc actuaƟon.121 HapƟc vests have been 298 
produced with arrays of voice-coil motors posiƟoned around the torso to help increase immersion in arƟficial 299 
environments.122 Finally, belts and bracelets for the waist and wrist, respecƟvely, are an oŌen selected form factor, and can 300 
be used to provide a variety of informaƟon cues using various means and for applicaƟons including communicaƟon, training 301 
or guidance, and navigaƟon.116,123–125 302 

[H2] Device grounding 303 

A grounded interface typically refers to the alternaƟve to a wearable device, where the device is located on a table or other 304 
fixed plaƞorm, whereby only the forces associated with the hapƟc sƟmulus are felt by the user. Here, we expand the use of 305 
this term, grounding, to describe how the reacƟon forces experienced by the actuator are channelled during a hapƟc sƟmulus. 306 
The reacƟon forces in a grounded device are absorbed by the workbench or external framework. For a wearable device, this 307 
includes how a device is aƩached to the body, and specifically how the reacƟon forces are transmiƩed to the user. Many 308 
wearable devices, whether on the upper arm, ankle or fingerƟp, are simply strapped on to the area of the body where the 309 
sƟmulus is applied.9 In these cases, the sƟmulus actuaƟon is accompanied by the reacƟon forces, absorbed within the enƟre 310 
assembly of the device frame, strap and part of the body to which it is secured. When cutaneous hapƟc sƟmuli are applied 311 
to the skin in a wearable device, the reacƟon forces transmiƩed through the grounding mechanism are also perceivable by 312 
the user, and may obscure the intended hapƟc experience.126 This phenomenon of unintenƟonal feedback also arises in body-313 
powered prostheses, where the harness rubs against the skin providing an indicator of hand closure,127 or in fingerƟp hapƟcs, 314 
where the fingerƟp receives hapƟc sƟmuli on both the finger pad (intended cue) and the nail (unintenƟonal reacƟon force).128 315 
This challenge can be overcome with mechanical design as demonstrated in antagonisƟc devices, where the cue design has 316 
mulƟple sƟmulus points that counteract each other, such as in a wrist-worn device using pin-based radial squeeze129 or the 317 
coordinated stretch in a bracelet of four rockers.125 As the design and integraƟon of hapƟc devices progresses, hapƟcians 318 
should acknowledge and take advantage of the totality of the hapƟc experience of the user.  319 

[H2] Comfort 320 

The comfort elements for wearable devices are similar to those of clothing, consisƟng of pressure, texture, thermal balance, 321 
moisture transport and freedom of movement,130 and are important for long term adopƟon of any device. In addiƟon to 322 
comfort, some of these elements are also related to the performance of the device. Pressure and moisture transport can 323 
impact the effecƟveness of fricƟonal or adhered cue interfaces. Moreover, some parts of the body more naturally lend 324 
themselves to delivery of hapƟc sensaƟons.7 For example, from a user’s perspecƟve, the ears and wrists are considered the 325 
most comfortable locaƟons to sƟmulate with vibraƟon, unlike the neck and ankle131. Similarly, examining the role of wearable 326 
device weight, volume and surface area on user comfort and acceptance, revealed that proximal body locaƟons (on the trunk 327 
or torso) resulted in higher tolerances for each device characterisƟc compared to distal locaƟons on the limbs.132 Moreover, 328 
the comfort of the device presents many important design criteria regarding the interplay of material choices, aƩachment 329 
methods, body locaƟon and hapƟc modaliƟes. 330 

[H2] PersonalizaƟon and fiƫng 331 

The design of hapƟc interfaces must consider the differences in the limbs’ size, shape and perceptual characterisƟcs across 332 
humans. Age, sex and other factors influence these differences.133,134 Humans’ sense of touch is highly sensiƟve to variaƟons 333 
in contact sƟmulaƟon, making a good fit of the device important for the delivery of accurate sensaƟons. For example, 334 
rendering the same fingerƟp tacƟle cues to users with different finger sizes alters the accuracy in idenƟfying cue locaƟons.135 335 
Similarly, older adults have lower tacƟle performance than younger adults.136 Rendering or soŌware approaches aim to 336 
personalize hapƟc feedback by adapƟng the way the interface renders the commanded sensaƟons,137,138 whereas hardware 337 
approaches modify the mechanical design of the interface to best fit the target limb.139 338 

[H1] Future direcƟons for devices 339 

The field of hapƟc technology has been in a constant state of development and reinvenƟon over the last few decades, and 340 
the recent proliferaƟon of mulƟ-sensory wearable devices has only accelerated this trend (Fig. 3, Table 1).  341 

[H2] SoŌ hapƟc wearables 342 

Designing comfortable architectures is essenƟal for wearable devices. Thus, soŌ compliant structures with integrated sensing 343 
are a very promising approach for achieving effecƟve and comfortable designs.8 MiniaturizaƟon of these components – or 344 
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incorporaƟon into a flexible form factor – is criƟcal to make the whole device minimally obtrusive. Smart sensors capable of 345 
modulaƟng (that is, gaƟng) the behaviour of tacƟle actuators can circumvent the use of integrated circuits. However, for 346 
highly sophisƟcated tacƟle sƟmulaƟon, integraƟon of sensing and actuaƟon may take advantage of not only integrated 347 
circuits, but also baƩeries, wireless telemetry and the capacity to implement machine learning algorithms. 348 
 So far, soŌ materials for wearable hapƟc applicaƟons97 have mainly been used for actuaƟon, with few power sources and 349 
controllers.81 Thus, many wearable hapƟc devices remain tethered, and untethered approaches typically employ a rigid 350 
baƩery for power and a tradiƟonal hard plasƟc printed circuit board or microcontroller for onboard computaƟon or wireless 351 
communicaƟon with an external computer. For more comfortable devices, compliant electronic power sources are now being 352 
developed using intrinsically stretchable plaƞorms (such as all-hydrogel baƩeries) and also by incorporaƟon of flexible fibre-353 
like structures such as cathodes and anodes, applicaƟon of strain engineering techniques and plaƞorms based on rigid island-354 
like structures wherein many small cells (that is, ‘tradiƟonal’ baƩeries) are interconnected and incorporated into a soŌ or 355 
flexible matrix.140 Furthermore, soŌ, stretchable electronic pumps141 have been developed that can drive the many soŌ fluidic 356 
actuators currently available.142 Fully fluidic approaches (that is, without reliance on electronics) may further reduce the 357 
overall size while remaining compliant. To this end, onboard fluidic energy harvesƟng143 and fluidic digital logic80 integrated 358 
in texƟle-based plaƞorms are promising  for different hapƟcs applicaƟons.93 For example, an RC-like fluidic circuit was 359 
deployed within texƟle sheets of a wearable for spaƟotemporal control of hapƟc cues, resulƟng in reduced reliance on 360 
electronic control infrastructure by over 60%.97 Similarly, bypassing the need for electronic power and computaƟon 361 
altogether, a soŌ hapƟc system was developed in which sensing, transducƟon of a signal and actuaƟon are all performed 362 
fluidically.88 363 

[H2] Improving the realism of touch-based interacƟons 364 

Researchers are conƟnuously striving to improve the realism of hapƟc feedback that is provided by wearables, and the 365 
proliferaƟon of mulƟ-sensory devices is an indicator of this. By incorporaƟng a number of different actuaƟon methods into a 366 
wearable, the richness of the hapƟc feedback increases to beƩer approximate natural touch interacƟons.144 Compared to 367 
kinestheƟc devices that are oŌen mounted to a desktop or take the form of exoskeletons, wearable hapƟc devices can provide 368 
such experiences with a relaƟvely low-cost of actuaƟon. KinestheƟc devices must employ rigid kinemaƟc linkages, large 369 
motors and/or complex transmissions to transmit forces and torques to the musculoskeletal system. By contrast, the hapƟc 370 
feedback provided by wearable mulƟ-sensory devices, despite their relaƟve simplicity, can provide similar sensaƟon by, for 371 
example, cutaneous sƟmulaƟon if provided coherently with the other senses.111,129,145 372 
 New approaches to improve realism are most oŌen applied in virtual reality (VR) and augmented reality (AR) scenarios 373 
where there is a strong desire to keep the hands and fingerƟps unencumbered while adding hapƟc feedback to a visual-374 
feedback dominated domain. One method, called referred hapƟc feedback, explores how hapƟc sƟmuli applied at one part 375 
of the body are perceived as touch interacƟons at other locaƟons, resulƟng in improved hapƟc experiences for the user when 376 
compared to visual-feedback alone. For example, mulƟ-sensory pseudo-hapƟcs have been developed for rendering touch 377 
interacƟons at the wrist correlaƟng to interacƟons in VR that are experienced at the fingerƟp.145 By modulaƟng wrist squeeze 378 
and visual feedback, users were able to consistently perceive virtual objects of varying sƟffness. VibraƟons provided at 379 
discrete locaƟons on the arm can also be perceived as a sƟmulus at locaƟons that are not being sƟmulated, improving 380 
wearability and comfort compared to hand-worn devices.146 Similarly, electrotacƟle sƟmulaƟon on the back of the hand can 381 
be used to render hapƟc interacƟons that appear to occur in the palm of the hand, in a form factor that is lightweight and 382 
portable.147 These new approaches circumvent some of the implementaƟon challenges related to comfort and wearability. 383 
Although they may not be considered realisƟc when compared to real-world interacƟons with objects, these methods 384 
enhance the immersiveness of the user in the VR/AR world by coupling intuiƟve hapƟc feedback with realisƟc visual feedback. 385 

[H1] ApplicaƟon domains 386 

In this secƟon, we analyse and discuss the context in which different mulƟ-sensory devices have been implemented and 387 
idenƟfy key applicaƟon domains with opportuniƟes for development and uƟlizaƟon (Fig. 4). 388 

[H2] NavigaƟon 389 

One applicaƟon for wearable hapƟcs is in personal navigaƟon, wherein hapƟcs can provide intuiƟve spaƟal informaƟon to a 390 
user in a private manner. Touch is a spaƟal sense distributed across the body and has the advantage of having intuiƟve spaƟal 391 
encoding based on the area of the skin that is sƟmulated. Personal navigaƟon wearable devices have been developed in 392 
various form factors on the body including on the back,148 waist,149 forehead,150 and wrist,125,151 as well as with handheld 393 
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devices.152 TacƟle feedback has also been used to provide informaƟon while driving153 and obstacle navigaƟon for people with 394 
blindness.154,155 395 

[H2] TeleoperaƟon 396 

HapƟc feedback strongly benefits roboƟc telemanipulaƟon,156 wherein a human operator carries out tasks by controlling a 397 
remote roboƟc manipulator. However, modern commercial telemanipulaƟon systems, such as the da Vinci surgical robot, 398 
provide very limited hapƟc feedback.157 This omission is caused, among others, by the cost that using the robot interface for 399 
hapƟc feedback has on the stability of the control loop, potenƟally leading to undesired system oscillaƟons.158,159 Complex 400 
teleroboƟc systems have been developed that provide hapƟc feedback to the operator, including tacƟle telerobots.160 For 401 
example, teleoperaƟon systems that deploy dexterous robots on mobile bases enable operators to complete a range of tasks 402 
that depend on hapƟc feedback, such as discriminaƟng textures or object weights.161 Cutaneous hapƟc devices have also 403 
received some aƩenƟon in this field, as delivering ungrounded cutaneous sƟmuli provides the human operator with 404 
informaƟon about the forces exerted by the remote manipulator without impacƟng its safety.128 The types of hapƟc sƟmuli 405 
used in teleoperaƟon include pressure and vibraƟons,162 pressure and kinestheƟc cues,163,164 skin stretch and pressure,116,165 406 
as well as pressure, kinestheƟc cues and vibraƟons166 for applicaƟons of remote grasping, palpaƟon and surface exploraƟon. 407 
Further development of wearable and mulƟ-sensory devices could lead to soluƟons for intuiƟve, safe and comfortable 408 
teleoperaƟon. 409 

[H2] CommunicaƟon 410 

A central objecƟve of wearable hapƟc communicaƟon systems is to encode informaƟon, which is typically processed visually 411 
or aurally, as tacƟle sƟmulaƟon paƩerns presented to the skin.172 An advantage of these devices is that they can provide 412 
private, salient informaƟon to the user. Wearable devices can transmit tacƟle languages by encoding phonemes,172,173 LaƟn 413 
alphanumeric characters,174 and spectral properƟes of acousƟc speech signals,175 although, to date, these devices have not 414 
been commercialized. CommunicaƟon need not be confined to language alone, and wearable hapƟc devices can be used to 415 
communicate abstract informaƟon, such as the simple vibrotacƟle noƟficaƟons we receive from our smart watches. For 416 
example, mulƟ-sensory hapƟc devices can transmit large sets of discrete cues that are more reliably perceived than single-417 
sensory hapƟc cues,176 enabling complex content to be communicated to users, such as real-Ɵme task performance 418 
feedback.177,178 Such findings expand the range of applicaƟons for which wearable hapƟc devices may be deployed. 419 

[H2] VR and AR 420 

VR simulaƟons have already been adopted for educaƟon, entertainment and training applicaƟons.179 In these spaces, VR 421 
technology has been praised for adding much needed realism by immersing the user in the applicaƟon or simulaƟon. 422 
However, current VR soluƟons are notably missing realisƟc hapƟc feedback, prevenƟng users from receiving the added 423 
realism and immersion benefits of being able to feel the environments in their simulaƟons.156 As such, the role of hapƟc 424 
feedback in improving VR applicaƟons ranging from educaƟon programs180 to surgical simulaƟons is being invesƟgated.181,182 425 
Current VR hapƟc soluƟons are typically handheld controllers which include simple vibraƟon motors to produce the sensaƟon 426 
of contact with objects. However, these VR interfaces’ make it difficult to imitate the complex and subtle set of tacƟle cueing 427 
that occurs in real touch interacƟons with the environment.55 To induce more realisƟc hapƟc feedback, hapƟc gloves,183 428 
fingerƟp devices,9 wrist sensory feedback devices129 and even hapƟc shoes have been developed.184 In AR, wearable hapƟcs 429 
has been used to hapƟcally enhance the virtual content185,186 and to alter the tacƟle percepƟon of tangible objects.187–189 In 430 
all cases, mulƟ-sensory soluƟons are rare and are an open area for further innovaƟon. 431 

[H2] ProstheƟc devices 432 

In cases of amputaƟon, and especially upper-limb amputaƟon, the loss of feedback in the form of touch sensaƟon limits the 433 
user’s ability to control their replacement prostheƟc device. HapƟc technologies have been used to provide touch feedback 434 
on the residual limb or on alternaƟve body locaƟons, such as providing skin stretch feedback on the proximal upper limb for 435 
a transradial amputee.170 Other methods, such as peripheral nerve sƟmulaƟon190 and corƟcal sƟmulaƟon191 feedback, offer 436 
high-quality soluƟons; however, many of these technologies are sƟll highly experimental, invasive, expensive and with unclear 437 
long-term effects. HapƟc technologies are therefore valuable owing to their comparaƟve low cost and non-invasiveness. 438 
MulƟ-sensory hapƟc devices are a promising avenue this area because they can present mulƟple types of informaƟon 439 
communicated via different hapƟc modaliƟes, which can accommodate more advanced devices with greater available 440 
sensory informaƟon to help inform user control.192 AddiƟonally, hapƟc feedback can be used alongside new prostheƟc 441 
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augmentaƟon technologies, such as targeted muscle reinnervaƟon which reroutes efferent nerves from the residual limb to 442 
other sites to enable myoelectric control,193–195 providing new possibiliƟes for feedback and control combinaƟons. 443 

[H2] RehabilitaƟon, re-educaƟon and training 444 

HapƟcs have been employed to aid the rehabilitaƟon and re-educaƟon of human limbs and movements. For the case of 445 
rehabilitaƟon following neurological injury, although limb movement rehabilitaƟon usually involves situaƟons where paƟents 446 
are mostly passive and the therapists are in charge of moving the target limb, the direct involvement of paƟents in the 447 
movement can improve cogniƟve–motor skills and motor learning.196 Thus, exoskeletons that can provide variable movement 448 
resistance or assistance could assist rehabilitaƟon exercises,197,198 therefore reducing the physical load of therapists while 449 
carrying out longer, more consistent and potenƟally less expensive rehabilitaƟon exercise sessions. Machines can also track 450 
the paƟents’ progresses by analysing data such as the force applied, range of moƟon, frequency of exercises, enhancing 451 
engagement, moƟvaƟon and adherence to treatment. To date, the improvements in clinical outcomes of roboƟc 452 
rehabilitaƟon devices that incorporate hapƟc feedback to support limb movements have been modest, and addiƟonal 453 
research is needed to truly leverage the potenƟal benefits of such intervenƟons.199  454 
 For motor skill training with hapƟcs, the hapƟc feedback provided during training of motor tasks can effecƟvely foster 455 
learning, although the outcomes are oŌen task dependent.200 PosiƟve outcomes are most oŌen realized when the 456 
informaƟon that is provided via the hapƟc channel cannot be provided using other modaliƟes such as vision or auditory 457 
sƟmulaƟon.201 Of criƟcal importance in the design and applicaƟon of these devices is the safety of the paƟent, both in the 458 
operaƟon of the hapƟc devices and their use in concert with other devices - an area which has seen relaƟvely liƩle 459 
standardizaƟon in safety expectaƟons across the field.202 460 
 Although most currently-available approaches use kinestheƟc- or cutaneous-only interfaces providing resistance or 461 
guidance forces for training or aiding a target movement, there has recently been an increasing interest for wearable mulƟ-462 
sensory cutaneous soluƟons, mostly combining pressure and vibrotacƟle feedback203 or pressure and skin stretch 463 
feedback169,204–216 for applicaƟons of motor rehabilitaƟon and learning,169,203,205 grasping aid and augmentaƟon and for 464 
treaƟng disorders of consciousness.204,207 Such approaches are generally easier and less expensive to deploy with respect to 465 
hapƟc exoskeletons and might be even used by paƟents directly at home, ensuring broader access to these rehabilitaƟon 466 
technologies.208 MulƟ-sensory wearable hapƟc devices with a low cost cutaneous feedback could also incorporate squeeze 467 
and skin stretch for hapƟc training, which was as effecƟve as a complex kinestheƟc hapƟc device at conveying desired 468 
trajectories for complex motor tasks.206 469 

[H1] Outlook 470 

Our skin contains different mechanoreceptors that are tuned to respond to a range of hapƟc sensaƟons. There is a good 471 
understanding of human percepƟon of single-sensory wearable hapƟc cues about factors such as detecƟon thresholds, 472 
discriminaƟon thresholds, cue idenƟficaƟon and the parameters of the cues themselves (amplitude, frequency) that are 473 
necessary to ensure salience. The issues that face designers of single-sensory devices can present more intensely or in 474 
different ways in mulƟ-sensory devices, such as when perceptual masking is observed, or variaƟons in the perceived intensity 475 
of one type of sƟmulus compared to another (such as squeeze, stretch, vibraƟon.) are presented concurrently. More research 476 
is needed to further elucidate how our perceptual system can process mulƟ-sensory cues to ensure that the informaƟon 477 
provided to users is reliably perceived, informaƟon-rich and useful. 478 
There is a large and growing number of hapƟc devices represented in the literature with more devices that offer mulƟ-sensory 479 
cues in a wearable form factor. This is aƩracƟve for a wide range of applicaƟons, however, it is vital to not only focus on the 480 
mechanisms, but to also consider the interacƟon between device and end user, such as comfort, long-term wearability and 481 
social acceptance of on-body devices. The grounding or aƩachment of the device to the body, the compliance of the body to 482 
which the wearable is mounted and the effects of such compliance on the repeatability of the hapƟc experience of the user 483 
are also important aspects to consider. To achieve more comfortable and compact designs, enable tetherless operaƟon, and 484 
facilitate a broad range of tacƟle sensaƟons, engineers and scienƟsts are developing and integraƟng new actuaƟon methods 485 
into wearables, shiŌing from the electromechanical actuaƟon domain to include electrostaƟc, polymeric, fluidic actuaƟon, 486 
thermal systems and similar innovaƟons. 487 
There are numerous engineering design challenges when developing hapƟc devices, such as the wide range of touch 488 
sensaƟons experienced, the challenges of arƟficially creaƟng these sensaƟons, and the heterogeneity of user experiences 489 
when interacƟng with hapƟc devices. In wearable mulƟ-sensory hapƟc devices, the primary challenge is the lack of realism 490 
of the hapƟc feedback currently provided. As seen in the visual and auditory domains, to work effecƟvely for users, the 491 
sensory feedback provided, regardless of domain (visual, auditory or hapƟc), must be high quality and realisƟc, a goal which 492 
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has not yet been fully realized for the hapƟc domain. As an example, the recent and wide-spread adopƟon of VR technologies 493 
that involve immersive visual feedback is directly Ɵed to technological improvements that overcame the limitaƟons of early 494 
prototypes. Improvements in display resoluƟon and the substanƟal reducƟon of lag in the visual display improve the provision 495 
of feedback, while miniaturizaƟon of component technologies enable more wearable VR headsets.  496 
 The lack of realism in current hapƟc feedback devices can be aƩributed to the unique nature of hapƟcs and technological 497 
limitaƟons. First, there is a considerable mismatch between the arƟficial sƟmuli that are generated by wearable hapƟc devices 498 
and naturally occurring sƟmuli encountered in everyday lives.17 The former are oŌen limited to the amplitude and bandwidth 499 
triggered by the method of actuaƟon which may not excite all afferent classes in the same way that naturally occurring sƟmuli 500 
in the skin do. For example, actuaƟon methods aimed at providing vibraƟon cues oŌen rely on resonance characterisƟcs of 501 
the actuator to generate the vibraƟon,209 and therefore may not achieve the full range of vibraƟon frequencies and 502 
amplitudes that occur naturally. To span a wider range of sƟmuli characterisƟcs, mulƟple arƟficial sƟmuli might be needed 503 
(such as vibraƟon combined with normal indentaƟon or shearing of the skin) which could be realized using a wide range of 504 
actuaƟon methods (such as electromechanical or pneumaƟc).55 505 
 A second challenge is the distributed nature of humans’ hapƟc sense. There are different types of cutaneous 506 
mechanorecepƟve afferents throughout the skin with varying densiƟes across the body. In wearable hapƟc devices that 507 
provide arƟficial sƟmuli to the skin, the applicaƟon of the sƟmuli is directed to a parƟcular region (Fig. 2). Even when mulƟple 508 
types of actuaƟon are integrated to generate several types of touch sensaƟons, from a pracƟcality standpoint, the sƟmuli are 509 
usually applied in a distributed manner. For example, some actuators may be located more proximal and some more distal 510 
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 511 
- the body has a limited number of feasible locaƟons for affixing wearable devices, and the selecƟon of a locaƟon for a 512 
wearable limit the experience that the user will have.   513 
 Underlying these consideraƟons is the very real challenge to demonstrate that there is a tangible benefit to be gained 514 
with the heightened complexity that comes with adding mulƟ-sensory hapƟcs to wearables. IncorporaƟng sensors and 515 
actuators adds cost and complexity that, without validaƟon that the addiƟon of hapƟcs themselves is necessary or even 516 
desirable for achieving a given outcome, may simply not be worth the effort. For example, in surgical and rehabilitaƟon 517 
roboƟcs, paƟent outcomes when using roboƟc intervenƟons have not been definiƟvely shown to exceed those realized with 518 
laparoscopic or open surgery210, or with standard physical or occupaƟonal therapy.211 In the case of amputees who rely on 519 
prostheƟc devices to restore lost funcƟon, many users will abandon the prosthesis due to issues with comfort, aestheƟcs, 520 
complexity or limits in funcƟonality.212,213 Thus, hapƟcians will first need to demonstrate the benefits of incorporaƟng 521 
wearable hapƟc devices in a range of applicaƟon scenarios. Simple soluƟons for hapƟc feedback that are integral to the 522 
funcƟon of an exisƟng technology, such as how a body-powered cable-driven prosthesis gives some hapƟc feedback through 523 
interacƟons that occur between the skin and the prosthesis cable harness,127 may be preferable to add-on wearable 524 
technologies that seek to recreate realisƟc natural touch sensaƟons.213 525 
 There might also be cases where the hapƟc informaƟon being transmiƩed to the user does not need to be realisƟc, but 526 
rather can bolster or replace other sensory modaliƟes. For example, limitaƟons of human hapƟc percepƟon can be offset via 527 
hapƟc illusions,214,215 pseudo-hapƟcs,216 or the combinaƟon of low-fidelity hapƟc cues with realisƟc visual and audio feedback 528 
to enhance the hapƟc experience.217–219 Designers of wearable hapƟc devices have many opportuniƟes for providing rich 529 
informaƟon to enhance interacƟons with technology and overcome remaining problems of realism and dexterity. In addiƟon 530 
to considering the requirements for the hapƟc sƟmulus in an applicaƟon, the physical requirements require aƩenƟon as well. 531 
 As other hardware prototypes, to realize fully wearable devices, lightweight component technologies such as sensors, 532 
actuators, microprocessors and baƩeries need to be small, robust and lightweight. Increasingly, the development of new 533 
actuators will require inputs from fields which have not previously been prominent within hapƟcs, such as chemistry and 534 
materials science (Box 1). Moreover, if aimed for biomedical applicaƟons, medical devices are subjected to regulatory 535 
approvals per their classificaƟon. In addiƟon to clinical effecƟveness, safety, reliability and security must also be ensured, and 536 
the regulatory review process can slow the translaƟon of products and prototypes to market. 537 
 538 

References 539 

We acknowledge that papers authored by scholars from historically excluded groups are systema cally under-cited. Here, we 540 
have a empted to reference relevant papers in a manner that is equitable in terms of racial, ethnic, gender and geographical 541 
representa on. 542 
 543 
 544 



12/26 

1. Kuchenbecker, K. J., Fiene, J. & Niemeyer, G. Improving contact realism through event-based hapƟc feedback. IEEE 545 
TransacƟons on Vis. Comput. Graph. 12, 219–230 (2006). 546 

2. Hayward, V., Astley, O. R., Cruz-Hernandez, M., Grant, D. & Robles-De-La-Torre, G. HapƟc interfaces and devices. Sens. 547 
Rev. (2004). 548 

3. Sigrist, R., Rauter, G., Riener, R. & Wolf, P. Augmented visual, auditory, hapƟc, and mulƟmodal feedback in motor 549 
learning: a review. Psychon. bulleƟn & review 20, 21–53 (2013). 550 

4. Visell, Y. TacƟle sensory subsƟtuƟon: Models for enacƟon in hci. Interact. with Comput. 21, 38–53, DOI: hƩps: 551 
//doi.org/10.1016/j.intcom.2008.08.004 (2009). Special issue: EnacƟve Interfaces. 552 

5. Bach-y-Rita, P., Collins, C., Saunders, F. A., White, B. W. & Scadden, L. A. Vision subsƟtuƟon by tacƟle image projecƟon. 553 
Nature 221, 963–964 (1969). 554 

6. Brooks, F., Jr, Ouhyoung, M., BaƩer, J. & Kilpatrick, P. Project GROPE - HapƟc displays for scienƟfic visualizaƟon. vol. 24, 555 
177–185, DOI: 10.1145/97879.97899 (1990). 556 

7. Adilkhanov, A., Rubagoƫ, M. & Kappassov, Z. HapƟc devices: Wearability-based taxonomy and literature review. IEEE 557 
Access 10, 91923–91947, DOI: 10.1109/ACCESS.2022.3202986 (2022).  558 

8. Zhu, M. et al. SoŌ, wearable roboƟcs and hapƟcs: Technologies, trends, and emerging applicaƟons. Proc. IEEE 110, 559 
246–272, DOI: 10.1109/JPROC.2021.3140049 (2022). 560 
This paper provides a review of emerging topics in wearable soŌ roboƟc systems, design consideraƟons and 561 
strategies, and applicaƟons, and poses future challenges and opportuniƟes for the field of soŌ wearable roboƟcs. 562 

9. Pacchieroƫ, C. et al. Wearable hapƟc systems for the fingerƟp and the hand: taxonomy, review, and perspecƟves. 563 
IEEE TransacƟons on HapƟcs 10, 580–600 (2017). 564 
This paper provides a review of wearable hapƟc feedback systems that have been designed to be worn on the 565 
fingerƟps and hands. 566 

10. Wang, D. et al. Toward whole-hand kinestheƟc feedback: A survey of force feedback gloves. IEEE TransacƟons on HapƟcs 567 
12, 189–204, DOI: 10.1109/TOH.2018.2879812 (2019). 568 

11. Jones, L. A. & Lederman, S. J. Human Hand FuncƟon (Oxford University Press, 2006). 569 
12. Grunwald, M. Human HapƟc PercepƟon: Basics and ApplicaƟons (2008). 570 
13. Westling, G. & Johansson, R. S. Responses in glabrous skin mechanoreceptors during precision grip in humans. Exp. 571 

Brain Res. 66, 128–140 (1987). 572 
14. Corniani, G. & Saal, H. P. TacƟle innervaƟon densiƟes across the whole body. J. Neurophysiol. 124, 1229–1240 (2020). 573 
15. Klatzky, R. L. & Lederman, S. J. Touch. Handb. psychology (2003). 574 

This book chapter provides a comprehensive review of touch, including aspects of neurophysiology, sensaƟon, 575 
percepƟon, and hapƟc memory. 576 

16. Dahiya, R. S., MeƩa, G., Valle, M. & Sandini, G. TacƟle sensing—from humans to humanoids. IEEE Trans. RoboƟcs 26, 1–577 
20 (2010). 578 

17. Saal, H. & Bensmaia, S. Touch is a team effort: Interplay of submodaliƟes in cutaneous sensibility. Trends Neurosci. 37, 579 
DOI: 10.1016/j.Ɵns.2014.08.012 (2014). 580 
This opinion paper argues that the cortical neurons responsible for touch sensation, which receive inputs from 581 
multiple afferent types, should be grouped based on their function rather than on their composition. 582 

18. Jones, L. Thermal touch. Scholarpedia 4, 7955, DOI: 10.4249/scholarpedia.7955 (2009). 583 
19. Hensel, H. Cutaneous thermoreceptors. In Somatosensory System, 79–110 (1973). 584 
20. Lu, J., Liu, Z., Brooks, J. & Lopes, P. Chemical hapƟcs: Rendering hapƟc sensaƟons via topical sƟmulants. In The 34th 585 

Annual ACM Symposium on User Interface SoŌware and Technology, UIST ’21, 239–257, DOI: 586 
10.1145/3472749.3474747 (AssociaƟon for CompuƟng Machinery, New York, NY, USA, 2021). 587 

21. Jenmalm, P., Birznieks, I., Goodwin, A. W. & Johansson, R. S. Influence of object shape on responses of human tacƟle 588 
afferents under condiƟons characterisƟc of manipulaƟon. Eur. J. Neurosci. 18, 164–176 (2003). 589 

22. Johansson, R. S. & Birznieks, I. First spikes in ensembles of human tacƟle afferents code complex spaƟal fingerƟp events. 590 
Nat. Neurosci. 7, 170–177 (2004). 591 

23. Chortos, A., Liu, J. & Bao, Z. Pursuing prostheƟc electronic skin. Nat. Mater. (2016). 592 
24. Johnson, K. L. & Johnson, K. L. Contact mechanics (Cambridge university press, 1987). 593 
25. Kolarsick, P. A., Kolarsick, M. A. & Goodwin, C. Anatomy and physiology of the skin. J. Dermatol. Nurses’ Assoc. 3, 203–594 

213 (2011). 595 
26. Fryar, C. D., Carroll, M. D., Gu, Q., Afful, J. & Ogden, C. L. Anthropometric reference data for children and adults: United 596 

states, 2015-2018. Vital health staƟsƟcs. Ser. 3, Anal. epidemiological studies (2021). 597 



13/26 

27. Kirk, E. & Kvorning, S. QuanƟtaƟve measurements of the elasƟc properƟes of the skin and subcutaneous Ɵssue in young 598 
and old individuals. J. Gerontol. 4, 273–284 (1949). 599 

28. Tang, W. et al. TacƟle percepƟon of skin and skin cream. Tribol. LeƩ. 59, 1–13 (2015). 600 
29. Caliens, A. et al. Does hormonal skin aging exist? a study of the influence of different hormone therapy regimens on the 601 

skin of postmenopausal women using non-invasive measurement techniques. Dermatology 193, 289–294 (1996). 602 
30. Johnson, K. O., Yoshioka, T. & Vega-Bermudez, F. TacƟle funcƟons of mechanorecepƟve afferents innervaƟng the hand. 603 

J. Clin. Neurophysiol. 17, 539–558 (2000). 604 
31. Vallbo, A., Olausson, H., Wessberg, J. & Kakuda, N. RecepƟve field characterisƟcs of tacƟle units with myelinated 605 

afferents in hairy skin of human subjects. The J. physiology 483, 783–795 (1995). 606 
32. Olausson, H., Wessberg, J. & Kakuda, N. TacƟle direcƟonal sensibility: peripheral neural mechanisms in man. Brain 607 

research 866, 178–187 (2000). 608 
33. Edin, B. B. QuanƟtaƟve analysis of staƟc strain sensiƟvity in human mechanoreceptors from hairy skin. J. 609 

neurophysiology 67, 1105–1113 (1992). 610 
34. Lundström, R. J. Responses of mechanorecepƟve afferent units in the glabrous skin of the human hand to vibraƟon. 611 

Scand. J. Work. Environ. & Heal. 413–416 (1986). 612 
35. Logozzo, S., Valigi, M. C. & Malvezzi, M. A methodology to evaluate contact areas and indentaƟons of human fingerƟps 613 

based on 3d techniques for hapƟc purposes. MethodsX 101781 (2022). 614 
36. Xu, C., Wang, Y. & Gerling, G. J. Individual performance in compliance discriminaƟon is constrained by skin mechanics 615 

but improved under acƟve control. In 2021 IEEE World HapƟcs Conference (WHC), 445–450 (IEEE, 2021). 616 
37. Jor, J. W., Parker, M. D., Taberner, A. J., Nash, M. P. & Nielsen, P. M. ComputaƟonal and experimental characterizaƟon of 617 

skin mechanics: idenƟfying current challenges and future direcƟons. WIREs Syst. Biol. Medicine 5, 539–556, DOI: 618 
hƩps://doi.org/10.1002/wsbm.1228. hƩps://wires.onlinelibrary.wiley.com/doi/pdf/10.1002/wsbm.1228. 619 

38. Delalleau, A., Josse, G., Lagarde, J.-M., Zahouani, H. & Bergheau, J.-M. CharacterizaƟon of the mechanical properƟes of 620 
skin by inverse analysis combined with the indentaƟon test. J. biomechanics 39, 1603–1610 (2006). 621 

39. Kvistedal, Y. & Nielsen, P. EsƟmaƟng material parameters of human skin in vivo. Biomech. modeling mechanobiology 8, 622 
1–8 (2009). 623 

40. Hendriks, F. et al. A numerical-experimental method to characterize the non-linear mechanical behaviour of human 624 
skin. Ski. research technology 9, 274–283 (2003). 625 

41. Carpenter, C. W. et al. Human ability to discriminate surface chemistry by touch. Mater. Horizons 5, 70–77 (2018). 626 
42. Lipomi, D. J., Dhong, C., Carpenter, C. W., Root, N. B. & Ramachandran, V. S. Organic HapƟcs: IntersecƟon of Materials 627 

Chemistry and TacƟle PercepƟon. Adv. Funct. Mater. 1906850, DOI: 10.1002/adfm.201906850 (2019). 628 
43. Vardar, Y., Güçlü, B. & Basdogan, C. TacƟle Masking by ElectrovibraƟon. IEEE TransacƟons on HapƟcs 11, 623–635, DOI: 629 

10.1109/TOH.2018.2855124 (2018). 630 
44. Craig, J. C. & Evans, P. M. TacƟle selecƟve aƩenƟon and temporal masking. Percept. & Psychophys. 57, 511–518, 631 

DOI:10.3758/BF03213076 (1995). 632 
45. Sullivan, J. L. et al. MulƟ-Sensory SƟmuli Improve DisƟnguishability of Cutaneous HapƟc Cues. IEEE TransacƟons on 633 

HapƟcs 13, 286–297, DOI: 10.1109/TOH.2019.2922901 (2020). 634 
46. Zook, Z. A., Fleck, J. J. & O’Malley, M. K. Effect of TacƟle Masking on MulƟ-Sensory HapƟc PercepƟon. IEEE TransacƟons 635 

on HapƟcs (2021). 636 
47. K. Low, A., A. Zook, Z., J. Fleck, J. & K. O’Malley, M. Effects of interfering cue separaƟon distance and amplitude on the 637 

hapƟc detecƟon of skin stretch. IEEE TransacƟons on HapƟcs 14, 254–259 (2021). 638 
48. Spence, C. & Gallace, A. Recent developments in the study of tacƟle aƩenƟon. Can. J. Exp. Psychol. canadienne de 639 

psychologie experimentale 61, 196–207, DOI: 10.1037/cjep2007021 (2007). Place: Canada Publisher: Canadian 640 
Psychological AssociaƟon. 641 

49. Halfen, E. J., Magnoƫ, J. F., Rahman, M. S. & Yau, J. M. Principles of tacƟle search over the body. J. Neurophysiol. 123, 642 
1955–1968, DOI: 10.1152/jn.00694.2019 (2020). Publisher: American Physiological Society. 643 

50. Gray, R., Mohebbi, R. & Tan, H. Z. The spaƟal resoluƟon of crossmodal aƩenƟon: ImplicaƟons for the design of 644 
mulƟmodal interfaces. ACM TransacƟons on Appl. Percept. 6, 4:1–4:14, DOI: 10.1145/1462055.1462059. 645 

51. Bensmaïa, S. J., Killebrew, J. H. & Craig, J. C. Influence of Visual MoƟon on TacƟle MoƟon PercepƟon. J. Neurophysiol. 646 
96, 1625–1637, DOI: 10.1152/jn.00192.2006 (2006). Publisher: American Physiological Society. 647 

52. Spence, C. MulƟsensory aƩenƟon and tacƟle informaƟon-processing. Behav. Brain Res. 135, 57–64, DOI: 10.1016/ 648 
S0166-4328(02)00155-9 (2002). 649 

53. Gibson, J. J. ObservaƟons on acƟve touch. Psychol. Rev. 69, 477–491, DOI: 10.1037/h0046962. Place: US Publisher: 650 
American Psychological AssociaƟon. 651 



14/26 

54. Chica, A. B., Sanabria, D., Lupiáñez, J. & Spence, C. Comparing intramodal and crossmodal cuing in the endogenous 652 
orienƟng of spaƟal aƩenƟon. Exp. Brain Res. 179, 353–364, DOI: 10.1007/s00221-006-0798-7 (2007). 653 

55. Yin, J., Hinchet, R., Shea, H. & Majidi, C. Wearable soŌ technologies for hapƟc sensing and feedback. Adv. Funct. Mater. 654 
31, 2007428 (2021). 655 

56. Shultz, C. D., Peshkin, M. A. & Colgate, J. E. Surface hapƟcs via electroadhesion: Expanding electrovibraƟon with Johnsen 656 
and Rahbek. In 2015 IEEE World HapƟcs Conference (WHC), 57–62, DOI: 10.1109/WHC.2015.7177691 (2015). 657 

57. Strong, R. M. & Troxel, D. E. An ElectrotacƟle Display. IEEE TransacƟons on Man-Machine Syst. 11, 72–79, DOI: 658 
10.1109/TMMS.1970.299965 (1970). 659 

58. Kajimoto, H. ElectrotacƟle Display with Real-Time Impedance Feedback Using Pulse Width ModulaƟon. IEEE 660 
TransacƟons on HapƟcs 5, 184–188, DOI: 10.1109/TOH.2011.39 (2012). 661 

59. Kourtesis, P., Argelaguet, F., Vizcay, S., Marchal, M. & Pacchieroƫ, C. ElectrotacƟle feedback applicaƟons for hand and 662 
arm interacƟons: A systemaƟc review, meta-analysis, and future direcƟons. IEEE TransacƟons on HapƟcs (2022). 663 

60. Jung, Y. H. et al. A wireless hapƟc interface for programmable paƩerns of touch across large areas of the skin. Nat. 664 
Electron. 5, 1–12, DOI: 10.1038/s41928-022-00765-3 (2022). 665 

61. Vizcay, S., Kourtesis, P., Argelaguet, F., Pacchieroƫ, C. & Marchal, M. Design, evaluaƟon and calibraƟon of wearable 666 
electrotacƟle interfaces for enhancing contact informaƟon in virtual reality. Comput. Graph. 111, 199–212, DOI: 667 
hƩps://doi.org/10.1016/j.cag.2023.01.013 (2023). 668 

62. Deyo, R. A., Walsh, N. E., MarƟn, D. C., Schoenfeld, L. S. & Ramamurthy, S. A Controlled Trial of Transcutaneous Electrical 669 
Nerve SƟmulaƟon (TENS) and Exercise for Chronic Low Back Pain. New Engl. J. Medicine 322, 1627–1634, DOI: 670 
10.1056/NEJM199006073222303 (1990). 671 

63. Johnson, M. I. Transcutaneous Electrical Nerve SƟmulaƟon (TENS) and TENS-like devices: do they provide pain relief? 672 
Pain Rev. 8, 121–158 (2001). 673 

64. Sluka, K. A. & Walsh, D. Transcutaneous Electrical Nerve SƟmulaƟon: Basic Science Mechanisms and Clinical 674 
EffecƟveness. The J. Pain 4, 109–121, DOI: 10.1054/jpai.2003.434 (2003). 675 

65. Keef, C. V. et al. Virtual Texture Generated Using Elastomeric ConducƟve Block Copolymer in a Wireless MulƟmodal 676 
HapƟc Glove. Adv. Intell. Syst. 2, 2000018, DOI: 10.1002/aisy.202000018 (2020). 677 

66. Schara, S., Blau, R., Church, D. C., Pokorski, J. K. & Lipomi, D. J. Polymer Chemistry for HapƟcs, SoŌ RoboƟcs, and Human–678 
Machine Interfaces. Adv. Funct. Mater. n/a, 2008375, DOI: hƩps://doi.org/10.1002/adfm.202008375 (2021). 679 

67. Biswas, S. & Visell, Y. Emerging Material Technologies for HapƟcs. Adv. Mater. Technol. 4, 1900042, DOI: 10.1002/ 680 
admt.201900042 (2019). 681 

68. Whitesides, G. M. Physical-Organic Chemistry: A Swiss Army Knife. Isr. J. Chem. 56, 66–82 (2016). 682 
69. Annapooranan, R., Wang, Y. & Cai, S. Highly Durable and Tough Liquid Crystal Elastomers. ACS applied materials & 683 

interfaces 14, 2006–2014, DOI: 10.1021/acsami.1c20707 (2022). 684 
70. Zhao, H. et al. A Wearable SoŌ HapƟc Communicator Based on Dielectric Elastomer Actuators. SoŌ roboƟcs 7, 451–461, 685 

DOI: 10.1089/soro.2019.0113 (2020). 686 
71. Bae, J.-H. & Chang, S.-H. PVDF-based ferroelectric polymers and dielectric elastomers for sensor and actuator 687 

applicaƟons: a review. Funct. Compos. Struct. 1, 12003, DOI: 10.1088/2631-6331/ab0f48 (2019). 688 
72. He, Q. et al. Electrospun liquid crystal elastomer microfiber actuator. Sci. RoboƟcs 6, eabi9704, DOI: 689 

10.1126/sciroboƟcs.abi9704 (2021).  690 
73. Jeon, J.-H., Kang, S.-P., Lee, S. & Oh, I.-K. Novel biomimeƟc actuator based on SPEEK and PVDF. Sensors Actuators B: 691 

Chem. 143, 357–364, DOI: hƩps://doi.org/10.1016/j.snb.2009.09.020 (2009). 692 
74. Jumet, B., Bell, M. D., Sanchez, V. & Preston, D. J. A data-driven review of soŌ roboƟcs. Adv. Intell. Syst. 4, 2100163 693 

(2022). 694 
75. Rothemund, P. et al. A soŌ, bistable valve for autonomous control of soŌ actuators. Sci. RoboƟcs 3, eaar7986, 695 

DOI:10.1126/sciroboƟcs.aar7986 (2018). 696 
76. Decker, C. et al. Programmable soŌ valves for digital and analog control. Proc. Natl. Acad. Sci. 119, DOI: 10.1073/pnas. 697 

2205922119 (2022). 698 
77. Vo, V. T. et al. Sheet-based fluidic diodes for embedded fluidic circuitry in soŌ devices. Adv. Intell. Syst. 2300785, DOI: 699 

hƩps://doi.org/10.1002/aisy.202300785. 700 
78. Drotman, D., Jadhav, S., Sharp, D., Chan, C. & Tolley, M. T. Electronics-free pneumaƟc circuits for controlling soŌ-legged 701 

robots. Sci. RoboƟcs 6, eaay2627, DOI: 10.1126/sciroboƟcs.aay2627 (2021). 702 
79. van Laake, L. C., de Vries, J., Malek Kani, S. & Overvelde, J. T. A fluidic relaxaƟon oscillator for reprogrammable sequenƟal 703 

actuaƟon in soŌ robots. MaƩer 5, 2898–2917, DOI: hƩps://doi.org/10.1016/j.maƩ.2022.06.002 (2022). 704 
80. Rajappan, A., Liu, Z., Yap, T. F., Rasheed, R. M. & Preston, D. J. Adv. Funct. Mater. (in press) (2024). 705 



15/26 

81. Rajappan, A. et al. Logic-enabled texƟles. Proc. Natl. Acad. Sci. 119 (2022). 706 
82. Wu, X., Kim, S.-H., Zhu, H., Ji, C.-H. & Allen, M. G. A refreshable braille cell based on pneumaƟc microbubble actuators. 707 

J. Microelectromechanical Syst. 21, 908–916 (2012). 708 
83. Kitamura, E., Nabae, H., Endo, G. & Suzumori, K. Self-excitaƟon pneumaƟc soŌ actuator inspired by vocal cords. Sensors 709 

Actuators A: Phys. 331, 112816 (2021). 710 
84. Sonar, H. A., GerraƩ, A. P., Lacour, S. P. & Paik, J. Closed-loop hapƟc feedback control using a self-sensing soŌ pneumaƟc 711 

actuator skin. SoŌ RoboƟcs 7, 22–29 (2020). 712 
85. Young, E. M., Memar, A. H., Agarwal, P. & Colonnese, N. Bellowband: A pneumaƟc wristband for delivering local pressure 713 

and vibraƟon. In 2019 IEEE World HapƟcs Conference (WHC), 55–60 (IEEE, 2019). 714 
86. Do, B. H., Okamura, A. M., Yamane, K. & Blumenschein, L. H. Macro-mini actuaƟon of pneumaƟc pouches for soŌ 715 

wearable hapƟc displays. In 2021 IEEE InternaƟonal Conference on RoboƟcs and AutomaƟon (ICRA), 14499–14505 716 
(IEEE, 2021). 717 

87. Zook, Z. A., Jumet, B., Yousaf, A., Preston, D. J. & O’Malley, M. K. MulƟscale texƟle-based hapƟc interacƟons. Adv. Intell. 718 
Syst. 2300897, DOI: hƩps://doi.org/10.1002/aisy.202300897. 719 

88. Shi, G. et al. Fluidic hapƟc interface for mechano-tacƟle feedback. IEEE transacƟons on hapƟcs 13, 204–210 (2020). 720 
89. Akther, A., Castro, J. O., Shaegh, S. A. M., Rezk, A. R. & Yeo, L. Y. Miniaturised acoustofluidic tacƟle hapƟc actuator. SoŌ 721 

MaƩer 15, 4146–4152 (2019). 722 
90. Kellaris, N., Gopaluni Venkata, V., Smith, G. M., Mitchell, S. K. & Keplinger, C. Peano-hasel actuators: Muscle-mimeƟc, 723 

electrohydraulic transducers that linearly contract on acƟvaƟon. Sci. RoboƟcs 3, eaar3276 (2018). 724 
91. Leroy, E., Hinchet, R. & Shea, H. MulƟmode hydraulically amplified electrostaƟc actuators for wearable hapƟcs. Adv. 725 

Mater. 32, 2002564 (2020). 726 
92. Heisser, R. H. et al. Valveless microliter combusƟon for densely packed arrays of powerful soŌ actuators. Proc. Natl. 727 

Acad. Sci. 118, e2106553118 (2021). 728 
93. Sanchez, V., Walsh, C. J. & Wood, R. J. TexƟle technology for soŌ roboƟc and autonomous garments. Adv. funcƟonal 729 

materials 31, 2008278 (2021). 730 
This arƟcle reviews the state of the art in texƟle-based actuaƟon, sensing and signalling, including a secƟon 731 
specifically focused on applicaƟons in hapƟcs and relevant technical requirements and metrics. 732 

94. Zhu, M., Do, T. N., Hawkes, E. & Visell, Y. Fluidic fabric muscle sheets for wearable and soŌ roboƟcs. SoŌ RoboƟcs 7, 733 
179–197 (2020). 734 

95. Zhu, M. et al. Pneusleeve: In-fabric mulƟmodal actuaƟon and sensing in a soŌ, compact, and expressive hapƟc sleeve. 735 
In Proceedings of the 2020 CHI Conference on Human Factors in CompuƟng Systems, 1–12 (2020). 736 

96. Wu, W. & Culbertson, H. Wearable hapƟc pneumaƟc device for creaƟng the illusion of lateral moƟon on the arm. In 2019 737 
IEEE World HapƟcs Conference (WHC), 193–198 (IEEE, 2019). 738 

97. Jumet, B. et al. Fluidically programmed wearable hapƟc texƟles. Device 1, 100059, DOI: 10.1016/j.device.2023.100059 739 
(2023). 740 

98. Grasso, G., Rosset, S. & Shea, H. Fully 3d-printed, stretchable, and conformable hapƟc interfaces. Adv. Funct. Mater. 33, 741 
DOI: 10.1002/adfm.202213821 (2023). 742 

99. Cai, S., Ke, P., Narumi, T. & Zhu, K. Thermairglove: A pneumaƟc glove for thermal percepƟon and material idenƟficaƟon 743 
in virtual reality. In 2020 IEEE Conference on Virtual Reality and 3D User Interfaces (VR), 248–257 (IEEE, 2020). 744 

100. Goetz, D. T., Owusu-Antwi, D. K. & Culbertson, H. Patch: Pump-actuated thermal compression hapƟcs. In 2020 IEEE 745 
HapƟcs Symposium (HAPTICS), 643–649 (IEEE, 2020). 746 

101. Zhang, B. & Sra, M. Pneumod: A modular hapƟc device with localized pressure and thermal feedback. In Proceedings 747 
of the 27th ACM Symposium on Virtual Reality SoŌware and Technology, 1–7 (2021). 748 

102. Liu, Y., Nishikawa, S., Seong, Y. A., Niiyama, R. & Kuniyoshi, Y. Thermocaress: A wearable hapƟc device with illusory 749 
moving thermal sƟmulaƟon. In Proceedings of the 2021 CHI Conference on Human Factors in CompuƟng Systems, 1–750 
12 (2021). 751 

103. Gabardi, M., Leonardis, D., Solazzi, M. & Frisoli, A. Development of a miniaturized thermal module designed for 752 
integraƟon in a wearable hapƟc device. In 2018 IEEE HapƟcs Symposium (HAPTICS), 100–105 (IEEE, 2018). 753 

104. Zhu, K., Perrault, S., Chen, T., Cai, S. & Peiris, R. L. A sense of ice and fire: Exploring thermal feedback with mulƟple 754 
thermoelectric-cooling elements on a smart ring. Int. J. Human-Computer Stud. 130, 234–247 (2019). 755 

105. Soucy, N., Ranasinghe, N., Rossow, A., James, M. N. & Peiris, R. Thed: A wrist-worn thermal display to perceive spaƟal 756 
thermal sensaƟons in virtual reality. In Proceedings of the Future Technologies Conference, 809–829 (Springer, 2020). 757 

106. Lee, J. et al. Stretchable skin-like cooling/heaƟng device for reconstrucƟon of arƟficial thermal sensaƟon in virtual 758 
reality. Adv. Funct. Mater. 30, 1909171 (2020). 759 



16/26 

107. Choi, C. et al. Surface hapƟc rendering of virtual shapes through change in surface temperature. Sci. RoboƟcs 7, 760 
eabl4543 (2022). 761 

108. Han, T. et al. Mouillé: Exploring wetness illusion on fingerƟps to enhance immersive experience in vr. In Proceedings of 762 
the 2020 CHI Conference on Human Factors in Compu ng Systems, 1–10 (2020). 763 

109. Wang, W. D., Ding, Z., Lee, Y. & Han, X. Engineering liquid-vapor phase transiƟon for refreshable hapƟc interfaces. 764 
Research 2022, DOI: 10.34133/2022/9839815 (2022). 765 

110. Lee, J., Kim, D., Sul, H. & Ko, S. H. Thermo-hapƟc materials and devices for wearable virtual and augmented reality. 766 
Adv. Funct. Mater. 31, 2007376 (2021). 767 
This report describes state of the art devices for thermal hapƟc cues—considering both materials and 768 
mechanisms—and presents essenƟal challenges to be addressed. 769 

111. Edin, B. B. & Johansson, N. Skin strain paƩerns provide kinaestheƟc informaƟon to the human central nervous system. 770 
The J. physiology 487, 243–251 (1995). 771 

112. Edin, B. B. Cutaneous afferents provide informaƟon about knee joint movements in humans. J. Physiol. 531, 289–297 772 
(2001). 773 

113. Cordo, P., Gurfinkel, V. S., Bevan, L. & Kerr, G. K. PropriocepƟve consequences of tendon vibraƟon during movement. J. 774 
Neurophysiol. 74, 1675–1688 (1995). 775 

114. Konyo, M., Yamada, H., Okamoto, S. & Tadokoro, S. AlternaƟve display of fricƟon represented by tacƟle sƟmulaƟon 776 
without tangenƟal force. In Proc. EuroHap cs, 619–629 (2008). 777 

115. Chinello, F., Pacchieroƫ, C., Malvezzi, M. & Praƫchizzo, D. A three revolute-revolute-spherical wearable fingerƟp 778 
cutaneous device for sƟffness rendering. IEEE Transac ons on Hap cs 11, 39–50 (2017). 779 

116. Aggravi, M., Pausé, F., Giordano, P. R. & Pacchieroƫ, C. Design and evaluaƟon of a wearable hapƟc device for skin 780 
stretch, pressure, and vibrotacƟle sƟmuli. IEEE Robo cs Autom. Le . 3, 2166–2173 (2018). 781 

117. Bark, K., Wheeler, J., Shull, P., Savall, J. & Cutkosky, M. RotaƟonal skin stretch feedback: A wearable hapƟc display for 782 
moƟon. IEEE Transac ons on Hap cs 3, 166–176 (2010). 783 

118. Bianchi, M., BaƩaglia, E., Poggiani, M., Cioƫ, S. & Bicchi, A. A wearable fabric-based display for hapƟc mulƟ-cue delivery. 784 
In 2016 IEEE Hap cs Symposium (HAPTICS), 277–283, DOI: 10.1109/HAPTICS.2016.7463190 (2016). 785 

119. Ertan, S., Lee, C., Willets, A., Tan, H. Z. & Pentland, A. A wearable hapƟc navigaƟon guidance system. In Proc. 786 
Interna onal Symposium on Wearable Computers, 164–165 (1998). 787 

120. Cha, J., Eid, M., Rahal, L. & Saddik, A. E. Hugme: An interpersonal hapƟc communicaƟon system. In Proc. IEEE 788 
Interna onal Workshop on Hap c Audio Visual Environments and Games, 99–102 (2008). 789 

121. Teh, J. K. S. et al. Huggy pajama: A parent and child hugging communicaƟon system. In Proc. Int. Conf. on Interac on 790 
Design and Children, 290–291 (2009). 791 

122. SkineƟc by actronika. hƩps://www.skineƟc.actronika.com/. Accessed: 2023-11-27. 792 
123. McDaniel, T., Krishna, S., Balasubramanian, V., Colbry, D. & Panchanathan, S. Using a hapƟc belt to convey non-verbal 793 

communicaƟon cues during social interacƟons to individuals who are blind. In IEEE Int. W. Hap c Audio Visual 794 
Environments and Games (HAVE), 13–18 (2008). 795 

124. Edwards, N. et al. A pragmaƟc approach to the design and implementaƟon of a vibrotacƟle belt and its applicaƟons. In 796 
IEEE Int. W. Hap c Audio Visual Environments and Games (HAVE), 13–18 (2009). 797 

125. Chinello, F., Pacchieroƫ, C., Bimbo, J., Tsagarakis, N. G. & Praƫchizzo, D. Design and EvaluaƟon of a Wearable Skin 798 
Stretch Device for HapƟc Guidance. IEEE Robo cs Autom. Le . 3, 524–531, DOI: 10.1109/LRA.2017.2766244 (2018). 799 

126. Clark, J. P., Kim, S. Y. & O’Malley, M. K. The rice hapƟc rocker: Altering the percepƟon of skin stretch through mapping 800 
and geometric design. In 2018 IEEE Hap cs Symposium (HAPTICS), 192–197 (IEEE, 2018). 801 

127. Brown, J. D. et al. An empirical evaluaƟon of force feedback in body-powered prostheses. IEEE Transac ons on Neural 802 
Syst. Rehabil. Eng. 25, 215–226 (2016). 803 

128. Pacchieroƫ, C., Meli, L., Chinello, F., Malvezzi, M. & Praƫchizzo, D. Cutaneous hapƟc feedback to ensure the stability 804 
of roboƟc teleoperaƟon systems. The Int. J. Robo cs Res. 34, 1773–1787 (2015). 805 

129. Pezent, E., Agarwal, P., Hartcher-O’Brien, J., Colonnese, N. & O’Malley, M. K. Design, control, and psychophysics of tasbi: 806 
A force-controlled mulƟmodal hapƟc bracelet. IEEE Transac ons on Robo cs (2022). 807 

130. Dunne, L. E. & Smyth, B. Psychophysical elements of wearability. In Proceedings of the SIGCHI Conference on Human 808 
Factors in Compu ng Systems, 299–302 (2007). 809 

131. Dim, N. K. & Ren, X. InvesƟgaƟon of suitable body parts for wearable vibraƟon feedback in walking navigaƟon. Int. J. 810 
Human-Computer Stud. 97, 34–44, DOI: hƩps://doi.org/10.1016/j.ijhcs.2016.08.002 (2017). 811 

132. Huiju Park, M. S. Q. X., Jie Pei & Fan, J. Designing wearable compuƟng devices for improved comfort and user 812 
acceptance. Ergonomics 62, 1474–1484, DOI: 10.1080/00140139.2019.1657184 (2019). 813 



17/26 

133. Courtney, A. & Ng, M. Hong Kong female hand dimensions and machine guarding. Ergonomics 27, 187–193 (1984). 814 
134. Obi, O. F. Hand anthropometry survey of rural farm workers in south-eastern Nigeria. Ergonomics 59, 603–611 (2016). 815 
135. Young, E. M. & Kuchenbecker, K. J. ImplementaƟon of a 6-DOF parallel conƟnuum manipulator for delivering fingerƟp 816 

tacƟle cues. IEEE Trans. Hap cs 12, 295–306 (2019). 817 
136. Reuter, E.-M., Voelcker-Rehage, C., Vieluf, S. & Godde, B. Touch percepƟon throughout working life: effects of age and 818 

experƟse. Exp. Brain Res. 216, 287–297 (2012). 819 
137. Young, E. M., Gueorguiev, D., Kuchenbecker, K. J. & Pacchieroƫ, C. CompensaƟng for fingerƟp size to render tacƟle cues 820 

more accurately. IEEE Transac ons on Hap cs 13, 144–151 (2020). 821 
138. Seifi, H. Personalizing Hap cs (Springer, 2019). 822 
139. Malvezzi, M., Chinello, F., Praƫchizzo, D. & Pacchieroƫ, C. Design of personalized wearable hapƟc interfaces to account 823 

for fingerƟp size and shape. IEEE Transac ons on Hap cs 14, 266–272 (2021). 824 
140. Mackanic, D. G., Chang, T.-H., Huang, Z., Cui, Y. & Bao, Z. Stretchable electrochemical energy storage devices. Chem. 825 

Soc. Rev. 49, 4466–4495 (2020). 826 
141. Cacucciolo, V. et al. Stretchable pumps for soŌ machines. Nature 572, 516–519 (2019). 827 
142. Cacucciolo, V., Nabae, H., Suzumori, K. & Shea, H. Electrically-driven soŌ fluidic actuators combining stretchable pumps 828 

with thin mckibben muscles. Front. Robo cs AI 6, 146 (2020). 829 
143. Shveda, R. A. et al. A wearable texƟle-based pneumaƟc energy harvesƟng system for assisƟve roboƟcs. Sci. Adv. 8 830 

(2022). 831 
144. Li, D. et al. Touch iot enabled by wireless self-sensing and hapƟc-reproducing electronic skin. Sci. Adv. 8, eade2450, DOI: 832 

10.1126/sciadv.ade2450 (2022). 833 
145. Pezent, E., Macklin, A., Yau, J. M., Colonnese, N. & O’Malley, M. K. MulƟsensory pseudo-hapƟcs for rendering manual 834 

interacƟons with virtual objects. Adv. Intell. Syst. 5, 2200303, DOI: hƩps://doi.org/10.1002/aisy.202200303. 835 
This paper presents a multisensory wearable haptic bracelet that provides reliable touch feedback for visuohaptic 836 
interactions in virtual reality. 837 

146. Vlam, V., Wiertlewski, M. & Vardar, Y. Focused vibrotacƟle sƟmuli from a wearable sparse array of actuators. IEEE 838 
TransacƟons on HapƟcs PP, DOI: 10.1109/TOH.2023.3270362 (2023). 839 

147. Tanaka, Y., Shen, A., Kong, A. & Lopes, P. Full-hand electro-tacƟle feedback without obstrucƟng palmar side of hand. In 840 
Proceedings of the 2023 CHI Conference on Human Factors in CompuƟng Systems, CHI ’23, DOI: 10.1145/3544548. 841 
3581382 (AssociaƟon for CompuƟng Machinery, New York, NY, USA, 2023). 842 

148. Tan, H., Gray, R., Young, J. J. & Taylor, R. A HapƟc Back Display for AƩenƟonal and DirecƟonal Cueing. HapƟcs-e 3 (2003). 843 
149. Erp, J. B. F. V., Veen, H. A. H. C. V., Jansen, C. & Dobbins, T. Waypoint navigaƟon with a vibrotacƟle waist belt. ACM 844 

TransacƟons on Appl. Percept. 2, 106–117, DOI: 10.1145/1060581.1060585 (2005). 845 
150. Kuang, L., Aggravi, M., Giordano, P. R. & Pacchieroƫ, C. Wearable cutaneous device for applying posiƟon/locaƟon hapƟc 846 

feedback in navigaƟon applicaƟons. In 2022 IEEE HapƟcs Symposium (HAPTICS), 1–6, DOI: 10.1109/HAPTICS52432. 847 
2022.9765619 (2022). ISSN: 2324-7355. 848 

151. Wearworks - hapƟc. hƩps://hapƟc.works/wayband. Accessed: 2024-06-25. 849 
152. Spiers, A. J. & Dollar, A. M. Design and EvaluaƟon of Shape-Changing HapƟc Interfaces for Pedestrian NavigaƟon 850 

Assistance. IEEE TransacƟons on HapƟcs 10, 17–28, DOI: 10.1109/TOH.2016.2582481 (2017). 851 
153. Nakade, T., Fuchs, R., Bleuler, H. & Schiffmann, J. HapƟcs based mulƟ-level collaboraƟve steering control for automated 852 

driving. Commun. Eng. 2, 2, DOI: 10.1038/s44172-022-00051-2 (2023). 853 
154. Wang, H.-C. et al. Enabling independent navigaƟon for visually impaired people through a wearable vision-based 854 

feedback system. In 2017 IEEE InternaƟonal Conference on RoboƟcs and AutomaƟon (ICRA), 6533–6540, DOI: 855 
10.1109/ICRA.2017.7989772 (2017). 856 

155. BaronƟni, F., Catalano, M. G., Palloƫno, L., Leporini, B. & Bianchi, M. IntegraƟng Wearable HapƟcs and Obstacle 857 
Avoidance for the Visually Impaired in Indoor NavigaƟon: A User-Centered Approach. IEEE TransacƟons on HapƟcs 14, 858 
109–122, DOI: 10.1109/TOH.2020.2996748 (2021). 859 

156. Abdi, E., Kulic, D. & CroŌ, E. HapƟcs in teleoperated medical intervenƟons: Force measurement, hapƟc interfaces and� 860 
their influence on user’s performance. IEEE TransacƟons on Biomed. Eng. 67, 3438–3451, DOI: 10.1109/TBME.2020. 861 
2987603 (2020). 862 

157. Freschi, C. et al. Technical review of the da vinci surgical telemanipulator. The internaƟonal journal medical roboƟcs + 863 
computer assisted surgery : MRCAS 9, DOI: 10.1002/rcs.1468 (2013). 864 

158. DiolaiƟ, N., Niemeyer, G., Barbagli, F. & Salisbury, J. K. Stability of hapƟc rendering: DiscreƟzaƟon, quanƟzaƟon, Ɵme 865 
delay, and coulomb effects. IEEE Trans. RoboƟcs 22, 256–268 (2006). 866 

159. Hannaford, B. & Okamura, A. M. HapƟcs. In Springer Handbook of RoboƟcs, 1063–1084 (2016). 867 



18/26 

160. Fishel, J. A. et al. TacƟle telerobots for dull, dirty, dangerous, and inaccessible tasks. In 2020 IEEE InternaƟonal 868 
Conference on RoboƟcs and AutomaƟon (ICRA), 11305–11310, DOI: 10.1109/ICRA40945.2020.9196888 (2020). 869 

161. Lenz, C. & Behnke, S. Bimanual telemanipulaƟon with force and hapƟc feedback through an anthropomorphic avatar 870 
system. RoboƟcs Auton. Syst. 161, 104338, DOI: hƩps://doi.org/10.1016/j.robot.2022.104338 (2023). 871 

162. Abd, M. A., Bornstein, M., Tognoli, E. & Engeberg, E. D. Armband with soŌ roboƟc actuators and vibrotacƟle sƟmulators 872 
for bimodal hapƟc feedback from a dexterous arƟficial hand. In Proc. IEEE/ASME Intl. Conf. Advanced Intelligent 873 
Mechatronics (2018). 874 

163. Uddin, M. W., Zhang, X. & Wang, D. A pneumaƟc-driven hapƟc glove with force and tacƟle feedback. In Proc. Intl. Conf. 875 
Virtual Reality and VisualizaƟon, 304–311 (2016). 876 

164. Chinello, F., Malvezzi, M., Praƫchizzo, D. & Pacchieroƫ, C. A modular wearable finger interface for cutaneous and 877 
kinestheƟc interacƟon: control and evaluaƟon. IEEE Trans. Ind. Electron. 67, 706–716 (2019). 878 

165. Fani, S. et al. Simplifying teleroboƟcs: Wearability and teleimpedance improves human-robot interacƟons in 879 
teleoperaƟon. IEEE RoboƟcs & Autom. Mag. 25, 77–88 (2018). 880 

166. Khurshid, R. M., FiƩer, N., Fedalei, E. & Kuchenbecker, K. Effects of grip-force, contact, and acceleraƟon feedback on a 881 
teleoperated pick-and-place task. IEEE Trans. HapƟcs (2016). 882 

167. Trinitatova, D. & Tsetserukou, D. Touchvr: A wearable hapƟc interface for vr aimed at delivering mulƟ-modal sƟmuli at 883 
the user’s palm. In SIGGRAPH Asia 2019 XR, SA ’19, 42–43, DOI: 10.1145/3355355.3361896 (AssociaƟon for CompuƟng 884 
Machinery, New York, NY, USA, 2019). 885 

168. Fundamentalvr showcases haptx gloves. hƩps://fundamentalsurgery.com/company-updates/ fundamental-surgery-886 
showcases-haptx/. Accessed: 2024-11-14. 887 

169. Bortone, I. et al. Wearable hapƟcs and immersive virtual reality rehabilitaƟon training in children with neuromotor 888 
impairments. IEEE Trans. Neural Syst. Rehabil. Eng. 26, 1469–1478 (2018).  889 

170. BaƩaglia, E. et al. Skin stretch hapƟc feedback to convey closure informaƟon in anthropomorphic, under-actuated upper 890 
limb soŌ prostheses. IEEE TransacƟons on HapƟcs 12, 508–520 (2019).  891 

171. Conveying language through hapƟcs: A mulƟ-sensory approach. hƩps://contest.techbriefs.com/2019/entries/ 892 
consumer-products/9921. Accessed: 2022-09-19.  893 

172. Dunkelberger, N. et al. A MulƟsensory Approach to Present Phonemes as Language Through a Wearable HapƟc Device. 894 
IEEE TransacƟons on HapƟcs 14, 188–199, DOI: 10.1109/TOH.2020.3009581 (2021). 895 

173. Tan, H. Z. et al. AcquisiƟon of 500 English Words through a TAcƟle Phonemic Sleeve (TAPS). IEEE TransacƟons on HapƟcs 896 
13, 745–760, DOI: 10.1109/TOH.2020.2973135 (2020). 897 

174. Liu, X. & Dohler, M. VibrotacƟle Alphabets: Time and Frequency PaƩerns to Encode InformaƟon. IEEE TransacƟons on 898 
HapƟcs 14, 161–173, DOI: 10.1109/TOH.2020.3005093 (2021). 899 

175. Engelmann, S. & Rosov, R. Tactual Hearing Experiment with Deaf and Hearing Subjects. Except. Child. 41, 243–253, DOI: 900 
10.1177/001440297504100402 (1975). Publisher: SAGE PublicaƟons Inc. 901 

176. Sullivan, J. L. et al. MulƟ-sensory sƟmuli improve disƟnguishability of cutaneous hapƟc cues. IEEE TransacƟons on 902 
HapƟcs 13, 286–297, DOI: 10.1109/TOH.2019.2922901 (2020). 903 

177. Bark, K. et al. Effects of vibrotacƟle feedback on human learning of arm moƟons. IEEE TransacƟons on Neural Syst. 904 
Rehabil. Eng. 23, DOI: 10.1109/TNSRE.2014.2327229 (2014). 905 

178. Sullivan, J. L., Pandey, S., Byrne, M. D. & O’Malley, M. K. HapƟc feedback based on movement smoothness improves 906 
performance in a perceptual-motor task. IEEE TransacƟons on HapƟcs 15, 382–391 (2022). 907 

179. Chuah, S. H.-W. Why and Who Will Adopt Extended Reality Technology? Literature Review, Synthesis, and Future 908 
Research Agenda, DOI: 10.2139/ssrn.3300469 (2018). 909 

180. Edwards, B. I., Bielawski, K. S., Prada, R. & Cheok, A. D. HapƟc virtual reality and immersive learning for enhanced 910 
organic chemistry instrucƟon. Virtual Real. 23, 363–373, DOI: 10.1007/s10055-018-0345-4 (2019). 911 

181. van der Meijden, O. A. J. & Schijven, M. P. The value of hapƟc feedback in convenƟonal and robot-assisted minimal 912 
invasive surgery and virtual reality training: a current review. Surg. Endosc. 23, 1180–1190, DOI: 10.1007/s00464-008-913 
0298-x (2009). 914 

182. Ruthenbeck, G. S. & Reynolds, K. J. Virtual reality for medical training: the state-of-the-art. J. Simul. 9, 16–26, 915 
DOI:10.1057/jos.2014.14 (2015). 916 

183. Perret, J. & Vander Poorten, E. Touching Virtual Reality: A Review of HapƟc Gloves. In ACTUATOR 2018; 16th 917 
InternaƟonal Conference on New Actuators, 1–5 (2018). 918 

184. Yang, T.-H. et al. Magnetorheological Fluid HapƟc Shoes for Walking in VR. IEEE TransacƟons on HapƟcs 14, 83–94, DOI: 919 
10.1109/TOH.2020.3017099 (2021). 920 



19/26 

185. Bermejo, C. & Hui, P. A survey on hapƟc technologies for mobile augmented reality. ACM Comput. Surv. (CSUR) 54, 1–921 
35 (2021). 922 

186. Meli, L. et al. The hBracelet: A wearable hapƟc device for the distributed mechanotacƟle sƟmulaƟon of the upper limb. 923 
IEEE RoboƟcs Autom. LeƩ. 3, 2198–2205, DOI: 10.1109/LRA.2018.2810958. 924 

187. Salazar, S. V., Pacchieroƫ, C., de Tinguy, X., Maciel, A. & Marchal, M. Altering the sƟffness, fricƟon, and shape percepƟon 925 
of tangible objects in virtual reality using wearable hapƟcs. IEEE TransacƟons on HapƟcs 13, 167–174 (2020). 926 

188. Asano, S., Okamoto, S. & Yamada, Y. VibrotacƟle sƟmulaƟon to increase and decrease texture roughness. IEEE 927 
TransacƟons on Human-Machine Syst. 45, 393–398 (2014). 928 

189. De Tinguy, X., Pacchieroƫ, C., Marchal, M. & Lécuyer, A. Enhancing the sƟffness percepƟon of tangible objects in mixed 929 
reality using wearable hapƟcs. In Proc. IEEE Conference on Virtual Reality and 3D User Interfaces (VR), 81–90 (2018). 930 

190. Yildiz, K. A., Shin, A. Y. & Kaufman, K. R. Interfaces with the peripheral nervous system for the control of a 931 
neuroprostheƟc limb: a review. J. Neuroengineering Rehabil. 17, 1–19 (2020). 932 

191. Klaes, C. et al. A cogniƟve neuroprostheƟc that uses corƟcal sƟmulaƟon for somatosensory feedback. J. Neural Eng. 11, 933 
056024 (2014). 934 

192. Berkovic, A. et al. A mulƟ-modal hapƟc armband for finger-level sensory feedback from a prostheƟc hand. In 935 
InternaƟonal Conference on Human HapƟc Sensing and Touch Enabled Computer ApplicaƟons, 138–146 (Springer, 936 
2022). 937 

193. Cheesborough, J. E., Smith, L. H., Kuiken, T. A. & Dumanian, G. A. Targeted muscle reinnervaƟon and advanced prostheƟc 938 
arms. In Seminars in PlasƟc Surgery, vol. 29, 062–072 (Thieme Medical Publishers, 2015). 939 

194. Marasco, P. D., Kim, K., Colgate, J. E., Peshkin, M. A. & Kuiken, T. A. RoboƟc touch shiŌs percepƟon of embodiment to a 940 
prosthesis in targeted reinnervaƟon amputees. Brain 134, 747–758 (2011). 941 

195. Marasco, P. D. et al. Illusory movement percepƟon improves motor control for prostheƟc hands. Sci. Transl. Medicine 942 
10, eaao6990 (2018). 943 

196. Krichevets, A. N., Sirotkina, E., Yevsevicheva, I. & Zeldin, L. Computer games as a means of movement rehabilitaƟon. 944 
Disabil. Rehabil. 17, 100–105 (1995). 945 

197. Sarac, M., Solazzi, M. & Frisoli, A. Design requirements of generic hand exoskeletons and survey of hand exoskeletons 946 
for rehabilitaƟon, assisƟve, or hapƟc use. IEEE TransacƟons on HapƟcs 12, 400–413 (2019). 947 

198. Rose, C. G. & O’Malley, M. K. Hybrid rigid-soŌ hand exoskeleton to assist funcƟonal dexterity. IEEE RoboƟcs Autom. 948 
LeƩ. 4, 73–80 (2018). 949 

199. Dupont, P. E. et al. A decade retrospecƟve of medical roboƟcs research from 2010 to 2020. Sci. RoboƟcs 6, eabi8017, 950 
DOI: 10.1126/sciroboƟcs.abi8017 (2021). 951 
This Review article identifies and analyses prominent themes in medical robotics research over the past decade, 952 
including several application domains that are relevant to wearable haptics (such as prosthetics, exoskeletons and 953 
rehabilitation robots).  954 

200. Powell, D. & O’Malley, M. K. The task-dependent efficacy of shared-control hapƟc guidance paradigms. IEEE 955 
TransacƟons on HapƟcs 5, 208–219, DOI: 10.1109/TOH.2012.40 (2012). 956 

201. Basalp, E., Wolf, P. & Marchal-Crespo, L. HapƟc training: Which types facilitate (re)learning of which motor task and for 957 
whom? answers by a review. IEEE TransacƟons on HapƟcs 14, 722–739, DOI: 10.1109/TOH.2021.3104518 (2021). 958 

202. Bessler, J. et al. Safety assessment of rehabilitaƟon robots: A review idenƟfying safety skills and current knowledge 959 
gaps. Front. RoboƟcs AI 33 (2021). 960 

203. Camardella, C., Gabardi, M., Frisoli, A. & Leonardis, D. Wearable hapƟcs in a modern vr rehabilitaƟon system: Design 961 
comparison for usability and engagement. In InternaƟonal Conference on Human HapƟc Sensing and Touch Enabled 962 
Computer ApplicaƟons, 274–282 (2022). 963 

204. Bianchi, M. et al. Design and preliminary affecƟve characterizaƟon of a novel fabric-based tacƟle display. In Proc. HapƟcs 964 
Symposium, 591–596 (2014). 965 

205. Bortone, I. et al. Serious game and wearable hapƟc devices for neuro motor rehabilitaƟon of children with cerebral 966 
palsy. In Converging Clinical and Engineering Research on NeurorehabilitaƟon II, 443–447 (2017). 967 

206. Pezent, E., Fani, S., Clark, J., Bianchi, M. & O’Malley, M. K. SpaƟally separaƟng hapƟc guidance from task dynamics 968 
through wearable devices. IEEE TransacƟons on HapƟcs 12, 581–593 (2019). 969 

207. Bianchi, M. A fabric-based approach for wearable hapƟcs. Electronics 5, 44 (2016). 970 
208. DemofonƟ, A., Carpino, G., Zollo, L. & Johnson, M. J. Affordable roboƟcs for upper limb stroke rehabilitaƟon in 971 

developing countries: a systemaƟc review. IEEE TransacƟons on Med. RoboƟcs Bionics 3, 11–20 (2021). 972 
209. Choi, S. & Kuchenbecker, K. J. VibrotacƟle display: PercepƟon, technology, and applicaƟons. Proc. IEEE 101, 2093–2104, 973 

DOI: 10.1109/JPROC.2012.2221071 (2013). 974 



20/26 

210. Muaddi, H. et al. Clinical outcomes of roboƟc surgery compared to convenƟonal surgical approaches (laparoscopic or 975 
open): a systemaƟc overview of reviews. Annals Surg. 273, 467–473 (2021). 976 

211. Lo, A. C. et al. Robot-assisted therapy for long-term upper-limb impairment aŌer stroke. New Engl. J. Medicine 362, 977 
1772–1783 (2010). 978 

212. Smail, L. C., Neal, C., Wilkins, C. & Packham, T. L. Comfort and funcƟon remain key factors in upper limb prostheƟc 979 
abandonment: findings of a scoping review. Disabil. Rehabil. Assist. technology 16, 821–830 (2021). 980 

213. Brown, J. D. et al. Touching reality: Bridging the user-researcher divide in upper-limb prostheƟcs. Sci. RoboƟcs 8, 981 
eadk9421, DOI: 10.1126/sciroboƟcs.adk9421 (2023). 982 

214. Lederman, S. J. & Jones, L. A. TacƟle and hapƟc illusions. IEEE TransacƟons on HapƟcs 4, 273–294, DOI: 10.1109/ 983 
TOH.2011.2 (2011). 984 

215. Platkiewicz, J., Lipson, H. & Hayward, V. HapƟc edge detecƟon through shear. Sci. Reports 6, 23551, DOI: 10.1038/ 985 
srep23551 (2016). 986 

216. Ujitoko, Y. & Ban, Y. Survey of pseudo-hapƟcs: HapƟc feedback design and applicaƟon proposals. IEEE TransacƟons on 987 
HapƟcs 14, 699–711, DOI: 10.1109/TOH.2021.3077619 (2021). 988 

217. Ernst, M. O. & Bülthoff, H. H. Merging the senses into a robust percept. Trends Cogn. Sci. 8, 162–169, DOI: 989 
hƩps://doi.org/10.1016/j.Ɵcs.2004.02.002 (2004). 990 

218. Muender, T., Bonfert, M., Reinschluessel, A. V., Malaka, R. & Döring, T. HapƟc fidelity framework: Defining the factors 991 
of realisƟc hapƟc feedback for virtual reality. In Proceedings of the 2022 CHI Conference on Human Factors in 992 
CompuƟng Systems, CHI ’22, DOI: 10.1145/3491102.3501953 (AssociaƟon for CompuƟng Machinery, New York, NY, 993 
USA, 2022). 994 

219. Hale, K. & Stanney, K. Deriving hapƟc design guidelines from human physiological, psychophysical, and neurological 995 
foundaƟons. IEEE Comput. Graph. Appl. 24, 33–39, DOI: 10.1109/MCG.2004.1274059 (2004). 996 

220. Julius, D. & PatapouƟan, A. A Nobel Prize for understanding the molecular basis of sensing pain and touch. Curr. Sci. 997 
121, 1274–1277 (2021). 998 

221. Asakawa, S., Guerreiro, J., Ahmetovic, D., Kitani, K. M. & Asakawa, C. The Present and Future of Museum Accessibility 999 
for People with Visual Impairments. In Proceedings of the 20th InternaƟonal ACM SIGACCESS Conference on Computers 1000 
and Accessibility, ASSETS ’18, 382–384, DOI: 10.1145/3234695.3240997 (AssociaƟon for CompuƟng Machinery, 2018). 1001 

222. Simner, J. & Ludwig, V. U. The color of touch: A case of tacƟle–visual synaesthesia. Neurocase 18, 167–180, 1002 
DOI:10.1080/13554794.2011.568503 (2012). 1003 

223. Sun, Z., Zhu, M., Shan, X. & Lee, C. Augmented tacƟle-percepƟon and hapƟc-feedback rings as human-machine 1004 
interfaces aiming for immersive interacƟons. Nat. Commun. 13, 5224. 1005 

224. Buchmann, V., Billinghurst, M. & Cockburn, A. DirecƟonal interfaces for wearable augmented reality. In Proc. ACM 1006 
SIGCHI New Zealand Chapter’s Int. Conf. on Human-Computer InteracƟon: Design Centered HCI, 47–54 (2008). 1007 

225. Casini, S. et al. Design and realizaƟon of the cuff - clenching upper-limb force feedback wearable device for distributed 1008 
mechano-tacƟle sƟmulaƟon of normal and tangenƟal skin forces. In 2015 IEEE/RSJ InternaƟonal Conference on 1009 
Intelligent Robots and Systems (IROS), 1186–1193 1010 

226. Hussain, I., Meli, L., Pacchieroƫ, C. & Praƫchizzo, D. A soŌ roboƟc supernumerary finger and a wearable cutaneous 1011 
finger interface to compensate the missing grasping capabiliƟes in chronic stroke paƟents. In Proc. IEEE World HapƟcs 1012 
Conference (WHC), 183–188 (2017). 1013 

227. Jumet, B. et al. A texƟle-based approach to wearable hapƟc devices. In 2022 IEEE 5th InternaƟonal Conference on SoŌ 1014 
RoboƟcs (RoboSoŌ), 741–746 (IEEE, 2022). 1015 

228. Lin, W. et al. Super-resoluƟon wearable electrotacƟle rendering system. Sci. Adv. 8, eabp8738, DOI: 1016 
10.1126/sciadv.abp8738. Publisher: American AssociaƟon for the Advancement of Science. 1017 

229. Macklin, A. S., Yau, J. M. & O’Malley, M. K. EvaluaƟng the effect of sƟmulus duraƟon on vibrotacƟle cue localizability 1018 
with a tacƟle sleeve. IEEE TransacƟons on HapƟcs 14, 328–334, DOI: 10.1109/TOH.2021.3079727. 1019 

230. MerreƩ, G. V. et al. Design and qualitaƟve evaluaƟon of tacƟle devices for stroke rehabilitaƟon. In IET Seminar on 1020 
Assisted Living (2011). 1021 

231. BeƩelani, G. C., Averta, G., Catalano, M. G., Leporini, B. & Bianchi, M. Design and ValidaƟon of the Readable Device: A 1022 
Single-Cell ElectromagneƟc Refreshable Braille Display. IEEE TransacƟons on HapƟcs 13, 239–245, 1023 
DOI:10.1109/TOH.2020.2970929 (2020). 1024 

232. MarƟnez, J. S., Tan, H. Z. & Reed, C. M. Improving TacƟle Codes for Increased Speech CommunicaƟon Rates in a 1025 
Phonemic-Based TacƟle Display. IEEE TransacƟons on HapƟcs 14, 200–211, DOI: 10.1109/TOH.2020.3008869 (2021). 1026 



21/26 

233. Prabhu, D., Hasan, M. M., Wise, L., MacMahon, C. & McCarthy, C. VibroSleeve: A wearable vibro-tacƟle feedback device 1027 
for arm guidance. In 2020 42nd Annual InternaƟonal Conference of the IEEE Engineering in Medicine Biology Society 1028 
(EMBC), 4909–4912, DOI: 10.1109/EMBC44109.2020.9176028. ISSN: 2694-0604. 1029 

234. Wang, Y. et al. AugmenƟng virtual reality terrain display with smart shoe physical rendering: A pilot study. IEEE 1030 
TransacƟons on HapƟcs 14, 174–187, DOI: 10.1109/TOH.2020.3029896. 1031 

 1032 
 1033 

Acknowledgements 1034 
The authors acknowledge the support of NSF grants CMMI-2144809 (Preston) and CMMI-1830146 (O‘Malley). 1035 
 1036 
Author contribuƟons 1037 
J.J.F. and M.K.O. contributed substanƟally to the discussion, wriƟng, and ediƟng of this manuscript, and managed the 1038 
submission process. J.J.F., Z.A.Z, and M.K.O. developed figures for the manuscript. J.P.C., D.J.P., D.J.L., C.P., and Z.A.Z 1039 
contributed substanƟally to the wriƟng and ediƟng of this manuscript. 1040 
 1041 
CompeƟng interests 1042 
The authors declare no compeƟng interests. 1043 
 1044 
Peer review informaƟon 1045 
Nature Reviews Bioengineering thanks the anonymous reviewers for their contribuƟon to the peer review of this work. 1046 
 1047 
 1048 
Key points 1049 

• The translaƟon of wearable mulƟ-sensory hapƟc devices relies on a robust understanding of human hapƟc 1050 
percepƟon so that feedback modaliƟes can be combined to opƟmally enhance user performance in a given 1051 
applicaƟon domain.  1052 

• The contact mechanics at the hapƟc interface between device and skin varies between users with an unknown effect 1053 
on hapƟc percepƟon.  1054 

• In addiƟon to tradiƟonal electromechanical actuaƟon, new methods such as polymeric, fluidic and thermal 1055 
actuaƟon now exists. 1056 

• When designing wearable hapƟc devices, body locaƟon, the device interface to the body, user comfort and 1057 
preserving the integrity of the hapƟc feedback must be considered. 1058 
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Figure legends 1064 

 1065 

Figure 1. Wearable hapƟc device locaƟons. When designing wearable hapƟc devices, implicaƟons of body locaƟon must be 1066 
considered because the density of touch receptors in the skin varies across the body. LocaƟon also brings other consideraƟons 1067 
such as how the device might interact with clothing, user comfort and device bulk and weight. In this figure, some of the 1068 
trade-offs that exist for selected interacƟon sites are illustrated, which depend on the parƟcular applicaƟon scenario for which 1069 
the wearable hapƟc device is used. 1070 
 1071 

Figure 2. Selected wearable mulƟ-sensory hapƟc devices. The devices use varying actuaƟon types to accomplish feedback 1072 
through the different hapƟc channels. Some channels, such as mechanical pressure, can be accomplished through different 1073 
mechanisms. An extended list of devices is presented in a similar fashion in Table 1. Part ‘Copolymer glove’ is reprinted with 1074 
permission from ref 65, CC BY 4.0 (hƩps://creaƟvecommons.org/licenses/by/4.0/). Part ‘Stretchable pumps’ is reprinted with 1075 
permission from hƩps://www.epfl.ch/labs/lmts/lmts-research/stretchable-pumps-for-soŌ-machine/, CC BY 4.0 1076 
(hƩps://creaƟvecommons.org/licenses/by/4.0/). Part ‘Tasbi’ is reprinted with permission from ‘Pezent, E. et al. Tasbi: 1077 
MulƟsensory Squeeze and VibrotacƟle Wrist HapƟcs for Augmented and Virtual Reality. In 2019 IEEE World HapƟcs 1078 
Conference (WHC), 1–6, DOI: 10.1109/WHC.2019.8816098 (2019). hƩps://ieeexplore.ieee.org/document/8816098’, IEEE. 1079 
Part ‘Cuff’ is reprinted with permission from ref 225, IEEE. Part ‘Thermal thimble’ is reprinted with permission from ref 103, 1080 
IEEE. 1081 
 1082 
Figure 3. ApplicaƟons of wearable hapƟc devices in various domains. Wearable mulƟ-sensory hapƟc feedback systems have 1083 
been incorporated into a range of applicaƟon domains including virtual reality, navigaƟon, training, teleoperaƟon, 1084 
rehabilitaƟon, prostheƟcs and communicaƟon, among others. Part ‘VR’, image courtesy of Daria Trinitatova, Dzmitry 1085 
Tsetserukou, ref 167. Part ‘NavigaƟon’ is reprinted with permission from ref 97, CC BY 4.0 1086 
(hƩps://creaƟvecommons.org/licenses/by/4.0/). Part ‘Training’, image courtesy of FundamentalVR, ref 168. Part 1087 
‘TeleoperaƟon’ is reprinted with permission from ref 116, IEEE. Part ‘RehabilitaƟon’ is reprinted with permission from ref 169, 1088 
IEEE. Part ‘ProstheƟcs’ is reprinted with permission from ref 170, IEEE. Part ‘CommunicaƟon’, image courtesy of Alix Macklin, 1089 
ref 171. 1090 
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Box 1: Science, engineering and art in hapƟcs 1116 
 1117 
The field of hapƟcs is necessarily interdisciplinary. TradiƟonally, it has combined aspects of mechanical engineering, computer 1118 
science and psychology. Increasingly, the development of new actuators will require inputs from fields which have not 1119 
previously been prominent within hapƟcs, namely chemistry42 and materials science.67 AddiƟonally, we envision that the field 1120 
will evolve alongside the science of percepƟon and the neurobiological basis of consciousness. Moreover, as the molecular 1121 
and cellular basis for mechanotransducƟon conƟnues to be understood (as recognized by the 2021 Nobel Prize),226 hapƟc 1122 
tools may be developed that can sƟmulate the peripheral nervous system in a more precise way. For example, a deeper 1123 
understanding of the response of the cell membrane to sƟmuli in different types of cells, the level of expression of the relevant 1124 
proteins in different afferents and how this influences the mechanical thresholds needed for generaƟng acƟon potenƟals may 1125 
be gained. Such developments could lead to a wider paleƩe of sensaƟons to be generated.  1126 
This broadening in understanding and capability may also offer the opportunity to interface with the arts and humaniƟes. 1127 
Although artwork designed to be touched has an ancient history, sculptures which can be safely handled are generally 1128 
designed to be experienced along with the visual sense, or as a subsƟtute for it (that is, artwork for the blind).227 However, as 1129 
hapƟc sensaƟons can convey informaƟon and generate thoughƞul and emoƟonal responses, the tacƟle experience might be 1130 
worth exploring for its own sake. For example, textures, temperatures and the surface properƟes of materials elicit cross-1131 
modal correspondences in synesthetes228 (that is, touch is strongly associated with specific visual, gustatory or olfactory 1132 
sensaƟon). Such correspondences, which may exist in non-synesthetes as well, would provide the basis for a rich range of 1133 
tacƟle experience in a new form of tacƟle artwork. In the area of biomedical hapƟcs — including rehabilitaƟon, medical 1134 
training and surgical roboƟcs — the connecƟon of the research to human physiology is dual-facing. That is, the technology 1135 
must be designed to interface with biological structures, whereas the outcome of the technology has a biomedical aim (such 1136 
as surgery, rehabilitaƟon). 1137 
 Progress in these areas requires collaboraƟon between fields that oŌen have different methods, lexicons and venues for 1138 
disseminaƟon of their results. It is oŌen necessary for all individuals involved in a cross-disciplinary collaboraƟon to learn at 1139 
least some of the history, open quesƟons, and jargon of the fields with which they would like to interact. Reading introductory 1140 
texts and aƩending conferences in fields outside one’s own is a good place to start. Unfortunately, the siloed structure of 1141 
academic research oŌen produces unintended barriers to collaboraƟon. For example, in electrical engineering and computer 1142 
science, informaƟon is oŌen disseminated first in the form of conference presentaƟons and associated proceedings arƟcles. 1143 
In chemistry and materials science, conferences generally do not require papers, and publicaƟon of a journal arƟcle oŌen 1144 
precludes later submission of a conference paper, and vice versa. Moreover, researchers must acclimate to the pace of 1145 
publicaƟon in other fields. For example, biology moves more slowly than engineering, and there are fewer journals in which 1146 
to disseminate findings. These factors influence the breadth and depth of typical publicaƟons within a field and idenƟfying 1147 
these differences that may exist in a collaborator’s field takes adjustment and empathy. PotenƟal conflict can be avoided if 1148 
one decides early on whether the aims are primarily related to engineering outcomes or to biological ones. Finally, the way 1149 
governmental agencies, universiƟes, and research organizaƟons evaluate their academic staff is oŌen strictly categorized by 1150 
scienƟfic fields, substanƟally impacƟng the career of mulƟ-disciplinary researchers. 1151 
 1152 
Short (40 word) summary 1153 
HapƟc devices enable communicaƟon via touch, augmenƟng visual and auditory displays or by offering alternaƟve channels 1154 
of communicaƟon when vision and hearing are unavailable. This Review discusses mulƟ-sensory wearable hapƟcs, focusing 1155 
on body-worn devices that convey mulƟple types of cutaneous hapƟc feedback.  1156 


