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This article focuses on prosthetic application of e-skin, discussing the physiology of the
receptors that encode tactile, thermal, nociceptive, and proprioceptive information and

the sensors designed to mimic them.

By MARK M. ISKAROUS

ABSTRACT | Prosthetic hands, today, have anthropomorphic,
multifinger design. A common control method uses pattern
recognition of electromyogram signals. However, these pros-
theses do not capture the human hand’s sensory perception,
which is critical for prosthesis embodiment and dexterous
object manipulation. This problem can be solved by sensorized
electronic skin (e-skin) composed of various sensors that trans-
duce sensory percepts such as touch, pressure, temperature,
and pain, just as human skin does. This review will present the
physiology of the receptors that encode tactile, thermal, noci-
ceptive, and proprioceptive information. The e-skin is designed
to mimic these receptors and their responses. We review
each sensor subtype, and its design and performance when
embedded in the e-skin. Next, we review the spiking response
of the receptors, which are then relayed to sensory nerves and
encoded by the brain as sensory percepts. The e-skin system
is designed to produce neuromorphic or receptorlike spiking
activity. Computational models to mimic these sensory nerve
signals are presented and then various methods to interface
with the nervous system are explored and compared. We con-
clude the review with the state of the art in e-skin design and
deployment in closed-loop applications that demonstrate the
benefits of sensory feedback for amputees.
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I.INTRODUCTION

The field of neural engineering has emerged in the last
50 years due to tremendous advances in the fields of
electronics, computing, robotics, materials science, neu-
roscience, and biology [1]. These advances have led to
the creation of the first neuroprosthetic devices for the
assistance and rehabilitation of people with disabilities
such as limb loss and spinal cord injury [2]. The loss
of an upper limb has a particularly significant impact
on the quality of life for amputees and, as a result, has
been a major focus of neuroprosthetic research [3]-[5].
In the past, attention has been given to building motor
controllers for prostheses using a variety of neural
signals [6]. Typically, myoelectric prostheses decode user
motor intention through pattern recognition of elec-
tromyogram (EMG) signals from the residual limb of the
amputee. The decoded intention is then used to control the
prosthetic hand [7]. Up until now, these prostheses have
only implemented feedforward motor control, and without
sensory feedback, prostheses are unable to fully restore the
lost functionality and dexterity of the original limb.

When surveyed, transradial amputees emphasized the
need for sensory feedback in order to facilitate a sense
of embodiment (that the prosthesis is a part of their
body schema) and to enhance prosthesis functionality [8].
Although embodiment is not yet fully understood [9],
it is clear that the human body schema is flexible and
can even incorporate assistive devices such as prosthetic
limbs, leading to better functional outcomes [10]. In addi-
tion to embodiment, sensory feedback can improve user
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control and manipulation of the prosthesis. In biology,
active touch sensing is used to gather information about
the environment in order to act more effectively in the
world [11]. With this inspiration in mind, first-generation
sensory neuroprostheses seek to match the human body’s
capability to “perceive” touch information [12], [13].
A sensory neuroprosthesis acquires sensory percepts from
the environment and then relays those perceptions to the
amputee. Electronic skins (e-skins), which mimic the func-
tionality of human skin [14]-[16], are being developed to
be integrated with upper limb prostheses as a means for
acquiring the sensory percepts.

Unnaturalistic sensory feedback through sensory
substitution is not sufficient to fully restore desired
functionality [17]. As a result, to complete the sensory
feedback loop and convey naturalistic perception,
information from e-skins must be communicated to the
amputee through the nervous system in a biomimetic
manner. One approach is to use cortical neural interfaces
that record and stimulate neurons directly in the
brain [18]-[20]. Although this approach may be the
ultimate solution, it is also the most complex and
daunting for various reasons (e.g., brain surgery, cortical
implantation, and communication with sensory neurons).
Alternatively, the successes of cochlear and retinal implants
indicate that the clearest path toward sensory restoration
for amputees will come about through interfacing with
the peripheral nervous system [21]. Peripheral neural
interfaces can be established through the intact skin of
the amputee’s residual arm or through the sensory nerves
with electrical stimulation. New developments such as soft
implantable devices to record and stimulate peripheral
nerves [22], [23] and targeted reinnervation of motor
(efferent) and sensory (afferent) nerves [24] provide
a toolbox for sensory feedback through the peripheral
nervous system.

In this article, we review the science and technol-
ogy underlying neural e-skins, which sense and encode
environmental stimuli in a biomimetic manner [25].
We progress through the information processing pipeline
of sensory transduction and encoding in human biology
and their analogs in e-skin technology. Finally, we will
present the latest applications of e-skins in upper limb
sensory neuroprostheses. Although we focus on e-skins for
upper limbs, the concepts presented should similarly apply
for full-body e-skin applications.

II. BIOLOGICAL SENSORS

The first step toward a biomimetic sensory neuroprosthesis
requires understanding how sensory information is initially
acquired from the environment by the body using cuta-
neous biological sensors. Each sensing modality requires
specialized sensors, or receptors, that convert a corre-
sponding stimulus into neuronal communication. Neu-
rons communicate through action potentials (or spikes),
which propagate along their respective axon and then

excite or inhibit the spiking activity of downstream neu-
rons. A critical property of receptors is their arrangement
in receptive fields, which characterize the particular region
of sensory space that the receptors respond to. For e-skins,
tactile perception (i.e., touch) is the most studied sense
and will be the focus of this review. Various modalities
including tactile, temperature, pain, and proprioception
are reviewed next, followed by the appropriate sensors. For
an in-depth review of the anatomy and physiology of the
sensory neurons involved in touch, see [26].

A. Tactile

The primary biological sensors for tactile sensory infor-
mation are cutaneous low-threshold mechanoreceptors
(LTMRs), which transform mechanical stimuli (such as
force) into neuronal communication. The four primary
LTMRs are Merkel cells, Meissner corpuscles, Ruffini end-
ings, and Pacinian corpuscles, which are traditionally
thought to encode indentation, skin movement, stretch,
and vibration, respectively [Fig. 1(a)]. Merkel cells and
Ruffini endings are considered slowly adapting (SA)
LTMRs because they primarily respond to the static ampli-
tude of force. On the other hand, Meissner and Pacinian
corpuscles are considered rapidly adapting (RA) LTMRs
because they primarily respond to the onset and cessa-
tion of force [Fig. 1(b)]. LTMRs, which encode informa-
tion about form and texture [27], edge orientation [28],
and fingertip force direction [29], communicate through
Ap fibers (conduction velocity from 20 to 100 m/s) [26],
[30]-[32]. There are also unmyelinated LTMRs that
encode light or pleasant touch sensations through C fibers
(0.2-2 m/s) [26], [33]. The density of afferents is varied
across different regions of the skin with areas of highest
tactile afferent density located on the hand and face,
corresponding to the regions of highest tactile acuity and
sensitivity [34].

B. Temperature

Temperature sensation is mediated by various types of
temperature-dependent thermoreceptors, which modulate
neuronal spiking activity. There are two types of cold-
sensitive fibers that conduct through Aé (<30 m/s) and
unmyelinated C fibers (<2 m/s). In addition, there are
also warm-sensitive unmyelinated C fibers (0.5-2 m/s)
[35], [36]. The information from these thermoreceptors
are then used for thermoregulation. The distribution of
thermoreceptors is irregular, varies between people, and
is asymmetric [37]. Furthermore, hairy skin is more sen-
sitive to temperature than glabrous (smooth) skin. Finally,
the sensitivity of thermal sensation increases toward the
torso which is opposite to touch and pain that reside more
sensitively at the periphery [38].

C. Pain

Nociceptors detect the presence of noxious or harmful
stimuli. There are A§ fibers (5-30 m/s) that respond
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(a) Glabrous human skin is composed of two layers that contain different mechanoreceptors for the encoding of tactile sensation.

From [50]. Reprinted with permission from AAAS. (b) SA and RA receptors respond to different features of tactile stimuli. 2018 IEEE.

Reprinted, with permission, from [51]. (c) The BioTAC sensor uses the pressure and impedance of a conductive fluid to measure external

forces, and a thermistor to measure temperature. Reprinted from [52] under the CC-BY license. (d) Bioinspired piezoresistive tactile sensor

that is also composed of two layers. From [50]. Reprinted with permission from AAAS.

to noxious mechanical stimuli and multimodal C fibers
(0.4-1.4 m/s) which respond to noxious mechanical, ther-
mal, and chemical stimuli [39]-[41]. Recently discovered
“nociceptive Schwann cells” form a mesh network at the
subepidermal border in skin and have been shown to
transmit nociceptive thermal and mechanical information
to unmyelinated nerve fibers [42]. After injury, a decrease
in firing threshold for local nociceptive fibers leads to
enhanced pain perception, and the surrounding region
produces pain to normally innocuous stimuli [41]. These
two mechanisms help to avoid further damage. Moreover,
experiments with low-frequency electrical stimulation of
nociceptors demonstrate that nociceptors exhibit activity-
dependent higher order modulation of synaptic plastic-
ity (metaplasticity) [43]. In terms of general nocicep-
tive acuity, glabrous skin follows the pattern of touch in
that acuity increases away from the torso, whereas for
hairy skin, nociceptive acuity increases toward the torso
[44]. The fingertips have high spatial acuity for pain,
a “pain fovea,” even though there is no corresponding
increase in nociceptive fiber density at that location. This
observation suggests that pain acuity depends on multi-
modal neural populations in the spinal cord or cortex that
integrate multiple inputs such as tactile and nociceptive
information [45].

D. Proprioception

Proprioception refers to the sensation of the position of
one part of the body relative to another [46]. This sense
is mediated primarily by proprioceptors and supported
by cutaneous LTMRs. The two main proprioceptors are
muscle spindles, which measure muscle stretch, and golgi
tendons, which measure muscle tension through A« fibers
(60-120 m/s) [47], [48]. Cutaneous LTMRs measure skin
stretch around joints to convey information about joint
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angles [46]. The information from these various sources
is used to determine limb position, limb movement, load
compensation, and motor effort [49].

IIl. PROSTHESIS SENSORS

Sensors for prosthetic hands seek to transduce various
modalities of environmental stimuli with the intention
to recreate for an amputee the dexterity and naturalistic
sensation of a biological hand. In most cases, standard
commercial sensors are used to characterize environmen-
tal stimuli. This information can then be encoded bio-
mimetically to be used for sensory feedback. We briefly
review some of the most common technological principles
underlying these sensors. For more in-depth discussion
about tactile sensor technology, materials, and systems,
see [53], [54], and [55], respectively. For discussion specif-
ically about e-skins, see [56]. A summary of existing pros-
thesis sensors is shown in Table 1.

A. Tactile

Tactile sensors are used to measure local force, pressure,
and vibration. Different transduction methods can be used
to quantify this tactile information. A common solution is
to use a piezoresistor, which converts mechanical strain
into changes in resistance. Piezoresistive tactile sensors
can be constructed using textiles, thick-film resistors, car-
bon nanotubes, nanocomposite materials, or microelectro-
mechanical systems [57]-[61] and are good for measuring
low-frequency (static) forces. Other tactile sensors use
piezoelectricity to translate mechanical strain into elec-
trical charge. Piezoelectric materials are effective at mea-
suring high-frequency (dynamic) forces and can be made
from lead-zirconate-titanate (PZT) pastes or polyvinyli-
dene fluoride (PVDF) [58], [59], [62], [63]. Piezoelec-
tric and piezoresistive materials have been utilized in



Iskarous and Thakor: E-Skins: Biomimetic Sensing and Encoding for Upper Limb Prostheses

Table 1 Survey of Prosthesis Sensors

Sensor Type Transduction Methods Materials Reference
Piezoresitive textile [57]
Thick film resistor [58]
Piezoresistance Multiwalled carbon nanotube [59]
Carbon nanotube composite dispersed in polyurethane elastomer | [60]
molded into pyramidal microstructures
NiCr microelectromechanical systems embedded in polyimide [61]
Lead-zirconate-titanate (PZT) paste [58]
. . Polyvinylidene fluoride (PVDF) thin film [59]
Tactile Piezoelectricity :
PVDF film [62]
PVDF film [63]
Flexible elastomer [64]
Capacitive Nanocomposites [65]
Truncated polydimethylsiloxane (PDMS) pyramid array [66]
Electrical Impedance Conductive fluid [67]
Pressure and Electrical Impedance | Conductive fluid [68]
Magnetic Magnetic nanocomposite cilia made of iron nanowires in PDMS [69]
Optical Optical fibers and a flexible beam [70]
Discrete thermistor [68]
Temperature Temperature sensitive resistance Thermistor paste [58]
Polyamine doped with silver nanoparticles [65]
Pain Piezoresistance Piezoresitive textile [50]
Temperature sensitive resistance Discrete thermistor [71]
Inertial 6-axis inertial measurement unit (IMU) [72]
9-axis IMU [73]
Inertial and piezoresistance IMU and ethylene propylene rubber bending sensor [74]
Proprioception | Capacitive Dielectric elastomer sensor [75]
Magnetic Mylar foil on PDMS glass with ferromagnetic stripes [76]
Piezoresistance and optical Load cell and optical encoder [77]
Piezoresistance 6 degrees of freedom load cell [78]

tactile sensors to reap the advantage of simultaneous
measurement of both dynamic and static forces [58], [59].
For applications requiring high sensitivity and resolution,
capacitive tactile sensors, which measure changes in capac-
itance due to tactile forces that affect capacitor geome-
try, are used. The capacitors can be made from flexible
elastomers, nanocomposite materials, or a truncated
polydimethylsiloxane (PDMS) pyramid array [64]-[66].
An innovative commercial tactile sensor, the BioTAC, mea-
sures changes in electrical impedance of a conductive fluid
to characterize forces and changes in fluid pressure to
detect microvibrations [67], [68] [Fig. 1(c)]. Finally, novel
solutions that use optical beam bending [69] and magnetic
field changes [70] have been developed to measure tactile
stimuli.

B. Temperature

Temperature sensing usually relies upon thermistors,
or temperature-sensitive resistors. Thermistors can be
included as discrete components [68], pastes [58], or
nanocomposite materials in an e-skin [65].

C. Pain

Typically, a separate sensing device is not specifically
incorporated into a prosthetic hand for the purpose of
replicating nociceptor transduction of a painful stimulus.
For example, extreme measurement patterns from a tactile
sensor array can be used to indicate interaction with a
sharp object [50] [Fig. 1(d)]. In addition, by using ther-
mistors incorporated into a tactile sensing finger, different
object temperatures can be discriminated [71]. This can be
extended to detect extremely hot or cold stimuli as a proxy
for a painful or dangerous environment. In order to recover
from the damage that noxious mechanical or thermal
stimuli can cause, rehealable e-skins have been designed
to restore their functionality [65].

D. Proprioception

Proprioceptive sensors give information about the
position, movement, and loading of the body. For the
characterization of position and movement, an inertial
measurement unit (IMU) is often used. An IMU con-
tains accelerometers, gyroscopes, and magnetometers to
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quantify linear acceleration, angular velocity, and orienta-
tion, respectively. IMUs can potentially be embedded into
e-skins, and the measurements can be combined to get
a measure of both position and movement. For instance,
in [72], a six-axis IMU measured upper arm abduction/
adduction to control the wrist rotation of a prosthetic
hand, and in [73], a nine-axis IMU was incorporated with
each EMG electrode as a way to improve prosthesis grip
classification. Finally, in [74], an IMU on the back of the
hand and bending sensors on each finger were used to
detect hand and finger-joint motion. Other approaches
include wearable stretch sensors that give information
about wrist joint movement [75] and an e-skin that incor-
porates magnetoreception to determine orientation [76].
To measure loading within neuroprosthetic systems, load
cells have been integrated to characterize grasp force,
internal finger forces, and wrist torques [77], [78].

IV. BIOLOGICAL ENCODING

Cutaneous sensors in skin transform tactile, thermal, noci-
ceptive, and proprioceptive information into spiking activ-
ity that propagates to the central nervous system. The
pattern of spike trains encodes information about these
stimuli and is processed in the spinal cord and brain
for local reflex arcs and higher order cortical functions,
respectively. For a review of the pathways of cutaneous
sensory signals, see [79].

A. Spiking Activity

The principal goal of neural population activity, or
“neural codes,” is to efficiently encode sensory infor-
mation to be used for behavioral decisions. Statistical
tools have been developed to analyze neural codes and
determine how sensory features are encoded and per-
ceived [80]. When decoding spike trains from tactile
afferents, both spike rate (frequency information) and
spike timing (temporal information) are critical features
that encode information about vibration frequency, object
shape, and curvature [81], [82]. For example, these sta-
tistical tools have revealed that when scanning a texture,
mechanoreceptor spiking patterns contract and dilate in
response to palpation speed even though the perception
is independent of speed [83]. In contrast, the spiking
patterns are largely independent of applied palpation
force [84].

B. Reflex Pathway

Reflexes are automatic reactions to stimuli that do not
require conscious thought. To achieve a quick response
time, a typical reflex pathway (or arc) does not need
neural communication with the brain and is connected in a
closed loop through the spinal cord. The most basic reflex
is the muscle stretch reflex that regulates muscle length
in response to sudden changes (common contraction in
response to muscle stretch). This reflex has been measured
to take less than 1 ms and is monosynaptic, meaning that
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the arc only contains one synapse between one sensory
and one motor neuron [85]. A more complex reflex is the
nociceptive withdrawal (or flexion) reflex (NWR/NFR),
which causes a withdrawal response due to painful stimuli.
The magnitude of the withdrawal can be used as a metric
for a person’s pain experience [86]. The NWR incorporates
complex spinal cord processing as it adapts the reflex based
on contextual information such as arm position and move-
ment [87]. In addition, purposeful concentration on pain
increases the NWR [88], indicating that cortical processes
can regulate the behavior of reflexes. The example of
the NWR illustrates that reflex pathways are critical for
proper motor function, incorporate meaningful processing
of sensory information, and express complex behaviors
that can be modulated by cortical pathways.

C. Cortical Pathway

As sensory information travels from the spinal cord
to the brain, neurons start to respond to higher order,
multimodal, integrated features of stimuli. Contrary to
traditional thought, different populations of mechanore-
ceptors (such as Merkel cells and Meissner corpuscles)
do not correspond to specific features (such as texture,
shape, and vibration). Rather, different afferent popula-
tion classes are integrated to encode these features as
early in the neural pathway as the subcortical regions
of the brain [89], [90]. In the primary somatosensory
cortex (S1), vector averaging of individual stimulus fea-
tures computes tactile motion direction [91]. In addi-
tion, tactile and proprioceptive information is also inte-
grated to capture object properties [92]. In other cortical
regions, tactile and visual information are integrated to
encode information about texture and space around the
body [93], [94]. A different modality, thermal sensation,
is mediated by the insular cortex, which inhibits nocicep-
tive perception at colder temperatures [95]. A study by
Ruscheweyh er al. [88] showed that distraction strategies
reduced pain perception and tactile stimulation reduced
the NWR, while focusing on the pain increased the pain
perception and the NWR. This study demonstrates that
the cortex not only integrates sensory information but also
actively modulates sensory perception.

A critical factor for neuroprosthesis design is the reor-
ganization of the brain after amputation and how the
neuroprosthesis interacts with and affects neuroplasticity.
A clue toward cortical plasticity and organization comes
from congenital one-handers whose representation of the
missing hand in the cortex is taken over by the body
parts that compensate for the missing hand’s function [96],
indicating that the cortex is organized by functionality and
not location. The effect of amputation on cortical structure
and connectivity is still debated, but it is evident that
there is a significant reorganization. In the primary motor
cortex (M1), there seems to be greater connectivity
between the hand and neighboring foot regions [97].
For motor planning, there is evidence that visuospatial
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Table 2 Survey of Neuromorphic Encoding Models

Model Biophysically Model Definition | Applications
Meaningful
Hodgkin-Huxley Yes [103] N/A
Braille stimulation into SA mechanoreceptor response [105]
Leaky Integrate and Fire No [104] Vibratory tactile stimuli into RA mechanoreceptor response [106]
Robotic joint position and velocity into population encoding [107]
Touch and pain mechanoreceptor modeling [50]
Texture discrimination with SA and RA mechanoreceptor response [51]
Surface roughness recognition with soft neuromorphic approach [109]
Izhikevich No [108] Naturalistic texture categorization [110]
Discrimination of textural features [111]
Texture recognition with an extreme learning machine [112]
Digital hardware realization of cutaneous mechanoreceptors [113]
Mihalas-Niebur Yes [114] Model of mechanotransduction in primate glabrous skin [115]

pathways play a larger role for the residual limb [98].
Growing evidence disputes the notion that, after ampu-
tation, the lack of sensory input leads to reorganization
of sensory cortical representations. Kikkert et al. [99]
showed that the topography of the hand and fingers
stably lasts decades after amputation. Makin et al. [100]
argue that the sensory representation remains intact but
the network-level connectivity changes are responsible for
perceptual differences in amputees. In particular, the sen-
sorimotor cortex weakens its connection to other senso-
rimotor regions and becomes more strongly connected
to the default mode network from which it is normally
dissociated [100]. In a later opinion article, they argue
that cortical structures are maintained and that the reor-
ganization is mostly in subcortical pathways. The poten-
tial stability of cortical structure presents an opportunity
to restore sensory perception through cortical interfaces,
especially those for whom peripheral nerve interfaces are
not an option [101]. In fact, long-term studies with neuro-
prostheses show that they function as neurorehabilitative
devices that help to restore the original cortical struc-
ture of the residual limb. Furthermore, cortical reorga-
nization can be used as a qualitative metric to evaluate
the effectiveness of prostheses in restoring limb function-
ality [102]. Ultimately, a greater understanding of the
structure and plasticity of the brain is critical for effec-
tively restoring sensorimotor function for amputees using
neuroprostheses.

V. NEUROMORPHIC ENCODING

The transformation of sensory information into electri-
cal signals enables feedback loops to improve prosthe-
sis control and functionality. Taking a cue from biology,
oftentimes, these electrical signals get encoded as a series
of “neuromorphic” spike trains to mimic the signal process-
ing of the body and potentially improve the computa-
tional efficiency. Whether or not that encoding step is
taken, the sensory information is used for closed-loop
control (akin to unconscious processing) or for naturalistic

sensory feedback to the prosthesis user (akin to sensory
perception). A summary of neuromorphic encoding models
and existing applications are shown in Table 2.

A. Neuromorphic Spiking Activity

The neuromorphic encoding of sensory information
requires models that describe the way neuronal input
signals are translated into spikes. The Hodgkin-Huxley
model accurately captures this translation by modeling ion
channel conductances as a function of time, membrane
potential, and input current [103]. However, while this
model is biophysically meaningful and accurate, it is com-
putationally expensive to perform. As a result, numerous
mathematical models have been developed to approximate
Hodgkin—-Huxley dynamics and neuronal behavior [116].
A basic model is the leaky integrate and fire neuron
model which has low computational complexity but is
unable to reproduce a wide range of neuronal behav-
iors [104]. The Izhikevich model slightly increases the
computational complexity but enables a wide range of
neuron spiking phenomenology [108]. It is often used
in neuroprosthesis applications to mimic the spiking pat-
terns’ characteristic of mechanoreceptors and has been
implemented in digital hardware [50], [51], [109]-[113].
The Mihalas—Niebur model has comparable computational
complexity but uses biophysically meaningful parameters
which allows for more direct translation between biol-
ogy and prosthetic systems [114]. The Mihalas-Niebur
neuron has been used to model mechanoreceptor affer-
ent patterns of macaque monkeys in response to tactile
stimuli [115], and an array of 2040 Mihalas—Niebur
neurons have been implemented in a low-power CMOS
chip [117]. Other neuron models have been used to trans-
late Braille stimulation into SA mechanoreceptor spike
trains [105], vibratory tactile stimuli into RA mechanore-
ceptor spike trains [106], and robotic joint position and
velocity information into population spike encoding [107].
There is also a tactile sensor that directly produces
afferentlike spiking activity simplistically modeled as ring
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oscillators (for the purpose of implementing in organic
electronics) [118].

After neuromorphic encoding, the next step in the
signal processing chain is to analyze the temporal and
frequency characteristics of the spike trains. The field of
spike train analysis has identified important spike features
such as mean spike rate and interspike interval, among
others [119]. Furthermore, spike train similarity can be
quantified using edit-length metrics such as Victor-Purpura
distance [120] for categorization of stimuli. Finally, data-
centric models using supervised or unsupervised learning
algorithms have also been utilized for classification of spike
trains [121], [122].

B. Closed-Loop Control

In this context, closed-loop control refers to the
automatic control of the prosthetic system to achieve a
goal without the involvement of the prosthesis user (like
a reflex). This control is achieved through a feedback
loop based on sensory information. For example, in [125],
the stiffness of the grasped object is characterized and
used to modulate the parameters of the prosthetic hand
controller. Another system uses an array of force-sensitive
resistors on the upper limb to classify finger motions to be
reproduced on a prosthetic arm [126]. The first example
uses sensory information to achieve the current goal,
while the second one uses sensory information to give
context toward determining the next goal. In particular,
for a review of tactile sensing computational techniques
such as slip detection and force control, see [127], and
for a review of tactile perception such as object shape and
pose, see [128].

C. Sensory Feedback

A critical goal for upper limb prostheses is also to give
natural sensation back to the user since tactile informa-
tion is critical for object manipulation [129]. A promising
demonstration showed that by using peripheral nerve stim-
ulation, amputees felt near-natural touch sensation which
allowed them to distinguish between different levels of
grasping force without visual or auditory feedback [130].
In the following sections, we will explore the tools and
technologies that underlie that demonstration and hold
promise for more sophisticated and functional sensory
feedback in the future.

1) Sensory Substitution: One approach for sensory
feedback is to provide information using another sen-
sory modality that is intact for the amputee such as
vision or hearing. For instance, Borisov et al. [131] used
vibromotors (tactile feedback), LEDs (visual feedback),
and a speaker (auditory feedback) to encode informa-
tion about the prosthesis grip force and finger positions.
Although sensory substitution systems can be effective,
they can lead to sensory overload, have a limited commu-
nication bandwidth, and require significant user training
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since they are not natural for the user [17]. Thus, sen-
sory substitution can be useful for task-specific systems
but do not have long-term potential for general sensory
neuroprostheses.

2) Cortical Feedback: Another target for sensory feed-
back is the brain. Microneuromodulation technologies
using electrical, magnetic, optical, chemical, and ther-
mal stimulation are currently being developed and have
found initial success for auditory, visual, motor, somatosen-
sory, and cognitive neuroprostheses [132]. For instance,
applying intracortical microstimulation (ICMS) to the
area of hand representation in S1 elicits pressure and
contact location percepts [133]. While exciting, results
like these for touch and proprioception depend on bio-
mimetic stimulation patterns [134]. As a result, our
understanding of somatosensory information encoding
in the brain is the main bottleneck to progress [135].
Ultimately, cortical feedback has significant potential to
restore lost sensation but will require significant techno-
logical and neuroscientific advancements in order to be
viable.

3) Peripheral Nerve Stimulation: Many interfaces have
been pioneered to measure and modulate the activity
of peripheral nerves [136], [137] [Fig. 2(a)]. Different
implementations of peripheral nerve interfaces balance
nerve selectivity, channel count, signal stability, and ease
of implantation. The least invasive is surface electrodes
that rest on the skin and can be used for transcuta-
neous electrical nerve stimulation (TENS) [138]. Next
are extraneural electrodes such as cuff electrodes [139]
and flat-interface nerve electrodes (FINE) [140], which
surround the nerve fiber to record and stimulate popula-
tions of neurons. Intraneural electrodes penetrate nerves
in order to get better signal quality and nerve selec-
tivity. This category includes longitudinal intrafascicular
electrodes (LIFE) [141], the distributed intrafascicular
multielectrode (DIME) [142], the transverse intrafascic-
ular multichannel electrode (TIME) [143], and the Utah
slanted electrode array (USEA) [144]. Finally, there are
regenerative electrodes that cut the nerve bundles and use
chemical induction or electrical stimulation to regenerate
nerves through the neural interface [145] such as sieve
electrodes [146] or microchannel interfaces [147]. Recent
innovations in peripheral nerve interfaces include flexible
split ring electrodes [148], a cuff electrode with wireless
communication [149], and a battery-free neuromodulator
based on triboelectric nanogeneration [150].

An important tool to make peripheral nerve stimulation
simpler and more effective is targeted reinnervation. In tar-
geted reinnervation, a peripheral nerve is attached to a
nonfunctional muscle (such as the pectoralis major muscle
for a shoulder disarticulation amputee), which then acts as
a biological signal amplifier. When a motor (efferent) nerve
is used, this is called targeted muscle reinnervation (TMR).
TMR allows for easier access to nerves and less noisy EMG
signals for motor decoding and control. When a sensory
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nerve. Intraneural interfaces such as (iii) TIME and (iv) LIFE penetrate the nerve. Reprinted by permission from Springer Nature: Springer

Medical & Biological Engineering & Computing [123], 2016. (b) Phantom hand activation mapping of the median and ulnar nerves of an
amputee subject. TENS was used to elicit a naturalistic sense of touch. 2018 IEEE. Reprinted, with permission, from [124].

(afferent) nerve is used, this is called targeted sensory
reinnervation (TSR). TSR allows for easier and more stable
access to record and stimulate peripheral nerves in sensory
feedback systems [24]. Over a long period of time, the use
of TMR and TSR has been shown to restore the motor and
sensory mappings of the residual limb of an amputee in the
M1 and S1 cortices, respectively [151], [152].

Over the last few years, these peripheral nerve
interfaces have been utilized to elicit naturalistic sensory
perceptions in amputees. For instance, using LIFEs,
Rossini et al. [153] were able to reliably reproduce
touch and tingling sensations in different regions of the
amputee’s phantom hand. Similar results have also been
demonstrated using noninvasive TENS for amputees with
and without TSR [124]. Both of these results rely upon the
sensory mapping of the residual limb to identify the unique
peripheral nerve reorganization caused by the amputation
[Fig. 2(B)]. In addition, the success of peripheral nerve
stimulation for naturalistic sensory feedback depends
on the use of biomimetic stimulation patterns to encode
sensory information [154]. As a result, several studies have
investigated how stimulation pattern parameters such
as waveform shape, pulse frequency, pulse amplitude,
and pulsewidth affect user perception [155]-[159].
Collectively, these studies reveal that stimulation patterns
affect the naturalness, intensity, and specificity of the
percept. A recent experiment used various sensory
feedback stimulation models for object discrimination
tasks and found that more biomimetic stimulation patterns
improve task completion time [160]. On the other hand,
another study reported that an unnatural tingling
sensation triggered by TENS quickly became integrated
and interpreted as a touchlike perception [161]. Critically,
these results validate the utility of neuromorphic
stimulation patterns for functional tasks while also

showing that sensory feedback that is not fully biofidelic
can be interpreted to improve the task performance.

4) Embodiment and Training: For neuroprosthetic sys-
tems with sensory feedback, it is important to consider
how successfully the amputee is able to incorporate the
prosthesis into their body schema, as well as the training
process needed to achieve intuitive sensing and control.
A range of studies have reported improvements in embod-
iment using both noninvasive [25], [50], [161], [162]
and invasive nerve interfaces [160], [163], [164], with
the invasive interfaces showing greater improvement in
embodiment [164]. Although these improvements can be
measured using quantitative metrics such as a shift in
phantom hand position [163], most of the time, they are
characterized through subjective reporting from amputees.
For instance, amputees report higher agency over their
prosthesis movements [162], that the objects they interact
with are directly causing their sensations in their phantom
hand [50], and that their phantom hand exhibits a greater
range of motion [163]. These subjective experiences help
the amputee to quickly incorporate and rely on the sensory
feedback [161], even referring to the prosthetic limb as
their “hand” [163]. In addition, the feedback provides
emotional benefits such as increased enjoyment and inti-
macy in social interactions [160]. Importantly, the benefits
of naturalistic sensory feedback do not require high cogni-
tive attention from the amputees as the task performance
improvements persist when simultaneously performing a
cognitively demanding task [160], [164].

Achieving intuitive sensing and control of these
closed-loop systems requires training to get the amputee
accustomed with sensory feedback. Training sessions can
last from a few minutes to a few hours [160], [161],
with performance gains manifesting within the first
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session [162], [165]. These gains can continue to
grow with further training sessions over a period of
months [165]. Long-term success of sensory feedback
systems relies upon the stability of the elicited sensory
percepts and muscle activation patterns over time. Both
invasive [160] and noninvasive [50] sensory feedback
systems have demonstrated sensory and motor stability
over a period of 14 and 11 months, respectively.

VI. E-SKIN SYSTEMS AND
APPLICATIONS

Combining biomimetic sensing systems with neuromorphic
encoding schemes and novel neural interfaces has enabled
the design of sensory neuroprostheses which implement
functional improvements that assist the user in daily life
and improve the agency and embodiment of the prosthesis
[Fig. 3(a)].

A. Grip and Slip

Grip regulation (compliant grasping) and slip preven-
tion are subconscious reflexes in intact upper limbs and
can be automatically modulated in prostheses. This is a
straightforward control scheme that significantly improves
the prosthesis functionality. Using textile-based piezoresis-
tive tactile sensors, Osborn et al. [166] developed a closed-
loop upper limb prosthetic system that measured contact
force to attenuate grip strength and detect slip events,
which resulted in fewer broken and fallen objects. After
converting the sensor readings to neuromorphic spikes
(with the leaky integrate and fire neuron model) and using
the spike trains as the input to the control scheme, they
found that the spike-based algorithm performed as well
as the algorithm that operated directly on the raw sensor
readings [167]. Integration of this tactile sensing system
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with a neuromorphic camera to detect object shape and
orientation further improved prosthesis functionality in an
object relocation task [168]. Even without automatic grip
control, sensory restoration through nerve stimulation can
improve the amputee’s ability to control their prosthesis.
For example, using TENS on the residual median and ulnar
nerves of amputees can induce a sensation of parasthe-
sia in the phantom limb that can be used in functional
tasks such as applying different levels of grip force [161].
Recently, close-to-natural force and slippage sensations
were elicited using cuff and intraneural electrodes, and this
enabled the amputee to better control their prosthesis for
fine grasp and manipulation tasks [165].

B. Object Recognition and Texture Discrimination

Tactile sensors that could be embedded in e-skins have
also been used to implement various applications such as
curvature detection [169], object shape and size discrim-
ination [170], roughness classification [109], [171], and
object rigidity and deformability characterization [172].
Texture discrimination is another common application of
tactile sensors. The BioTAC pressure-based tactile sen-
sor was used with simulated exploratory movements to
discriminate between different textures and object com-
pliances [52], [173]. Others have encoded the tactile
information as spike trains using the Izhikevich neuron
model and then used unsupervised classification based on
a Gaussian mixture model, k-nearest neighbors cluster-
ing, or an extreme learning machine chip to discriminate
between textures [51], [110], [112]. Oddo et al. [111]
used the Izhikevich model to mimic an SA mechanore-
ceptor afferent and stimulated the median nerve with
the resulting spike train (TIME interface). This elicited
a mechanical sensation in the amputee that enabled them
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to successfully discriminate between textures of various
coarseness [111] [Fig. 3(b)].

C. Emerging Applications and Technology

Prostheses with nociceptive sensory feedback are just
beginning to be developed. The most prominent example
comes from Osborn et al. who used a multilayered tactile
sensor array to discriminate between objects of different
curvatures. The tactile sensor readings from each layer
were converted to spike trains using the Izhikevich neu-
ron model. Highly localized activation of a tactile sen-
sor array indicated a sharp object. The activation pat-
tern was identified as a noxious stimulus and resulted
in the prosthetic hand releasing the sharp object reflex-
ively, and the simultaneous stimulation of residual nerves
through TENS induced a natural pain sensation in the
amputee [50] [Fig. 3(a)].

The implementation of proprioceptive feedback in upper
limb prostheses is also a newly emerging field. A prin-
cipal source of difficulty is the impracticality of mimick-
ing the large number of proprioceptors present in the
body [47]. Ramakonar et al. [174] establish a potential
basis for proprioceptive feedback with the observation that
amputees experience the rubber hand illusion. The illusion
can be exploited to improve perceptual embodiment of
the prosthetic limb through the use of TENS or tactile
stimulators on the residual limb. The conversion of joint
position and velocity of a robotic arm into population spike
encoding has been demonstrated [107] and can be used for
peripheral nerve stimulation. Recently, TIME implants have
been used to stimulate tactile afferents of the lower palm
as a form of sensory substitution. In this case, the amputee
was able to use different tactile sensations to discriminate
between finger joint angle positions, which allowed for
object size characterization [164]. In another case, a kines-
thetic illusion of complex grip movements was induced
using vibratory tactile stimulation of residual muscles. The
amputee quickly integrated this information to improve
their control of the prosthesis, which instilled a greater
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