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Somatosensory neuroprostheses restore, replace, or enhance tactile and proprioceptive feedback for people with sensory impairments
due to neurological disorders or injury. Somatosensory neuroprostheses typically couple sensor inputs from a wearable device,
prosthesis, robotic device, or virtual reality system with electrical stimulation applied to the somatosensory nervous system via
noninvasive or implanted interfaces. While prior research has mainly focused on technology development and proof-of-concept
studies, recent acceleration of clinical studies in this area demonstrates the translational potential of somatosensory neuroprosthetic
systems. In this review, we provide an overview of neurostimulation approaches currently undergoing human testing and summarize
recent clinical findings on the perceptual, functional, and psychological impact of somatosensory neuroprostheses. We also
cover current work toward the development of advanced stimulation paradigms to produce more natural and informative sensory
feedback. Finally, we provide our perspective on the remaining challenges that need to be addressed prior to translation of
somatosensory neuroprostheses.

Introduction limb, somatosensory feedback from foot sole mechanoreceptors

Somatosensory feedback is imperative for successful and efficient and limb proprioceptors is irpp ortant for determining the timing
control of our body’s movements and for performing activities of of fqot—gr ound contact, maintaining balance and posture, and
daily living (ADLs; Saudabayev et al., 2018). In the hand, touch walking over uneven terrain or surfaces (Perry et al., 2000; Roll
provides information about object contact during reach-to-grasp etal, 2002?' ) ) . ,

movements (Johansson and Flanagan, 2009; Clemente et al., Touch is also essential for forming and maintaining social
2016) and is important for the efficient regulation of grip forces bonds and. for 1nte.rp ersonal communication. Caregiving touch
during hand grasp (Johansson et al., 1992; Augurelle et al.,, 2003; '™ early FhlldhOOd is necessary for normal growth and develop-
Johansson and Flanagan, 2009) and for object identification ment (Field, 2010; Gallace and Spence, 2010), anq touch can
(Klatzky et al., 1985; Lederman and Klatzky, 1990). Even with Lmprove moo.d and reduce stress f.or .adults (Fleld’ 2010).
a fully intact sensorimotor system, cutaneous anesthesia that Tou.ch 'S alsq important for communicating emotions between
eliminates the sense of touch results in excessively high and family and friends (Hertens.teln et al, 2009; Hauser et ?‘l" 2019
imbalanced grasp forces, drastically impairing object grasp and McIntyr e et al,, 2019). Crucially, touch serves a protective f“r?c‘
manipulation performance (Jenmalm and Johansson, 1997; tion. Touch and other forms of somatosensation, such as pain,
Augurelle et al., 2003; Monzée et al., 2003; Nowak et al., 2004). signal .when th? body is.damag‘ec.l or is at risl.< for damage
Effective grasping and manipulation of objects is imperative for and trigger action to avoid the injurious stimuli and thereby

performance of activities necessary for independence. In the lower maintain .healt}.l (Gentsch et fﬂ" 2016; .V.Valters .and .Williams,
2019). This avoidance of aversive stimuli is especially important

for people who have compromised immune systems or poor
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(Ziegler-graham et al., 2008; B. B. Lee et al., 2013). In these con-
ditions, part of or all of the sensory neural pathway is damaged or
removed, resulting in loss of sensory perception and/or limita-
tions in sensory processing and sensorimotor integration. In
addition, ~30% of the adult population worldwide has chronic
pain (Elzahaf et al., 2012). The inability to feel tactile or propri-
oceptive sensations affects motor functions, as this feedback is
crucial for dexterous, coordinated movement and multisensory
integration (Sainburg et al.,, 1993; Ghez et al.,, 2001; Vastano
et al., 2022). Psychologically, the loss of sensation can contribute
to feelings of isolation, depression, and anxiety (Crossman,
1996), as patients may struggle with the loss of independence
and changes in body image leading to increased depersonaliza-
tion (Lenggenhager et al., 2012). Because of the lack of feedback,
users do not perceive the prosthesis as a part of their own body,
which increases the cognitive effort when using the device itself
(i.e., low embodiment), affecting its acceptability (Makin et al.,
2017). Thus, development and translation of sensory neuro-
prostheses is needed to restore, replace, or enhance somatosen-
sory function in people with sensory impairments.

While considerable effort over many decades has been
directed toward developing assistive technologies and neuro-
prosthetic devices to restore motor function to people with
neurological injuries, somatosensory neuroprostheses are emerg-
ing as an important area of research and translational activity.
Somatosensory neuroprostheses provide touch and/or proprio-
ceptive information to users via electrical stimulation of the
nervous system. To convey real-time feedback about interactions
with the external environment, neurostimulation is modulated
based on inputs from one or more sensors placed on the
user’s body, a prosthetic limb, a robotic limb, or a virtual limb,
depending on the clinical application (Fig. 1). Here, we provide
a review of sensory neurostimulation approaches currently
under development or undergoing clinical studies and discuss
the relative benefits, tradeoffs, and future translation for
these new and emerging somatosensory neuroprosthetic
technologies. We begin with an overview of neural interfacing
approaches and discuss new stimulation paradigms and
techniques that may enhance the performance of these
systems. We then summarize the benefits of restored sensation
on patient clinical outcomes and discuss barriers and progress
toward future translation of somatosensory neuroprosthetic
technology.

Interfacing with the Somatosensory Pathway

Somatosensory pathway

Somatosensation consists of touch, proprioception, temperature
sensation, and pain. Tactile information is detected by a variety
of mechanoreceptors in the skin—Merkel’s disks, Meissner’s
corpuscles, Ruffini endings, Pacinian corpuscles, and free nerve
endings on hair follicles—and each is tuned to respond to specific
kinds of mechanical stimuli (Johansson and Flanagan, 2009).
Proprioceptive information is detected by muscle spindles within
the muscles, Golgi tendon organs in the tendons, and free
nerve endings in the joints (Proske and Gandevia, 2012).
Proprioceptive and tactile signals travel from these peripheral
mechanoreceptors through peripheral nerves primarily via Aa
and A fibers, respectively, with cell bodies in the dorsal root gan-
glion (DRG) before entering the spinal cord (Gardner et al., 2013;
Fig. 2). The axons travel through the dorsal column medial
lemniscal (DCML) pathway in the spinal cord before synapsing
in the Fasciculus gracilis (lower body) and the Fasciculus cuneatus
(upper body) of the medulla. The second-order neurons connect

Graczyk et al. o Clinical Somatosensory Neuroprostheses

to the ventral posterolateral (VPL) nucleus of the thalamus. The
third-order neurons project to the primary somatosensory cor-
tex, specifically Brodmann’s areas 3a (proprioceptive) and 3b
(tactile; Abraira and Ginty, 2013; Baker et al., 2018; Delhaye
et al, 2018; S. Y. Bensmaia et al., 2023). Areas 3a and 3b are
densely connected to areas 2 (tactile and proprioceptive) and 1
(tactile) for higher-level somatosensory processing; they also
connect to area 4 (primary motor cortex), area 6, and others
for sensorimotor integration (Gardner and Kandel, 2013;
S. Y. Bensmaia and Yau, 2011; Abraira and Ginty, 2013; Baker
et al,, 2018; S. Y. Bensmaia et al., 2023). Pain and temperature
information is primarily carried via A8 and unmyelinated
C-fibers and travel via the spinothalamic tract in the spinal cord
(Gardner et al,, 2013). Cortically, pain and thermal information
is represented in the insular cortex (Bjornsdotter et al., 2009).

Somatosensory neural interfaces
Somatosensory neuroprostheses can interface at multiple loca-
tions along the somatosensory pathway. These locations include
the skin’s surface (Pfeiffer, 1968; Tashiro and Higashiyama, 1981;
Geng et al, 2012; S. Y. Bensmaia et al., 2023; Ng et al., 2020;
Mesias et al, 2023), peripheral nerves (Anani et al, 1977;
Dhillon and Horch, 2005; Clark et al, 2014; Ortiz-Catalan
et al,, 2014; Raspopovic et al., 2014; D. W. Tan et al, 2014;
Graczyk et al., 2016; Christie et al., 2017; Freeberg et al., 2017;
Ackerley et al., 2018; Valle et al., 2018b; Page et al., 2021), dorsal
root ganglia (Fisher et al., 2014; Ayers et al., 2016; Nanivadekar
et al,, 2020), spinal cord (D. Tan et al., 2016; Chandrasekaran
et al., 2020; Nanivadekar et al., 2023), brainstem (Sritharan
et al,, 2016), thalamus (Ohara et al., 2004; E. Heming et al.,
2010; E. A. Heming et al,, 2011; Schmid et al,, 2016; Swan
et al., 2018), and cortex (Boldrey and Penfield, 1937; Ojemann
and Silbergeld, 1995; Johnson et al., 2013; Flesher et al., 2016,
2021; Hiremath et al., 2017; Armenta Salas et al., 2018; B. Lee
et al, 2018; Fifer et al, 2022; C. L. Hughes et al, 2022;
Greenspon et al., 2023a; Fig. 2). The majority of these interface
locations have been studied in humans, except for the DRG
(Fisher et al., 2014; Ayers et al., 2016; Nanivadekar et al., 2020)
and brainstem (Sritharan et al., 2016), which have been studied
in nonhuman primates (NHPs) and other preclinical models.
Electrical stimulation can be applied noninvasively via surface
electrodes placed on the skin (Pfeiffer, 1968; Tashiro and
Higashiyama, 1981; Geng et al., 2012; Ng et al., 2020; Mesias
etal., 2023; Fig. 2). Mechanoreceptors in the skin can also be acti-
vated by mechanical indenters, vibrators, edges, bars, dots, rotat-
ing drums with various textures, and many other stimulators
(Burgess et al., 1983; Cohen and Vierck, 1993; S. Y. Bensmaia
and Hollins, 2003; S. Bensmaia et al., 2005; S. Y. Bensmaia
et al., 2006; Pei et al., 2009; Weber et al., 2013; Callier et al., 2019).
Multiple types of peripheral nerve interfaces have been devel-
oped and tested for their ability to produce sensation in humans
(Fig. 2). Some of these interfaces wrap around the outside of
the nerve (ie., “extraneural” electrodes), such as spiral cuff
electrodes (Ortiz-Catalan et al., 2014; D. W. Tan et al,, 2014;
Graczyk et al,, 2016; Christie et al., 2017; Ackerley et al., 2018)
and flat interface nerve electrodes (FINE; D. W. Tan et al,
2014; Freeberg et al., 2017). Other types of peripheral interfaces
penetrate the nerve (ie., “intraneural” electrodes), such as
transverse intrafascicular multichannel electrodes (TIME;
Raspopovic et al., 2014; Valle et al., 2018b), longitudinal intrafas-
cicular electrodes (LIFE; Dhillon and Horch, 2005; Overstreet
et al,, 2019), fine wire electrodes (Anani et al., 1977), and slanted
Utah microelectrode arrays (Clark et al., 2014; Page et al., 2021).
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Somatosensory neuroprostheses integrate with motor neuroprostheses or assistive devices to provide touch, proprioception, and/or other forms of somatosensation to the user. The

user controls movements of their own body, a prosthetic device, a robot, or an avatar in virtual reality via signals from their brain, nerves, and/or muscles. Interactions of these end effectors with
the environment, objects, or other people activate sensors placed on the end effector. Signals from the sensor(s) modulate neurostimulation applied through neural interfaces placed along the
somatosensory pathway to provide real-time, closed-loop sensory feedback to aid in task performance, improve user experience, and enhance immersion and/or social connection.

More invasive electrodes are generally thought to be more
selective in recruiting specific neural populations, although
selectivity varies across studies, participants, and electrodes
(M. A. Gonzalez et al., 2022).

Spinal cord stimulation (SCS) for sensory restoration is typi-
cally applied with commercially available multichannel leads
inserted into the epidural space on the dorsal side of the spinal
cord (D. Tan et al, 2016; Chandrasekaran et al., 2020;
Nanivadekar et al., 2023; Fig. 2). These SCS leads are also used
clinically to manage pain that is refractory to pharmacological
treatment (North et al,, 1995, 2005; Kumar et al., 2007, 2008;
Liem et al, 2013; Eldabe et al, 2015; Morgalla et al., 2018;
Hunter et al., 2019).

Brain stimulation to produce sensation can also involve mul-
tiple types of interfaces. The most common cortical target for
stimulation in humans is the primary somatosensory cortex
(S1), typically the hand area of Brodmann’s area 1. Area 1 is
commonly targeted because it is on the gyrus and can be easily
accessed by surface probes (Boldrey and Penfield, 1937;
Ojemann and Silbergeld, 1995), electrocorticography (ECoG)
electrodes (Johnson et al., 2013; Hiremath et al., 2017; B. Lee
et al., 2018), and intracortical microelectrode arrays (Flesher

et al., 2016, 2021; Armenta Salas et al., 2018; Fifer et al., 2022;
Greenspon et al., 2023a; Fig. 2). Brodmann’s area 3b, which
typically resides on the posterior side of the central sulcus in
humans and NHPs, has been targeted using stereoelectroence-
phalography (sEEG) depth electrodes (Chandrasekaran et al.,
2021) to evoke tactile percepts. Brodmann’s area 2, which
receives both proprioceptive and tactile inputs, has also been
explored as a location to restore somatosensory percepts
(Zaaimi et al., 2013). All of these different approaches could be
exploited singularly or in combination (Herring et al., 2023),
depending on the residual pathways and needs of a potential neu-
roprosthesis user. See Table 1 for an overview of key studies
related to each neural interface.

Surgical strategies to restore sensation

As an alternative to electrically stimulating the nervous system,
research groups are partnering with physicians to develop inno-
vative surgical techniques to help restore tactile and proprio-
ceptive sensations. These surgical strategies leverage intact
nerves and the body’s ability to heal to generate new neural
interfacing locations. The surgical constructs can then be cou-
pled with prosthetic or robotic devices and/or neuromuscular
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Neural interfaces for somatosensory neuroprostheses. Neural stimulation can be applied through interfaces placed along the somatosensory pathway to provide somatosensory
feedback to neuroprosthesis users. A mechanical tactor, vibrating unit, or other mechanical device can activate the mechanoreceptors in the skin to produce touch. Surface electrodes placed over
nerves in the hand, foot, arm, or leg can evoke sensation corresponding to the innervation territory of the activated nerve. PNS can be applied through implanted peripheral nerve interfaces,
including an extraneural cuff electrode, the longitudinal intrafascicular electrode (LIFE), transverse intrafascicular electrode (TIME), flat interface nerve electrode (FINE or C-FINE), and micro-
electrode arrays. Surgical constructs can also be used to generate feedback, such as the regenerative peripheral nerve interface (RPNI), in which nerve fascicles are individually inserted into muscle
grafts. Stimulation in the spinal cord can be applied via spinal cord leads inserted into the epidural space, near the dorsal root ganglia (DRG), or dorsal column medial lemniscal tract carrying
sensory information to the brain. Brain stimulation can be applied via deep brain stimulation electrodes (placed near the thalamus), stereoelectroencephalography (sEEG) leads (placed in sulci or
near white matter tracts), electrocorticography (ECoG) grids (placed on the brain surface), or intracortical microelectrode arrays (inserted into primary somatosensory cortex).

interfaces to restore bidirectional sensation and control to
people with disabilities. For example, targeted sensory reinner-
vation (TSR) is a surgical approach where mixed nerves con-
taining sensory axons are sutured to cutaneous nerve

branches enabling reinnervation of the overlaying skin
(Hebert et al., 2014a,b). When this area of skin is mechanically
stimulated, users feel sensations that are referred to the region
of the body typically innervated by the rerouted nerve (Kuiken
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Table 1. Summary of electrical stimulation approaches for somatosensory neuroprostheses

Location Interface type Patient population Stimulation approach Key studies
Skin surface  Surface electrodes Able-bodied Single channel, multichannel Tashiro and Higashiyama, 1981; Geng et al., 2012; Ng et al., 2020; Mesias et al., 2023
Peripheral Nerve cuff, FINE Amputation Single channel, multichannel, D. W. Tan et al., 2014, 2015; Ortiz-Catalan et al., 2014; Graczyk et al., 2016, 2022; Christie
nerve biomimetic et al., 2017, 2020; Charkhkar et al., 2018, 2020; Schiefer et al., 2018; Ackerley et al.,
2018; Graczyk, 2018; Cuberovic et al., 2019
LIFE Amputation Single channel Dhillon et al., 2005; Overstreet et al., 2019
TIME Amputation Single channel, multichannel, Raspopovic et al., 2014; 0ddo et al., 2016; Valle et al., 2018a,b; Strauss et al., 2019;
biomimetic Clemente et al., 2019; DAnna et al., 2019; Petrini et al., 2019b; Valle et al., 2020, 2021,
2024
Microelectrode array ~ Amputation Single channel, multichannel, (lark et al., 2014; Davis et al., 2016; Wendelken et al., 2017; George et al., 2019; Page
biomimetic et al., 2021
RPNI Amputation Single channel, multichannel M. A. Gonzalez et al., 2022, 2024; Vu et al., 2022
AMI Amputation Single channel (lites et al., 2018; Carty and Herr, 2021; Srinivasan et al., 2017
Spinal cord SCS Amputation Single channel Chandrasekaran et al., 2020; Nanivadekar et al., 2023
Thalamus DBS Tremor and epilepsy ~ Single channel, multichannel Ohara et al., 2004; E. Heming et al., 2010; E. A. Heming et al., 2011; Swan et al., 2018
Cortex SEEG and ECOG Sa Single channel Hiremath et al., 2017; Chandrasekaran et al., 2021

Microelectrode array ~ SCI Single channel, multichannel,

biomimetic

Flesher et al., 2016, 2021; Armenta Salas et al., 2018; Bjanes et al., 2022; Fifer et al., 2022;
Greenspon et al., 2023a,b, Valle et al., 2024

The location of the neural interface, the interface type, the patient population, and the stimulation methodology for each key study is presented.

et al., 2007a,b; Marasco et al., 2009; Schultz et al., 2009; Hebert
et al., 2014b; Serino et al., 2017).

Another surgical approach for reinnervation is the regenera-
tive peripheral nerve interface (RPNI; Fig. 2). In this approach,
nerve endings are sutured to small muscle grafts placed internal
to the body to amplify electromyography (EMG) signals for pros-
thetic control and to reduce postamputation pain (Vu et al., 2020,
2023; Kubiak et al., 2022; C. Lee et al., 2022; J. C. Lee et al., 2024).
Electrical stimulation of RPNIs has also been used to provide
sensation to amputees, indicating their potential to be used in
tandem with motor control to improve prosthetic use
(M. A. Gonzalez et al., 2022, 2024; Vu et al.,, 2022). However,
the RPNI approach involves stimulating muscle tissue rather
than skin, which may feel less natural. To address this issue, sim-
ilar constructs can be created by attaching sensory nerves to small
de-epithelialized skin grafts placed internal to the body (Dermal
Sensory Regenerative Peripheral Nerve Interfaces, DS-RPNI;
Sando et al., 2023). Examples of the DS-RPNI approach in the
literature are limited to animal models, so the naturalness of
the produced sensation is currently unknown. For restoring pro-
prioception, researchers have developed the agonist-antagonist
myoneural interface (AMI), which is a surgical construct for
postamputation sensation and prosthesis control in which
agonist-antagonist muscle pairs in the residual limb are mechan-
ically coupled to preserve normal muscle dynamics and proprio-
ceptive signals (Srinivasan et al., 2017; Clites et al., 2018; Carty
and Herr, 2021).

Percepts evoked by somatosensory neuroprostheses

Stimulation of the somatosensory nervous system evokes per-
cepts that are described as originating in the area of the body
innervated by the stimulated neural structure. Peripheral nerve
interfaces and spinal cord interfaces have been used to produce
sensation in the upper and lower limbs, typically for people
with upper and lower limb loss, respectively (Raspopovic et al.,
2014; D. W. Tan et al,, 2014; Charkhkar et al., 2018; Petrini
et al,, 2019a; Chandrasekaran et al., 2020; Nanivadekar et al.,
2023). Percept sizes range from several millimeter in diameter
or individual finger segments to whole digits, large sections of
the hand or foot, or large areas of the limb (Clark et al., 2014;
Raspopovic et al,, 2014; D. W. Tan et al,, 2014). Percept sizes
can vary across electrodes in the same participant and even

across contacts in the same electrode array (D. W. Tan et al,
2014; Chandrasekaran et al., 2020). In general, the location of
the percept follows the innervation territory of the nerve for
peripheral nerve stimulation (PNS) or the dermatome for SCS
(D.W. Tanetal., 2014, 2015; Nanivadekar et al., 2023). SCS tends
to evoke larger and more proximal percepts than PNS
(Chandrasekaran et al., 2020; Nanivadekar et al., 2023).
Intracortical microstimulation (ICMS) has thus far only been
used to evoke sensation in the upper limb, in part because the
lower limb representations in the somatosensory cortex are
located in interhemispheric regions that are difficult to access
surgically with currently-approved technologies. Perceived sen-
sations from ICMS are typically localized to the hand, with sizes
varying from <1 mm in diameter to large sections of the hand or
arm. However, ICMS-evoked percepts are typically the size of a
fingertip or smaller (Flesher et al.,, 2016; Armenta Salas et al,,
2018; Fifer et al., 2022; Greenspon et al., 2023a; Herring et al.,
2023).

All neural interfaces tested in humans thus far can provide a
range of perceived intensities from barely perceptible up to very
intense percepts that border on uncomfortable. Furthermore,
research participants are able to discriminate different intensity
levels, although the resolution of this discrimination varies
widely based on many factors, including the stimulation para-
digm and which stimulation parameter(s) are varying (Flesher
et al., 2016; Graczyk et al., 2016; Fifer et al., 2022; M. Gonzalez
et al., 2022). In cases where intact sensation can serve as a com-
parison, the range of perceived intensities can be matched to
forces used in everyday object interactions (Graczyk et al.,
2016; Greenspon et al., 2023a).

The perceptual qualities evoked by sensory neuroprostheses
are commonly described with words such as “touch,” “vibration,”
“tingling,” “pressure,” “sharp,” “electrical,” “tapping,” “buzzing,”
and “movement” (Clark et al., 2014; D. W. Tan et al., 2014;
Flesher et al., 2016; Armenta Salas et al., 2018; L. H. Kim et al.,
2018; Cuberovic et al., 2019; Chandrasekaran et al, 2020;
C. L. Hughes et al,, 2021a; Graczyk et al., 2022; Graczyk and
Tyler, 2023). Sensations from sensory neurostimulation are
most frequently reported to be paresthetic, though for some
contacts and participants, evoked sensation is described as “nat-
uralistic,” “possibly natural,” or “natural” (D. W. Tan et al., 2014;
Flesher et al., 2016; Valle et al., 2018a; Chandrasekaran et al.,



6 - J. Neurosci., October 2, 2024 - 44(40):e1237242024

2020). Converting these paresthetic sensations to more natural
ones is a major goal of ongoing research, since this would likely
drive increased acceptance by users. Therefore, considerable
effort is devoted to the development of novel stimulation para-
digms for somatosensory feedback restoration.

Development of Neurostimulation Paradigms

Single-channel stimulation

Most clinical studies to date have focused on characterizing the
perceptual response to single-channel stimulation, in which
stimulation is applied through a single electrode contact at a
time. Stimulation patterns generally consist of trains of biphasic,
square-wave, charge-balanced stimulation pulses, which can be
described by sets of parameters: pulse amplitude, pulse width,
pulse frequency, and train duration (Fig. 3A; Bjidnes and
Moritz, 2021). Pulses are typically cathodic leading, due to their
enhanced sensitivity and lower detection thresholds (S. Kim
et al.,, 2015; Stieger et al., 2022). Many studies have explored
the relationship between single-channel stimulation parameters
and the evoked sensation.

The stimulation channel, or electrode contact delivering cur-
rent, changes the projected field location because of the somato-
topy observed throughout much of the nervous system (Clark
et al, 2014; D. W. Tan et al, 2015; Flesher et al, 2016;
Charkhkar et al., 2018; Greenspon et al., 2023b). While small
changes in projected field location may occur over time
(D. W. Tan et al., 2015; Chandrasekaran et al., 2020) or with pro-
longed training (Cuberovic et al., 2019), projected field locations
cannot be entirely remapped, suggesting a relatively stable soma-
totopic map in adults (Ortiz-Catalan et al., 2020).

Pulse amplitude and pulse width refer to the height and width,
respectively, of the first (typically cathodic) phase of the pulse
(Shannon, 1992; Merrill et al., 2005; Rajan et al., 2015). Pulse
amplitude and pulse width are often used to modulate the per-
ceived intensity and/or the size of the projected fields
(D. W. Tan et al, 2014; Flesher et al., 2016; Graczyk et al,
2016; Valle et al, 2018b; Greenspon et al., 2023ab;
Nanivadekar et al., 2023; M. A. Gonzalez et al., 2024).

Pulse frequency, the rate at which stimulation pulses are deliv-
ered, also modulates the perceived intensity (Dhillon et al., 2005;
Graczyk et al., 2016). However, the relationship between pulse
frequency and perception is more complex than that of pulse
width or pulse amplitude because pulse frequency can also
change the quality of the percept (C. L. Hughes et al., 2021a;
Graczyk et al., 2022). For example, a PNS study showed that
stimulation below 50 Hz evoked sensations described as
“tapping” and “pulsing,” while stimulation above 50 Hz evoked
sensations described as “tingling” and “buzzing” (Graczyk
et al., 2022). Similarly, an ICMS study showed 20 Hz frequencies
evoked sensations of “pressure,” “tapping,” and “touch,” while
100 Hz frequencies evoked sensations of “buzzing” and “vibrat-
ing” (C. L. Hughes et al., 2021a). In addition, the perceived fre-
quency of sensation evoked by PNS was only discriminable
below ~50 Hz (Graczyk et al., 2022). With ICMS, frequency
modulation yields inconsistent effects across electrodes even in
the same cortical region and is currently thought to be net-
work/neuron specific (Callier et al., 2020; C. L. Hughes et al,,
2021a).

The final parameter, train duration, is the time interval during
which stimulation pulses are applied. Train duration can modu-
late the perceived intensity. On short time scales (<3 s), train
duration increases the perceived intensity (Graczyk, 2018;
C. L. Hughes et al., 2021a). Train durations on longer time scales
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(>3 s) can lead to attenuation of the perceived intensity through-
out the stimulus (i.e., perceptual adaptation; Graczyk et al.,
2018a; C. L. Hughes et al., 2022).

All of these stimulation parameters can also be dynamically
modulated over the course of milliseconds, seconds, or minutes
to communicate different types of sensory information. Work
is ongoing to determine how to best encode a complex, time-
varying sensory input (such as from a prosthetic hand or other
end effector) into patterns of stimulation parameters. This com-
plexity only increases when attempting to evoke multiple sensory
percepts simultaneously.

For functional applications, most studies that provide sensory
neurostimulation in real-time linearly map a sensor signal to a
single stimulation parameter, such as pulse amplitude (Flesher
et al., 2016; Petrini et al., 2019b; Ortiz-Catalan et al., 2020) or
pulse frequency (Davis et al., 2016; Schiefer et al., 2016, 2018),
to vary the intensity of the stimulation across time (Fig. 3B). In
practice, some of these decisions about manipulating pulse
amplitude or pulse width are driven by hardware design consid-
erations in the stimulators themselves. The stimulation channel
is typically selected such that the sensor position is matched as
closely as possible to the projected field (i.e., perceived sensory
location) in order to convey more intuitive feedback (Graczyk
et al., 2018b; Schiefer et al., 2018; Flesher et al., 2021).

Biomimetic stimulation

The human hand is innervated by tens of thousands of mechano-
receptive afferents, each of which conveys different (albeit over-
lapping) information about grasped objects (Fig. 3C, left;
Johansson and Flanagan, 2009). Each afferent responds in a dis-
tinct temporal firing pattern to a given stimulus, based on the
type of afferent and the properties of the input stimulus (Saal
et al, 2017). For example, certain mechanoreceptors fire in
response to changes in a stimulus and display onset and/or
offset transients during contact events (i.e., rapidly adapting
receptors). Other mechanoreceptors (i.e., slowly adapting recep-
tors) produce sustained firing throughout the duration of a
stimulus and tend to increase their firing rate in response to
increased input (Johansson and Flanagan, 2009). The informa-
tion is integrated as it ascends the neuroaxis (Pei et al., 2009;
Callier et al., 2019; Suresh et al., 2021). However, most sensory
neuroprosthetic devices stimulate with simple stimulation
paradigms that induce the same firing pattern in relatively large
populations of neurons instead of imitating the complex neural
coding of natural human touch (Donati and Valle, 2024). ICMS
is further complicated by the difficulty in replicating temporally
dynamic, nonstationary properties observed in normal brain net-
works. This unnatural activation is believed to underlie the pares-
thesia reported in most sensory neurostimulation studies.

To address this problem, many research groups are develop-
ing “biomimetic” stimulation approaches, which imitate the
intact nervous system’s activity during somatosensory function
(Saal et al., 2017; Okorokova et al., 2018; Fig. 3C, right). To
completely restore the natural neural activity of touch would
require hundreds, if not thousands, of stimulating channels.
While we cannot completely reproduce natural patterns of neu-
ronal activation with current neurostimulation technology, we
can leverage key principles of somatosensory neural coding in
the development of biomimetic stimulation paradigms for sen-
sory neuroprostheses. The biomimetic approach assumes that
stimulation paradigms that closely replicate the neural patterns
of natural touch will lead to more natural-feeling percepts than
traditional neurostimulation approaches. Biomimetic stimulation
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Neurostimulation paradigms for somatosensory neuroprostheses. A, Stimulation waveforms. Neurostimulation is applied as trains of charge-balanced, rectangular, biphasic,

cathode-first pulses. Each stimulation pulse can be described by its pulse amplitude and pulse width. The stimulation frequency is the inverse of the interpulse interval. B, Single-channel
stimulation approaches. An example tactile indentation (left) can be encoded into neurostimulation via either amplitude modulation (blue) or frequency modulation (orange).
€, Biomimetic stimulation. Normal touch produces dynamic firing patterns in hundreds of mechanoreceptive afferents (left). The responses across activated neurons can be aggregated on
the basis of afferent type: slowly adapting type 1 (SA1, green), rapidly adapting type 1 (RA, blue), and Pacinian (P, orange). These afferent subtype responses can then be added to
form the aggregate population response (purple). Biomimetic stimulation replicates the aggregate population response (right). D, Multichannel stimulation approaches. The projected
fields of individual stimulation channels demonstrate somatotopic organization in the cortex (left). Stimulating multiple electrodes in sequence (middle) produces the sensation of movement
across the finger. The duration and overlap of the pulse trains can also be varied (right) to control the speed of the perceived motion. Reproduced from Donati and Valle (2024), Valle et al. (2024),

and Saal (2015).

may also be more intuitively processed, require less learning, and
promote improved neuroprosthetic function, adoption, and user
experience.

Recent work provides evidence that biomimetic neural
stimulation produces more natural and functional somatosen-
sory feedback (Fig. 3C). In PNS studies with upper and lower
limb amputations, biomimetic stimulation evoked more natural
percepts (Graczyk, 2018; Valle et al., 2018a, 2024) and improved

functional task performance (Valle et al., 2018a, 2024; George
et al., 2019). In the brain, multichannel biomimetic ICMS con-
veyed finely graded force feedback that more closely approxi-
mated natural touch sensitivity (Greenspon et al., 2023a). In
addition, when percepts evoked by linear and biomimetic stim-
ulation trains were directly compared with the percepts evoked
by mechanical stimulation of the hand, biomimetic trains were
routinely chosen as feeling more like the mechanical input.
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Multichannel stimulation

Multichannel electrical stimulation patterns have emerged to
encode both spatial and temporal information into the nervous
system (Schiefer et al., 2018; Strauss et al., 2019; Greenspon et al.,
2023a; Valle et al., 2024; Fig. 3D). Multichannel stimulation adds
an additional layer of complexity to stimulation paradigm design,
as pulses across channels can either overlap in time or be tempo-
rally separated (interleaved). If the stimulation pulses across chan-
nels overlap in time, the electrical fields interact, and the resulting
combined voltage field can activate a different neural population
than could be activated via stimulation through each channel indi-
vidually (Sweeney et al., 1990; Polasek et al., 2009; Brill and Tyler,
2011; Hokanson et al, 2018; Tebcherani et al., 2024). This
approach, called field shaping or current steering, can be used to
produce new or different sensory locations (Cuberovic, 2020;
Bjanes et al., 2022; Greenspon et al., 2023b; M. A. Gonzalez et al.,
2024). If the stimulation pulses across channels do not overlap
(i.e., are interleaved), then the goal is to recruit multiple discrete
neural populations at different points in time (Tebcherani et al.,
2024). If the pulses across channels are interleaved while the
pulse train intervals overlap, all associated sensory percepts are
electrically independent while being perceptually simultaneous.
This interleaved approach has commonly been used in studies of
PNS to provide sensory feedback from multiple locations on the
hand or foot during closed-loop neuroprosthesis use (Graczyk
et al., 2018b; Schiefer et al., 2018; Charkhkar et al., 2020; Christie
et al,, 2020).

Several studies using ICMS of S1 have investigated the effects
of stimulating multiple electrodes simultaneously (synchro-
nously or interleaved) and in sequence to expand the functional-
ity of cortical sensory neuroprostheses. Studies investigating
simultaneous multielectrode stimulation demonstrated increased
dynamic range of intensity per electrode and increased intensity
resolution (Greenspon et al., 2023a), which suggests that this
paradigm can convey force information from a bionic hand
over a wider range and with greater specificity. Multichannel
stimulation also resulted in increased somatotopic coverage
(Bjanes et al., 2022), improved localizability (Greenspon et al.,
2023b), faster reaction times (Bjanes et al,, 2022), and more
natural perceived sensations (Bjanes et al., 2022).

Spatiotemporal patterning through multiple electrodes can
produce complex sensations, including movement of an object
across the skin, edges, and curvatures (Valle et al., 2024).
Sequentially delivering stimulation through electrodes with
spatially discontinuous projected fields can evoke the sensation
of an object moving across the skin in different directions and at
different speeds (Scarpelli et al., 2020; Valle et al., 2024).
Stimulating multiple electrodes whose projected fields were
arranged in a line elicited sensation of edges on the skin, and
varying the alignment of the projected fields resulted in edges
at different orientations, arbitrary tactile shapes, and curvatures
(Valle et al., 2024). Thus, principled spatiotemporal patterning
of neurostimulation can be used to evoke rich and complex
sensations that expand the repertoire of producible sensations
for sensory neuroprostheses.

Impacts of Restored Sensation in Clinical
Populations

Limb amputation

There are >57.7 million people living with limb amputation

worldwide, and rates of acquired amputation range from 1.2 to
4.4 per 10,000 people (Ephraim et al., 2003; McDonald et al.,
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2021). In the United States, there are >2 million people living
with limb loss, ~50% of whom have undergone a major limb
amputation (Ziegler-graham et al., 2008). Current clinically
available prostheses do not restore intuitive sensory feedback to
users. While commercially available upper extremity (UE) pros-
theses can provide simple elbow, wrist, and grasp movements
controlled via EMG signals from the residual muscles (Deijs
et al., 2016; Segil et al., 2017; Lukyanenko et al.,, 2021), the lack
of tactile or proprioceptive feedback makes precise movements
and dexterous grasp challenging. People with lower extremity
(LE) amputation must rely on very limited and uncomfortable
haptic information from the stump-socket interaction and thus
experience significant impairments, such as an increased risk of
falls (Miller et al., 2001), impaired balance (Billot et al., 2013),
and decreased mobility (Nolan et al., 2010). In addition, both
upper and lower limb amputees frequently perceive the prosthe-
sis as an external object (i.e., low embodiment; Engdahl et al.,
2020; Bekrater-Bodmann, 2021) and experience increased cogni-
tive burden during prosthesis use (Williams et al., 2006; Rackerby
et al., 2022). Prior studies have suggested that the lack of sensory
feedback in commercial devices is one of the factors contributing
to prosthesis nonuse and abandonment (Biddiss and Chau, 2007;
Smail et al., 2021).

Sensory neuroprostheses targeting the peripheral nerve to
restore somatosensation to people with UE amputation have
advanced nearly to the point of clinical adoption. Several research
groups have demonstrated the potential of neural stimulation to
provide intuitive touch and proprioceptive sensation that is
perceived to originate from the missing hand and arm. While
some studies are developing noninvasive approaches (L. Osborn
et al,, 2018), many studies have investigated the capabilities of
implantable neural interfaces, which provide a direct connection
between the prosthesis and the peripheral afferents governing
somatosensory perception (Raspopovic et al., 2021). Providing
sensory feedback using neural stimulation has been shown to
improve prosthesis control (Schiefer et al, 2016; Valle et al,
2018a; Clemente et al., 2019), prosthesis embodiment (Graczyk
etal.,, 2018b; Rognini et al., 2018; Schofield et al., 2020), active pros-
thesis usage (Graczyk et al., 2018b), visuohaptic integration (Risso
et al., 2019), hand posture identification (Segil et al., 2020), and
object identification (Raspopovic et al., 2014; Schiefer et al,
2018). For example, one study demonstrated a 25-50% improve-
ment in object identification performance when touch and propri-
oceptive information were provided from the prosthesis (Schiefer
et al, 2018). In addition, sensory feedback has been shown to
reduce abnormal representations of the phantom limb (Graczyk
et al., 2018b; Valle et al., 2018a; Cuberovic et al,, 2019) and to
reduce phantom limb pain by up to 70% (D. W. Tan et al,
2014; Page et al., 2018; Petrini et al., 2019b; Nanivadekar et al,
2023). Restored sensation also improves confidence in prosthesis
use and decreases the cognitive burden of prosthesis use
(Schiefer et al., 2016; Graczyk et al., 2018b, 2019).

Although the development of LE prostheses to provide users
with active control of the prosthesis and sensory feedback began
more recently than similar efforts for UE prostheses, several
research groups are making significant advancements toward
addressing this challenge (Hargrove et al, 2013, 2015;
Charkhkar et al., 2018; Petrini et al., 2019c). Approaches to pro-
vide sensation to lower limb prosthesis users include noninvasive
stimulation (Basla et al., 2022), surgical approaches (Clites et al.,
2018), SCS (Nanivadekar et al., 2023), and direct nerve stimula-
tion via implanted interfaces (Charkhkar et al., 2018; Preatoni
et al,, 2021). Neurostimulation can restore tactile and position
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information from the prosthetic foot and ankle that is somatoto-
pic and intuitive to use (Charkhkar et al., 2018). Providing sensa-
tion from the prosthetic foot via PNS has been shown to improve
mobility on stairs and ladders, increase walking speed, and
reduce falls in response to unexpected obstacles (Petrini et al.,
2019a,c; Christie et al., 2020). For example, one study demon-
strated an improvement in walking speed of 3.5-5.7 m/min
with sensory feedback (Petrini et al., 2019a). In addition, restored
sensation in the prosthetic leg improves postural stability and
balance (Charkhkar et al., 2020; Shell et al., 2021). Studies have
also shown that using a lower limb prosthesis with sensation
improves the confidence of the user (Preatoni et al., 2021; Valle
et al, 2021), increases embodiment (Petrini et al., 2019c;
Preatoni et al., 2021), and lowers cognitive load associated with
prosthesis use (Petrini et al, 2019c; Preatoni et al, 2021).
Restored sensory feedback also improved the kinematics of over-
ground walking and stair ascent, such as increasing stride length
and reducing prosthetic leg stance time, demonstrating that the
gait pattern with the prosthesis became more similar to normal,
unimpaired gait (Valle et al, 2021). The results from these
proof-of-concept cases provide the rationale for larger popula-
tion studies investigating the clinical utility of neuroprostheses
that restore sensory feedback in LE amputees. These works
pave the way for further investigations about how the brain inter-
prets different artificial feedback strategies and for the develop-
ment of fully implantable sensory-enhanced arm and leg
neuroprostheses, which could drastically ameliorate quality of
life in people with amputation.

Spinal cord injury

SCI resulting in paralysis affects over 296,000 people in the
United States with over 17,900 new cases each year (National
Spinal Cord Injury Statistical Center, 2021). Worldwide, inci-
dence of SCI ranges from 5.1 to 150.5 cases per million people
(Kang et al., 2017; Jazayeri et al., 2023). Incomplete and complete
tetraplegia have accounted, respectively, for 47 and 12% of
all SCI cases since 2015, with <1% of all cases achieving full
recovery (National Spinal Cord Injury Statistical Center, 2021).
Chronic tetraplegia due to SCI impedes general function and
independence, resulting in lower quality of life and lower social
integration. The loss of independence also places a burden
on the family and/or caregivers of the person with SCI, who
typically must perform all ADLs for them, including feeding,
bathing, dressing, and bladder and bowel care. Most people
with SCI, including those with incomplete injuries, have deficits
in somatosensation, including reduced sensitivity or acuity in
touch, vibration, temperature, and/or pain modalities
(Finnerup et al., 2003).

Restoring arm function is a top clinical priority for people
with high cervical SCI (Anderson, 2004; Huh and Ko, 2020).
Intracortical brain machine interfaces (BMIs) can decode move-
ment intent in people with tetraplegia to control the movement
of end effectors such as virtual arms and robotic limbs
(Collinger et al., 2013; Wodlinger et al., 2015; Bouton et al,
2016; Ajiboye et al., 2017; Downey et al., 2017; Young et al,
2019; Handelman et al., 2022). However, the dexterity of the
BMI movements is limited by the absence of somatosensory feed-
back (Augurelle et al., 2003; Johansson and Flanagan, 2009; C.
Hughes et al., 2020). Several research groups are developing
somatosensory neuroprostheses that apply ICMS to the somato-
sensory cortex to evoke tactile and proprioceptive percepts in
human clinical trials (Flesher et al., 2016; Armenta Salas et al.,
2018; Fifer et al., 2022; Greenspon et al., 2023b; Herring et al.,
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2023). These evoked sensations can be mapped to sensorized
robotic arms under BMI control (Flesher et al., 2021). In a prior
study, the addition of somatosensory feedback improved the par-
ticipant’s ability to reach and grasp objects (Flesher et al., 2021).
The tactile feedback indicating object contact enabled the partic-
ipant to complete the Action Research Arm Task—a clinical
assessment of upper limb function—twice as fast as the same
system without somatosensory feedback (Flesher et al., 2021).
In another study, bioinspired ICMS improved accuracy on a vir-
tual object identification task (L. E. Osborn et al., 2021).

Chronic pain

Several neurostimulation systems have been clinically deployed
to treat chronic pain. Neuromodulation technology is often
used to treat chronic pain when pharmacological, psychological,
and surgical interventions fail to control the pain (North et al,,
1995; Kumar et al., 2007; Knotkova et al., 2021). The most prom-
inent technology in the pain therapy industry is SCS (Grider
et al.,, 2016). SCS is most commonly used to treat back and leg
pain, though studies have also investigated treatment of arm
and neck pain more recently (Taylor et al., 2005; Vallejo et al.,
2007). PNS is also gaining popularity as an approach to treat
chronic pain clinically (Xu et al., 2021).

An important application of neurostimulation for pain mitiga-
tion in the context of sensory neuroprostheses is phantom limb
pain. Although ~98% of people with amputation experience phan-
tom sensation (Giummarra et al., 2007), which is the sense that the
lost body part is still present, 50-80% of these people have painful
experiences of the phantom limb (ie., phantom pain; Sherman
and Sherman, 1983; Kooijman et al, 2000; Desmond and
MacLachlan, 2010). These painful phantom sensations are com-
monly described as “throbbing,” “piercing,” and “needle-like”
sensations (Ramachandran and Hirstein, 1998; Grusser et al.,
2001). Although it is not completely understood why phantom
limb pain occurs, factors that may influence the occurrence and
extent of phantom pain include ectopic discharges from stump
neuromas, increased excitability of injured nerves and dorsal
root ganglia, and spinal or supraspinal neuroplastic changes
(Harwood et al., 1992; Vaso et al., 2014; Petersen et al., 2019).

Several studies have investigated the effect of sensory neuro-
prostheses on phantom and postamputation pain. Surface stimula-
tion is commonly applied to the residual limb to treat the phantom
pain (Dietrich et al,, 2012, 2018). Stimulation therapy through
implanted peripheral nerve interfaces has also demonstrated the
ability to alleviate phantom limb pain, and the reduction in phan-
tom limb pain persisted over several weeks following the cessation
of the treatment (D. W. Tan et al., 2014; Page et al,, 2018; Petrini
et al,, 2019b). In addition, research systems that provide SCS as
sensory feedback during LE prosthesis use demonstrated signifi-
cant improvements in pain throughout the study, with pain reduc-
tions of 70% on average (Nanivadekar et al., 2023).

Translation of Somatosensory Neuroprostheses

Current challenges for somatosensory neuroprostheses

The overarching goal of somatosensory neuroprostheses is to
“write” information to the sensory nervous system that can be
interpreted and effectively utilized by downstream processes,
including motor circuits, decision-making and other cognitive
processes, and multisensory integration. However, the ability of
sensory neuroprostheses to achieve this goal and engage with
these processes is limited by the field’s understanding of what
information should be “written”—that is, the normal neural
language of touch, proprioception, and other forms of
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somatosensation. Without a complete understanding of what
neural codes to replicate, sensory stimulation technology will
never fully engage with these circuits or fully replace natural sen-
sation. Advancements in the neuroscientific understanding of
somatosensory neural coding at all levels of the somatosensory
pathway are necessary to continue to improve sensory stimula-
tion paradigms and approaches.

Numerous neural interfacing technologies have shown initial
feasibility in restoring sensation to humans (Table 1). However,
most studies of somatosensory neuroprostheses have been con-
ducted with small participant populations (n = 1-5), for relatively
short durations (several weeks to several months), and in labora-
tory settings. All these factors make it difficult to synthesize
findings across studies, make generalizations to larger patient
populations, and ultimately translate these techniques to clinical
practice. Most studies involve small participant cohorts due to
difficulty in recruiting eligible participants and the high cost of
performing studies involving surgical implantation of electrodes.
The duration of studies is generally limited by electrode longevity
and stability concerns (Christie et al., 2017; C. L. Hughes et al.,
2021b; Woeppel et al., 2021) and by limitations dictated by reg-
ulatory agencies overseeing these studies. In the United States, for
example, regulatory approval is simpler for implants that are
<30 d in duration, so many studies require device explanation
after less than month. However, studies have begun reporting
electrode stability and consistent outcomes over years to decades
(D. W. Tan et al., 2014, 2015; Christie et al., 2017; C. L. Hughes
etal, 2021b), demonstrating the possibility for longer-term stud-
ies moving forward. Studies with larger sample sizes and longer
implant durations would help somatosensory neuroprostheses
reach translation.

Current progress toward translation
Most assessments of sensory neuroprostheses have thus far been
conducted in the clinic or laboratory setting. Studies are typically
conducted in the laboratory because the neurostimulators and
devices involved are custom research devices that require expert
knowledge to operate. These research systems typically are not
user-friendly enough to be used autonomously by participants
at home without researcher intervention. However, the next crit-
ical step toward translation of somatosensory neuroprosthetic
technology is determining how sensory neuroprostheses are
used in the home and community. Home studies provide a
unique view into how and to what extent these devices will be
used once commercially available because neuroprosthesis use
is voluntarily chosen by users rather than directed by a research
team. These studies also offer the opportunity to study long-term
impacts of sensory neuroprostheses that are not likely to emerge
over short, intermittent periods of use in the lab environment.
Several long-term home studies of UE sensory neuroprosth-
eses have been conducted, in which people with UE amputation
used sensory-enabled prosthetic hands in their homes and com-
munities for up to 7 years. These studies demonstrated increased
prosthesis wear time and improved task performance when sen-
sation was provided compared with when it was not (Graczyk
et al., 2018b; Middleton and Ortiz-Catalan, 2020). These studies
also showed enhanced user experience when sensation was
provided long-term, such as improving prosthesis embodiment,
increasing confidence in prosthesis use, and increasing the will-
ingness of participants to engage in social interactions with the
prosthesis, such as shaking hands (Graczyk et al., 2018b, 2019;
Cuberovic et al., 2019; Middleton and Ortiz-Catalan, 2020).
Improvements were also seen in domains such as self-esteem,
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perceived disability, and quality of life (Graczyk et al., 2018b,
2019; Middleton and Ortiz-Catalan, 2020; Ortiz-Catalan et al.,
2023). Interestingly, the perceived quality and naturalness of
the evoked sensation was shown to improve through daily
home use, though perceived sensory locations were not as
malleable (Cuberovic et al,, 2019; Ortiz-Catalan et al., 2020;
Schofield et al., 2020). Studies have also shown improvements
in phantom limb sensory experience and decreases in phantom
limb pain after daily use of sensory neuroprostheses
(Cuberovic et al., 2019; Middleton and Ortiz-Catalan, 2020).

One study examined home use of an LE sensory neuroprosth-
esis for 31 weeks and demonstrated improved sensorimotor inte-
gration of the prosthesis and improved prosthesis experience
(Schmitt et al, 2023). In another study, participants briefly
used a lower limb sensory neuroprosthesis to walk over sand in
an outdoor environment. This study showed improved walking
speed, improved confidence in the prosthesis, and lower cognitive
effort when sensation was enabled (Petrini et al., 2019a). Thus far,
there have been no home studies of sensory neuroprostheses for
persons with SCI or paralysis. However, this is an active area of
research and development. Nonetheless, the strong positive
results from the sensory neuroprosthesis home studies to date
provide justification for continued translation efforts.

Future translation of somatosensory neuroprostheses
Translation of sensory neuroprostheses may be aided by leverag-
ing partnerships with medical device companies, such as those
that already produce and market implantable spinal cord stimu-
lators for chronic pain mitigation. These devices have already
undergone significant technical development and clinical testing
and have received appropriate regulatory approvals for commer-
cialization (such as FDA 510K approval in the United States).
Through partnerships with these companies, these technologies
could be modified to support closed-loop, bidirectional sensori-
motor restoration for rehabilitation applications. For example,
a recently developed neuroprosthesis for sensory restoration
and intuitive control of prosthetic hands was built in partnership
with a medical device company on a platform originally devel-
oped for SCS (Lambrecht et al., 2024). Another commercializa-
tion approach involves partnering with manufacturers of
research neurostimulation systems to conduct pivotal trials to
acquire sufficient safety and efficacy data to enable premarket
approval. For clinical applications involving prosthetic devices,
it may be advantageous to partner with prosthetic device manu-
facturers to enable efficient translation of sensory neuroprosth-
eses. In this approach, the neuroprosthesis could be included as
a component of the overall prosthetic system, which could help
address challenges with insurance coding and reimbursement.
Several challenges remain to be addressed before sensory
neuroprostheses can be translated to commercial use. One major
challenge is demonstrating sufficient clinical benefit to warrant
the high cost of the device and associated procedures. Sensory neu-
roprostheses are currently very expensive, as a full system involves
neural interfaces, neurostimulators, sensors, and often customized
prosthetic or robotic devices (Fig. 1). Neuroprostheses that require
implanted interfaces are even more costly due to the surgical and
clinical care costs. Invasive interfaces also put the user at risk of
infection and other medical complications, which was reported
to be a concern for future adoption of these types of devices for
20% of amputees, but nearly all clinicians and regulators in a
recent survey study (Rekant et al., 2022). While sensory neuro-
prostheses improve object interactions compared with assistive
devices without sensation (Schiefer et al,, 2018; Flesher et al.,
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2021; L. E. Osborn et al,, 2021), these functional improvements
may be seen as too incremental by funding organizations, insur-
ance companies, and consumers to merit the additional costs
and risks of these devices (Rekant et al., 2022). In fact, the largest
and most consistent benefits of sensory neuroprostheses appear to
be their psychological benefits, such as enhanced embodiment,
confidence, and quality of life (Graczyk et al., 2018b; Preatoni
et al, 2021; Valle et al,, 2021). However, these outcomes are
difficult to measure, and variability in outcome metrics across
studies makes it difficult to synthesize findings across studies or
generalize conclusions. Standardization of outcome measures
across studies would help the field make comparisons across tech-
nologies and approaches and to synthesize findings to support
future commercialization efforts.

Because clinical studies to date have been proof-of-concept
studies to demonstrate technological feasibility and have small
sample sizes, sufficient data has not yet been collected on the
safety and efficacy of these neuroprosthetic systems, which
is crucial for obtaining necessary medical certifications.
Commercialization of sensory neuroprostheses is further chal-
lenged by the relatively small patient populations, which compli-
cates the return on investment for a company marketing the
product and limits the extent to which economy of scale can
save on manufacturing costs. Worldwide, regulatory procedures
are stringent and costly, and when factoring in the customization
of devices and the need for smaller volumes, the economic
burden on end users can be significant. This could impede the
widespread adoption of these technologies. Another concern
is the generalizability of the technology across participants.
Most research systems are custom-tuned for each participant,
but this configuration process is time consuming and
requires specialized training. However, artificial intelligence
approaches may be able to help with the configuration process
in future systems.

The future of somatosensory neuroprostheses lies in person-
alized therapies involving the combined use of neural interfacing
technologies and surgical approaches, which will be collabora-
tively selected by the patient and their care team depending on
the patient’s neurological injury or disorder, as well as their goals
and needs. To enable translation, future somatosensory neuro-
prostheses must be effective, affordable, portable, minimally
invasive, customizable, and easy to use. Improved neuroscientific
understanding of somatosensory neural coding and integration
will enable continued innovation in neurostimulation paradigms,
which will further enhance the capabilities and benefits of soma-
tosensory neuroprostheses. The significant advancements in the
field over the past decade, as well as continued investment in and
enthusiasm for ongoing research in this area, provide hope that
somatosensory neuroprostheses could achieve translation in
the next 5-10 years.
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