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Abstract

Individuals who have lost the use of their hands because of amputation or spinal cord injury can 

use prosthetic hands to restore their independence. A dexterous prosthesis requires the acquisition 

of control signals that drive the movements of the robotic hand, and the transmission of sensory 

signals to convey information to the user about the consequences of these movements. In this 

Review, we describe non-invasive and invasive technologies for conveying artificial sensory 

feedback through bionic hands, and evaluate the technologies’ long-term prospects.

The hand allows for a wide array of interactions with objects. For example, grasping 

involves a range of behaviours, from precision grip with the index finger and thumb, to 

power grasp with all of the fingers and the palm. The hand’s versatility is partly enabled by 

its anatomical complexity (it comprises many joints and is driven by many muscles1). Hand 

control also requires a sophisticated neural system to configure the digits in task-appropriate 

ways and to apply finely graded forces on objects. Also important are sensory signals from 

the hand that convey information about the hand’s state (movements and posture) and about 

its interactions with objects (contact timing, location and pressure).
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Losing hand function can cause severe physical incapacity and even mental disabilities. 

Each year, thousands of people suffer the consequences of upper-limb paralysis2 or of 

amputation3 caused by a traumatic event or disease. Bionic (robotic) limbs can restore 

independence to these individuals. The development of such prostheses involves methods 

that infer intended movements from signals acquired from the user (neural or otherwise), 

and the execution of these motor intentions by the prosthetic device. There are a variety of 

technologies for the extraction of control signals from the user’s muscles, nerves or brain, or 

from the user’s residual movements4.

However, the performance of unidirectional efferent neuroprosthetic systems is limited by 

the inadequate sensory information available to the user: movements are guided mainly 

using vision5, even if proprioceptive signals stemming from the residual forearm muscles 

used for myoelectric control of the bionic hand, and sound from the robotic actuators 

(and other incidental cues), may also contribute6. Instead, in non-disabled individuals, limb 

control relies heavily on somatosensory signals that track the state of the limb and its 

interactions with objects. Nerve fibres that innervate the muscles, tendons, joints and skin 

convey information about the posture and movements of the limb and about the forces 

they exert. Nerve fibres that innervate the skin convey information about the initiation and 

termination of contact with an object, about which parts of the hand make contact with 

the object, about the forces exerted at each location, and about the object itself (its size, 

shape and texture7,8). Tactile signals allow us to maintain contact with an object without 

having to attend to it visually. Touch and proprioception are also critical to our ability to 

dexterously manipulate objects, as evidenced by the deficits that result when we lose these 

sensory signals. For example, we rely on our sense of touch to apply just enough force on 

objects so as to not drop them; when fingertips are numbed with a local anaesthetic, we 

exert much more force than is necessary9. When de-afferentation is complete and includes 

both touch and proprioception, as is the case in some peripheral neuropathies, dexterity is 

completely abolished and hand use is clumsy and effortful, even with an otherwise intact 

motor system10.

The realization that prosthetic control is limited by the overreliance on visual feedback, 

and the recognition that somatosensation plays an important psychosocial role, have led 

to efforts aimed at restoring tactile and proprioceptive feedback in bionic limbs. Some 

strategies involve mechanically or electrically stimulating the skin to convey information 

about the state of the limb (such as posture and movements) and about its interactions 

with objects (see Fig. 1a and the ‘Non-invasive sensory feedback’ section). Other strategies 

involve surgically implanting devices that interface with peripheral nerves or with the brain 

to directly activate neurons by injecting small currents into them (see Fig. 1b,c and the 

‘Interfaces of the peripheral nervous system’ and ‘Interfaces with the central nervous 

system’ sections). The different technologies entail different costs and benefits, and are 

suitable to different degrees for different user populations, such as amputees or individuals 

with tetraplegia.

Ideally, sensory restoration should reproduce normal patterns of neuronal activation. This 

would make the resulting sensations completely natural and intuitive. However, state-of-the-

art technology does not confer the ability to reproduce the complex patterns of neuronal 
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activation evoked along the intact somatosensory neuraxis during activities of daily living. 

Nonetheless, biomimicry is a main driving principle of artificial sensory feedback: to 

evoke patterns that are, in some relevant way, similar to the natural patterns of neuronal 

activation11–18. Although individual neurons may not be activated in a natural way, key 

aspects of the aggregate response of populations of neurons may be sufficiently similar, in a 

manner that conveys useful information about limb state or about objects in contact with it. 

A simple example is that of somatotopy: when our thumb touches an object, we experience a 

sensation on the thumb. Some approaches to sensory feedback preserve this mapping, so that 

contact with the prosthetic thumb induces a sensation experienced on the phantom thumb (in 

amputees) or on the de-afferented thumb (in individuals with tetraplegia). Such biomimetic 

mapping is intuitive and therefore does not require the user to learn it. Hence, biomimicry 

entails conveying sensory information by using the nervous system’s ‘native language’. 

Nerves encode different object features in different ways. For example, local contours and 

coarse textural features are encoded in spatial patterns of afferent activation19, whereas fine 

textural features are encoded in temporal patterns of activation elicited as a finger is run 

across a surface20. To the extent that the nerve is activated in a natural way, these various 

neural codes will be engaged, supporting haptic perception and object manipulation. Instead, 

sensory substitution—an alternative strategy—conveys information via a completely novel 

sensory stream. Biomimetic feedback may be preferable (as in principle it requires less 

learning on the user’s part), yet it may not always be possible or it may have costs (such 

as surgery) that overshadow its advantages. In such cases, sensory substitution may be 

preferred.

Non-invasive sensory feedback

Non-invasive strategies to convey sensory feedback interface with the user’s body without 

the need for surgical intervention. Although non-invasive interfaces have limited potential to 

provide biomimetic sensory feedback, the resulting sensory substitution may be sufficient to 

support some degree of dexterity. Non-invasive technologies for conveying sensory feedback 

through bionic hands, first introduced in the 1970s6,21,22, can be categorized by the nature of 

the stimulation strategy: electrical or mechanical.

Electrotactile transcutaneous electrical nerve stimulation.

Electrotactile stimulation involves injecting electrical currents through the skin, thereby 

activating tactile nerve fibres. The sensations evoked by the technique, which was introduced 

to convey sensory feedback in bionic hands in the 1980s23, are unnatural—they are 

typically described as ‘electricity’, ‘vibration’ or ‘tingling’24,25—and are often unpleasant26. 

Electrotactile stimulation does not typically produce sensations that are referred to the hand, 

so the sensations are not somatotopic; however, users can learn to interpret non-somatotopic 

electrotactile feedback with a few days of training27. In some cases, the stimulation of 

the stump evokes sensations that are referred to the (missing) digits, such that different 

patches of stump skin evoke sensations on different digits28 (Fig. 2a). This organization 

can in principle be exploited to convey somatotopic feedback. Mixed stimulation strategies 

involving the modulation of the spatiotemporal pattern of stimulation can improve task 

performance over simpler strategies that involve the modulation of spatial or temporal 
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patterns individually29. Although electrotactile feedback has been shown to support haptic 

object recognition (that is, stereognosis; a complex sensory task)30, its utility has not been 

demonstrated outside of the laboratory.

As with electrotactile stimulation, transcutaneous electrical nerve stimulation (TENS) 

involves the delivery of electrical stimulation to the skin. However, rather than targeting 

nerve fibres that locally innervate the skin, the device is placed over nerves that 

innervate more distal skin locations, thereby evoking sensations that are referred to these 

locations25,31. In amputees, TENS can be used to evoke localized sensations that are referred 

to the amputated limb32,33. The resulting sensory feedback improves the user’s ability to 

perform tasks such as object discrimination and grip force modulation with a bionic hand, 

sometimes to levels comparable to those achieved with direct stimulation of the nerves34,35. 

However, as with electrotactile stimulation, sensations evoked by TENS are unnatural—a 

limitation that may be mitigated with stimulation strategies that are more biomimetic36.

Feedback based on electrical stimulation offers two main advantages: the electrodes are 

lightweight and can be easily integrated into the prosthesis socket, and electrical stimulation 

consumes little power compared with its mechanical counterpart. However, the efficacy 

of electrotactile stimulation is strongly dependent on skin moisture, which fluctuates 

wildly. This instability can be mitigated by monitoring skin impedance and implementing 

stimulation regimes that account for it37. Another issue is that electrical fields interfere with 

the myoelectric measurements required for prosthesis control32. This electrical interference 

is circumvented by interleaving stimulation and recording38.

Mechanotactile stimulation.

Mechanotactile stimulation results in natural sensations that can in principle convey intuitive 

sensory feedback. For example, pressure applied to the prosthetic finger can be conveyed 

by applying pressure on the skin39,40. Mechanotactile feedback has been used to convey 

information about grasp force41, the onset and offset of contact39, and the location of 

contact40. The main drawback of mechanotactile feedback is that mechanotactile stimulators 

are difficult to miniaturize and are typically power-hungry. These limitations have hindered 

the deployment of such devices in a clinical context.

Mechanotactile feedback has also been used in patients undergoing targeted reinnervation42

—a surgical approach that reroutes the residual nerves to the skin of the residual limb or to 

the upper torso. Some of the nerve fibres then reinnervate the cutaneous mechanoreceptors 

so that tactile stimulation activates the rerouted nerve fibres and elicits sensations that are 

often referred to the missing limb (Fig. 2b). This approach has been deployed in a closed-

loop hand prosthesis42, but interactions between the muscle signals used to control the 

device and the mechanotactile stimulation delivering feedback over the same patch of skin 

may limit the long-term prospects of the technology. In principle, electrotactile stimulation 

can also be used with targeted muscle reinnervation.

Vibratory feedback.

Mechanotactile feedback can also be delivered using commercially available vibrators 

(Fig. 3a), such that vibratory amplitude or frequency is modulated according to hand 
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state, contact parameters or object properties. Vibratory feedback has been used to convey 

information about hand aperture43, grasp force44,45, grasp speed46, object compliance45 and 

surface texture47. However, in all cases the users need to learn to interpret this feedback, 

as the mapping between the contact dynamics or object properties and the resulting 

sensory experience is arbitrary. Yet vibratory feedback can in principle convey rich sensory 

information by modulating the different stimulation parameters. For example, hand-opening 

and hand-closing speeds have been conveyed by modulating the stimulation amplitude at 

different frequencies46.

Vibratory feedback has also been used to signal transitions between sub-goals of tasks, 

on the basis of the framework ‘discrete event-driven sensory feedback control’48 (DESC). 

When users were provided information about the onset and offset of object contact through 

vibratory bursts, their performance improved on various object-manipulation tasks that 

simulate activities of daily living49. For example, in the ‘virtual egg’ test, the user is tasked 

with moving a fragile object from one location to another; when too much force is exerted 

on it, the object breaks. This task requires the user to exert force within a narrow range: 

enough to pick the object up, but less than the force needed to break it. DESC-based 

vibratory feedback enabled users to move more eggs in the allotted time (and while breaking 

fewer of them) than when using no vibratory feedback, or when using vibrations that were 

maintained throughout the interaction49.

As with mechanotactile feedback, vibratory feedback is limited by the bulkiness, rigidity 

and power consumption of the vibrators, which rely on electromagnetic eccentric motors, 

electrostatic piezoactuators or electroactive polymer-based actuators. One possible path 

forward is to develop soft pneumatic actuators50,51, which are lighter and less power-

hungry52.

Vibratory stimulation of the tendon can be used to evoke proprioceptive sensations in 

amputees53,54. This may enable non-invasive artificial proprioception; however, the imposed 

vibrations contaminate the signals from the muscles that are monitored and used to control 

the prosthesis. This problem may be mitigated by implanting the vibrators on the tendon55. 

Still, tendon vibration triggers muscular reflexes, which are also likely to contaminate the 

control signals.

Integration of vibratory and electrotactile feedback.

Vibrotactile and electrotactile stimulation can be combined to deliver sensory feedback56, 

thereby providing two simultaneous and partially independent streams of information (Fig. 

3b). Users can discriminate the intensities of the stimulus in each modality (for example, 

three vibrotactile and three electrotactile; nine total stimulation sites) with limited cross-

modal interference.

Interfaces with the peripheral nervous system

Non-invasive technologies for the restoration of sensory feedback require the activation 

of somatosensory nerves through the skin. This limits the spatial resolution, owing to the 

spread of electrical current or to restrictions on the density of tactors. The limited spatial 
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resolution in turn limits the bandwidth of achievable sensory signals. To overcome the 

limitations of non-invasive strategies, nerve fibres can be directly activated via an electrical 

interface.

Sensory innervation of the hand.

The glabrous skin of the hand—its palmar surface—is innervated by about 12,000 tactile 

nerve fibres57. These nerve fibres fall into four classes, each driven by a different 

mechanoreceptor and responding to a different type of skin deformation (Fig. 4a). Slowly 

adapting type-1 (SA1) fibres, which innervate Merkel disks, have small receptive fields and 

are sensitive to static deformations or to slow skin deformations. SA1 fibres are sensitive 

to edges and local object contours58. Slowly adapting type-2 (SA2) fibres, which innervate 

Ruffini cylinders, have large receptive fields and respond preferentially to skin stretch. SA2 

fibres may play an important role in conveying information about the lateral loads imposed 

on the fingertip. Rapidly adapting (RA) fibres, which innervate Meissner corpuscles, have 

small receptive fields and are primarily sensitive to changes in skin deformation. RA fibres 

are sensitive to vibrations of 20–100 Hz in frequency and to textured surfaces scanned across 

the skin. Fibres innervating Pacinian corpuscles (PCs) have large receptive fields and are 

exquisitely sensitive to high-frequency vibrations. PC-associated fibres play an important 

role in fine texture perception and in sensing through tools. SA1 and RA fibres terminate 

preferentially in the fingertips, and their density decreases towards the arm and beyond. PC 

fibres show a much shallower gradient in the opposite direction, with greater density on the 

palm. SA2 fibres are most common around the nail and are rare in the glabrous skin.

The electrical stimulation of individual fibres of different types systematically evokes 

different sensations59: activating a single SA1 fibre gives rise to a sensation of pressure; 

activating an RA fibre gives rise to a sensation of skin flutter (low-frequency vibration); and 

activating a PC fibre gives rise to a sensation of high-frequency skin vibrations. However, 

electrically activating individual SA2 fibres does not typically evoke a sensation.

Structure of the somatosensory nerves.

Nerve fibres that innervate the various mechanoreceptors in the glabrous skin of the hand 

converge to form three nerves (Fig. 4b): the median nerve, which innervates the first three 

digits and half of the fourth digit, along with the lateral aspect of the palm; the ulnar nerve, 

which innervates the fifth digit, the other half of the fourth digit, and the medial aspect of 

the palm; and the radial nerve, which innervates some of the lateral palm under the first digit 

(and mostly the dorsal surface of the hand). Within the nerves, fibres bunch into fascicles, 

which are largely electrically isolated from one another (Fig. 4c). Each fascicle typically 

carries nerve fibres that innervate a common patch of skin.

Interfaces with the somatosensory nerves.

Limb loss results in the loss of the mechanoreceptive end organs; however, the 

somatosensory nerves and downstream pathways conveying signals from those organs to 

the central nervous system remain functional60,61. Activating the nerves thus engages these 

pathways and elicits tactile and proprioceptive sensations. Approaches requiring surgical 

intervention to stimulate the somatosensory nerves, first established in 1974, place single-
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channel extraneural cuff electrodes around the median nerves for the upper extremities62 and 

around the femoral nerve for the lower extremities63. The evoked sensations are referred 

to the phantom limb and are generally diffuse, unstable and described as paresthesias. 

Interfaces with the peripheral nervous system can be categorized according to their level of 

invasiveness (how much do they penetrate the nerve?), which in turn impacts their selectivity 

(can they activate a small group of fibres at the exclusion of others?).

Extraneural interfaces surround a peripheral nerve but do not insert elements within the 

nerve, causing the least disturbance to neural tissue. As a result, these interfaces tend 

to be particularly robust18,64–66. Indeed, circular electrodes that mechanically conform to 

the nerve (such as the spiral electrode67 and the helical electrode68) have been stable 

for decades in clinical applications69–71. A drawback of the circular configuration is that 

it provides little surface area to interact with neural tissue. To increase the surface area 

and proximity to neural tissue (without penetrating the nerve), the flat interface nerve 

electrode (FINE)72—another class of extraneural electrode—compresses the nerve, allowing 

for selective stimulation of individual fascicles and possibly sub-fascicles72–74 (Fig. 5a). 

FINEs implanted in the median, ulnar and radial nerves18 have been shown to yield stable 

sensitivity to stimulation for years64.

In intraneural interfaces, electrical contacts penetrate the nerve. The most used 

configurations are the longitudinal intrafascicular electrode (LIFE)75,76, which has a lead 

comprising multiple contacts that proceeds along the nerve; the transverse intrafascicular 

multichannel electrode (TIME)77, whose multi-contact lead is implanted through the 

thickness of the nerve (Fig. 5b); and the Utah slanted electrode array (USEA)78, which 

consists of 100 shanks arrayed over a 4 × 4-mm area, with lengths progressively longer 

along the nerve’s distal–proximal axis (Fig. 5c). The self-opening neural interface (SELINE) 

is a three-dimensional version of the TIME interface79 that consists of a main shaft 

flanked by ‘wings’ designed to improve the implant’s stability. Intraneural interfaces can 

stimulate more selectively because the electrical contacts are embedded in the nerve and are 

contiguous with nerve fibres. They can remain stable for at least six months80,81, but chronic 

stability over longer periods has not been tested.

Another way to achieve an interface with the nerve is to have it grow into the stimulating 

channels, thereby achieving an intimate connection between the electrode and neural 

tissue82–85. However, the development of this technology is at an early stage. Alternatively, 

stimulation can be applied to the lateral spinal cord where the sensory nerve enters the cord. 

This has been shown to elicit tactile percepts referred to spatially restricted regions of the 

phantom hand (such as a finger86). The advantage of this approach is that it can be applied to 

individuals whose residual nerve has been (nearly) completely destroyed, as is the case after 

shoulder disarticulation.

The sensory consequences of electrical stimulation of the somatosensory nerves.

The sense of touch conveys rich information about objects that we grasp and manipulate. 

Object interactions activate hundreds or thousands of tactile nerve fibres, each in a different 

way depending on its type (SA1, SA2, RA or PC) and on its location on the hand relative 

to the points of contact with the object87–89. Full restoration of touch would require the 
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activation of each of these fibres independently with an idiosyncratic pulse train—a feat 

that cannot be achieved in the foreseeable future14. Hence, sensory restoration is limited 

by the small number of stimulating channels relative to the number of nerve fibres. Rather 

than attempting to reproduce naturalistic patterns of activation in complete populations of 

nerve fibres, the goal is to produce patterns of neuronal activation that are useful for object 

manipulation and that promote the embodiment of the bionic hand. The common way to 

characterize the artificial sensations evoked by the electrical stimulation of the peripheral 

nerve is to assess their location (where is the sensation experienced?), their intensity (how 

strong is the sensation?), and their quality (what does it feel like?). Also, a ubiquitous 

phenomenon in perception is that of adaptation: our sensory systems adjust their sensitivity 

according to ambient levels of stimulation (for example, we are more sensitive to light at 

night than during the day, and without such adjustments we would not be able to see in 

twilight or in the midday sun).

The electrical stimulation of an individual nerve fibre produces a sensation that is referred 

to a specific location on the skin, which itself corresponds to the location of the fibre’s 

receptive field59 (Fig. 6). For example, activating an RA fibre with a receptive field on the 

index fingertip will induce a sensation (of flutter) that is experienced on the index fingertip. 

After amputation, activating a nerve fibre in the residual nerve that originally innervated 

a specific location on the hand produces a sensation that is referred to that location. This 

phenomenon can be exploited by adopting somatotopic mapping to convey information 

about where the bionic hand makes contact with an object. For example, the sensor on the 

index fingertip of the bionic hand can drive stimulation of a nerve fibre or nerve fascicle 

with a receptive field on the index fingertip, evoking a sensation referred to the index 

fingertip and thereby intuitively signalling the contact location to the user. As neighbouring 

fascicles have neighbouring receptive fields90–97, increasing the stimulation strength (and 

thereby recruiting nearby fascicles) typically results in an increase in the area over which 

the sensation is experienced, rather than in the emergence of sensations randomly located 

on the hand18,98. Information about contact location is thus robust to changes in stimulation 

intensity. And because functionally important regions of the hand (such as the fingertips) are 

more densely innervated, electrical stimulation tends to evoke sensations referred to these 

regions. Interestingly, the sensation seems to ‘move’ from the stump to the hand over time, 

suggesting a ‘reawakening’ of dormant sensory representations after re-afferentation81,99. 

However, once this reawakening has taken place, the location of the projected field of each 

stimulating lead is stable81,100–102.

All tactile sensations fall along a continuum of intensity: some sensations are faint, while 

others are strong. For example, the sensory experiences of pressure103 or of vibratory 

amplitude104 fall along a common intensive continuum. The sense of touch endows us with 

an exquisite sensitivity to contact pressure, which allows us to exert just enough force on an 

object to pick it up9. As the depth of skin indentation increases, populations of tactile nerve 

fibres become increasingly active, and the perceived intensity is determined by the strength 

of the response (the firing rate) evoked in populations of tactile nerve fibres104. The intensity 

of an artificial tactile sensation can thus be modulated by manipulating the population firing 

rate in the nerve. Indeed, increasing stimulation frequency (which leads to an increase in 

the firing rate of activated fibres) or stimulation amplitude (which leads to a recruitment 
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of additional fibres) results in an increase in the population firing rate and thus in an 

increase in perceived intensity18,65,105. In fact, the population firing rate is approximately 

linearly related to the activation charge rate (that is, the amount by which the stimulation 

current exceeds a threshold), which is in turn linearly related to perceived intensity17, as 

gauged through subjective reports of intensity. Sensitivity to changes in intensity (either 

mechanical or electrical) can be probed by having the users discriminate between stimuli 

that vary in intensity. The ‘just-noticeable difference’ (that is, the amount by which the 

stimulation intensity needs to change for the user to reliably detect the change) is an index 

of sensitivity that can then be used to estimate how many increments in intensity can be 

signalled across the safe range of intensities. Current neural interfaces with the peripheral 

nervous system allow for dozens of just-noticeable differences, which leads to improved use 

of prosthetics18,34,81,106.

Tactile sensations do not just differ in their perceived location or intensity. One tactile 

experience may feel like a velvety surface moving across the skin; another may feel like the 

edge of an object indenting the skin. The quality of a sensory experience is fine-grained, 

and the resulting perceptual space is rich. Even texture (a subspace of touch) defies full 

characterization107. Although location and intensity each rely on a single neural code (the 

activated fibre or fascicle for location, and the population firing rate for intensity), the neural 

underpinnings of perceptual quality are much more elusive. In fact, the exact quality of a 

sensation is determined by the precise spatiotemporal pattern of activation across the entire 

neuronal population. For example, the sensation of a velvety surface moving across the skin 

involves the activation of many nerve fibres, each with its idiosyncratic response. And the 

indented edge evokes a completely different pattern of activation in an overlapping afferent 

population. Sensory quality is important because, beyond location and intensity, it carries 

critical information about the stimulus (is it velvet, or a sharp edge oriented perpendicular to 

the long axis of the finger?). Because of technical limitations in the reproduction of neuronal 

patterns with such a level of precision and selectivity, the current challenge is to convey 

critical stimulus information. One way to alter the quality of an electrically evoked sensation 

is to change the frequency of stimulation, up to about 50 Hz—changes in frequency beyond 

this range only impact the perceived intensity108.

Electrical stimulation of the nerve with a constant pulse train results in sensations that are 

typically described as a ‘tingle’ or ‘electrical’18. One main limitation in the systematic 

manipulation of the quality of artificial tactile sensations is that electrical stimulation 

results in the synchronous activation of a number of nerve fibres near the electrode tips, 

regardless of fibre type. This pattern of activation is, of course, unnatural (as different 

nerve fibres respond differently to natural skin deformations). Yet electrical interfaces 

can produce aggregate patterns of nerve activation that are naturalistic: in other words, 

whereas individual nerve fibres may not be activated in a natural way, populations of 

nerve fibres can be activated in ways that preserve some essential features of the natural 

aggregate activity11. For instance, whereas constant pulse trains (constant amplitude and 

frequency) evoke parasthetic sensations, pulse trains with varying amplitude or frequency 

(or both) evoke sensations that are less unnatural18, perhaps because the aggregate pattern 

of nerve activity is more natural under these stimulation conditions. When the stimulation is 

biomimetic—that is, explicitly designed to produce patterns of nerve activation that are more 
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naturalistic—the resulting sensory percepts are perceived as more natural, but this effect is 

limited106. The main impact of biomimetic stimulation is to improve the dexterity conferred 

to the bionic hand.

Extended exposure to an intense stimulus reduces sensitivity to it. Such adaptation—which 

tunes the sense of touch to ambient levels of stimulation and increases its sensitivity 

to changes in stimulation109,110—is also observed in artificial touch. Indeed, prolonged 

electrical stimulation of the nerve leads to decreased sensitivity, and the degree and time 

course of this desensitization matches that of natural touch111. Adaptation can become 

problematic for low-amplitude stimulation regimes that activate only a handful of fibres 

because their responses can become ‘adapted out’, leading to a complete abolition of the 

sensation within seconds112.

The impact of sensory feedback on haptics and on object manipulation.

The characterization of the sensory consequences of electrical stimulation provides insights 

that can help guide the design of sensory-feedback algorithms. A main goal of artificial 

somatosensation is to improve the functionality of bionic hands. One way to gauge the 

functional benefits of sensory feedback is to assess how well users can distinguish objects 

explored with the prosthesis. Sensitization of the bionic hand can enable users to sense 

the size and compliance of objects34,113. This task is particularly challenging when the 

users are controlling the prosthetic hand, because the sensory signals evoked by each object 

vary from trial to trial, owing to variations in the exploratory movements of the hand. 

Hence, the sensory signals must be interpreted in the context of the movements of the 

prosthesis. Texture can also be sensed through a prosthesis, as shown with the discrimination 

of spatially varying gratings16.

Another way to test the functional benefits of sensory feedback is to assess whether it 

improves object manipulation. One approach consists of instructing blindfolded users to 

perform a so-called ‘box and blocks’ task: picking up a block in one box and placing it 

in another. Performance is judged by how many blocks the user can move within a fixed 

period of time. Without vision or tactile feedback, users perform very poorly on this task. 

When tactile feedback is provided, performance improves substantially114. However, the 

box and blocks task does not constitute a stringent test of sensory feedback because, when 

vision is present, artificial touch improves performance only modestly. A more sensitive 

test of sensory feedback involves the manipulation of fragile objects via the virtual egg 

test. Performance on this task is significantly improved with sensory feedback, even when 

the user can see the bionic hand81,113, because contact force cannot be gauged visually. 

With biomimetic sensory feedback, performance on this task improves even further106,113. 

Sensory feedback also enabled the plucking of stems from cherries using a bionic hand18—a 

task that is almost impossible to accomplish without touch (because of the fruit’s fragility).

Embodiment.

Artificial sensory feedback also enhances the embodiment of the prosthetic hand: the 

simultaneous visual experience of the bionic hand touching an object and the tactile 

experience of the object induces the sensation that the prosthesis is part of the body115, 
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a phenomenon that is closely related to the ‘rubber hand illusion’116. Embodiment of the 

bionic hand improves the user’s acceptance of the prosthesis, as it confers the feeling 

of wholeness that was lost with the amputation101,117. Embodiment is bolstered when 

the sensations are made more natural through biomimetic stimulation106, or when visual 

feedback explicitly signals contact118.

Phantom pain.

Amputation often gives rise to phantom pain—that is, chronic pain experienced as 

originating from the missing limb119. In some cases, phantom pain is so severe as to be 

debilitating. Providing sensory feedback through an interface with the peripheral nervous 

system seems to alleviate the symptoms of phantom pain18,65,118,120, but this remains to 

be replicated in systematic and long-term placebo-controlled studies. The long-term use of 

a sensorized bionic hand may further reduce the symptoms of phantom pain because the 

restoration of tactile signals may reverse changes in the central nervous system brought 

about by amputation.

Restoration of proprioception.

The sense of the movement and position of our body in space—known as proprioception—is 

mediated by nerve fibres that innervate the muscle spindles121, and possibly by nerve fibres 

that innervate the skin around joints122. Electrical stimulation of the nerve rarely evokes 

a proprioceptive sensation without also activating muscles123,124, except when stimulating 

a small number of fibres125. Sensory substitution can convey proprioceptive information 

about limb conformation (typically hand aperture) by stimulating a channel that evokes a 

cutaneous sensation18,124. The user can then learn to use this sensory channel to infer the 

state of the limb, and use the information in combination with tactile feedback to perform 

simple tasks126. Whether this approach can support activities of daily living remains to be 

shown.

Interfaces with the central nervous system

Electrical interfaces with peripheral nerves cannot be applied to patients with upper spinal 

cord injuries, for whom the connection between the nerves and the central nervous system 

has been severed. Although there have been attempts to implant arrays of electrodes in the 

cuneate nucleus127–129 and in the ventral posterolateral thalamus130–133, the most accessible 

and explored electrical interface with the central nervous system involves the somatosensory 

cortex, which lies at the surface of the brain or near it (Fig. 7a).

The somatosensory cortex.

Located at the anterior edge of the parietal lobe, the somatosensory cortex comprises 

four cortical fields: the Brodmann’s areas 3a, 3b, 1 and 2 (ref. 134). Neurons in area 3a 

respond primarily to joint movements, neurons in areas 3b and 1 respond to light touch, 

and neurons in area 2 exhibit both response properties. Somatosensory fields are organized 

hierarchically: areas 3a and 3b constitute the earliest stages of proprioceptive and tactile 

processing, respectively; area 1 is the next stage of cutaneous processing; and area 2 receives 

input from areas 3a and 1. Receptive fields tend to become larger and neurons exhibit 
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increasingly complex response properties along the somatosensory neuraxis. For example, 

neurons that are strongly selective for motion direction are much more prevalent in area 1 

than they are in area 3b135. Each cortical field comprises a map of the body, laid out from 

feet to head, proceeding anterolaterally along the central sulcus136. Within this body map 

and along this axis, the hand representation is also systematically laid out, from the little 

finger to the thumb (Fig. 7a). In macaques, the hand representation spans approximately 

6–9 mm along the central sulcus and 10 mm along the orthogonal axis136. In humans, this 

representation is nearly tenfold larger137.

Early studies.

It has long been known that electrical stimulation of the somatosensory cortex evokes 

tactile and proprioceptive sensations. When searching for the focus of seizures in patients 

with epilepsy, electrical stimulation delivered to the surface of the somatosensory cortex 

was found to evoke tactile percepts whose location on the body varied systematically 

with the cortical location at which electrical stimulation was applied: stimulation near 

the mid-line tended to evoke sensations in the lower body, and stimulation near the 

lateral sulcus evoked sensations on the arms and face. This led to the discovery of 

the somatosensory homunculus138 (Fig. 7a). Later, experiments in monkeys showed that 

changing the frequency of intracortical microstimulation (ICMS) resulted in systematically 

discernible percepts139,140. These early studies established that the location and quality of an 

ICMS-evoked sensation could be systematically manipulated, and laid a foundation for the 

restoration of touch via ICMS of the somatosensory cortex.

Electrical interfaces with the somatosensory cortex.

The somatosensory cortex can be electrically interfaced through chronically implanted 

electrode arrays which pierce through the membranes that enfold the brain (the dura mater, 

the arachnoid and the pia mater) such that the electrode tips impinge upon the grey matter, 

where the cell bodies of cortical neurons are located. Two types of implants have been most 

commonly used in experiments in humans and in non-human primates: Utah electrode arrays 

(UEAs; commercialized by Blackrock Microsystems), which consist of a 10 × 10 array 

of electrodes, each 1–1.5-mm long, covering 4 × 4 mm of cortex (Fig. 7b); and floating 

microelectrode arrays (FMAs; commercialized by Microprobes for Life Sciences), which 

consist of 32 electrodes arrayed over a 4 × 1.8-mm area of cortex. In both types of array, 

the electrodes are coated with an insulating material up to (but not including) the tip, so 

that small currents can be injected at the tip. In UEAs, the electrodes are more closely 

spaced than in FMAs, but their maximum length of 1.5 mm limits the brain structures that 

are accessible. For example, the fingertip representation in area 3b is approximately 3 mm 

below the brain surface, along the posterior bank of the central sulcus (in macaques); this 

location is out of reach of UEAs yet can be accessed with FMAs, whose electrodes can be 

arbitrarily long. An electrode array typically impinges upon the cortical territory of two to 

four digits (often with some palm) in macaques, and upon one or two digits in humans (Fig. 

7c). The density of the stimulation sites can be increased if individual electrodes include 

multiple contacts141, which could increase the bandwidth of ICMS-based sensory feedback 

(this remains to be tested).
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Electrocorticographic electrodes placed just under the dura mater are an alternative to 

penetrating electrodes. Electrocorticographic electrodes do not penetrate neuronal tissue, 

and are therefore less invasive than electrodes for ICMS. However, the evoked sensations 

are more diffuse than those evoked by ICMS, and hence are often described as unnatural. 

They may also develop more slowly, taking several hundred milliseconds to be perceived142. 

Nonetheless, surface stimulation is sufficient to guide the performing of simple tasks143, and 

promotes the embodiment of the prosthetic arm144.

The sensory consequences of electrical stimulation of the somatosensory cortex.

In both monkeys and humans, ICMS delivered through a single electrode evokes sensations 

that are localized to a small patch of skin, such as a finger pad or palmar whorl145,146. The 

location of the referred sensations is congruous with the receptive fields of the stimulated 

neurons. For instance, the electrical stimulation of neurons that respond to the index 

fingertip elicits a sensation referred to the index fingertip. This phenomenon suggests the 

existence of a ‘place code’ for perceived location; that is, the somatosensory cortex tracks 

where the body makes contact with objects by activating different parts of the body map. 

Hence, somatotopic mapping can also be used to intuitively convey information about the 

points of contact between an object and the bionic hand.

Sensitivity of the somatosensory cortex to ICMS has typically been measured using a 

two-alternative forced-choice procedure: users select which of two sequential stimulus 

intervals contains a faint pulse train, the amplitude of which varies from trial to trial over 

a certain range. The resulting behavioural performance is then described as a sigmoidal 

function of the pulse amplitude, and the threshold (which corresponds to 75% detection 

performance) is interpolated from this function. Detection thresholds (5–40 μA, with a 

median of about 20 μA145–147) tend to be similar for humans and macaques. The thresholds 

decrease monotonically with pulse width, with stimulation frequency up to about 250 Hz 

and with pulse train duration until about 200 ms147.

The perceived magnitude of a stimulus grows monotonically and nearly linearly with the 

stimulus amplitude (according to subjective reports146). Sensitivity to changes in amplitude, 

as gauged by the just-noticeable difference, tends to be similar in humans and macaques 

(15–30 μA145–147). Interestingly, just-noticeable differences are nearly independent of the 

amplitude range over which they are measured (in contrast to natural sensory stimulation 

and regardless of modality). This is in an apparent violation of Weber’s law, which 

states that the just-noticeable difference is proportional to the intensity of the reference 

stimulus147. The violation of Weber’s law in artificial perception is attributable to the lower 

variability of the neuronal responses evoked by ICMS (compared with externally evoked 

stimulation). Whereas just-noticeable differences for ICMS amplitude are independent of 

pulse frequency, changes in ICMS frequency result in discriminable percepts, owing to 

changes in both intensity and quality139,140,148,149.

The sensitivity to ICMS is well described by a model that simulates the responses of a 

volume of neurons whose response drops off with the square of distance from the electrode 

tip and is integrated over time150. From this model, it can be inferred that the manner 
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in which sensitivity to ICMS depends on the stimulation parameters is a straightforward 

product of known neuronal properties (such as refractoriness).

Humans often describe sensations evoked by ICMS as being natural or nearly natural146,151. 

Although subjective ratings of quality are often unreliable and sample sizes are typically 

small, ICMS seems to evoke more naturalistic percepts than those of nerve stimulation. 

The quality of the percept varies from electrode to electrode, ranging from tingling and 

vibration to slow tapping and pressure146,148,151. The quality evoked by the stimulation of 

a given electrode is unpredictable a priori, and varies with amplitude and frequency148,151. 

Some users report limb movement, particularly at high ICMS amplitudes151, but it is unclear 

whether these reflect proprioceptive sensations per se or whether they reveal sensations of 

skin movement.

Artificial touch for guiding behaviour.

A main function of somatosensory feedback is to guide manual interactions with objects. 

Several models have been used to assess the degree to which ICMS evokes interpretable 

sensations that can be used to guide behaviour. In one study, monkeys used a brain-

controlled virtual arm to explore their environment so as to locate different textures (each 

corresponding to a different temporal pattern of ICMS), and to select a ‘target’ texture 

corresponding to a specific ICMS pattern152. Following a similar example, a human with 

tetraplegia chose a virtual object target hidden inside a virtual ‘grab bag’ with other virtual 

objects, each corresponding to a different ICMS sequence153. Rats, monkeys and humans 

can also use ICMS to navigate in two dimensions. In one task, infrared light sources were 

located by associating the ICMS of the somatosensory cortex to the output of infrared 

sensors fixed to the head of the rat154 or to the brain-controlled bionic hand of an individual 

with tetraplegia155. In another task, the monkey’s target location was cued via stimulation 

through different channels, which the animal learned to interpret over time156. In an example 

of electrocorticography-based feedback, an individual adjusted the aperture of their hand to 

follow modulations in the intensity of electrical stimulation applied to their somatosensory 

cortex143. In a demonstration of sensory feedback under more naturalistic conditions, an 

individual with tetraplegia controlled an anthropomorphic bionic arm through signals from 

the motor cortex while ICMS delivered to their somatosensory cortex tracked the output 

of torque sensors on the prosthetic fingers based on a somatotopic mapping157. With this 

bidirectional brain–machine interface, and even in the presence of vision, the user achieved 

a significant improvement on a standard test of hand function (the ‘action research arm’ test) 

when using ICMS-based artificial tactile feedback.

Restoring proprioception via ICMS.

As is the case with peripheral nerve stimulation, the systematic elicitation of proprioceptive 

sensations via ICMS has been challenging. In one study, monkeys distinguished different 

patterns of ICMS delivered to the cortical field devoted to proprioception (area 3a; ref. 
158), but the nature of the evoked sensation remains unknown. In another study, ICMS 

delivered to area 2 was found to evoke a sensation of movement in the preferred direction 

of the stimulated proprioceptive neurons159; however, this result could not be replicated. In 

a more compelling demonstration of artificial proprioception, a human user described ICMS 
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percepts as proprioceptive151; yet these may also be described as tactile motion. Therefore, 

it remains to be determined whether ICMS can naturalistically convey information about 

limb state. A learning-based approach to artificial proprioception in which different 

stimulation channels steered movement to different directions within a planar workspace 

supported navigation in two dimensions155,156. The users could use ICMS to guide reaching 

movements toward unseen targets. However, it is unclear whether this strategy scales to a 

more complex space of movements12.

Biomimetic mappings.

Somatosensation can be restored via electrical stimulation by exploiting existing body 

representations. For example, the location of contact between the prosthesis and an 

object can be signalled by electrically stimulating the somatotopically appropriate cortical 

neurons. When the prosthetic fingertip touches the object, electrical current is delivered 

through an electrode that impinges upon the corresponding fingertip representation in the 

somatosensory cortex, thereby evoking a sensation referred to that fingertip. This mapping 

results in the intuitive transmission of information about contact location.

Similarly, the sense of touch conveys precise information about contact pressure, allowing 

us to exert just enough force on objects to pick them up. Without such pressure signals, 

we grasp objects with much more force than necessary9. In the somatosensory cortex, 

increases in pressure applied to the skin involve two neural correlates: neurons that are most 

sensitive to the stimulus (with receptive fields right under the stimulus) become more active, 

and nearby neurons (with nearby receptive fields) are recruited. A qualitatively analogous 

progression is achieved by increasing the amplitude of the stimulation pulses. Changes in 

contact pressure can thus be signalled intuitively by modulating the amplitude of ICMS, 

as has been demonstrated in monkeys145 and humans146. Although this strategy captures 

the time-averaged neural correlates of changes in pressure, it overlooks the dynamics of 

cortical responses during contact. In fact, the response of cortical neurons during contact 

onset and offset dwarfs the response during the maintenance of contact; this is because 

the somatosensory cortex responds preferentially to changes in contact pressure rather than 

to continuous contact pressure7. As discussed above, building these dynamics into sensory 

encoding algorithms improves the functionality of feedback conveyed through electrical 

stimulation of the peripheral nerve, and may also yield better ICMS-based feedback.

Biomimicry might also be used to convey other types of sensory information. For example, 

the electrical activation of motion-selective neurons may be used to convey information 

about the relative motion between the prosthesis and an object, and the electrical stimulation 

of orientation-selective neurons may be used to signal contact with an object’s edge13.

The role of learning in neuroprosthetics.

ICMS evokes highly unnatural patterns of neuronal activation. All activated neurons are 

entrained with the electrical pulses, which results in unnaturally synchronized activation 

across large neuronal populations. Also, ICMS produces prolonged and widespread neuronal 

depressions lasting 80 ms or longer160; these are not observed during natural stimulation. 

Attempting biomimetic neuronal activation with ICMS is thus a fool’s errand. Rather, 
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systematic (yet perhaps arbitrary) mappings between sensors on the prosthetic hand and 

ICMS can be created and learnt by users through chronic exposure via interactions with 

objects. Animals and humans can in fact learn to use new sensory mappings to perform 

tasks, such as finding targets hidden within the workspace152,153, reaching toward hidden 

targets155,156 and navigating154. Hence, biomimicry may not be necessary to achieve useful 

sensory feedback.

However, it is unclear whether this approach can scale to reach the complexity of a 

human limb12. The arm and hand can move in many different ways, and thousands of 

tactile channels convey information about contact events. The tactile space can be reduced 

considerably to a handful of channels that ‘tile’ the hand. Yet whether such a complex 

sensory space—in which each degree of freedom of movement and each contact event is 

tracked through a novel sensory channel—can be learned remains to be shown. Although 

the brain’s ability to learn is staggering, the massive reorganization required to achieve a 

new sensory representation de novo is likely to be impossible in adulthood. Indeed, sensory 

representations in the adult cortex are highly stable even after the massive de-afferentation 

involved in amputation99. Nevertheless, given the obvious unnaturalness of ICMS-evoked 

neuronal activation, the nervous system will have to adapt to some degree to a new artificial 

sensory modality, and some degree of adaptation has been shown to be possible.

The future of bionic touch

Several challenges must be overcome before sensorized bionic hands can become clinically 

available. First, the benefits of sensory feedback have been demonstrated mostly under 

artificial laboratory conditions rather than in activities of daily living under ethological 

conditions. Still, recent studies have shown the benefits of artificial touch during prolonged 

home use of bionic hands by amputees100,161. Such demonstrations are steps toward 

justifying the effort and costs of sensory restoration to spur clinical deployment.

Second, the relative strengths of the available technologies have not been sufficiently 

quantified. Quantitative comparisons are however complicated by the fact that different 

user populations (or even different users within a population) will differentially benefit from 

different technologies. For example, an individual with spinal cord injury will not benefit 

from peripheral nerve stimulation, and amputees may benefit to varying degrees from the 

different technologies, depending on the type of amputation (such as distal or proximal).

Third, it is not always clear whether invasive technologies confer sufficient additional 

benefits to supplant non-invasive approaches. In general, non-invasive technologies are 

limited by bulkiness, by the need for daily donning and doffing, and (in principle) 

by the bandwidth of the sensory feedback that they can confer. However, requirements 

for non-invasive approaches are less stringent than for invasive ones. As non-invasive 

approaches become easier to don and doff, are made more cost-effective and biocompatible 

for prolonged skin contact, and meet electrical safety requirements, they will become 

more attractive commercially. As implanted systems become safer, longer-lasting, more 

biocompatible and deliverable by accessible medical personnel, their clinical viability will 

improve.
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Fourth, whether the naturalness of artificial touch is inextricably linked to its utility is 

questionable. Naturalness is not a pre-condition for usability, as evidenced by the fact that 

individuals can be trained to use unnatural sensory feedback. Although biomimetic artificial 

touch improves the functionality and embodiment of a bionic hand101,106,113,117,118, the 

naturalness of an electrically evoked sensation is limited by the lack of naturalness in 

the evoked pattern of neuronal activation, which is characterized by synchronized spiking 

across groups of neurons. Such synchronized spiking is certain to impact naturalness, 

but does it significantly impact utility? Evidence from work with amputees suggests that 

if the envelope of the aggregate neuronal activity is sufficiently naturalistic, it will be 

interpretable by downstream structures—as was found to be the case with cochlear implants. 

As the qualitative experience and functional benefits of biomimetic stimulation regimes are 

measured in tandem, the relationship between quality and function will become clearer.

Current non-invasive approaches are based on mechanical stimulation or (transcutaneous) 

electrical stimulation. Yet ultrasound may provide an alternative means to activate neurons 

without the need for surgery162. For invasive neuroprosthetics, optogenetics163–166 may 

allow for stimulation that is more targeted and selective; however, the technology has yet to 

be tested in humans. The widespread use of deep brain stimulation to alleviate the symptoms 

of Parkinson’s and of depression (and the accompanying development of such electrode 

technology167) may enable sensory feedback via thalamic stimulation132,133.

Developments in sensory feedback will spur the need to improve the sensorization of 

bionic hands. Current bionic hands comprise a small number of sensors (one or a few 

per digit). This impoverished sensorization severely constrains the informativeness of the 

feedback. Although sensors are currently not a bottleneck168, future feedback interfaces 

may be more sophisticated and selective, and require sensors with greater spatiotemporal 

resolution. Moreover, sensorized artificial skins that mimic signals conveyed by native 

mechanoreceptors may offer promising alternatives to state-of-the-art bionic sensors169–173. 

Ultimately, rich sensory feedback might allow amputees and individuals with tetraplegia to 

approach the dexterity of able-bodied individuals.

Acknowledgements

This work was supported by the National Institute of Neurological Disorders and Stroke (NINDS) grant no. NS 
095251 (S.J.B.); the DARPA contract no. NC66001–15-C-4041, the VA Merit Review Award no. I01 RX00133401 
and the VA CDA-1 IK1 RX000724 (D.J.T.); and the Swiss National Center of Competence Research (NCCR) 
Robotics, the Swiss National Science Foundation (CHRONOS project) and the Bertarelli Foundation (S.M.).

References

1. Bernstein N The Co-ordination and Regulation of Movements (Pergamon Press, 1967).

2. Wyndaele M & Wyndaele J-J Incidence, prevalence and epidemiology of spinal cord injury: what 
learns a worldwide literature survey? Spinal Cord 44, 523–529 (2006). [PubMed: 16389270] 

3. Borton D, Micera S, Millán J del R. & Courtine, G. Personalized neuroprosthetics. Sci. Transl. Med. 
5, 210rv2 (2013).

4. Abdollahi F et al. Body–machine interface enables people with cervical spinal cord injury to control 
devices with available body movements: proof of concept. Neurorehabil. Neural Repair 31, 487–493 
(2017). [PubMed: 28413945] 

Bensmaia et al. Page 17

Nat Biomed Eng. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Saunders I & Vijayakumar S The role of feed-forward and feedback processes for closed-loop 
prosthesis control. J. Neuroeng. Rehabil 8, 60 (2011). [PubMed: 22032545] 

6. Herberts P & Körner L Ideas on sensory feedback in hand prostheses. Prosthet. Orthot. Int. 3, 
157–162 (1979). [PubMed: 523298] 

7. Callier T, Suresh AK & Bensmaia SJ Neural coding of contact events in somatosensory cortex. 
Cereb. Cortex 29, 4613–4627 (2019). [PubMed: 30668644] 

8. Johansson RS & Flanagan JR Coding and use of tactile signals from the fingertips in object 
manipulation tasks. Nat. Rev. Neurosci. 10, 345–359 (2009). [PubMed: 19352402] 

9. Augurelle A-S, Smith AM, Lejeune T & Thonnard J-L Importance of cutaneous feedback in 
maintaining a secure grip during manipulation of hand-held objects. J. Neurophysiol. 89, 665–671 
(2003). [PubMed: 12574444] 

10. Cole J Pride and a Daily Marathon (MIT Press, 1995).

11. Okorokova EV, He Q & Bensmaia SJ Biomimetic encoding model for restoring touch in bionic 
hands through a nerve interface. J. Neural Eng. 15, 066033 (2018). [PubMed: 30245482] 

12. Delhaye BP, Saal HP & Bensmaia SJ Key considerations in designing a somatosensory 
neuroprosthesis. J. Physiol. Paris 110, 402–408 (2016). [PubMed: 27815182] 

13. Bensmaia SJ Biological and bionic hands: natural neural coding and artificial perception. Philos. 
Trans. R. Soc. B 370, 20140209 (2015).

14. Saal HP & Bensmaia SJ Biomimetic approaches to bionic touch through a peripheral nerve 
interface. Neuropsychologia 79, 344–353 (2015). [PubMed: 26092769] 

15. Valle G et al. Biomimetic intraneural sensory feedback enhances sensation naturalness, tactile 
sensitivity, and manual dexterity in a bidirectional prosthesis. Neuron 100, 37–45 (2018). 
[PubMed: 30244887] 

16. Oddo CM et al. Intraneural stimulation elicits discrimination of textural features by artificial 
fingertip in intact and amputee humans. eLife 5, e09148 (2016). [PubMed: 26952132] 

17. Graczyk EL et al. The neural basis of perceived intensity in natural and artificial touch. Sci. Transl. 
Med. 8, 362ra142 (2016).

18. Tan DW et al. A neural interface provides long-term stable natural touch perception. Sci. Transl. 
Med. 6, 257ra138 (2014).

19. Wheat HE & Goodwin AW Tactile discrimination of edge shape: limits on spatial resolution 
imposed by parameters of the peripheral neural population. J. Neurosci. 21, 7751–7763 (2001). 
[PubMed: 11567065] 

20. Weber AI et al. Spatial and temporal codes mediate the tactile perception of natural textures. Proc. 
Natl Acad. Sci. USA 110, 17107–17112 (2013). [PubMed: 24082087] 

21. Korner L Afferent electrical nerve stimulation for sensory feedback in hand prostheses: clinical and 
physiological aspects. Acta Orthop. Scand 50(Suppl. 178), 1–52 (1979). [PubMed: 425824] 

22. Doubler J & Childress D An analysis of extended physiological proprioception as a prosthesis-
control technique. J. Rehabil. Res. Dev. 21, 5–18 (1984). [PubMed: 6527290] 

23. Scott RN, Brittain RH, Caldwell RR, Cameron AB & Dunfield VA Sensory-feedback system 
compatible with myoelectric control. Med. Biol. Eng. Comput. 18, 65–69 (1980). [PubMed: 
7382591] 

24. Kaczmarek KA, Webster JG, Bach-y-Rita P & Tompkins WJ Electrotactile and vibrotactile 
displays for sensory substitution systems. IEEE Trans. Biomed. Eng. 38, 1–16 (1991). [PubMed: 
2026426] 

25. Zhang D, Xu H, Shull PB, Liu J & Zhu X Somatotopical feedback versus non-somatotopical 
feedback for phantom digit sensation on amputees using electrotactile stimulation. J. Neuroeng. 
Rehabil. 12, 44 (2015). [PubMed: 25929589] 

26. Witteveen HJB, Droog EA, Rietman JS & Veltink PH Vibro- and electrotactile user feedback 
on hand opening for myoelectric forearm prostheses. IEEE Trans. Biomed. Eng. 59, 2219–2226 
(2012). [PubMed: 22645262] 

27. Chai G, Zhang D & Zhu X Developing non-somatotopic phantom finger sensation to comparable 
levels of somatotopic sensation through user training with electrotactile stimulation. IEEE Trans. 
Neural Syst. Rehabil. Eng. 25, 469–480 (2017). [PubMed: 27323369] 

Bensmaia et al. Page 18

Nat Biomed Eng. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



28. Björkman A, Wijk U, Antfolk C, Björkman-Burtscher I & Rosén B Sensory qualities of the 
phantom hand map in the residual forearm of amputees. J. Rehabil. Med. 48, 365–370 (2016). 
[PubMed: 26999267] 

29. Dosen S et al. Multichannel electrotactile feedback with spatial and mixed coding for closed-loop 
control of grasping force in hand prostheses. IEEE Trans. Neural Syst. Rehabil. Eng. 25, 183–195 
(2017). [PubMed: 27071179] 

30. Arakeri TJ, Hasse BA & Fuglevand AJ Object discrimination using electrotactile feedback. J. 
Neural Eng. 15, 046007 (2018). [PubMed: 29629874] 

31. Forst JC et al. Surface electrical stimulation to evoke referred sensation. J. Rehabil. Res. Dev. 52, 
397–406 (2015). [PubMed: 26348194] 

32. D’Anna E et al. A somatotopic bidirectional hand prosthesis with transcutaneous electrical nerve 
stimulation based sensory feedback. Sci. Rep. 7, 10930 (2017). [PubMed: 28883640] 

33. Hao M et al. Restoring finger-specific sensory feedback for transradial amputees via non-invasive 
evoked tactile sensation. IEEE Open J. Eng. Med. Biol. 1, 98–107 (2020). [PubMed: 35402945] 

34. Raspopovic S et al. Restoring natural sensory feedback in real-time bidirectional hand prostheses. 
Sci. Transl. Med. 6, 222ra19 (2014).

35. Vargas L, Huang H, Zhu Y & Hu X Object shape and surface topology recognition using tactile 
feedback evoked through transcutaneous nerve stimulation. IEEE Trans. Haptics 13, 152–158 
(2020). [PubMed: 31976905] 

36. Osborn LE et al. Prosthesis with neuromorphic multilayered e-dermis perceives touch and pain. 
Sci. Robot. 3, eaat3818 (2018).

37. Akhtar A, Sombeck J, Boyce B & Bretl T Controlling sensation intensity for electrotactile 
stimulation in human–machine interfaces. Sci. Robot 3, eaap9770 (2018). [PubMed: 31342002] 

38. Dosen S, Schaeffer M-C & Farina D Time-division multiplexing for myoelectric closed-loop 
control using electrotactile feedback. J. Neuroeng. Rehabil. 11, 138 (2014). [PubMed: 25224266] 

39. Antfolk C et al. Sensory feedback from a prosthetic hand based on air-mediated pressure from the 
hand to the forearm skin. J. Rehabil. Med. 44, 702–707 (2012). [PubMed: 22729800] 

40. Wheeler J, Bark K, Savall J & Cutkosky M Investigation of rotational skin stretch for 
proprioceptive feedback with application to myoelectric systems. IEEE Trans. Neural Syst. 
Rehabil. Eng. 18, 58–66 (2010). [PubMed: 20071271] 

41. Godfrey SB, Bianchi M, Bicchi A & Santello M Influence of force feedback on grasp force 
modulation in prosthetic applications: a preliminary study. In 2016 38th Annual International 
Conference of the IEEE Engineering in Medicine and Biology Society (EMBC) 5439–5442 
(IEEE, 2016).

42. Kuiken TA et al. Targeted reinnervation for enhanced prosthetic arm function in a woman with a 
proximal amputation: a case study. Lancet 369, 371–380 (2007). [PubMed: 17276777] 

43. Witteveen HJB, de Rond L, Rietman JS & Veltink PH Hand-opening feedback for myoelectric 
forearm prostheses: performance in virtual grasping tasks influenced by different levels of 
distraction. J. Rehabil. Res. Dev. 49, 1517–1526 (2012). [PubMed: 23516055] 

44. Rosenbaum-Chou T, Daly W, Austin R, Chaubey P & Boone D Development and real world 
use of a vibratory haptic feedback system for upper-limb prosthetic users. J. Prosthet. Orthot. 28, 
136–144 (2016).

45. Gathmann T, Atashzar SF, Alva PGS & Farina D Wearable dual-frequency vibrotactile system 
for restoring force and stiffness perception. IEEE Trans. Haptics 13, 191–196 (2020). [PubMed: 
31985443] 

46. Ninu A et al. Closed-loop control of grasping with a myoelectric hand prosthesis: which are the 
relevant feedback variables for force control? IEEE Trans. Neural Syst. Rehabil. Eng. 22, 1041–
1052 (2014). [PubMed: 24801625] 

47. Reza Motamedi M, Otis M & Duchaine V The impact of simultaneously applying normal stress 
and vibrotactile stimulation for feedback of exteroceptive information. J. Biomech. Eng. 139, 
061004 (2017).

48. Edin B & Johansson RS Predictive feed-forward sensory control during grasping and manipulation 
in man. Biomed. Res. 14, 95–106 (1993).

Bensmaia et al. Page 19

Nat Biomed Eng. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



49. Aboseria M, Clemente F, Engels LF & Cipriani C Discrete vibro-tactile feedback prevents object 
slippage in hand prostheses more intuitively than other modalities. IEEE Trans. Neural Syst. 
Rehabil. Eng. 26, 1577–1584 (2018). [PubMed: 29994712] 

50. Cianchetti M, Laschi C, Menciassi A & Dario P Biomedical applications of soft robotics. Nat. Rev. 
Mater. 3, 143–153 (2018).

51. Huaroto JJ, Suarez E, Krebs HI, Marasco PD & Vela EA A soft pneumatic actuator as a haptic 
wearable device for upper limb amputees: toward a soft robotic liner. IEEE Robot. Autom. Lett. 4, 
17–24 (2019).

52. Sonar HA & Paik J Soft pneumatic actuator skin with piezoelectric sensors for vibrotactile 
feedback. Front. Robot. AI 2, 38 (2016).

53. Marasco PD, Kim K, Colgate JE, Peshkin MA & Kuiken TA Robotic touch shifts perception of 
embodiment to a prosthesis in targeted reinnervation amputees. Brain J. Neurol. 134, 747–758 
(2011).

54. Marasco PD et al. Illusory movement perception improves motor control for prosthetic hands. Sci. 
Transl. Med. 10, eaao690 (2018).

55. Tarantino S, Clemente F, Barone D, Controzzi M & Cipriani C The myokinetic control interface: 
tracking implanted magnets as a means for prosthetic control. Sci. Rep. 7, 17149 (2017). 
[PubMed: 29215082] 

56. D’Alonzo M, Dosen S, Cipriani C & Farina D HyVE: hybrid vibro-electrotactile stimulation for 
sensory feedback and substitution in rehabilitation. IEEE Trans. Neural Syst. Rehabil. Eng. 22, 
290–301 (2014). [PubMed: 23782817] 

57. Johansson RS & Vallbo AB Tactile sensibility in the human hand: relative and absolute densities of 
four types of mechanoreceptive units in glabrous skin. J. Physiol. 286, 283–300 (1979). [PubMed: 
439026] 

58. Bensmaia SJ & Horch KW in Neuroprosthetics Vol. 8 (eds Horch K & Kipke D) 134–152 (World 
Scientific, 2016).

59. Ochoa J & Torebjörk E Sensations evoked by intraneural microstimulation of single 
mechanoreceptor units innervating the human hand. J. Physiol. 342, 633–654 (1983). [PubMed: 
6631752] 

60. McGlone F & Reilly D The cutaneous sensory system. Neurosci. Biobehav. Rev. 34, 148–59 
(2010). [PubMed: 19712693] 

61. Lumpkin EA & Caterina MJ Mechanisms of sensory transduction in the skin. Nature 445, 858–65 
(2007). [PubMed: 17314972] 

62. Clippinger FW, Avery R & Titus BR A sensory feedback system for an upper-limb amputation 
prosthesis. Bull. Prosthet. Res 10–22, 247–258 (1974).

63. Clippinger FW, Seaber AV, McElhaney JH, Harrelson JM & Maxwell GM Afferent sensory 
feedback for lower extremity prosthesis. Clin. Orthop. Relat. Res. 169, 202–206 (1982).

64. Tan D, Schiefer MA, Keith MW, Anderson R & Tyler DJ Stability and selectivity of a chronic, 
multi-contact cuff electrode for sensory stimulation in a human amputee. J. Neural Eng. 12, 
026002 (2015). [PubMed: 25627310] 

65. Ortiz-Catalan M, Håkansson B & Brånemark R An osseointegrated human–machine gateway for 
long-term sensory feedback and motor control of artificial limbs. Sci. Transl. Med. 6, 257re6 
(2014).

66. Farina D & Aszmann O Bionic limbs: clinical reality and academic promises. Sci. Transl. Med. 6, 
257ps12 (2014).

67. Naples GG, Mortimer JT, Scheiner A & Sweeney JD A spiral nerve cuff electrode for peripheral 
nerve stimulation. IEEE Trans. Biomed. Eng. 35, 905–916 (1988). [PubMed: 3198136] 

68. Agnew WF, McCreery DB, Yuen TGH & Bullara LA Histologic and physiologic evaluation 
of electrically stimulated peripheral nerve: considerations for the selection of parameters. Ann. 
Biomed. Eng. 17, 39–60 (1989). [PubMed: 2537589] 

69. Polasek KH, Hoyen HA, Keith MW, Kirsch RF & Tyler DJ Stimulation stability and selectivity 
of chronically implanted multicontact nerve cuff electrodes in the human upper extremity. IEEE 
Trans. Neural Syst. Rehabil. Eng. 17, 428–437 (2009). [PubMed: 19775987] 

Bensmaia et al. Page 20

Nat Biomed Eng. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



70. Groves DA & Brown VJ Vagal nerve stimulation: a review of its applications and potential 
mechanisms that mediate its clinical effects. Neurosci. Biobehav. Rev. 29, 493–500 (2005). 
[PubMed: 15820552] 

71. Fisher LE, Tyler DJ, Anderson JS & Triolo RJ Chronic stability and selectivity of four-contact 
spiral nerve-cuff electrodes in stimulating the human femoral nerve. J. Neural Eng. 6, 046010 
(2009). [PubMed: 19602729] 

72. Tyler DJ & Durand DM Functionally selective peripheral nerve stimulation with a flat interface 
nerve electrode. IEEE Trans. Neural Syst. Rehabil. Eng. 10, 294–303 (2002). [PubMed: 
12611367] 

73. Schiefer MA, Triolo RJ & Tyler DJ A model of selective activation of the femoral nerve with a flat 
interface nerve electrode for a lower extremity neuroprosthesis. IEEE Trans. Neural Syst. Rehabil. 
Eng. 16, 195–204 (2008). [PubMed: 18403289] 

74. Schiefer MA et al. Selective activation of the human tibial and common peroneal nerves with a flat 
interface nerve electrode. J. Neural Eng. 10, 056006 (2013). [PubMed: 23918148] 

75. Lawrence SM, Dhillon GS, Jensen W, Yoshida K & Horch KW Acute peripheral nerve recording 
characteristics of polymer-based longitudinal intrafascicular electrodes. IEEE Trans. Neural Syst. 
Rehabil. Eng. 12, 345–348 (2004). [PubMed: 15473197] 

76. Yoshida K & Horch K Selective stimulation of peripheral nerve fibers using dual intrafascicular 
electrodes. IEEE Trans. Biomed. Eng. 40, 492–494 (1993). [PubMed: 8225338] 

77. Boretius T et al. A transverse intrafascicular multichannel electrode (TIME) to interface with the 
peripheral nerve. Biosens. Bioelectron. 26, 62–69 (2010). [PubMed: 20627510] 

78. Sharma A et al. Long term in vitro functional stability and recording longevity of fully integrated 
wireless neural interfaces based on the Utah Slant Electrode Array. J. Neural Eng. 8, 045004 
(2011). [PubMed: 21775785] 

79. Cutrone A et al. A three-dimensional self-opening intraneural peripheral interface (SELINE). J. 
Neural Eng. 12, 016016 (2015). [PubMed: 25605565] 

80. Wurth S et al. Long-term usability and bio-integration of polyimide-based intra-neural stimulating 
electrodes. Biomaterials 122, 114–129 (2017). [PubMed: 28110171] 

81. Petrini FM et al. Six-month assessment of a hand prosthesis with intraneural tactile feedback. Ann. 
Neurol. 85, 137–154 (2019). [PubMed: 30474259] 

82. Navarro X et al. A critical review of interfaces with the peripheral nervous system for the control of 
neuroprostheses and hybrid bionic systems. J. Peripher. Nerv. Syst. 10, 229–258 (2005). [PubMed: 
16221284] 

83. Coker RA, Zellmer ER & Moran DW Micro-channel sieve electrode for concurrent bidirectional 
peripheral nerve interface. Part B: stimulation. J. Neural Eng. 16, 026002 (2019). [PubMed: 
30524078] 

84. Delgado-Martínez I et al. Fascicular nerve stimulation and recording using a novel double-aisle 
regenerative electrode. J. Neural Eng. 14, 046003 (2017). [PubMed: 28382924] 

85. Musick KM et al. Chronic multichannel neural recordings from soft regenerative microchannel 
electrodes during gait. Sci. Rep. 5, 14363 (2015). [PubMed: 26400791] 

86. Chandrasekaran S et al. Sensory restoration by epidural stimulation of the lateral spinal cord in 
upper-limb amputees. eLife 9, e54349 (2020). [PubMed: 32691733] 

87. Johansson RS & Birznieks I First spikes in ensembles of human tactile afferents code complex 
spatial fingertip events. Nat. Neurosci. 7, 170–177 (2004). [PubMed: 14730306] 

88. Saal HP, Delhaye BP, Rayhaun BC & Bensmaia SJ Simulating tactile signals from the whole 
hand with millisecond precision. Proc. Natl Acad. Sci. USA 114, E5693–E5702 (2017). [PubMed: 
28652360] 

89. Jenmalm P, Birznieks I, Goodwin A & Johansson RS Differential responses in populations of 
fingertip tactile afferents to objects’ surface curvatures. Acta Physiol. Scand. 167, A24–A25 
(1999).

90. Hallin RG & Wu G Fitting pieces in the peripheral nerve puzzle. Exp. Neurol. 172, 482–492 
(2001). [PubMed: 11716573] 

91. Wu G, Ekedahl R & Hallin RG Clustering of slowly adapting type II mechanoreceptors in human 
peripheral nerve and skin. Brain 121, 265–279 (1998). [PubMed: 9549505] 

Bensmaia et al. Page 21

Nat Biomed Eng. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



92. Wu G et al. Clustering of Pacinian corpuscle afferent fibres in the human median nerve. Exp. Brain 
Res. 126, 399–409 (1999). [PubMed: 10382624] 

93. Campero M, Serra J & Ochoa JL Peripheral projections of sensory fascicles in the human 
superficial radial nerve. Brain 128, 892–895 (2005). [PubMed: 15716303] 

94. Tompkins RPR, Melling CWJ, Wilson TD, Bates BD & Shoemaker JK Arrangement of 
sympathetic fibers within the human common peroneal nerve: implications for microneurography. 
J. Appl. Physiol. 115, 1553–1561 (2013). [PubMed: 24092694] 

95. Hallin RG Microneurography in relation to intraneural topography: somatotopic organisation of 
median nerve fascicles in humans. J. Neurol. 53, 736–744 (1990).

96. Hallin RG, Ekedahl R & Frank O Segregation by modality of myelinated and unmyelinated fibers 
in human sensory nerve fascicles. Muscle Nerve 14, 157–165 (1991). [PubMed: 2000105] 

97. Ekedahl R, Frank O & Hallin RG Peripheral afferents with common function cluster in the median 
nerve and somatotopically innervate the human palm. Brain Res. Bull. 42, 367–376 (1997). 
[PubMed: 9092878] 

98. Dhillon GS & Horch KW Direct neural sensory feedback and control of a prosthetic arm. IEEE 
Trans. Neural Syst. Rehabil. Eng. 13, 468–472 (2005). [PubMed: 16425828] 

99. Makin TR & Bensmaia SJ Stability of sensory topographies in adult cortex. Trends Cogn. Sci. 21, 
195–204 (2017). [PubMed: 28214130] 

100. Ortiz-Catalan M, Mastinu E, Sassu P, Aszmann O & Brånemark R Self-contained 
neuromusculoskeletal arm prostheses. N. Engl. J. Med. 382, 1732–1738 (2020). [PubMed: 
32348644] 

101. Graczyk EL, Resnik L, Schiefer MA, Schmitt MS & Tyler DJ Home use of a neural-connected 
sensory prosthesis provides the functional and psychosocial experience of having a hand again. 
Sci. Rep. 8, 9866 (2018). [PubMed: 29959334] 

102. Ortiz-Catalan M, Mastinu E & Bensmaia S Chronic use of a sensitized bionic hand does not 
remap the sense of touch. Preprint at medXriv 10.1101/2020.05.02.20089185 (2020).

103. Poulos DA et al. The neural signal for the intensity of a tactile stimulus. J. Neurosci. 4, 2016–
2024 (1984). [PubMed: 6470765] 

104. Muniak MA, Ray S, Hsiao SS, Dammann JF & Bensmaia SJ The neural coding of stimulus 
intensity: linking the population response of mechanoreceptive afferents with psychophysical 
behavior. J. Neurosci. 27, 11687–11699 (2007). [PubMed: 17959811] 

105. Dhillon GS, Lawrence SM, Hutchinson DT & Horch KW Residual function in peripheral nerve 
stumps of amputees: implications for neural control of artificial limbs. J. Hand Surg. 29, 605–615 
(2004). disc. 616–618.

106. Valle G et al. Biomimetic intraneural sensory feedback enhances sensation naturalness, tactile 
sensitivity, and manual dexterity in a bidirectional prosthesis. Neuron 100, 37–45 (2018). 
[PubMed: 30244887] 

107. Lieber JD & Bensmaia SJ High-dimensional representation of texture in somatosensory cortex of 
primates. Proc. Natl Acad. Sci. USA 116, 3268–3277 (2019). [PubMed: 30718436] 

108. Graczyk EL, Christie B, He Q, Tyler DJ & Bensmaia SJ Frequency shapes the quality 
of tactile percepts evoked through electrical stimulation of the nerves. Preprint at bioRxiv 
10.1101/2020.08.24.263822 (2020).

109. Leung YY, Bensmaïa SJ, Hsiao SS & Johnson KO Time-course of vibratory adaptation and 
recovery in cutaneous mechanoreceptive afferents. J. Neurophysiol. 94, 3037–3045 (2005). 
[PubMed: 16222071] 

110. Bensmaïa SJ, Leung YY, Hsiao SS & Johnson KO Vibratory adaptation of cutaneous 
mechanoreceptive afferents. J. Neurophysiol. 94, 3023–3036 (2005). [PubMed: 16014802] 

111. Graczyk EL, Delhaye BP, Schiefer MA, Bensmaia SJ & Tyler DJ Sensory adaptation to electrical 
stimulation of the somatosensory nerves. J. Neural Eng. 15, 046002 (2018). [PubMed: 29551756] 

112. Valle G et al. Comparison of linear frequency and amplitude modulation for intraneural sensory 
feedback in bidirectional hand prostheses. Sci. Rep. 8, 16666 (2018). [PubMed: 30420739] 

113. George JA et al. Biomimetic sensory feedback through peripheral nerve stimulation improves 
dexterous use of a bionic hand. Sci. Robot 4, eaax2352 (2019). [PubMed: 33137773] 

Bensmaia et al. Page 22

Nat Biomed Eng. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



114. Schiefer M, Tan D, Sidek SM & Tyler DJ Sensory feedback by peripheral nerve stimulation 
improves task performance in individuals with upper limb loss using a myoelectric prosthesis. J. 
Neural Eng. 13, 016001 (2016). [PubMed: 26643802] 

115. Marasco PD, Kim K, Colgate JE, Peshkin MA & Kuiken TA Robotic touch shifts perception of 
embodiment to a prosthesis in targeted reinnervation amputees. Brain J. Neurol. 134, 747–758 
(2011).

116. Botvinick M & Cohen J Rubber hands ‘feel’ touch that eyes see. Nature 391, 756 (1998). 
[PubMed: 9486643] 

117. Graczyk EL, Gill A, Tyler DJ & Resnik LJ The benefits of sensation on the experience of a hand: 
a qualitative case series. PLoS ONE 14, e0211469 (2019). [PubMed: 30703163] 

118. Rognini G et al. Multisensory bionic limb to achieve prosthesis embodiment and reduce distorted 
phantom limb perceptions. J. Neurol. Neurosurg. Psychiatry 90, 833–836 (2019). [PubMed: 
30100550] 

119. Weeks SR, Anderson-Barnes VC & Tsao JW Phantom limb pain: theories and therapies. 
Neurologist 16, 277–286 (2010). [PubMed: 20827116] 

120. Page DM et al. Motor control and sensory feedback enhance prosthesis embodiment and reduce 
phantom pain after long-term hand amputation. Front. Hum. Neurosci. 12, 352 (2018). [PubMed: 
30319374] 

121. Proske U & Gandevia SC The proprioceptive senses: their roles in signaling body shape, body 
position and movement, and muscle force. Physiol. Rev. 92, 1651–1697 (2012). [PubMed: 
23073629] 

122. Edin BB & Johansson N Skin strain patterns provide kinaesthetic information to the human 
central nervous system. J. Physiol. 487, 243–251 (1995). [PubMed: 7473253] 

123. Macefield G, Gandevia SC & Burke D Perceptual responses to microstimulation of single 
afferents innervating joints, muscles and skin of the human hand. J. Physiol. 429, 113–129 
(1990). [PubMed: 2148951] 

124. Schiefer MA, Graczyk EL, Sidik SM, Tan DW & Tyler DJ Artificial tactile and proprioceptive 
feedback improves performance and confidence on object identification tasks. PLoS ONE 13, 
e0207659 (2018). [PubMed: 30517154] 

125. Wendelken S et al. Restoration of motor control and proprioceptive and cutaneous sensation in 
humans with prior upper-limb amputation via multiple Utah Slanted Electrode Arrays (USEAs) 
implanted in residual peripheral arm nerves. J. Neuroeng. Rehabil. 14, 121 (2017). [PubMed: 
29178940] 

126. D’Anna E et al. A closed-loop hand prosthesis with simultaneous intraneural tactile and position 
feedback. Sci. Robot 4, eaau8892 (2019). [PubMed: 33137741] 

127. Suresh AK et al. Methodological considerations for a chronic neural interface with the cuneate 
nucleus of macaques. J. Neurophysiol. 118, 3271–3281 (2017). [PubMed: 28904101] 

128. Richardson AG, Weigand PK, Sritharan SY & Lucas TH A chronic neural interface to the 
macaque dorsal column nuclei. J. Neurophysiol. 115, 2255–2264 (2016). [PubMed: 26912601] 

129. Sritharan SY et al. Somatosensory encoding with cuneate nucleus microstimulation: detection 
of artificial stimuli. In 2016 38th Annual International Conference of the IEEE Engineering in 
Medicine and Biology Society (EMBC) 4719–4722 (IEEE, 2016).

130. Heming E, Sanden A & Kiss ZHT Designing a somatosensory neural prosthesis: percepts 
evoked by different patterns of thalamic stimulation. J. Neural Eng. 7, 064001 (2010). [PubMed: 
21084731] 

131. Heming EA, Choo R, Davies JN & Kiss ZHT Designing a thalamic somatosensory neural 
prosthesis: consistency and persistence of percepts evoked by electrical stimulation. IEEE Trans. 
Neural Syst. Rehabil. Eng. 19, 477–482 (2011). [PubMed: 21622082] 

132. Schmid A-C et al. Neuronal responses to tactile stimuli and tactile sensations evoked by 
microstimulation in the human thalamic principal somatic sensory nucleus (ventral caudal). J. 
Neurophysiol. 115, 2421–2433 (2016). [PubMed: 26864759] 

133. Swan BD, Gasperson LB, Krucoff MO, Grill WM & Turner DA Sensory percepts induced by 
microwire array and DBS microstimulation in human sensory thalamus. Brain Stimulat. 11, 416–
422 (2018).

Bensmaia et al. Page 23

Nat Biomed Eng. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



134. Delhaye BP, Long KH & Bensmaia SJ Neural basis of touch and proprioception in primate 
cortex. Compr. Physiol. 8, 1575–1602 (2018). [PubMed: 30215864] 

135. Pei Y-C & Bensmaia SJ The neural basis of tactile motion perception. J. Neurophysiol. 112, 
3023–3032 (2014). [PubMed: 25253479] 

136. Pons TP, Garraghty PE, Cusick CG & Kaas JH The somatotopic organization of area 2 in 
macaque monkeys. J. Comp. Neurol. 241, 445–466 (1985). [PubMed: 4078042] 

137. Sanchez-Panchuelo RM, Francis S, Bowtell R & Schluppeck D Mapping human somatosensory 
cortex in individual subjects with 7T functional MRI. J. Neurophysiol. 103, 2544–2556 (2010). 
[PubMed: 20164393] 

138. Penfield W & Boldrey E Somatic motor and sensory representation in the cerebral cortex of man 
as studied by electrical stimulation. Brain 60, 389–443 (1937).

139. Romo R, Hernández A, Zainos A & Salinas E Somatosensory discrimination based on cortical 
microstimulation. Nature 392, 387–390 (1998). [PubMed: 9537321] 

140. Romo R, Hernández A, Zainos A, Brody CD & Lemus L Sensing without touching: 
psychophysical performance based on cortical microstimulation. Neuron 26, 273–278 (2000). 
[PubMed: 10798410] 

141. Jun JJ et al. Fully integrated silicon probes for high-density recording of neural activity. Nature 
551, 232–236 (2017). [PubMed: 29120427] 

142. Johnson LA et al. Direct electrical stimulation of the somatosensory cortex in humans using 
electrocorticography electrodes: a qualitative and quantitative report. J. Neural Eng. 10, 036021 
(2013). [PubMed: 23665776] 

143. Cronin JA et al. Task-specific somatosensory feedback via cortical stimulation in humans. IEEE 
Trans. Haptics 9, 515–522 (2016). [PubMed: 27429448] 

144. Collins KL et al. Ownership of an artificial limb induced by electrical brain stimulation. Proc. 
Natl Acad. Sci. USA 114, 166–171 (2017). [PubMed: 27994147] 

145. Tabot GA et al. Restoring the sense of touch with a prosthetic hand through a brain interface. 
Proc. Natl Acad. Sci. USA 110, 18279–18284 (2013). [PubMed: 24127595] 

146. Flesher SN et al. Intracortical microstimulation of human somatosensory cortex. Sci. Transl. Med. 
8, 361ra141 (2016).

147. Kim S et al. Behavioral assessment of sensitivity to intracortical microstimulation of primate 
somatosensory cortex. Proc. Natl Acad. Sci. USA 112, 15202–15207 (2015). [PubMed: 
26504211] 

148. Hughes CL et al. Perceptual responses to microstimulation frequency are spatially organized in 
human somatosensory cortex. Preprint at bioRxiv 10.1101/2020.07.16.207506 (2020).

149. Callier T, Brantly NW, Caravelli A & Bensmaia SJ The frequency of cortical microstimulation 
shapes artificial touch. Proc. Natl Acad. Sci. USA 117, 1191–1200 (2020). [PubMed: 31879342] 

150. Kim S, Callier T & Bensmaia SJ A computational model that predicts behavioral sensitivity to 
intracortical microstimulation. J. Neural Eng. 14, 016012 (2017). [PubMed: 27977419] 

151. Armenta Salas M et al. Proprioceptive and cutaneous sensations in humans elicited by 
intracortical microstimulation. eLife 7, e32904 (2018). [PubMed: 29633714] 

152. O’Doherty JE et al. Active tactile exploration using a brain–machine–brain interface. Nature 479, 
228–231 (2011). [PubMed: 21976021] 

153. Klaes C et al. A cognitive neuroprosthetic that uses cortical stimulation for somatosensory 
feedback. J. Neural Eng. 11, 056024 (2014). [PubMed: 25242377] 

154. Thomson EE, Carra R & Nicolelis MAL Perceiving invisible light through a somatosensory 
cortical prosthesis. Nat. Commun. 4, 1482 (2013). [PubMed: 23403583] 

155. Pohlmeyer EA et al. Beyond intuitive anthropomorphic control: recent achievements using brain 
computer interface technologies. In Proc. SPIE 10194, Micro- and Nanotechnology Sensors, 
Systems, and Applications IX (Eds. George T et al.) 101941N (2017).

156. Dadarlat MC, O’Doherty JE & Sabes PN A learning-based approach to artificial sensory feedback 
leads to optimal integration. Nat. Neurosci. 18, 138–144 (2015). [PubMed: 25420067] 

157. Flesher SN et al. Restored tactile sensation improves neuroprosthetic arm control. Preprint at 
bioRxiv 10.1101/653428 (2019).

Bensmaia et al. Page 24

Nat Biomed Eng. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



158. London BM, Jordan LR, Jackson CR & Miller LE Electrical stimulation of the proprioceptive 
cortex (area 3a) used to instruct a behaving monkey. IEEE Trans. Neural Syst. Rehabil. Eng. 16, 
32–36 (2008). [PubMed: 18303803] 

159. Tomlinson T & Miller LE Toward a proprioceptive neural interface that mimics natural cortical 
activity. Adv. Exp. Med. Biol. 957, 367–388 (2016). [PubMed: 28035576] 

160. Klink PC, Dagnino B, Gariel-Mathis M-A & Roelfsema PR Distinct feedforward and feedback 
effects of microstimulation in visual cortex reveal neural mechanisms of texture segregation. 
Neuron 95, 209–220 (2017). [PubMed: 28625487] 

161. Graczyk EL, Resnik L, Schiefer MA, Schmitt MS & Tyler DJ Home use of a neural-connected 
sensory prosthesis provides the functional and psychosocial experience of having a hand again. 
Sci. Rep. 8, 9866 (2018). [PubMed: 29959334] 

162. Seo D et al. Wireless recording in the peripheral nervous system with ultrasonic neural dust. 
Neuron 91, 529–539 (2016). [PubMed: 27497221] 

163. Srinivasan SS, Maimon BE, Diaz M, Song H & Herr HM Closed-loop functional optogenetic 
stimulation. Nat. Commun. 9, 5303 (2018). [PubMed: 30546051] 

164. Prsa M, Galiñanes GL & Huber D Rapid integration of artificial sensory feedback during operant 
conditioning of motor cortex neurons. Neuron 93, 929–939 (2017). [PubMed: 28231470] 

165. Abbasi A, Goueytes D, Shulz DE, Ego-Stengel V & Estebanez L A fast intracortical brain–
machine interface with patterned optogenetic feedback. J. Neural Eng. 15, 046011 (2018). 
[PubMed: 29616982] 

166. May T et al. Detection of optogenetic stimulation in somatosensory cortex by non-human 
primates — towards artificial tactile sensation. PLoS ONE 9, e114529 (2014). [PubMed: 
25541938] 

167. Cagnan H, Denison T, McIntyre C & Brown P Emerging technologies for improved deep brain 
stimulation. Nat. Biotechnol. 37, 1024–1033 (2019). [PubMed: 31477926] 

168. Delhaye BP, Schluter EW & Bensmaia SJ Robo-psychophysics: extracting behaviorally relevant 
features from the output of sensors on a prosthetic finger. IEEE Trans. Haptics 9, 499–507 
(2016). [PubMed: 27992321] 

169. Osborn L, Nguyen H, Betthauser J, Kaliki R & Thakor N Biologically inspired multi-layered 
synthetic skin for tactile feedback in prosthetic limbs. In 2016 38th Annual International 
Conference of the IEEE Engineering in Medicine and Biology Society (EMBC) 4622–4625 
(IEEE, 2016).

170. Tee BC-K et al. A skin-inspired organic digital mechanoreceptor. Science 350, 313–316 (2015). 
[PubMed: 26472906] 

171. Oddo CM, Beccai L, Felder M, Giovacchini F & Carrozza MC Artificial roughness encoding 
with a bio-inspired MEMS-based tactile sensor array. Sensors 9, 3161–3183 (2009). [PubMed: 
22412304] 

172. Rongala UB, Mazzoni A & Oddo CM Neuromorphic artificial touch for categorization of 
naturalistic textures. IEEE Trans. Neural Netw. Learn. Syst 28, 819–829 (2017). [PubMed: 
26372658] 

173. Kim Y et al. A bioinspired flexible organic artificial afferent nerve. Science 360, 998–1003 
(2018). [PubMed: 29853682] 

174. Kuiken TA, Marasco PD, Lock BA, Harden RN & Dewald JPA Redirection of cutaneous 
sensation from the hand to the chest skin of human amputees with targeted reinnervation. Proc. 
Natl Acad. Sci. USA 104, 20061–20066 (2007). [PubMed: 18048339] 

Bensmaia et al. Page 25

Nat Biomed Eng. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1 |. Technologies for restoring sensory feedback via bionic hands.
a, Non-invasive sensory feedback. The output of sensors on the bionic hand drives 

mechanical or electrical stimulation of the skin to convey information about contacted 

objects, in this case through stimulators housed in an armband. b, Sensory feedback via an 

electrical interface with the peripheral nervous system. Sensors on the bionic hand drive the 

electrical stimulation of a nerve to elicit sensations referred to the phantom hand. c, Sensory 

feedback via an interface with the central nervous system. Sensors on the bionic hand drive 

the electrical stimulation of the central nervous system to elicit sensations referred to the 

de-afferented hand. Credit: Image courtesy of Kenzie Green

Bensmaia et al. Page 26

Nat Biomed Eng. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2 |. Somatotopic mapping following targeted reinnervation.
a, Stimulation of different patches of skin on the stump evokes sensations referred to 

different digits. The mapping can in principle be exploited to achieve tactile feedback that 

is more intuitive. b, Mechanical stimulation of the chest, to which nerve fibres have been 

rerouted. The stimulation elicits sensations referred to the phantom limb, and often to the 

phantom hand174. Credit: Image courtesy of Kenzie Green; panels adapted with permission 

from ref. 28, Foundation of Rehabilitation Information (a) and ref. 42, Elsevier (b)
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Fig. 3 |. Examples of non-invasive stimulation.
a, Array of coin motors used to deliver vibrotactile feedback. b, Configuration of a 

combination of electrotactile and vibrotactile stimulators. Credit: Image courtesy of Kenzie 

Green; panels adapted with permission from ref. 26, IEEE (a) and ref. 56, IEEE (b)
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Fig. 4 |. The somatosensory periphery.
a, The different types of low-threshold cutaneous mechanoreceptors that innervate the 

palmar surface of the hand. Clockwise from top left: Meissner corpuscle, Ruffini ending, 

Merkel disk and Pacinian corpuscle. b, The hand is innervated by the median nerve (blue), 

the ulnar nerve (light green) and the radial nerve (purple). c, Nerves are divided into 

individual bundles of fibres (known as fascicles). Credit: Image courtesy of Kenzie Green
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Fig. 5 |. Electrical interfaces with the peripheral nerves.
The panels show three examples of chronically implanted interfaces. a, The flat interface 

nerve electrode. b, The transverse intrafascicular multichannel electrode. c, The Utah slant 

electrode array. d, The schematic indicates how the three electrode arrays interact with the 

nerve. Credit: Image courtesy of Kenzie Green
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Fig. 6 |. Projected fields for nerve stimulation.
The electrical stimulation of the residual somatosensory nerves of an amputee evokes 

localized and stable percepts on the missing hand. Stimulation through different electrodes 

located on the median (blue), ulnar (green), and radial (red) nerves over the course of 

two months led to consistent perceived sensations on the phantom hand (the locations are 

indicated by the coloured patches). Credit: Image courtesy of Kenzie Green; adapted with 

permission from ref. 18, AAAS
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Fig. 7 |. Electrical interfaces with the central nervous system.
a, Possible loci of neural interfaces for the restoration of touch in the central nervous system. 

From bottom to top: the cuneate nucleus, the thalamus and the somatosensory cortex. The 

insets indicate the arm and face regions of the somatosensory homunculus in the human 

somatosensory cortex (top left), and the cortical fields in the Brodmann’s areas 3a, 3b, 1 

and 2 of the somatosensory cortex (top right). b, Surgical image showing the implantation, 

in a human, of two arrays in the motor cortex (anterior to the central sulcus; left) and 

of two arrays in the somatosensory cortex (posterior to the central sulcus; right)146. The 

coloured areas indicate the mapping of the palm, thumb, index finger and little finger in the 

somatosensory cortex. The symbol ‘Ω’ indicates the presumptive location of the hand in the 

motor cortex (the so-called ‘hand knob’). Credit: Image courtesy of Kenzie Green; adapted 

with permission from ref. 146, AAAS

Bensmaia et al. Page 32

Nat Biomed Eng. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Non-invasive sensory feedback
	Electrotactile transcutaneous electrical nerve stimulation.
	Mechanotactile stimulation.
	Vibratory feedback.
	Integration of vibratory and electrotactile feedback.

	Interfaces with the peripheral nervous system
	Sensory innervation of the hand.
	Structure of the somatosensory nerves.
	Interfaces with the somatosensory nerves.
	The sensory consequences of electrical stimulation of the somatosensory nerves.
	The impact of sensory feedback on haptics and on object manipulation.
	Embodiment.
	Phantom pain.
	Restoration of proprioception.

	Interfaces with the central nervous system
	The somatosensory cortex.
	Early studies.
	Electrical interfaces with the somatosensory cortex.
	The sensory consequences of electrical stimulation of the somatosensory cortex.
	Artificial touch for guiding behaviour.
	Restoring proprioception via ICMS.
	Biomimetic mappings.
	The role of learning in neuroprosthetics.

	The future of bionic touch
	References
	Fig. 1 |
	Fig. 2 |
	Fig. 3 |
	Fig. 4 |
	Fig. 5 |
	Fig. 6 |
	Fig. 7 |

