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Biological and bionic hands: natural
neural coding and artificial perception

Sliman J. Bensmaia

Department of Organismal Biology and Anatomy, University of Chicago, Chicago, IL 60637, USA

The first decade and a half of the twenty-first century brought about two major

innovations in neuroprosthetics: the development of anthropomorphic robotic

limbs that replicate much of the function of a native human arm and the refine-

ment of algorithms that decode intended movements from brain activity.

However, skilled manipulation of objects requires somatosensory feedback,

for which vision is a poor substitute. For upper-limb neuroprostheses to be

clinically viable, they must therefore provide for the restoration of touch and

proprioception. In this review, I discuss efforts to elicit meaningful tactile

sensations through stimulation of neurons in somatosensory cortex. I focus

on biomimetic approaches to sensory restoration, which leverage our current

understanding about how information about grasped objects is encoded in

the brain of intact individuals. I argue that not only can sensory neuroscience

inform the development of sensory neuroprostheses, but also that the converse

is true: stimulating the brain offers an exceptional opportunity to causally

interrogate neural circuits and test hypotheses about natural neural coding.
1. Introduction
Imagine you could move your body—your arms, your legs, your torso—but

anytime your skin came into contact with something, you would not feel it.

If you closed your eyes for any length of time, you would lose track of where

your arms and legs were. Anytime you grasped an object, you would not be

sure it remained in your hand without looking. And you would miss out on

the important affective experience that is to touch the ones you love and to

be touched by them. This mental exercise highlights the importance of our

senses of touch and proprioception in everyday life.

Tetraplegia is a devastating condition—typically caused by an upper spinal

cord injury or by a disease of the nervous system—in which the body below the

neck is no longer connected to the brain. As a result, tetraplegic patients can no

longer move nor feel their bodies below the neck. One way to restore some indepen-

dence for these patients is to equip them with anthropomorphic robotic arms [1],

controlled by reading out signals from the motor areas of the brain. Indeed, the

areas of the brain that sent signals to the arms before injury are spared and intended

movements can be decoded from the neuronal activity in these motor areas ([2,3],

see [4] for a review). However, the functionality of these neuroprostheses will be

limited if they do not also provide for somatosensation. Indeed, in individuals

with intact arms and motor pathways, but without somatosensory feedback, move-

ments are slow, clumsy and effortful [5,6]. Furthermore, thought-controlled

neuroprostheses without somatosensory feedback are experienced by patients as

disembodied robots, despite the fact that they can control them by mere thought

(Jennifer Collinger 2015, personal communication), which will limit their adoption.

Finally, tetraplegic patients often yearn for the opportunity to touch loved ones, an

experience that motor neuroprostheses currently do not afford.

One way to restore somatosensation in tetraplegic patients is to electrically

stimulate neurons in the somatosensory parts of the brain (figure 1). Indeed, the

area of the brain that received sensory signals from the arm before injury—

namely primary somatosensory cortex (S1)—is also spared. In brief, S1 comprises

four different modules—Brodmann’s areas 3a, 3b, 1 and 2—each of which exhibits

http://crossmark.crossref.org/dialog/?doi=10.1098/rstb.2014.0209&domain=pdf&date_stamp=2015-08-03
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Figure 1. Diagram of a somatosensory neuroprosthesis. Signals from sensors
on the prosthetic hand (a) are converted into trains of intracortical microsti-
mulation (ICMS) delivered to S1 (b), designed to elicit meaningful sensations
that convey information about objects grasped in the hand.
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somewhat different properties [7]. Neurons in area 3a respond

primarily to movements of the joints, neurons in areas 3b and 1

respond to light touch, neurons in area 2 respond to both touch

and proprioception. In principle, it should be possible to evoke

meaningful sensory percepts by electrically activating somato-

sensory neurons. In attempting to do so, we can leverage

decades of research investigating how information about

touch is encoded in the brains of healthy individuals and

attempt to reproduce patterns of brain activation that would

be naturally evoked during everyday interactions with objects.

To the extent that we are successful, these artificial somatosen-

sory percepts will be verisimilar or at least informative. In our

quest to restore touch using this biomimetic approach, we will

be poised to test hypotheses about how the brain naturally

encodes stimulus information. Thus, basic science will inform

the development of next-generation neuroprostheses and

neuroprosthetics will lead to new insights into basic science.
2. Two key precursors to somatosensory
neuroprostheses

Beginning in the 1930s, Wilder Penfield and colleagues electri-

cally stimulated the surface of the brain in search of the focus of
pharmacologically intractable epilepsy—the area of the brain

wherefrom it originates. The idea was that electrical stimulation

of the epileptic focus would induce a seizure. When Penfield

stimulated the surface of S1 [8], subjects reported tactile sen-

sations that were localized to specific locations on the body.

These electrically induced sensations were typically described

as numbness, tingling and sometimes pain. Importantly, the

projected location of these sensations varied systematically

with the location of the stimulating electrode, leading to the dis-

covery that somatosensory cortex is somatotopically organized

(see figure 2a for the macaque homunculus).

In Penfield’s studies, and others in which the surface of the

S1 was stimulated (e.g. [11]), the evoked percepts were rela-

tively diffuse and consisted primarily of paresthesias, which

did not bode well for using electrical stimulation of cortex as

a means to evoke meaningful percepts. The outlook improved

considerably in the wake of a series of landmark experiments

in the laboratory of Ranulfo Romo [12,13]. The team had

taught animals to discriminate vibratory stimuli delivered to

their fingertips. The animals’ task was to judge which of

two vibrations was higher in frequency. Romo showed (as

Mouncastle had before him, see [14]) that skin vibrations

evoke entrained responses in S1; that is, each stimulus cycle

evokes a burst of spikes, which in turn results in a highly peri-

odic neuronal response [15]. Romo speculated that it was this

patterning in S1 responses that carried the information about

vibration frequency. He tested this hypothesis by having

the animals perform the frequency discrimination task based

on intracortical microstimulation (ICMS) rather than skin

vibrations: having learned to perform the vibratory discrimi-

nation task described above, animals were presented with

two electrical pulse trains of different frequency, and their

task was to judge which of the two trains was higher in fre-

quency [12]. As each pulse evokes a burst of activity in cortex

[16], pulse trains will evoke entrained responses whose fre-

quency matches that of the pulse train. If indeed entrainment

conveys information about frequency, then discriminating

the frequency of ICMS pulse trains should be analogous to

discriminating the frequency of skin vibrations, since both

evoked periodic responses in S1 neurons. Romo showed that

the animals’ performance on the task based on ICMS was com-

parable to that based on skin vibrations. In fact, the animals

could compare the frequency of an ICMS train to that of a

skin vibration [13]. These results were significant for two

reasons. First, while previous studies had revealed a correlation

between temporal patterning in S1 and vibratory frequency

(e.g. [15]), the study showed that this patterning conveys

information about frequency using a causal manipulation of

neuronal activation. Second, Romo and colleagues demon-

strated that animals were able to perform a perceptual

discrimination task based on artificially generated sensations.

The trick had simply been to replace the natural afferent input

with ICMS that mimicked the relevant aspect of neuronal acti-

vation, in this case neuronal entrainment. The landmark study

demonstrated that artificial somatosensory percepts with

specific properties could be elicited using ICMS, setting the

stage for the development of somatosensory neuroprostheses.
3. The birth of somatosensory neuroprostheses
Two major innovations revolutionized neuroprosthetics in

the twenty-first century [4]. The first is the development of
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anthropomorphic robotic limbs that reproduce much of the

function of a native human arm [1]. The second is the devel-

opment and refinement of algorithms that decode intended

movements from the neuronal activity measured in motor

areas of the brain. Together, these innovations make it poss-

ible for a human patient to move a robotic arm by thought

alone [2,3]. Because these bionic arms can move in most of

the ways that a biological one can, to control the bionic

arms requires somatosensation for the same reasons that con-

trolling a native one does: visual feedback is a poor substitute

for its somatosensory counterpart when it comes to using

hands to manipulate objects. Furthermore, somatosensation

is required for embodiment and allows for affective com-

munication. The importance of touch in everyday life

spurred efforts to develop ways to restore it artificially.

The approach to restoring touch, then, consisted in deliver-

ing trains of electrical pulses to the somatosensory areas of

the brain in the hopes of eliciting percepts that convey

information about grasped objects. Early examples of somato-

sensory neuroprostheses demonstrated that animals could

perform behavioural tasks based on largely arbitrary patterns

of ICMS delivered to S1 [17–20]. These studies applied

Romo’s finding—that animals could discriminate ICMS

that varied in frequency—to establish a proof-of-principle

that this approach might be applied to bi-directional
brain–machine interfaces—i.e. neuroprostheses that are

under brain control and provide sensory feedback [20]. In

fact, not only could animals discriminate ICMS pulse trains

that varied in frequency, but they could also distinguish

ICMS that was delivered to different neuronal populations

[21]. An important commonality between the studies men-

tioned above is that the ICMS was not designed to evoke

naturalistic patterns of neuronal activation. Rather, the idea

was to create a systematic mapping between sensory events

and ICMS such that the animal learned to use them to guide

its behaviour.

Another approach to eliciting artificial percepts, and the

one that we will be exploring in depth here, consists in

leveraging what is known about how the brain encodes

somatosensory information, and attempting to reproduce the

relevant pattern of activation in the hopes of conveying this

information intuitively and perhaps even of eliciting verisimi-

lar sensations. On the face of it, this approach seems doomed to

failure. First, while sensory neuroscience has made huge

strides in the past 50 years, there is still much about neural

coding that we do not understand. We cannot hope to repro-

duce relevant patterns of neuronal activation if we are not

sure what those patterns are. Second, ICMS is a blunt tool: it

produces unnaturally synchronized patterns of activation

that one would never observe in a healthy brain [16].
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Furthermore, it excites neurons of various types, most near the

electrode but some far away [16,22,23], so the neural conse-

quences of ICMS applied to a given volume of tissue are

largely unknown. In the light of the seeming hopelessness of

biomimetic ICMS, Romo’s study is that much more signifi-

cant. And so, inspired by Romo’s success, we pursued the

biomimetic approach to artificial somatosensation.
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4. Exploiting the somatosensory homunculus
To grasp an object, it is critical to know which parts of the

hand make contact with the object. Minimally, the thumb

and one of the fingers have to make contact before it can be

picked up. How is contact location encoded in the brain?

As mentioned above, Penfield discovered that stimulating

the surface of primary somatosensory cortex elicits sensations

on the body surface that are somewhat localized. Further-

more, systematically changing the location of the electrode

on S1 resulted in somatosensory percepts that shifted system-

atically across the body surface. As the electrode proceeded

away from the midline, sensations progressed from the legs,

to the trunk, to the arm, to the hand, to the face. Single-

unit recordings in S1 have since revealed a systematic,

somatotopic organization: the population of neurons that

respond to the little finger is always medial and posterior

to the population of neurons that respond to the ring

finger, which in turn is medial and posterior to the popu-

lation of neurons that respond to the middle finger, etc.

(figure 2a). This organization is consistent across four com-

plete body maps in S1, one in each of its modules (areas 3a,

3b, 1 and 2). Thus, when the index fingertip comes into con-

tact with an object, a specific population of neurons becomes

activated. When the thumb makes contact with an object, a

nearby, largely non-overlapping population of neurons

becomes activated. One might hypothesize, then, that contact

location is encoded spatially in S1: the location of the acti-

vated neuronal population will determine the location of

the evoked percept. Indeed, that is what Penfield found

when stimulating the surface of the brain. The question,

though, is whether artificial percepts could be sufficiently

and repeatably localized for this principle to be used to

convey information about contact location in a neuroprosth-

esis. Indeed, as discussed above, surface stimulation of S1

causes very diffuse sensations, probably owing to the fact

that it excites diffuse populations of neurons. The develop-

ment of invasive neural interfaces opened the possibility,

then, that smaller populations of neurons could be

stimulated, leading to more localized percepts.

One of the challenges facing the biomimetic approach to

artificial somatosensation is that it requires that specific prop-

erties of artificial sensations be probed. With humans, this

would be trivial: one would simply stimulate and have the

subject report the resulting sensation, as Penfield did. To

date, however, no human patient has ever been implanted

with an invasive neural interface in S1. Even when it does

happen (and it is only a matter of time at this point), time

with the patient is at a premium, and it is virtually impossible

to develop a new technique based solely on human testing. It

is therefore necessary to develop approaches based on animal

studies. To probe the quality of sensations in animals is chal-

lenging and requires that we train them to perform tasks that

will allow us to infer what they feel.
To test the localization of ICMS-elicited sensations, we

trained animals to discriminate the location of pokes applied

to the skin [10,24]. The animals were sitting in front of a com-

puter monitor that conveyed information about the flow of

each experimental trial with their hand fixed palmar surface

facing up. On each trial, two pokes were sequentially deliv-

ered to two locations on the palmar surface of the skin

using a high-precision robot (figure 2b). The animal’s task

was to report whether the second poke was to the right or

the left of the first. After a few months, the animals were

able to perform this task accurately. The animals were then

implanted with electrode arrays in the hand representation

of S1 (areas 3b and 1; pink-shaded region in figure 2). For

each electrode, we mapped receptive fields by delivering

pokes across the surface of the hand and measuring the

evoked neural activity. We could then determine to which

patch of skin each electrode was most sensitive. Using these

maps, we had the animal perform a modified version of the

location discrimination task described above where, on

some trials, we replaced one of the two pokes with ICMS

to an electrode with the corresponding receptive field

(figure 2b). For example, on one trial (a so-called mechanical

trial), we might poke the index fingertip then the middle fin-

gertip of the left hand, leading to a ‘left’ response. On the

following trial (a so-called hybrid trial), we might poke the

middle fingertip then electrically stimulate through an

index fingertip electrode; we hoped that the second stimulus

would be experienced as a virtual poke on the index finger-

tip. On that trial, then, the correct answer was ‘right’.

Importantly, mechanical trials were interleaved with hybrid

trials, and a variety of skin locations and electrodes were

used in each experimental block. Thus, the animal could

not learn to associate sensations with responses. It could

only do the task based on the perceived location of pokes

and virtual pokes.

We found that the animal performed both the mechanical

and hybrid tasks well above chance (figure 2c). In fact, its per-

formance on hybrid trials was nearly as good as that on

mechanical trials when the ICMS was delivered to area 3b.

Furthermore, the animal’s performance was almost at asymp-

totic levels on the very first day that hybrid trials were

introduced, further demonstrating that it was performing

the task based on the location of virtual pokes rather than

by learning arbitrary stimulus–response pairings. These

experiments led to the conclusion that ICMS of S1 through

individual penetrating electrodes results in highly localized

tactile percepts. From a scientific standpoint, this result

confirms the hypothesis that contact location is encoded

spatially in S1; that is, perceived location is determined by

where across the surface of S1 the evoked activity is located.

From a neural engineering standpoint, the results provide a

blueprint on how to convey information biomimetically

about contact location in a neuroprosthesis.

Imagine that a tetraplegic patient has been implanted

with an array of electrodes in the hand representation of S1,

which can be found based on anatomical markers [25]. We

now know that if we stimulate through an electrode on this

array, the patient will experience a tactile sensation on a

specific region of his or her hand. Now, suppose that stimu-

lation through electrode 53 elicits a percept on the thumb tip.

We can then connect the sensor on the prosthetic thumb to

electrode 53. Anytime the thumb touches something, ICMS

will be delivered through electrode 53, and a sensation will
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be elicited on the thumb, thereby signalling the contact

location in an intuitive way. We are exploiting the organiz-

ation of the brain to intuitively convey information about a

specific stimulus property, namely its location on the skin.
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Phil.Trans.R.Soc.B

370:20140209
5. Embodiment
One might argue that, when the prosthetic thumb touches an

object (thus resulting in stimulation through electrode 53), the

evoked sensation will be on the tetraplegic patient’s native

thumb, not the prosthetic one. The patient still has to make

an association between locations on his or her skin and

locations on the prosthetic hand. That the locations are

matching might make this mapping somewhat more intui-

tive, but is it worth all of this trouble? Evidence suggests

that, with time, the sensations might migrate to the prosthetic

hand. In other words, the patient may embody the prosthetic

limb and start to feel as though the robot is part of his or her

body! To understand how this might happen, we need to

examine a phenomenon called ‘the rubber hand illusion’

[26]. In an example experiment, a fake arm is placed in

front of a subject in a natural posture, while the native arm

is hidden from sight. Then, the experimenters pair visually

experienced pokes delivered to the fake hand with matched,

felt pokes delivered to the real hand. After a few repetitions,

subjects begin to experience the rubber hand as their own

(even though they know that it is not). The sense of embodi-

ment is so vivid that, if someone injures the fake hand,

subjects exhibit a fear reflex as if their native hand had

been injured [27]. Thus, when visual experience of contact

is paired with spatially congruous tactile experience of

contact, patients begin to embody the extra-corporeal limb.

The rubber hand illusion has been exploited to help

amputees embody prosthetic limbs, as illustrated in an exper-

iment with a population of patients who had undergone a

procedure called targeted muscle reinnervation (TMR) [28].

In this technique, the residual nerves that used to innervate

the now missing distal limb are rerouted to the pectoral

muscle. After the surgery, nerve fibres begin to invade and

make connections with the muscle and the overlaying skin.

Motor commands that were intended to move an amputated

digit, say, resulted in contractions of patches of pectoral

muscle. Signals from sensors placed on this muscle can

then be used to move that digit in the prosthetic hand. At

the same time, touching patches of skin on the chest evokes

sensations that are projected to the amputated arm. Indeed,

these skin patches are innervated by fibres that used to innerv-

ate the arm so the resurrected signals originating from these

fibres are interpreted as stemming from the missing limb.

The experiment, then, consisted in touching an unseen patch

of chest skin while poking a (seen) fake limb at the location

wherefrom the sensations seemed to originate [29]. After

repeated tactile stimulation paired with congruous visual

stimulation, the patient began to feel as though these tactile

sensations originated from the limb (which, again, they knew

to be fake). That is, they began to embody the arm. A similar

effect was achieved when touches to the stump of amputees

(who had not undergone TMR) were paired with seen pokes

to a prosthesis [30]. While this phenomenon has not been inves-

tigated with artificial somatosensation delivered through a

brain interface, the biomimetic mapping described above will

likely lead to embodiment of the prosthetic limb (cf. [31]).
Indeed, patients will experience concurrent and congruous

visual sensations, the necessary preconditions to achieve

embodiment. The neuronal tissue that once represented the

biological limb will be fully appropriated by the bionic one.
6. Feeling pressure
When we grasp an object, we minimally need to know not

only which fingers are in contact with it, but also how

much pressure we are exerting on it. We need to apply just

enough pressure so that the object does not slip from our

grasp when we pick it up but not so much that we crush it.

Tactile signals convey very precise information about contact

pressure [32]. In primary somatosensory cortex, an increase in

pressure results not only in an increase in the activity of the

neurons that are most sensitive to the skin location at which

it is applied (neurons in the hotzone of activation) but also

in the recruitment of nearby neurons (figure 3a). A biomi-

metic approach to conveying information about contact

pressure would then be to modulate both the firing rate of

the neurons in the hotzone and the volume of neurons acti-

vated in responses to changes in skin pressure. It turns out

that we can achieve both of these changes in neuronal activity

by modulating the ICMS amplitude [16,23]. Indeed, increases

in current amplitude will result in stronger depolarization

of nearby neurons, thereby increasing the strength of their

response, and in greater current spread, leading to the

recruitment of more distant neurons.

To test the hypothesis that changes in ICMS amplitude

could be used to convey information about contact pressure,

we trained animals to perform both a tactile detection task

and a pressure discrimination task [10,24]. On each trial of

the detection task, a poke was presented in one of two stimu-

lus intervals and the animal reported in which of the two

intervals it occurred (by saccading to one of two visually

presented targets). As might be expected, the animal’s per-

formance improved as the amplitude of the poke increased.

On each trial of the discrimination task, two pokes were deliv-

ered to the same location on the hand and the animal reported

which of the two was stronger. As the difference in amplitude

between the two pokes increased, the animal’s performance

improved. Once animals were trained on the task, we had

them perform the same tasks, except that the pokes were

replaced by ICMS. As had been the case with the location dis-

crimination task described above, the animals were

immediately able to perform the detection and discrimination

tasks based on ICMS after having been trained with pokes.

This immediate transfer provided an initial clue that the

sensory correlates of changes in contact pressure and in electri-

cal amplitude were at least somewhat comparable. On each

day, the animals would perform the detection and/or dis-

crimination task with pokes on the hand followed by the

same task with electrical stimuli applied to an electrode

whose receptive field matched the poked skin location.

From these data—mechanical and electrical amplitude

detection and discrimination performance—we derived a

sensory encoding function that mapped the pressure exerted

on the skin onto a perceptually equivalent ICMS pulse

train. This mapping was achieved by assuming that stimuli

that were equally detectable were perceptually equivalent.

In other words, if a 150mm poke on the index fingertip and

30 mA ICMS to an electrode with a receptive field on the



500 mm

0.5

0.6

0.7

0.8

0.9

1.0 native finger
prosthetic finger

0 200 400
mechanical amplitude (mm) comparison amplitude (mm)

el
ec

tr
ic

al
 a

m
pl

itu
de

 (
mA

)

p
(c

or
re

ct
)

(a)

(b) (c)

600 800 1000 1000100

20

40

60

80

100

1000 mm 2000 mm1500 mm

Figure 3. (a) Neuronal activation evoked over a 4 3 4 mm patch of cortex by indentations delivered to the tip of the little finger at four amplitudes. As the
amplitude increases, the firing rate increases and the area of activated neurons also increases. (b) Psychometric equivalence functions that map electrical amplitude
onto mechanical amplitude such that the ICMS and the corresponding poke are of equal perceptual magnitude (each curve corresponds to one electrode/skin
location pair; different colours denote different animals; reproduced from [10]). (c) Animals perform identically on a pressure discrimination task whether
pokes are delivered to their native finger (blue) or to a prosthetic one (red). The standard amplitude for these experiments was 150 mm (reproduced from [10]).

rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

370:20140209

6

index fingertip were both detected 75% of the time, we

assumed that their sensory magnitude was the same. Then, if

a 500mm poke was discriminable from the 150mm poke 75%

of the time and the 60 mA was discriminable from the 30 mA

ICMS 75% of the time, then 500mm and 60 mAwere equivalent,

and so on. The resulting function converted pressure to ICMS

amplitude such that the perceptual magnitudes of the evoked

sensations were equal in the two modalities, precisely the kind

of mapping we need in a prosthesis (figure 3b).

We then tested this sensory encoding function in two

ways. First, we had animals perform a hybrid pressure dis-

crimination task. In this task, a mechanical stimulus that

was matched in perceived magnitude with 50 mA ICMS

was paired with ICMS that ranged from 20 to 80 mA. As pre-

dicted from our sensory encoding function, if the ICMS was

less than 50 mA, the animal judged it as being weaker than

the poke and vice versa, thereby validating the mapping.

That the animals could do this at all was very promising

because, once again, it suggested that skin pokes and ICMS

could readily be compared. This is not to say that the artificial

tactile sensations felt exactly like pokes, however, but real and

virtual pokes fell on a common perceptual continuum.

Second, we had the animals perform the mechanical detec-

tion and pressure discrimination task described above,

except they felt the pokes through a prosthetic hand. Specifi-

cally, we used our indenting robot to poke the prosthesis

with the same stimuli we had used in the tactile detection

and pressure discrimination experiments described above.

We then used our sensory encoding function to compute, in

real time, the amplitude of ICMS from the time-varying

output of the force sensors on the prosthetic finger. With

our set-up, we were able to provide the animals, in real

time, with biomimetic information about contact pressure

through ICMS delivered to S1. In other words, we had

implemented our sensory encoding function in a real
neuroprosthesis. We found that the animals performed

identically on detection and discrimination tasks whether

the pokes were delivered to their native finger or to the pros-

thetic finger (figure 3c). In other words, our sensory encoding

function performed exactly as we had hoped. Note that we

could have easily made the animals better at pressure dis-

crimination by making the function steeper, or worse by

making it shallower. The consequence would have been to

reduce or extend the range of discriminable pressure incre-

ments. The goal, however, was to evoke a sensory percept

that was appropriate to the applied pressure; our sensory

encoding function allowed us to do that by mimicking, at

least qualitatively, the representation of pressure when natu-

ral afferent input is present. Again, that animals could so

readily go back and forth between natural and artificial

input supported the underlying neural coding hypothesis,

which was that pressure is encoded in the increase in the acti-

vation of neurons at the hotzone and in the recruitment of

nearby neurons that accompany an increase in applied

pressure (figure 3). At the same time, the sensory encoding

function provided a blueprint on how biomimetic information

about pressure could be conveyed in a neuroprosthesis.

Of course, in a tetraplegic patient, sensory encoding func-

tions cannot be developed for each matched electrode and

skin location, as was done with the monkeys, whose nervous

systems were intact. However, sensory encoding functions

that were independently derived for different skin location/

electrode pairs and from different monkeys were very similar.

In a tetraplegic patient, then, we could use a canonical sensory

encoding function—for example, the mean of all the functions

we obtained from our monkeys—for all electrode/sensor

pairings. We could calibrate this canonical function—make

it steeper or shallower—by adjusting the ICMS level such

that it perceptually matches a benchmark tactile stimulus

(e.g. delivered to the face, where sensation is intact).
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7. Timing contact
When we reach for an object, we preshape our hand to match

the shape of the object. The instant we make contact with the

object, we terminate our reach and complete our grasp. Pre-

cise information about when we make contact is important

to avoid overreaching. The sensory encoding algorithm

described above would not be well suited to signal contact

events, because initial contact is characterized by very low

pressure levels that increase over tens or hundreds of millise-

conds [33]. Thus, by the time contact is signalled by the

sensory encoding algorithm described above, it is too late

and the hand has reached too far. In S1, both the onset and

offset of contact are signalled by very precisely timed

phasic responses, so-called on- and off-responses [32,34].

These responses originate from peripheral mechanorecep-

tors that are very sensitive to changes in applied pressure

[35,36]. One way to restore precise timing information, then,

is to deliver phasic ICMS pulses, lasting approximately

50–100 ms, at the onset and offset of contact to mimic the

on- and off-responses that are ubiquitous in S1 [10]. The

phasic ICMS at contact would then be followed by tonic

ICMS that tracks the pressure applied to the object based

on the sensory encoding algorithm. When the object is

released from grasp, another phasic ICMS would be deliv-

ered to mimic the native off-response. Some evidence

suggests that ICMS-evoked percepts are slower to guide be-

haviour than are their tactile counterparts [37], which may

corrupt information about contact timing. Perhaps this slug-

gishness of artificial tactile percepts can be overcome by

increasing the stimulation amplitude or delivering ICMS

trains that more closely mimic natural patterns of neuronal

activation. Either way, the functional benefits of these transi-

ent signals have not yet been tested. When we can compare

the performance of an animal or a patient on a task that

requires grasping and manipulating objects with a prosthetic

hand with and without these biomimetic signals about con-

tact timing, we will be in a position to determine not only

the benefit of these signals to neuroprosthetics, but also the

extent to which contact transients signal contact timing in

intact individuals. Ultimately, such contact-related transients

can be replaced with more sophisticated sensory encoding

functions that not only take into consideration the instan-

taneous pressure that is applied to the skin (as does the

sensory encoding algorithm described above), but also the

rate of change in pressure. Such mappings would not only

mimic natural on- and off-responses, but also accommodate

the dynamics of responses to time-varying pressure that

naturally occur during everyday interactions with objects.
8. Expanding the sensory repertoire
The experiments described above provide a blueprint on how

to convey basic tactile information—about contact location,

contact pressure and contact timing—through ICMS of S1.

However, our sense of touch conveys much more elaborate

information about objects: information about their size and

shape, about their material properties and surface microstruc-

ture (texture), and about how they move across the skin [38].

In somatosensory cortex, different populations of neurons

encode these different properties: some S1 neurons respond

to the shape of objects by encoding the orientation of their
edges [39]; others are sensitive to the curvature of object con-

tours [40]; others are tuned for the direction in which the

objects move across the skin [41]; others seem to encode

coarse [42] and fine [43] surface microstructure. Higher-

level object features seem to be encoded more explicitly at

higher levels of cortical processing, with relatively non-

selective responses in area 3b and stronger selectivity in

areas 1 and 2. One possibility, then, would be to exploit

feature-specific representations in somatosensory cortex to

convey richer tactile information about objects.

In a landmark study investigating the neural basis of

visual motion perception, Newsome and colleagues provided

a first glimpse that this approach might work [44]. In this

experiment, animals were presented with a visual display

consisting of moving dots. A proportion of the dots tended

to move in the same direction, while the rest moved in

random directions. The animals’ task was to judge in which

of two directions the ensemble of dots was moving. The

task was easy when all of the dots were moving in the

same direction, but became more and more difficult as a

greater proportion of the dots moved randomly. A subpopu-

lation of direction-selective neurons had been identified in the

medial temporal (MT) cortex, a visual area dedicated to

motion processing. Newsome and colleagues then probed

whether the perception of the dot patterns could be biased by

stimulating direction-selective neurons. In other words, would

the animals’ tendency to perceive a display as moving leftward,

say, increase if a neuron selective for leftward motion was stimu-

lated? Indeed, they found that motion perception could be

systematically biased by stimulating direction-selective neur-

ons. The scientific implication of this study was that these

direction-selective neurons in MT were causally involved in

motion perception, extending beyond the standard correlatio-

nal study linking neuronal response to stimulus properties.

The implication for neuroprosthetics was that feature selecti-

vity could be exploited to produce artificial sensations with

specific qualities.

Indeed, we could convey information about the shape

of objects by stimulating shape-selective neurons in somato-

sensory cortex. Simple edge detection algorithms [45] could

be used to identify the orientation and curvature of object

contours impinging on each fingertip. Then, S1 neurons

selective for that particular orientation and curvature could

be stimulated. In principle, at least, stimulation of these

feature-selective neurons might evoke a percept of that

feature. London and Miller have provided preliminary evi-

dence that this approach might work in the context of a

proprioceptive neuroprosthesis. Indeed, they identified a sub-

population of neurons in area 2 that are selective for the

direction of limb motion in a manner that is qualitatively ana-

logous to the visual motion-selectivity observed in MT [46].

Then, Miller and colleagues had animals perform the proprio-

ceptive analogue of the visual task described above: the limb of

the monkey was lightly bumped in one of two directions and

the animal’s task was to report the bump direction [47]. As

was found in the visual experiments, when the physical

bump was accompanied by ICMS applied through an elec-

trode with known direction preference, the animals exhibited

an increased tendency to judge the bump as having been in

that direction. Critically, when ICMS was delivered without

a physical perturbation, the animal tended to respond as if a

bump had been delivered in the preferred direction of the

stimulated neuron. On those trials, interleaved with the
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paired mechanical/electrical trials, the physical bump was

entirely replaced with a virtual one, and the animal still

responded as if a physical bump were presented. To the

extent that this approach is robust, it could be used to convey

information about all stimulus dimensions that are explicitly

encoded in S1, including stimulus orientation/curvature,

motion and texture. In a tetraplegic patient, the feature selectiv-

ity of neurons would not be characterized based on their

responses to natural afferent input but rather based on the

patient’s reports of the evoked percepts when ICMS is

delivered through the corresponding electrode.

Conveying information about basic sensory information

(contact location, pressure, timing) and higher-level features

might be achieved by stimulating different neuronal popu-

lations. Indeed, as mentioned above, feature selectivity is

stronger at higher stages of cortical processing. Thus, one

might convey basic contact information by stimulating

low-level areas, say area 3b, and convey feature-specific infor-

mation by stimulating higher areas, including areas 1 and 2

and even secondary somatosensory cortex. This approach

might actually benefit from the fact that ICMS-induced neur-

onal activation does not seem to propagate normally through

hierarchical networks of neurons. Indeed, activation of pri-

mary visual cortex by ICMS does not evoke excitatory

activation in secondary visual cortex in the same way that

natural afferent input does [48]. It may then be that ICMS

of area 3b will only minimally interfere with ICMS of areas

1 and beyond. The power of this approach is that it exploits

the processing that takes place in upstream circuits and cul-

minates in explicit representations of behaviourally relevant

stimulus features. Of course, this feature-based tiling of arti-

ficial touch faces significant technological challenges, some

of which are discussed briefly below.
9. The problem of cortical plasticity
When afferent input from a limb is eliminated, the part of the

brain that used to respond to that limb starts to respond to

other body parts [49]. Typically, the invading signals stem

from body regions with adjacent S1 representations (the

face, the trunk) or that are overused to compensate for the

missing limb [50,51]. If the brain is so malleable, one might

expect that spinal cord injury or amputation would comple-

tely change the underlying neuronal representations. Does

it even make sense to invoke a biomimetic approach to artifi-

cial touch if the brain is changing so much post-injury? It

turns out that the reorganization of S1 after deafferentation

is not as dramatic as it might seem. First, invading signals

from other body regions reflect the unmasking of lateral con-

nections at the level of the cuneate nucleus [52], rather than

major structural and functional changes in deafferented

cortex. Second, phantom hand ‘movements’ evoke activity

in the deafferented cortex [53,54]. Third, electrical stimulation

of deafferented limb regions of S1 in human amputees evokes

sensations on the phantom limb rather than on the invading

body regions [55,56]. Thus, while deafferented cortex can be

excited by other body parts, downstream cortical regions

still interpret this activation as originating from the missing

or deafferented limb.

The question remains whether the functional properties

of these neurons, whose somatotopic organization seems to

be rather stable, change after deafferentation. For example,
does tuning for tactile motion direction disappear a year

post-injury? If so, feature-specific representations cannot be

exploited to expand the repertoire of tactile sensations, as

sketched out in the previous section. While refined through

sensory experience, feature selectivity is driven in part by

endogenous mechanisms of development [57], so it likely

reflects structural properties of cortex that are not so easily

undone. While we will not know for sure until a deafferented

human patient is stimulated intracortically in S1, it is likely

that neuronal representations are stable enough to be

exploited to achieve artificial touch.
10. Practical considerations
While the cutaneous representation of the hand is approxi-

mately 7 � 4 mm in monkeys, so can be covered using a

small number of arrays, it is about 30 � 20 mm in humans.

To blanket it would thus require tens of electrode arrays.

Given the current state of the art in neural interface technol-

ogies, one might elect to target the fingertip representations,

for example, by splitting one array five ways, with a relatively

small set of electrodes impinging upon each digit represen-

tation. In fact, interfacing with just the thumb and index

finger tips might go a long way towards improving the func-

tionality of prosthetic hands. Such a modest number of

electrodes will likely limit the spatial resolution of the artificial

touch, and eliminate any possibility of restoring a wide range

of tactile sensations. Regarding spatial resolution, a hard ceil-

ing is set by the spread of stimulating current, which radiates

out hundreds of micrometres to multiple millimetres away

from the electrode tip over the detectable and safe range of

amplitudes. In the experiments described above, we never

tested whether two adjacent electrodes evoked spatially dis-

tinct percepts. Therefore, it is unclear whether the bottleneck

on spatial resolution is current spread or electrode spacing.

The electrode density and coverage demands are consider-

ably greater if one wishes to elicit percepts with different

qualities at each location based on the feature selectivity of

neurons, as discussed above. Indeed, this would require the

ability to selectively activate neurons with different feature

preferences (hopefully resulting in percepts with different

qualities) but overlapping receptive fields.

In the light of these considerations, efforts are underway

to increase the density of electrodes and their coverage

[58,59]. Regardless, full sensory restoration is not necessary

to achieve substantial function, as evidenced by the success

and widespread use of the cochlear implant.
11. The future of somatosensory neuroprostheses
Brain interface technologies are still rather primitive, consist-

ing of metal electrodes, which cause major inflammation and

often fail catastrophically [59–64]. Electrical stimulation is a

blunt tool that unselectively and synchronously activates

neurons near the electrode tip. Nonetheless, these primitive

tools have already been fruitfully used to evoke informative

sensations. Electrodes will improve by becoming more bio-

compatible and compliant [59,65–69], thus less damaging

to the neuronal tissue. Optogenetics will replace electrical

stimulation, and thus allow for much more controlled and

selective stimulation. As these technologies progress, artificial

touch will increasingly mimic its natural counterpart. The
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hope is that a tetraplegic patient will one day be able to dex-

terously manipulate objects with an embodied robotic hand

and regain that critical sensory experience that is touch.

Competing interests. I declare I have no competing interests.
Funding. This material is based on work supported by the Defense
Advanced Research Projects Agency under Contract N66001-10-C-4056.

Acknowledgements. I would like to thank Gregg Tabot for preparing the
figures and Justin Lieber and Tamar Makin for helpful comments on
a previous version of this manuscript.
ocietypublis
References
hing.org
Phil.Trans.R.Soc.B

370:20140209
1. Johannes MS, Bigelow JD, Burck JM, Harshbarger
SD, Kozlowski MV, Van Doren T. 2011 An overview
of the developmental process for the Modular
Prosthetic Limb. The Johns Hopkins University
Applied Physics Laboratory Technical Digest 30,
207 – 216.

2. Hochberg LR et al. 2012 Reach and grasp by people
with tetraplegia using a neurally controlled robotic
arm. Nature 485, 372 – 375. (doi:10.1038/
nature11076)

3. Collinger JL et al. 2013 High-performance
neuroprosthetic control by an individual with
tetraplegia. Lancet 381, 557 – 564. (doi:10.1016/
S0140-6736(12)61816-9)

4. Bensmaia SJ, Miller LE. 2014 Restoring sensorimotor
function through intracortical interfaces: progress
and looming challenges. Nat. Rev. Neurosci. 15,
313 – 325. (doi:10.1038/nrn3724)

5. Ghez C, Gordon J, Ghilardi FM, Sainburg R. 1995
Contributions of vision and proprioception to
accuracy in limb movements. In The Cognitive
neurosciences (ed. MS Gazzaniga), pp. 549 – 564.
Cambridge, MA: The MIT Press.

6. Sainburg RL, Poizner H, Ghez C. 1993 Loss of
proprioception produces deficits in interjoint
coordination. J. Neurophysiol. 70, 2136 – 2147.

7. Bensmaia SJ, Yau JM. 2011 The organization and
function of the somatosensory cortex. In Handbook
of touch (eds M Hertenstein, S Weiss), pp. 161 –
188. New York, NY: Springer.

8. Penfield W, Boldrey E. 1937 Somatic motor and
sensory representation in the cerebral cortex of man
as studied by electrical stimulation. Brain J. Neurol.
60, 389 – 443. (doi:10.1093/brain/60.4.389)

9. Pons TP, Garraghty PE, Cusick CG, Kaas JH. 1985 The
somatotopic organization of area 2 in macaque
monkeys. J. Comp. Neurol. 241, 445 – 466. (doi:10.
1002/cne.902410405)

10. Tabot GA, Dammann JF, Berg JA, Tenore FV, Boback
JL, Vogelstein RJ, Bensmaia SJ. 2013 Restoring the
sense of touch with a prosthetic hand through a
brain interface. Proc. Natl Acad. Sci. USA 110,
18 279 – 18 284. (doi:10.1073/pnas.1221113110)

11. Johnson LA, Wander JD, Sarma D, Su DK, Fetz EE,
Ojemann JG. 2013 Direct electrical stimulation of
the somatosensory cortex in humans using
electrocorticography electrodes: a qualitative and
quantitative report. J. Neural Eng. 10, 036021.
(doi:10.1088/1741-2560/10/3/036021)

12. Romo R, Hernandez A, Zainos A, Brody CD, Lemus L.
2000 Sensing without touching: psychophysical
performance based on cortical microstimulation.
Neuron 26, 273 – 278. (doi:10.1016/S0896-
6273(00)81156-3)
13. Romo R, Hernandez A, Zainos A, Salinas E. 1998
Somatosensory discrimination based on cortical
microstimulation. Nature 392, 387 – 390. (doi:10.
1038/32891)

14. Mountcastle VB, Talbot WH, Sakata H, Hyvärinen J.
1969 Cortical neuronal mechanisms in flutter-
vibration studied in unanesthetized monkeys.
Neuronal periodicity and frequency discrimination.
J. Neurophysiol. 32, 452 – 484.

15. Salinas E, Hernandez A, Zainos A, Romo R. 2000
Periodicity and firing rate as candidate neural codes
for the frequency of vibrotactile stimuli. J. Neurosci.
20, 5503 – 5515.

16. Butovas S, Schwarz C. 2003 Spatiotemporal effects of
microstimulation in rat neocortex: a parametric study
using multielectrode recordings. J. Neurophysiol. 90,
3024 – 3039. (doi:10.1152/jn.00245.2003)

17. O’Doherty JE, Lebedev MA, Hanson TL, Fitzsimmons
NA, Nicolelis MA. 2009 A brain – machine interface
instructed by direct intracortical microstimulation.
Front. Integr. Neurosci. 3, 20. (doi:10.3389/neuro.07.
020.2009)

18. London BM, Jordan LR, Jackson CR, Miller LE. 2008
Electrical stimulation of the proprioceptive cortex
(area 3a) used to instruct a behaving monkey. IEEE
Trans. Neural Syst. Rehabil. Eng. 16, 32 – 36. (doi:10.
1109/TNSRE.2007.907544)

19. Thomson EE, Carra R, Nicolelis MA. 2013 Perceiving
invisible light through a somatosensory cortical
prosthesis. Nat. Commun. 4, 1482. (doi:10.1038/
ncomms2497)

20. O’Doherty JE, Lebedev MA, Ifft PJ, Zhuang KZ,
Shokur S, Bleuler H, Nicolelis MA. 2011 Active
tactile exploration using a brain – machine – brain
interface. Nature 479, 228 – 231. (doi:10.1038/
nature10489)

21. Dadarlat MC, O’Doherty JE, Sabes PN. 2015
A learning-based approach to artificial sensory
feedback leads to optimal integration. Nat. Neurosci.
18, 138 – 144. (doi:10.1038/nn.3883)

22. Histed MH, Bonin V, Reid RC. 2009 Direct activation
of sparse, distributed populations of cortical neurons
by electrical microstimulation. Neuron 63,
508 – 522. (doi:10.1016/j.neuron.2009.07.016)

23. Stoney Jr SD, Thompson WD, Asanuma H. 1968
Excitation of pyramidal tract cells by intracortical
microstimulation: effective extent of stimulating
current. J. Neurophysiol. 31, 659 – 669.

24. Berg JA et al. 2013 Behavioral demonstration of a
somatosensory neuroprosthesis. IEEE Trans. Neural
Syst. Rehabil. Eng. 21, 500 – 507. (doi:10.1109/
TNSRE.2013.2244616)

25. Sanchez-Panchuelo RM, Francis S, Bowtell R,
Schluppeck D. 2010 Mapping human somatosensory
cortex in individual subjects with 7T functional MRI.
J. Neurophysiol. 103, 2544 – 2556. (doi:10.1152/jn.
01017.2009)

26. Botvinick M, Cohen J. 1998 Rubber hands ‘feel’
touch that eyes see. Nature 391, 756. (doi:10.1038/
35784)

27. Armel KC, Ramachandran VS. 2003 Projecting
sensations to external objects: evidence from skin
conductance response. Proc. R. Soc. Lond. B 270,
1499 – 1506. (doi:10.1098/rspb.2003.2364)

28. Kuiken TA, Marasco PD, Lock BA, Harden RN,
Dewald JP. 2007 Redirection of cutaneous sensation
from the hand to the chest skin of human
amputees with targeted reinnervation. Proc. Natl
Acad. Sci. USA 104, 20 061 – 20 066. (doi:10.1073/
pnas.0706525104)

29. Marasco PD, Kim K, Colgate JE, Peshkin MA, Kuiken
TA. 2011 Robotic touch shifts perception of
embodiment to a prosthesis in targeted
reinnervation amputees. Brain J. Neurol. 134, 747 –
758. (doi:10.1093/brain/awq361)

30. Ehrsson HH, Rosen B, Stockselius A, Ragno C, Kohler
P, Lundborg G. 2008 Upper limb amputees can be
induced to experience a rubber hand as their own.
Brain J. Neurol. 131, 3443 – 3452. (doi:10.1093/
brain/awn297)

31. Shokur S, O’Doherty JE, Winans JA, Bleuler H, Lebedev
MA, Nicolelis MAL. 2013 Expanding the primate
body schema in sensorimotor cortex by virtual
touches of an avatar. Proc. Natl Acad. Sci. USA 110,
15 121 – 15 126. (doi:10.1073/pnas.1308459110)

32. Johansson RS, Flanagan JR. 2009 Coding and use
of tactile signals from the fingertips in object
manipulation tasks. Nat. Rev. Neurosci. 10,
345 – 359. (doi:10.1038/nrn2621)

33. Kim SS, Mihalas S, Russell A, Dong Y, Bensmaia SJ.
2011 Does afferent heterogeneity matter in
conveying tactile feedback through peripheral nerve
stimulation? IEEE Trans. Neural Syst. Rehabil. Eng.
19, 514 – 520. (doi:10.1109/TNSRE.2011.2160560)

34. Pei YC, Denchev PV, Hsiao SS, Craig JC, Bensmaia SJ.
2009 Convergence of submodality-specific input
onto neurons in primary somatosensory cortex.
J. Neurophysiol. 102, 1843 – 1853. (doi:10.1152/jn.
00235.2009)

35. Dong Y, Mihalas S, Kim SS, Yoshioka T,
Bensmaia S, Niebur E. 2013 A simple model of
mechanotransduction in primate glabrous skin.
J. Neurophysiol. 109, 1350 – 1359. (doi:10.1152/jn.
00395.2012)

36. Kim SS, Sripati AP, Bensmaia SJ. 2010 Predicting the
timing of spikes evoked by tactile stimulation of the
hand. J. Neurophysiol. 104, 1484 – 1496. (doi:10.
1152/jn.00187.2010)

http://dx.doi.org/10.1038/nature11076
http://dx.doi.org/10.1038/nature11076
http://dx.doi.org/10.1016/S0140-6736(12)61816-9
http://dx.doi.org/10.1016/S0140-6736(12)61816-9
http://dx.doi.org/10.1038/nrn3724
http://dx.doi.org/10.1093/brain/60.4.389
http://dx.doi.org/10.1002/cne.902410405
http://dx.doi.org/10.1002/cne.902410405
http://dx.doi.org/10.1073/pnas.1221113110
http://dx.doi.org/10.1088/1741-2560/10/3/036021
http://dx.doi.org/10.1016/S0896-6273(00)81156-3
http://dx.doi.org/10.1016/S0896-6273(00)81156-3
http://dx.doi.org/10.1038/32891
http://dx.doi.org/10.1038/32891
http://dx.doi.org/10.1152/jn.00245.2003
http://dx.doi.org/10.3389/neuro.07.020.2009
http://dx.doi.org/10.3389/neuro.07.020.2009
http://dx.doi.org/10.1109/TNSRE.2007.907544
http://dx.doi.org/10.1109/TNSRE.2007.907544
http://dx.doi.org/10.1038/ncomms2497
http://dx.doi.org/10.1038/ncomms2497
http://dx.doi.org/10.1038/nature10489
http://dx.doi.org/10.1038/nature10489
http://dx.doi.org/10.1038/nn.3883
http://dx.doi.org/10.1016/j.neuron.2009.07.016
http://dx.doi.org/10.1109/TNSRE.2013.2244616
http://dx.doi.org/10.1109/TNSRE.2013.2244616
http://dx.doi.org/10.1152/jn.01017.2009
http://dx.doi.org/10.1152/jn.01017.2009
http://dx.doi.org/10.1038/35784
http://dx.doi.org/10.1038/35784
http://dx.doi.org/10.1098/rspb.2003.2364
http://dx.doi.org/10.1073/pnas.0706525104
http://dx.doi.org/10.1073/pnas.0706525104
http://dx.doi.org/10.1093/brain/awq361
http://dx.doi.org/10.1093/brain/awn297
http://dx.doi.org/10.1093/brain/awn297
http://dx.doi.org/10.1073/pnas.1308459110
http://dx.doi.org/10.1038/nrn2621
http://dx.doi.org/10.1109/TNSRE.2011.2160560
http://dx.doi.org/10.1152/jn.00235.2009
http://dx.doi.org/10.1152/jn.00235.2009
http://dx.doi.org/10.1152/jn.00395.2012
http://dx.doi.org/10.1152/jn.00395.2012
http://dx.doi.org/10.1152/jn.00187.2010
http://dx.doi.org/10.1152/jn.00187.2010


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

370:20140209

10
37. Godlove JM, Whaite EO, Batista AP. 2014 Comparing
temporal aspects of visual, tactile, and
microstimulation feedback for motor control.
J. Neural Eng. 11, 046025. (doi:10.1088/1741-2560/
11/4/046025)

38. Bensmaia SJ, Tillery SH. 2013 Tactile feedback from
the hand. In The human hand: a source of
inspiration for robotic hands (eds
R Balasubramaniam, VJ Santos, Y Matsuoka),
pp. 143 – 157. New York, NY: Springer.

39. Bensmaia SJ, Denchev PV, Dammann III JF, Craig JC,
Hsiao SS. 2008 The representation of stimulus
orientation in the early stages of somatosensory
processing. J. Neurosci. 28, 776 – 786. (doi:10.1523/
JNEUROSCI.4162-07.2008)

40. Yau JM, Connor CE, Hsiao SS. 2013 Representation
of tactile curvature in macaque somatosensory area
2. J. Neurophysiol. 109, 2999 – 3012. (doi:10.1152/
jn.00804.2012)

41. Pei YC, Hsiao SS, Craig JC, Bensmaia SJ. 2010 Shape
invariant coding of motion direction in
somatosensory cortex. PLoS Biol. 8, e1000305.
(doi:10.1371/journal.pbio.1000305)

42. DiCarlo JJ, Johnson KO, Hsiao SS. 1998 Structure of
receptive fields in area 3b of primary somatosensory
cortex in the alert monkey. J. Neurosci. 18,
2626 – 2645.

43. Harvey MA, Saal HP, Dammann III JF, Bensmaia SJ.
2013 Multiplexing stimulus information through
rate and temporal codes in primate somatosensory
cortex. PLoS Biol. 11, e1001558. (doi:10.1371/
journal.pbio.1001558)

44. Salzman CD, Britten KH, Newsome WT. 1990
Cortical microstimulation influences perceptual
judgements of motion direction. Nature 346,
174 – 177. (doi:10.1038/346174a0)

45. Canny JA. 1986 A computational approach to edge
detection. IEEE TPAMI 8, 679 – 698. (doi:10.1109/
TPAMI.1986.4767851)

46. London BM, Miller LE. 2013 Responses of
somatosensory area 2 neurons to actively and
passively generated limb movements.
J. Neurophysiol. 109, 1505 – 1513. (doi:10.1152/jn.
00372.2012)

47. Tomlinson T, Ruiz Torres R, Miller LE. 2013
Multi-electrode stimulation in somatosensory
area 2 induces a natural sensation of limb
movement. In Annual meeting, Society for
Neuroscience, p. 835.803. San Diego, CA: Society
for Neuroscience.
48. Logothetis NK, Augath M, Murayama Y, Rauch A,
Sultan F, Goense J, Oeltermann A, Merkle H. 2010
The effects of electrical microstimulation on cortical
signal propagation. Nat. Neurosci. 13, 1283 – 1291.
(doi:10.1038/nn.2631)

49. Pons TP, Garraghty PE, Ommaya AK, Kaas JH, Taub
E, Mishkin M. 1991 Massive cortical reorganization
after sensory deafferentation in adult macaques.
Science 252, 1857 – 1860. (doi:10.1126/science.
1843843)

50. Makin TR, Cramer AO, Scholz J, Hahamy A,
Henderson Slater D, Tracey I, Johansen-Berg H. 2013
Deprivation-related and use-dependent plasticity go
hand in hand. eLife 2, e01273. (doi:10.7554/eLife.
01273)

51. Philip BA, Frey SH. 2014 Compensatory changes
accompanying chronic forced use of the
nondominant hand by unilateral amputees.
J. Neurosci. 34, 3622 – 3631. (doi:10.1523/
JNEUROSCI.3770-13.2014)

52. Kambi N, Halder P, Rajan R, Arora V, Chand P,
Arora M, Jain N. 2014 Large-scale reorganization
of the somatosensory cortex following spinal
cord injuries is due to brainstem plasticity.
Nat. Commun. 5, 3602. (doi:10.1038/
ncomms4602)

53. Raffin E, Mattout J, Reilly KT, Giraux P. 2012
Disentangling motor execution from motor imagery
with the phantom limb. Brain J. Neurol. 135, 582 –
595. (doi:10.1093/brain/awr337)

54. Makin TR, Scholz J, Filippini N, Henderson Slater D,
Tracey I, Johansen-Berg H. 2013 Phantom pain is
associated with preserved structure and function in
the former hand area. Nat. Commun. 4, 1570.
(doi:10.1038/ncomms2571)

55. Woolsey CN, Erickson TC, Gilson WE. 1979
Localization in somatic sensory and motor areas of
human cerebral cortex as determined by direct
recording of evoked potentials and electrical
stimulation. J. Neurosurg. 51, 476 – 506. (doi:10.
3171/jns.1979.51.4.0476)

56. Ojemann JG, Silbergeld DL. 1995 Cortical
stimulation mapping of phantom limb rolandic
cortex. Case report. J. Neurosurg. 82, 641 – 644.
(doi:10.3171/jns.1995.82.4.0641)

57. White LE, Coppola DM, Fitzpatrick D. 2001 The
contribution of sensory experience to the
maturation of orientation selectivity in ferret visual
cortex. Nature 411, 1049 – 1052. (doi:10.1038/
35082568)
58. Jorfi M, Skoussen SL, Weder C, Capadona JR. 2015
Progress towards biocompatible intracortical
microelectrodes for neural interfacing applications. J.
Neural Eng. 12, 1 – 45. (doi:10.1088/1741-2560/12/
1/011001)

59. Judy JW. 2012 Neural interfaces for upper-limb
prosthesis control: opportunities to improve long-
term reliability. IEEE Pulse 3, 57 – 60. (doi:10.1109/
MPUL.2011.2181026)

60. Grill WM, Norman SE, Bellamkonda RV. 2009 Implanted
neural interfaces: biochallenges and engineered
solutions. Annu. Rev. Biomed. Eng. 11, 1 – 24. (doi:10.
1146/annurev-bioeng-061008-124927)

61. Polikov VS, Tresco PA, Reichert WM. 2005 Response
of brain tissue to chronically implanted neural
electrodes. J. Neurosci. Methods 148, 1 – 18. (doi:10.
1016/j.jneumeth.2005.08.015)

62. Reichert WM. 2010 Indwelling neural implants:
strategies for contending with the in vivo
environment. Boca Raton, FL: CRC Press.

63. Sridharan A, Rajan SD, Muthuswamy J. 2013 Long-
term changes in the material properties of brain
tissue at the implant – tissue interface. J. Neural Eng.
10, 066001. (doi:10.1088/1741-2560/10/6/066001)

64. Harris JP, Hess AE, Rowan SJ, Weder C, Zorman CA,
Tyler DJ, Capadona JR. 2011 In vivo deployment of
mechanically adaptive nanocomposites for
intracortical microelectrodes. J. Neural Eng. 8,
046010. (doi:10.1088/1741-2560/8/4/046010)

65. Ware T, Simon D, Rennaker RL, Voit W. 2013 Smart
polymers for neural interfaces. Polym. Rev. 53,
108 – 129. (doi:10.1080/15583724.2012.751924)

66. Capadona JR, Tyler DJ, Zorman CA, Rowan SJ, Weder
C. 2012 Mechanically adaptive nanocomposites for
neural interfacing. MRS Bull. 37, 581 – 589. (doi:10.
1557/mrs.2012.97)

67. Lind G, Linsmeier CE, Thelin J, Schouenborg J. 2010
Gelatine-embedded electrodes—a novel
biocompatible vehicle allowing implantation of
highly flexible microelectrodes. J. Neural Eng. 7,
046005. (doi:10.1088/1741-2560/7/4/046005)

68. Khodagholy D et al. 2011 Highly conformable
conducting polymer electrodes for in vivo
recordings. Adv. Mater. 23, H268 – H272. (doi:10.
1002/adma.201102378)

69. Kim T, Branner A, Gulati T, Giszter SF. 2013 Braided
multi-electrode probes: mechanical compliance
characteristics and recordings from spinal cords.
J. Neural Eng. 10, 045001. (doi:10.1088/1741-2560/
10/4/045001)

http://dx.doi.org/10.1088/1741-2560/11/4/046025
http://dx.doi.org/10.1088/1741-2560/11/4/046025
http://dx.doi.org/10.1523/JNEUROSCI.4162-07.2008
http://dx.doi.org/10.1523/JNEUROSCI.4162-07.2008
http://dx.doi.org/10.1152/jn.00804.2012
http://dx.doi.org/10.1152/jn.00804.2012
http://dx.doi.org/10.1371/journal.pbio.1000305
http://dx.doi.org/10.1371/journal.pbio.1001558
http://dx.doi.org/10.1371/journal.pbio.1001558
http://dx.doi.org/10.1038/346174a0
http://dx.doi.org/10.1109/TPAMI.1986.4767851
http://dx.doi.org/10.1109/TPAMI.1986.4767851
http://dx.doi.org/10.1152/jn.00372.2012
http://dx.doi.org/10.1152/jn.00372.2012
http://dx.doi.org/10.1038/nn.2631
http://dx.doi.org/10.1126/science.1843843
http://dx.doi.org/10.1126/science.1843843
http://dx.doi.org/10.7554/eLife.01273
http://dx.doi.org/10.7554/eLife.01273
http://dx.doi.org/10.1523/JNEUROSCI.3770-13.2014
http://dx.doi.org/10.1523/JNEUROSCI.3770-13.2014
http://dx.doi.org/10.1038/ncomms4602
http://dx.doi.org/10.1038/ncomms4602
http://dx.doi.org/10.1093/brain/awr337
http://dx.doi.org/10.1038/ncomms2571
http://dx.doi.org/10.3171/jns.1979.51.4.0476
http://dx.doi.org/10.3171/jns.1979.51.4.0476
http://dx.doi.org/10.3171/jns.1995.82.4.0641
http://dx.doi.org/10.1038/35082568
http://dx.doi.org/10.1038/35082568
http://dx.doi.org/10.1088/1741-2560/12/1/011001
http://dx.doi.org/10.1088/1741-2560/12/1/011001
http://dx.doi.org/10.1109/MPUL.2011.2181026
http://dx.doi.org/10.1109/MPUL.2011.2181026
http://dx.doi.org/10.1146/annurev-bioeng-061008-124927
http://dx.doi.org/10.1146/annurev-bioeng-061008-124927
http://dx.doi.org/10.1016/j.jneumeth.2005.08.015
http://dx.doi.org/10.1016/j.jneumeth.2005.08.015
http://dx.doi.org/10.1088/1741-2560/10/6/066001
http://dx.doi.org/10.1088/1741-2560/8/4/046010
http://dx.doi.org/10.1080/15583724.2012.751924
http://dx.doi.org/10.1557/mrs.2012.97
http://dx.doi.org/10.1557/mrs.2012.97
http://dx.doi.org/10.1088/1741-2560/7/4/046005
http://dx.doi.org/10.1002/adma.201102378
http://dx.doi.org/10.1002/adma.201102378
http://dx.doi.org/10.1088/1741-2560/10/4/045001
http://dx.doi.org/10.1088/1741-2560/10/4/045001

	Biological and bionic hands: natural neural coding and artificial perception
	Introduction
	Two key precursors to somatosensory neuroprostheses
	The birth of somatosensory neuroprostheses
	Exploiting the somatosensory homunculus
	Embodiment
	Feeling pressure
	Timing contact
	Expanding the sensory repertoire
	The problem of cortical plasticity
	Practical considerations
	The future of somatosensory neuroprostheses
	Competing interests
	Funding
	Acknowledgements
	References


