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Tactile feedback from brain-controlled bionic hands can be partially
restored viaintracortical microstimulation (ICMS) of the primary
somatosensory cortex. InICMS, the location of percepts depends on the
electrode’s location and the percept intensity depends on the stimulation

frequency and amplitude. Sensors on a bionic hand can thus be linked

to somatotopically appropriate electrodes, and the contact force

of each sensor can be used to determine the amplitude of a stimulus.

Here we report a systematic investigation of the localization and intensity of
ICMS-evoked percepts in three participants with cervical spinal cord injury.
Aretrospective analysis of projected fields showed that they were typically
composed of afocal hotspot with diffuse borders, arrayed somatotopically
inkeeping with their underlying receptive fields and stable throughout

the duration of the study. When testing the participants’ ability to rapidly
localize asingle ICMS presentation, individual electrodes typically evoked
only weak sensations, making object localization and discrimination
difficult. However, overlapping projected fields from multiple electrodes
produced more localizable and intense sensations and allowed for amore
precise use of abionic hand.

Manual interactions with objectsrely critically on tactile signals from
the hand, as evidenced by the deficits experienced when these signals
arelost' . Myoelectric prosthetic limbslacking any form of somatosen-
sory feedback are often abandoned*. Consequently, adding intuitive
feedback about both the location and force of the contact events may
alsoimprove the utility and acceptance of brain-controlled bioniclimbs.
Efforts are underway by several groupsto provide tactile feedback via
intracortical microstimulation (ICMS) of somatosensory cortex (S1)°”,
and S1ICMS has beenshown to evoke localizable tactile percepts® and
to improve control of prosthetic hands®. Information about object
location can be intuitively conveyed by matching force sensors on
thebionic hand with somatotopically appropriate electrodes in S1°5°.

For example, aforce sensor onthetip of the bionicindex finger canbe
used to drive stimulation of electrodes located in the corresponding
area of S1. Information about contact force at that location can then
be conveyed by modulating ICMS amplitude according to the output
of the sensor, as higher amplitudes give rise to more intense touch
sensations, such as that of increased force on the skin®*,

A crucial but poorly understood element of ICMS-based tactile
feedback is the stability of these percepts over time. As described
above, the force sensors can be mapped to specific electrodes; how-
ever, whether this mapping is stable, and thus whether repeated cali-
bration is necessary, is unknown. While one study with an individual
participant and few timepoints suggested that SLICMS projected fields
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(PFs) are stable’, the resolution of these reports was insufficient for the
mapping necessary to support dexterous behaviour and the generaliz-
ability of these results to other participants is unknown. Consequently,
the reliability of ICMS for localizing object interactions over various
time scales remains unclear.

Moving beyond percept location, variation in stimulation
parameters is known to influence the percepts evoked at a given
location®'°2, with both amplitude and frequency influencing inten-
sity and, to a lesser extent, quality. Though these effects have been
investigated, these findings have only been qualitative>*" and sys-
tematic cross-participant analyses have not been attempted. Addi-
tionally, the relationship between stimulus amplitude and intensity
was never related to real-world physical units. Thus, it is unclear
whether these percepts evoke sensations that span the behaviour-
ally relevant range (thatis, useful for discriminating arange of grasp
forces) or if they only cover an impoverished range that will limit
objectinteractions.

The objective of the present study was threefold. First, we sought
to precisely quantify the spatial extent and distribution of sensations
evoked by ICMS of individual electrodes over an extended period of
time. Second, we aimed to characterize the range of intensities that
each electrode could evoke and compare these ranges with that of
natural touch. Finally, we sought to quantify the functional implica-
tions of our findings. In three human participants with chronic spinal
cord injury (SCI) who have had microelectrode arrays implanted in
Brodmann'’s area 1 of the somatosensory cortex, we found discrete
electrode-specific percepts that were stable over several years of
experiments. Then, by leveraging the residual sensation of several
participants, we were able to establish that the location of each elec-
trode’s PF matched its receptive field (RF). Furthermore, we found
that the size and intensity of each PF could be shaped by the stimulus
amplitude or frequency. Remarkably, when electrodes with over-
lapping PFs were stimulated, the resulting percept resembled a
summation of its components, becoming more focal and easier to
localize. When examining our participants’ ability to discriminate
stimulus intensity viaindividual electrodes, we found that most pro-
duced arange of intensities an order of magnitude less discriminable
than natural touch. However, by adjusting the temporal structure
of the stimuli to mimic naturally evoked responses (biomimicry),
we were able to improve intensity discrimination. Additionally, we
found that the multi-electrode evoked percepts had a wider range
of intensities and thus conferred more discrete steps. Consequently,
we demonstrate that the stable representation of PFs, and the
fact that percepts can be combined, enables ICMS to evoke sensa-
tions that can be well localized and confer a substantial degree of
force information.

Results

Three participants with cervical SCl were each implanted with four
electrode arrays, twointhe armand hand representation of the motor
cortex and two in the hand representation in Brodmann’sarealof S1,
based on pre-operative functional magnetic resonance imaging (fMRI)
or magnetoencephalography™. In all three participants, stimulation
through electrodes in S1 evoked sensations experienced on the con-
tralateral hand (Fig. 1 and Extended Data Fig. 1). Several participants
had some degree of residual sensation that allowed us to measure S1
responses to peripheral touch on some parts of the hand and to com-
pare them with sensations evoked by ICMS. In the study, we charac-
terized the properties of these ICMS-evoked PF sensations and their
dependence onarange of stimulus features. We compared these effects
with those achieved by stimulation of multiple electrodes. The latter
improved our participants’ ability to localize sensations and to gauge
their intensity. Ultimately, better control of perceived location and
intensity proved to be critical for mapping force measured on the bionic
hand to sensations perceived by the user.

PFs contain focal hotspots with diffuse borders

The ability to control the size, shape and location of PFs is fundamental
to the utility of ICMS as a source of tactile feedback information. As
afirst step to understanding these properties, we delivered 1-s-long
ICMS pulse trains (100 Hz, 60 pA) to each electrode, an intensity reli-
able enough to elicit a sensation for most electrodes (Extended Data
Fig. 2a). Throughout each experiment, the participant was allowed
repeated observation of each stimulus and then drew the spatial extent
of the PF on a digital representation of their hand, enabled by partial
residual motor function. From these drawings, we computed the area
and centroid for each PF (Fig. 2a). This task was repeated regularly
over several years (Fig. 2b), allowing us to construct an aggregate PF
for each electrode by weighting each pixel on the hand drawings by
the proportion of timesit was included over the duration of the study
(Fig. 2c and Methods). This revealed that most PFs comprised a core
region within which sensations were reliably evoked, surrounded by
adiffuse shell over which sensations were less consistent. With this in
mind, we removed pixels reported on fewer than 33% of sessions for
eachelectrode (see Extended Data Fig. 2b-d for thejustification of the
pixel frequency thresholdlevel). Electrodes for which no pixels met this
threshold (25% for participants C1and P2 and 58% for participant P3)
were excluded from further analysis. While the PFs onthe excluded elec-
trodes were typically reported on the same digit or region of the hand
(Fig.2b,c, green), we reasoned that they were not sufficiently salient to
usefully conveylocationinformation. Indeed, these PFs were typically
those where the intensity was very low, occasionally peri-detection
threshold (Extended Data Fig. 2e).

Next, to determine the portion of a robotic hand from which we
could provide feedback, we examined the spatial distribution of PFs for
each participant. While all participants reported a sensation over most
of the hand on at least one occasion (Fig. 2d, light shade), participant
Cl experienced sensations predominantly on the tips of the digits,
participant P2 on the proximal finger pads and thumb and participant
P3 on both. When summed over all electrodes, the area over which
sensations were evoked above the 33% threshold was 12,33 and 30 cm?
for C1,P2and P3, respectively (palmar surface of 165 cm?, 7%, 20% and
18% of the whole hand, respectively; Fig. 2e). The size of individual
PFsvaried widely (median of 2.5 cm? 5-95th percentiles 0.3-11.3 cm?)
across electrodes and participants (Fig. 2f), with Clreporting the small-
est PFs and P2 the largest. C1 had the most distal PFs and P2 the most
proximal ones, suggesting that PFs decrease in size as one progresses
distally from the palm to the digit tips.

PFsare stable over time

ForICMS-based tactile feedback to be reliable, the perceived location
foragivenset of stimulus parameters must be consistent. While previ-
ous work found PF locations to be stable over the course of amonth for
asingle participant’, stability has not been systematically quantified
over longer periods of time. PF stability is of particular importance
asitdetermines how often one would need to remap the relationship
between bionic hand sensors and the PFs of implanted electrodes. If
PFs change sessionto session, theninterpretations are limited, whileif
reports are consistent over time, then we can assume that interpreta-
tions based on these results arereliable. To fill this gap, we compared
thelocation of the PFs at regular intervals across 2-7 years (for C1/P3
and P2, respectively, 9 surveys for C1/P3 and 48 for P2; Fig. 2b-e). In
total, we collected 555, 3,039 and 550 surveys across all electrodes
from participant C1, P2 and P3, respectively. First, we computed the
degree to which PFs reported for an electrode on any given session
matched the first ever reported PF on that electrode. We found that
the centroid distance between the initial PF and subsequent ones for
agiven electrode remained stable, with no significant change over
the lifetime of the study for two of the three participants (C1and P3,
r=-0.03 and 0.12, P=0.99 and 0.34, respectively), and a slight but
significantincreasein the third participant, who had beenimplanted
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Fig.1| Array implantlocations and percept maps for all participants.

Left: anatomical MRI with (subsequently implanted) arrays superimposed
based onintra-operative photos. MC, motor cortex; SC, somatosensory cortex
(Brodmann’s areal). Axes indicate anterior (4) and lateral (L) directions and the
central sulcusisindicated by the dashed line. Middle and right: the hand region
onwhich ICMS sensations were experienced along with the electrodes that

evoked those sensations. The segment is assigned based on median reported
sensation over time. Each row shows data from one participant. Note that S1
arrays were wired ina chequerboard pattern. White sections indicate unwired
electrodes. Labels indicate palmar (P) surface of the thumb (P;), index (P),
middle (Py,), ring (Py) and little (P,) fingers. Coloured electrodes were used for
bothrecording and stimulation.

thelongest (P2,r=0.23, P<0.01; Extended Data Fig. 2f, an effect that
persisted if we subsampled the first 2 years: r = 0.14, P < 0.01). Next,
we computed the slope of the relative distance of each centroid from
thefirst centroid (in millimetres per day). We observed that the slopes
tended to be extremely small (mean of 0.006 + 0.019); however, there
was a slight positive tendency for participant P2 (¢ = 4.35, P< 0.01;
Extended Data Fig. 2g). Second, we computed the distance between
each single-day centroid and its corresponding aggregate centroid
(Fig.2g) to determine how representative the aggregate PF was of any
individual PF for agiven electrode. Across all recording sessions, we
found that the mean Euclidean distance ranged from 3.5t0 8.7 mm
(depending onthe participant). Larger PFs tended to yield more vari-
able centroids (r=0.33, P< 0.01; Fig. 2h), as might be expected. Fur-
thermore, centroid distance with respect to the aggregate centroid
was stable over time for one participant (P3, r=-0.1, P=0.77) and

decreased over time for the other two (Cland P2, r=-0.17 for both,
P<0.01for both), suggesting that the latter converged onto a more
stable reporting of their PFs.

Next, we assessed whether the fluctuationsinreported PF reflected
true changes in position over time or simply variability in the partici-
pants’ reports. To this end, ICMS pulse trains were delivered through a
subset of electrodes (n =8 and 7 for C1and P2, respectively, chosen to
spantherange of variabilities) that were randomly interleaved, and the
participant reported the PF of each. This procedure was then repeated
multiple times throughout the day (six and five times for participants C1
and P2, respectively), each time inadifferent order to minimize biases.
Wethenassessed the degree to which the centroids of the reported PFs
coincided. First, PFs were consistent between repeated reports for the
two participants tested (centroid distance: median of 3.5 mm, 25-75th
percentiles 1.6-4.8 mm). Second, the within-day versus across-day
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Fig. 2| PFlocations systematically vary in size and location across electrodes
and participants but are stable over time. a, Example PFs from one electrode
during one session from each participant. The crosses denote the respective
centroids. b, The PFs from the same electrode as in abut across all sessions
(n=8,43 and 5 for C1, P2 and P3, respectively). ¢, The pixel frequency computed
for the same electrodes asinaand b across all sessions. d, Hand regions over
which each participant reported a sensation across all electrodes. The shading
indicates whether each pixel’s frequency was above (dark) or below (light)

the 33% threshold. e, The area of the hand over which a sensation was evoked
(union of PFs across electrodes, after thresholding) for each participant.

f, The distribution of individual PF sizes (after thresholding) for each participant
(n=62,63and 63, respectively). The box and whiskers show the 5th, 25th, 50th,
75th and 95th percentiles. g, The distance between the centroid of the single-day
PF and the aggregate centroid for each electrode, averaged across electrodes.
Theline denotes the mean, and the shaded area denotes the s.d. h, The area of
each percept after thresholding predicts mean distance between single-day PF
centroid and aggregate PF centroid for each electrode. The dashed line denotes
the best fit. i, The mean centroid distance when reports were collected withina
single day compared with that computed across years for a subset of electrodes.
The dashed line denotes unity.

centroid distances for each electrode were highly correlated (r=0.68,
P<0.01) and statistically equivalent (paired ¢-test, ¢;5,= 0.1, P=0.93;
Fig.2i).Inother words, the change in PF reported within a session was
equivalent to the change in PF reported over years of testing. Finally,
we examined whether there was any pattern to the variability across
sessions and found that centroids consistently moved back and forth
along a single axis (for example, the edge of the finger or across a
knuckle) instead of being completely random (Extended Data Fig. 2h).
Givenour participants report that the PFs are not uniformin intensity,
thisimpliesthat the core of each PF (the areas reported on most trials)
isthe portion of the PF thatis mostintense, and the variability isin the
reporting of the less intense shell, making the aggregate centroid a
reliable estimate of the underlying PF.

PF location varies systematically with cortical location

Having found that the PFs were stable over several years, we sought
to determine whether the underlying somatotopy was preserved or
whether any cortical reorganization had occurred following injury™®.
Accordingto the canonical homunculus, the representations of digits
and hand segmentsin S1 proceed along the mediolateral axis, parallel
tothe central sulcus, withthelittle finger represented medially and the
thumb represented laterally”. Examination of the PF maps (using the
aggregate centroid to determine digit identity; Extended Data Fig. 1)
suggests that where the PFs are predominantly located also changes

alongoneaxis, consistent with the geometry of the homunculus. To test
this quantitatively, we projected the location of each electrode on each
array onto asingle axis and assessed the degree to which theidentity of
thedigit could beinferred from the electrode’s location along that axis
(Fig.3a).By computing classification accuracy (one-dimensional linear
discriminant analysis) across a range of axes (spanning 180°; Fig. 3b), we
identified the axis along which the digit/hand segment gradients were
most pronounced (Fig.3c). We found that, for each array, position along
the optimal classification axis (one-dimensional) served to classify digit
identity as well asthe original position (two-dimensional) (Fig.3d) and
that this axis was approximately parallel to the local curvature of the
central sulcus for five out of the six arrays, consistent with the canonical
homunculus. In the array that did not show this pattern (participant
P3'slateralarray), the axis was nearly perpendicular to the S curvature,
but the PFs were largely confined to a single digit (the index finger),
yielding comparable classification at all angles. Next, we examined
whether the distance between PFs increased as the distance between
electrodes increased, restricting the analysis to pairs of electrodes
with PFs onthe same digit. We found that, as expected, PF centroid dis-
tanceincreased systematically with cortical distance (Fig.3e). A2 mm
shiftin cortex corresponded toa~10 mmshiftinthe PF onthe skin, on
average. The systematic relationship between cortical location and PF
location s thus consistent with the canonical homunculus, in which S1
is characterized by strips that encode individual digits™.
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Fig. 3 | Perceptlocation varies along somatotopic axes and is determined by
underlying RFs. a, Example projections of percept centroids in their original
position (on array) when projected along either column-wise or row-wise axes.
b, Classification performance versus the angle of the projection axis, expressed
relative to the local curvature of S1. Each line represents an array for the indicated
participant. ¢, Optimal digit/palmar segment discrimination axis (perpendicular
to the projection axis), superimposed on each Sl array (dotted line). The dashed
line denotes the local curvature of S1, which, for C1, deviates from the curvature
ofthe central sulcus. d, Digit classification when using either both axes of the
array (row and column (2D, two dimensions)) or the best single projected axis
(1D, one dimension). e, Within digit, the distance between two PF centroidsis
significantly correlated with the distance between the electrodes across arrays
(Pearson’s correlation, n = 5,892 pairs, r = 0.69, P< 0.0001) and within each array
(Pearson’s correlation, r > 0.4, P< 0.0001, Holm-Bonferroni corrected). The
dashed lines represent arrays coloured by participant, with the mean and s.d.
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indicated by the grey line and shaded area, respectively. f, Aggregate PF (red)
and RF (blue) for an example electrode from participant P3. g, The size of the RF
versus size of the PF for electrodes from participants C1and P3. The RFs were
larger for both participants (two-sided paired ¢t-test, P< 0.0001and P= 0.0078,
respectively). The dashed line indicates unity. h, The proportion of the PF within
the RF for all tested electrodes (n = 62 and 25). The median proportion was 1 for
both with 25th percentiles 0f 0.83 and 0.72 for C1and P3, respectively, suggesting
that PFs tended to be completely subsumed by the RF. The box and whiskers
show 5th, 25th, 50th, 75th and 95th percentiles. i, The number of regions (digits
and palm) encapsulated by each electrode’s RF minus the number of regions
encapsulated by its PF for three participants (V= 62, 25 and 21 for participants
Cl1,P3andR1, respectively). RFs spanned more hand regions than PFsin all

three participants (two-sided Wilcoxon rank sum test, P = 0.0035). The bar and
whiskers show meanands.d.*P<0.0001, **P=0.0026 and ***P=0.0035.

Electrode PFs are subsumed by their RFs

To further examine the relationship between the somatotopic homun-
culusand PF location, we leveraged the residual sensation in two of our
participants (Cl1and P3; Extended DataFig.3) and compared the RF and
PF of each electrode. Indeed, C1 has nearly normal sensation over the
fingertips and someresidual sensation over therest of the volar surface
of hishand. P3 haslargely spared sensation on the thumb, some spared
sensationon theindex and some residual sensation on D3 and D4, but
his pinky finger is insensate. To map RFs, we applied gentle touches
to the skin and monitored the multi-unit activity through speakers.
As for the PFs, RFs were measured over multiple days with the experi-
menter blinded to electrodeidentity and the pixel frequency computed.
Manual mapping of the RFs for each electrode revealed significant
co-localization of the projected and RFs (Fig. 3f). To systematically
compare the RF and PF of each electrode, we first compared the areas
andfoundthat, across electrodes and participants, the RF was 6.5 times
as large as the PF (ratio: median of 6.5, 25-75th percentiles 3.8-14.3;

Fig. 3g) and PF size tended to scale with RF size, though this relation-
ship was significant for only one of the two participants (r=0.15and
0.76, P=0.35and 0.011 for C1and P3, respectively). Second, PFs were
typically subsumed by the RF: on average, 93% of the reported PF fell
within the measured RF (Fig. 3h). Inboth participants, the RFincluded
more hand segments (digits or palmar segments) than did the PF. To
verify that this phenomenon was not an artefact of our approach, we
repeated this analysis with a participant fromanindependent clinical
trial thatinvolves a partially sensate participant (Extended Data Fig. 3)
who had existing data on the size of projected versus RFs at the seg-
ment level and found a similar trend (Fig. 3i, Methods and ref. 7). We
conclude that the PF of an electrode is determined by the RFs of the
neurons around the electrode tip.

PF size depends on stimulus parameters
While the previous experiments all used the same stimulus param-
eters (60 pA,100 Hzand1 s duration) to facilitate comparisons across
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Fig. 4| PFs sum to produce focal and well localizable sensations. a, Example
PFs from two individual electrodes where the PFs broadly overlapped (left and
middle) and the PF when both electrodes were stimulated simultaneously (right).
b, Another example in which the PFs of the individual electrodes did not overlap
(leftand middle) along with the combined PF (right). ¢, The correlation between
the additive model and observed PF (observed) versus a nullmodel where two
random electrodes were chosen. The additive model significantly outperformed
the null model (two-sided, two-sample Kolmogorov-Smirnov test, D = 0.86,
P<0.0001). Data from participant C1.d, The task set-up for the robotic digit
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localization task. The participant was blindfolded while an experimenter
randomly squeezed individual prosthetic digits or pairs of digits. e, Consolidated
performance of robotic and open loop localization tasks for single-electrode
(n=128) and multi-electrode (n = 110) localization tasks. Multi-electrode
stimulation evokes more localizable sensations (two-sided, two-sample ¢-test,
36 = 21.6, P< 0.0001). Note that trials where the participant failed to detect
stimulation are excluded here to reduce confounding localization performance
with detectability. Data from participant C1. The box and whiskers show the 5th,
25th, 50th, 75th and 95th percentiles.

electrodes, the question of how PF features vary as a function of either
the amplitude or frequencyis alsoimportant. Consequently, we exam-
ined the degree to which PFs were dependent on ICMS amplitude and
frequency by repeating the survey on a subset of electrodes in which
the participant drew the PF and gave a magnitude estimate of the sensa-
tion. First, we found that the size of the PF increased threefold as ampli-
tudeincreased from40to 80 pA, withICMS frequency fixed at 100 Hz
(median (25-75th percentiles) of 170% (142-330%), two-way analysis of
variance (ANOVA), F, ;) = 6.26, P< 0.01; Extended Data Fig. 4a). Second,
PF size grew systematically as frequency increased from 50 to 200 Hz,
with amplitude fixed at 60 pA (median (25-75th percentiles) 129%
(121-185%), two-way ANOVA (2,11), F=7.43, P< 0.01; Extended Data
Fig.4b). Consequently, PF size increased with total charge inboth cases;
however, amplitude had a greater effect than frequency (three-way
ANOVA (2,2,11), F=42.35and 19.61, respectively, P < 0.01 for both),
implying that the effect cannot be simply explained by total charge.
Next, we examined the relationship between the reported size and
magnitude estimates onindividual trials and found that the size of the
reported PF could be accurately predicted from the reported magni-
tude of the evoked sensation, across ICMS frequencies and amplitudes
(r=0.77,P<0.01; Extended Data Fig. 4c). The effect of ICMS intensity

on PF size is qualitatively consistent with the proposed neural deter-
minants of the PF. Each volume of cortex maps onto a patch of skin; the
greater the volume of cortex activated (amplitude modulation'®*) or
the number of activated neurons within that cortical volume (frequency
modulation?), the greater the corresponding swath of skin.

Overlapping PFs are additive and more localizable

Given that many of the measured PFs overlapped, we next sought to
examine theinteractions between PFs when observed simultaneously,
regardless of whether they overlapped. To this end, we simultaneously
delivered ICMS through pairs of electrodes and compared the reported
PFstothose whenICMS was delivered through the individual electrodes
that formed the pairs (Fig. 4a,b). Single- and multi-electrode trials
were interleaved to limit biases in the PF reports. Examination of the
single-and multi-electrode PFs suggests that the latter resembled the
superposition of the former even when there was substantial difference
between them. We computed the pixel-wise correlation between the
summed PFs and the multi-electrode PF, and we found that the summed
PFswere moderately predictive of the multi-electrode PF (meanr=0.61;
Fig. 4c). We conclude that PFs combine approximately additively when
ICMS is delivered through multiple electrodes.
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As discussed above, the circumscription and systematic locali-
zation of PFs can be exploited to convey information about (bionic)
hand locations at which contact with an object is established*®. In the
surveys used to collect PFs (Fig. 2), participants often requested mul-
tiple repetitions of the stimulus so that they could ensure accuracy in
their reporting. Thus, while the location of the percept may be stable,
it may not be well localizable on individual (one-shot) presentations,
that is, users of these brain-computer interfaces (BCls) will not be
able touse this form of feedback tolocate sensations on abioniclimb.
Giventhat multi-electrode PFs resemble the summation of the compo-
nent PFs, we reasoned that multi-electrode stimulation might evoke
more focal and thus more easily localizable sensations. To test this
possibility, we mapped force sensors on a bionic hand (Ability Hand,
Psyonic) to electrodes with matching PFs. For example, sensorsonthe
prosthetic thumb tip drove stimulation through electrodes with PFs on
the thumb tip. In some cases, each sensor drove stimulation through
asingle electrode; in other cases, sensor output drove a quartet of
electrodes whose PFs largely overlapped (all stimuli at 60 pA). For
these, the overlapping component matched the sensor location. We
then randomly touched different bionic digits and had participant
C1 (blindfolded) report which finger(s) was (were) touched (Fig. 4d).
Touches to single digits were randomly interleaved with touches to
two digits. We also repeated the same experiment, except that digit(s)
stimulation was software controlled (rather than by physically touching
thebionic hand). Results from these two paradigms—one with and one
without the bionic hand—were similar and thus combined (Extended
Data Fig. 5a). With either single- or multi-electrode ICMS, the partici-
pant reported the expected digit(s)—corresponding to the PF of the
electrode(s)—onthe majority of trials. Compared with multi-electrode
ICMS, however, single-electrode stimulation more often failed to elicit
alocalizable sensation (30% versus 0%) and when it did, participants
oftenincorrectly localized the sensation (42% versus 7%) (Fig. 4e and
Extended Data Fig. 5b,c). The difference in performance for single-
versus multi-electrode stimulation was more pronounced inblocksin
which multiple digits were touched, butin both cases multi-electrode
stimulation significantly outperformed single-electrode stimula-
tion (Wilcoxonrank sumtest,Z=8.80,P<0.01and Z=9.02, P< 0.01).
Multi-electrode stimulation thus gives rise to more reliably localizable
sensations than does its single-electrode counterpart.

Individual electrodes have narrow intensity ranges

The ability to localize sensations in the absence of context is distinct
from the ability to use that information once we know how and where
to deploy our attention. Indeed, even though individual electrodes
appear to be poor in terms of one-shot localization, it is important
to understand how this intensive information is processed and inter-
preted by the user. Our prior analysis on the effect of amplitude and
frequency on the perceived size and shape of the PF (Extended Data
Fig. 4) did not compare the intensity to a real-world reference and
thus precludes intuitive interpretation of the intensity reports or
even a direct comparison of intensity between electrodes. Thus, we
next sought to contextualize the intensity of the sensations in per-
ceptual space and determine how parameter variation alters this. In
natural touch, increasesin contact force lead toincreasesin the firing
rate of active neurons and in the recruitment of additional neurons
in a somatotopically determined region of S1?%, similar to the effect
of increases in ICMS amplitude'®, which also increases the perceived
magnitude of the evoked sensation>*®. With this in mind, we gauged
the consistency of this relationship across participants and electrodes
by implementing a magnitude estimation experiment in which the
participants freely reported the intensity of each stimulus®. The rat-
ings were then normalized by the mean rating for each electrode and
their relationship with ICMS amplitude was characterized. On every
electrode tested, perceived magnitude increased approximately lin-
early with ICMS amplitude, replicating previous findings® (Fig. 5a).

The median correlation between amplitude and intensity rating was
0.97, with all but two correlations (both from participant P3) above
0.9 (range 0.47-0.99).

The limitation of the magnitude estimation approach when used
with ICMS, however, is that ratings are (by virtue of the paradigm)
specific to both the electrode and the participant®?**, so they cannot
bebenchmarked to natural touch. Furthermore, ratings are normalized
within each block or session so ratings cannot be compared across
sessions. To overcome these limitations, we leveraged the fact that
participant C1 has residual tactile sensations on the same part of his
hand that ICMS evokes sensations (Fig. 3 and Extended DataFigs.1and
3) and that the tactile sensitivity of the contralateral (injured) hand is
equaltothat of hisipsilateral (uninjured) hand (Extended DataFig. 6a).
Consequently, we had participant C1judge the magnitude of the sen-
sations evoked by ICMS trains and by skin indentations (delivered to
alocation matching the PF of the stimulating electrode that evoked
sensations similar to those evoked by the mechanical stimulator, as
reported by the participant) of varying force, with the two types of
stimuliinterleaved randomly within each experimental block. We could
thendirectly compare the magnitude of electrically and mechanically
evoked sensations (Fig. 5b) because both stimulus types were rated on
the same scale. Furthermore, assuming the perceived magnitude of
the tactile stimuli remained constant across sessions (Extended Data
Fig. 6b), we could also compare the perceived magnitude of ICMS deliv-
ered through different electrodes on different sessions. From these
combined ICMS and touch sessions, we constructed equal intensity
contours for the two stimulus types (Fig. 5¢), allowing us to determine
theICMS amplituderequired to evoke a sensation whose intensity cor-
respondstoagiven forceand vice versa. First, we found that perceived
magnitude increased approximately linearly with ICMS amplitude but
asapower function of mechanical amplitude (decelerating exponent of
0.2 +0.08), consistent with existing literature? (Fig. 5d). Accordingly,
the equal intensity contours also followed a power law, reflecting the
nonlinearity in the mechanically evoked sensations (Fig. 5b,c). Fur-
thermore, while the magnitude of ICMS-evoked sensations increased
with amplitude onall electrodes, the intensity range of the sensations
varied widely across electrodes: some electrodes could only evoke
weak sensations (<0.25 N, the weight of a USB stick), whereas others
could evoke sensations commensurate with moderate forces (-0.5N,
the weight of an egg). Given that contact forces often exceed 1 N during
objectinteractions®*?, the dynamic range of ICMS-evoked sensations,
constrained by the maximum safe stimulation level (100 pA)>*, is
generally low.

ICMS percept intensities depend on amplitude sensitivity
The ability to localize sensations is critical for object interactions.
However, the force exerted during the interaction is also important
and the ability of ICMS to convey a time-varying force signal must
be understood. Having established that the mapping between ICMS
amplitude and perceived contact force was electrode dependent,
we then investigated how sensitive participants were to changes in
ICMS amplitude. To this end, we had participants discriminate flat
ICMS trains that varied in amplitude. On each trial, the participant
reported which of two sequentially presented stimuli was more intense.
The amplitude of the standard (or reference) stimulus was 60 pA and
that of the comparison stimulus varied between 40 and 80 pA. From
the behavioural performance (Fig. 6a), we computed, as an index of
sensitivity for each electrode, the just noticeable difference (JND),
which denotes the change in stimulus amplitude that would yield a
criterionlevel of performance (75% correct). While the medianJND was
around 13.5 pA (Fig. 6b), consistent with previous resultsinhumans and
monkeys>**'°, JNDs varied widely across electrodes and participants
(25-75th percentiles 8.5-22.9 pA).

To assess whether the discrimination of ICMS amplitude fol-
lows Weber’s law—that JNDs increase in proportion to the standard
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amplitude—we tested amplitude discrimination at two different stand-
ardsonasubset of electrodes (Extended Data Fig. 6¢). We found that,
onaverage,JNDs followed Weber’s law, but the tendency to do so varied
widely across electrodes (Fig. 6¢). Having measured the detection
threshold and the JND for each electrode, we computed the number
of discriminable levels (Fig. 6d), defined as the number of discrete,
discriminableintensity levels between detection threshold and maxi-
mum safe amplitude (100 pA), assuming a constant Weber fraction.
We found that the number of discriminable steps ranged from2to 14,
with a median of 7, implying that the force feedback conveyed by flat
ICMS is coarse. As a benchmark, the native touch of participant C1’s
(fully sensate) left hand yielded around 45-50 discriminable levels
over thisrange of forces, an order of magnitude more than what could
beachieved withsingle-electrode ICMS within the safe range of ampli-
tudes (Fig. 6e). Natural touch thus confers far greater sensitivity to
force variations than does single-electrode linear ICMS.

Given the observed variability in JNDs, we sought to examine
whether the sensitivity related to the perceived intensity of ICMS.
First, wefoundthatelectrodes with lower detection thresholds tended
to have higher JNDs (r=-0.496, P=0.0024; Extended Data Fig. 6d),
suggesting that JNDs do not simply reflect overall sensitivity to ICMS.
Second, electrodes with more discriminable levels also tended to evoke
the mostintense sensations (r=0.97,P= 0.007; Fig. 6f). Together, these
imply that theJND for each electrode corresponds toachangeininten-
sity thatis approximately consistent across electrodes, aphenomenon
thatis non-trivial given that magnitude functions are not systematically
predictable from JNDs in natural perception®”*°, Furthermore, this
demonstrates that approximate intensity matching bbetweenelectrodes
should be possible withouta common (thatis, mechanical) reference,
astheintensity can be expressed inJNDs above threshold, reducing the
requirement for extensive magnitude matching.

Electrodes are more sensitive to biomimetic patterning

In the experiments described above, ICMS consisted of pulse trains
of constant amplitude (flat trains). Such pulse trains typically evoke
an abrupt rise in the activation of neurons around the electrode,
followed by a slow decrease®. In contrast, interactions with objects
evoke phasic responses at the onset and offset of contact and much
weaker responses (<10%) during maintained contact, a property
inherited from the periphery®. In studies in amputees with electrical
stimulation of the peripheral nerves, ‘biomimetic’ tactile feedback that
emphasizes contact transients, thereby mimicking natural touch, has
beenshown to confer greater dexterity to myoelectric bionic hands* .
With this in mind, we assessed participants’ ability to discriminate
biomimetic ICMS trains (Fig. 6g), with the expectation that they might
alsoimprove participants’ability to discriminate intensity and interact
with objects. We compared the participants’ performance with biomi-
metic trains with that with trains designed to track the forceslinearly,

Fig. 5| Perceived intensity increases linearly with ICMS amplitude.

a, Normalized magnitude ratings following ICMS delivered through single
electrodes for three participants. Each line denotes ratings for one electrode.
The different colours denote different participants. The black line denotes the
mean across electrodes and participants. b, Normalized ratings when ICMS

and mechanical stimuli are interleaved for one electrode. Indentations were
delivered to the location on the skin corresponding to the PF of that electrode.
¢, Equalintensity contours for ICMS-evoked and mechanically evoked sensations.
Eachlinerepresents the contour derived from the ratings from one stimulating
electrode. The blackline corresponds to the contour of the electrode shown in
b. While perceived magnitude increases with amplitude on all electrodes, the
range of the evocable intensities varies widely across electrodes. Data fromb
and care from participant Clonly. d, Goodness of fit for ICMS or mechanical
intensity ratings when using power adjusted versus linear adjusted functions.
Power functions provide better fits for intensity ratings of skin indentations but
notICMS.
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Fig. 6| Amplitude discriminability is electrode dependent. a, Example
psychometric functions from each participant in which the probability of
indicating each comparison stimulus was of higher intensity than the reference
stimulus. Note that examples are selected to highlight variability. b,JND
computed from psychometric functions for all electrodes across participants
(n=35). The thick grey line denotes median (13.5 pA). Note that values above

40 pAareset to 40 pA for graphical purposes (n=2,JND = 60 and 106).

¢, The Weber fraction when the reference amplitude is either 50 pA or 70 pA.

d, A diagram showing the estimated discriminable levels plots for the electrodes
shownina. Thegrey section at the bottom of each bar indicates the subthreshold
range for that electrode and the height of each subsequent bar is determined

by the JND (following Weber’s law), with the maximum amplitude capped at

100 pA. e, The estimated discriminable levels for tactile stimulation in the same
approximate range of forces (0-0.4 N). f, The maximum force or intensity evoked
by each electrode compared with the number of discriminable levels computed
from the detection threshold and JND. Note that force values are predicted
equivalent force at 100 pA based oniso-intensity curves (Fig. 5¢) fit on a subset of
the amplitude range. g, Example idealized stimulus profiles for linear (stimulus
amplitude scales with force) and biomimetic (force transients are emphasized)
stimuli. h,JNDs are reduced (sensitivity is enhanced) with biomimetic stimuli
versus linear ones. i, The distribution of the number of discriminable levels
computed from JNDs with constant (flat) (grey, n = 35), linear (black, n = 22)

or biomimetic (blue, n =22) stimuli. The number of levels is equivalent with
constant and linear but higher with biomimetic stimuli. The box and whisker lines
inbandiindicate the 5th, 25th, 50th, 75th and 95th percentiles.

which largely resembled flat trains with short on- and off-ramps. For
this comparison, the biomimetic and linear trains were matched in peak
amplitude so the charge delivered in abiomimetic train was less than
thatinamatchedlinear one (69 + 7% on average; Methods). We found
that JNDs for biomimetic ICMS were systematically lower than were
their linear counterparts (medians of 9.7 and 16.6 pA, 25-75th percen-
tiles 7.7-16.1 pA and 11.5-23.5 pA, respectively, Wilcoxon signed-rank
test,n=22,7=3.1,P<0.01; Fig. 6h). For the set of electrodes tested in
this comparison, the median number of discriminablelevels increased
from 8 to 11 with biomimetic sensory feedback (Wilcoxon rank sum
test, Z=3.21, P< 0.01; Fig. 6i). Biomimetic ICMS trains thus provide

higher resolution force feedback, an advantage that holds true when
expressed in terms of charge rather than peak amplitude (Wilcoxon
signed-rank test,Z=2.8,P< 0.01; Extended DataFig. 6e) and does not
simply reflect differencesin perceived intensity (Extended DataFig. 6f)
nor probably a difference in size (Extended Data Fig. 4).

Multi-electrode ICMS allows for better task performance

Our observation that multi-electrode ICMS improved localization
(Fig. 4e) suggested that multi-electrode ICMS might also serve to
improve the precision of force discrimination. To test this hypothesis,
we selected quartets of electrodes with overlapping or adjacent PFs
(as demonstrated in Fig. 4) and used biomimetic encoding. First, we
assessed whether multi-electrode stimulationincreased the dynamic
range of the evoked sensations by comparing magnitude estimates of
intensity with single- versus multi-electrode stimulation (three sets
of four electrodes in participant C1, all fully interleaved). We found
that multi-electrode stimulation evoked systematically more intense
sensations than did single-electrode stimulation when equating
the current delivered through each electrode individually (so quar-
tet stimulation delivered four times more total current than did its
matched single-electrode counterpart; Fig. 7a). Within the safe range
of ICMS amplitudes, multi-electrode ICMS allowed for a much wider
dynamicrange thandid any electrodeinisolation (more thantwice the
average electrode; Fig. 7b). Indeed, the peak equivalent force reached
2 N, approximately the weight of a mobile phone. Furthermore, the
multi-electrode ICMS amplitude intensity function still followed a
linear relationship with amplitude (Extended Data Fig. 7a), implying
that thelinear relationship is not an artefact of testing a narrow range
of intensities®.

To determine whether the increased intensity range also led to
improved discriminability, we repeated the amplitude discrimination
experiments with multi-electrode biomimetic ICMS trains (n = 8 quar-
tets, 5 from participant Cl and 3 from participant P2). We found that
multi-electrode ICMS—with identical stimulation delivered through
each electrode of the quartet—yielded substantially lower JNDs than
did its single-electrode counterparts when expressed in terms of the
amplitude on each electrode (Fig. 7c), mirroring the lower variability
in the magnitude estimates of intensity for multi-electrode stimula-
tion compared with its single electrode counterpart (Extended Data
Fig. 7b). To determine whether the effect was isolated to biomimetic
stimuli, we repeated the amplitude discrimination experiment on a
subset of quartets (n = 5from participant C1) but only compared linear
and biomimetic encoding (Fig. 7d) and found that performance was
equivalent between the conditions. Next, we computed the number
of discriminable levels that multi-electrode stimulation enabled and
found that the wider dynamicrange increased the number of discrimi-
nable levels from 11 to 19.5 (Fig. 7e). Thus, biomimetic (and probably
linear) multi-electrode force feedback can deliver a wider dynamic
range than standard force feedback through a single electrode with
more discrete levels. Indeed, while JNDs expressed in terms of charge
were equivalent or higher for multi-electrode than single-electrode
stimulation (Extended Data Fig. 7c), the bottleneck in ICMS-based
feedback is the charge delivered on any given electrode, which has
been identified as the primary determinant of stimulation-induced
neuronal damage®. Multi-electrode ICMS circumvents this limitation
by distributing the charge, thereby increasing both the range and num-
ber of discriminable levels. Additionally, the lower sustained charge
profile of biomimetic stimulation increases the effect as a function of
charge, further reducing risk of neuronal damage.

Having established that multi-electrode biomimetic feedback
leads to improved sensitivity in passive discrimination experiments,
we implemented this stimulation paradigm in a bionic hand (Ability
Hand, Psyonic) and had participant Cluseit to perform compliance dis-
crimination, a closed-loop task that required force perception. In brief,
we trained alongshort-term memory (LSTM) network to decode hand
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Fig. 7| Biomimetic multi-electrode stimulation produces more intense

and more discriminable percepts. a, Normalized magnitude ratings when
biomimetic ICMS is delivered through electrodes individually or simultaneously,
interleaved with mechanical stimuli for an example quartet. The lines denote

the mean and the shaded areas denote the s.d. b, Equal intensity contours for
single-electrode and multi-electrode ICMS for an example quartet. Inset: the
maximum achievable force for single- or multi-electrode stimulation across all
tested quartets, extrapolating fits to 100 pA. ¢, Psychometric functions for one
quartet of electrodes using biomimetic single- or multi-electrode stimulation.
Theindividual performance is in blue and the quartet isin red. Inset: JNDs for all
single electrodes and quartets tested (n =12 and 8, respectively). d, Psychometric

functions for one quartet of electrodes using linear or biomimetic multi-
electrode stimulation. Inset: JNDs for all quartets tested (n = 5). e, The estimated
number of discriminable levels with single-electrode ICMS and biomimetic
multi-electrode ICMS (n=22,22 and 8 and median of 8, 11and 19.5, respectively).
f, Aschematic of the compliance discrimination task using a sensorized bionic
hand. g, Compliance discrimination performance with linear single-electrode or
biomimetic multi-electrode feedback (2 blocks of 20 trials for each condition).
Datain cand e are from participants C1and P2, and the remaining data are from
participant C1. The box and whiskers in c-e show the 5th, 25th, 50th, 75th and
95th percentiles.

aperture from neural signals recorded in M1. Real-time feedback from
thesensorsonthehand about the forces exerted on the object was con-
veyed viamulti-electrode feedback using linear or biomimetic encod-
ing, with different feedback conditions tested in separate experimental
blocks (Extended Data Fig. 8). For linear feedback, ICMS amplitude

was proportional to time-varying sensor output while for biomimetic
feedback, ICMS amplitude was proportional to sensor output and
its derivative. We only tested multi-electrode biomimetic feedback
and not multi-electrode linear feedback as other testing has shown
that biomimetic stimulation supports improved motor decoding’®.
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On each trial, the (blinded) participant grasped two objects—foam
pucks of compliance 3 Ib ftand 8 Ib ft® (FlexFoam, SmoothOn), pre-
sented in random order—and reported which of the two was firmer
(Fig. 7f). Consistent with results from the passive discrimination experi-
ments (Fig. 7c), we found that multi-electrode biomimeticICMS yielded
substantially better compliance discrimination performance than did
single-electrode linear feedback (25% versus 7.5% error rates for linear
and biomimetic, respectively, binomial test,n =40, P=0.009; Fig. 7g).

Discussion

Our results show that the location of PFs evoked by ICMS are stable
over years. Unfortunately, we also found thatindividual electrodes are
insufficient to evoke robustly localizable sensations and usually only
convey coarse intensity information. Promisingly, however, biomimetic
encoding of single electrodes and, to agreater degree, multi-electrode
stimulation can improve this. Indeed, stimulation through quartets
doubled the dynamic range of the evoked touch sensations and dramati-
callyimproved localization. The extended dynamic range confers nearly
fivefold more discriminable levels of force than does single-electrode
linear feedback withoutincreasing the charge density. Consequently,
implementing multi-electrode stimulation for tactile feedback will
enable bionic limb usage.

PFs are highly stable over time

PFs remained stable over the testing period, which spanned -2 years
for participants C1and P3 and -7 years for participant P2. Indeed, the
variability inthe PF overlap and centroid distance across repeated tests
on the same electrode were equivalent within and across sessions.
Additionally, the greatest determinant in whether an electrode was
includedintheanalyses wasits detection threshold as those electrodes
with high thresholds evoked weak and poorly localizable sensations
at our survey amplitude. If the survey amplitude had been adjusted
on aper-electrode basis, less-sensitive electrodes may not have been
excluded. The fact that the location of the PFs was consistent over the
entire study duration indicates that we can assume that the location of
evoked percepts for both individual and combinations of electrodes
to be stable and reliable for bionic limb tactile feedback.

Given that the PF location largely coincides with RF location, this
stability suggests that the somatosensory homunculus is highly sta-
ble, consistent with fMRI studies with amputees' and people with
tetraplegia®”. Moreover, the participants varied in the extent of spared
sensation, where participant C1 had spared sensation over most of
his hand, P3 over all but the little finger and P2 only on the thumb and
index. Across participants, the PFs were indistinguishable in their
size and relative locations, whether these were on sensate or insen-
sate patches of skin, suggesting that the homunculus remains stable
regardless of the degree of residual sensation. Furthermore, recent
results with intraneural electrodes implanted in the human nerves
suggested that the PF changes observed over time were most likely
caused by the foreign body reactions and their impact on the coupling
between nerve and electrode”. Indeed, attempts to modify the PFs
of electrodes implanted in the nerves—leveraging both cortical and
subcortical plasticity—failed to change the PF location®. The idea of
major post-injury cortical reorganization'® has lost favour recently, with
the changes in observed cortical activity being explained by existing
lateral connectivity instead®?%. This work furthers the notion that the
underlying somatotopy does not change because of injury, as direct
stimulation evokes perceptsin the expected locations.

Electrode PFs are subsumed by their RFs

Sincethe PF of anelectrodeis determined by its location onthe soma-
tosensory homunculus, the spatial extent of the PF is expected to be
determined by the spatial extent of activation across the cortical sur-
face. Consistent with this, increases in ICMS amplitude or frequency
would lead to increases in the volume of activated neurons and/or

density of activated neurons within a volume® 2 producing concomi-

tantincreases in PF area. Furthermore, the PF of an electrode is, on
average, a sixth to a seventh the size of its RF. If we assume that the
spatial extent of a PF is determined by the activated cortical area, ICMS
at 60 pA activates the somata of neurons over a span of around 1 mm
(ref. 23) (Extended Data Fig. 9a). The RF size is determined by (1) the
areaover which neurons contribute to the multi-unitactivity onagiven
electrode (-150 pum radius) and (2) the area of cortex that is activated
by atouch (Extended Data Fig. 9b). Regarding the latter, a punctate
indentation applied to the skin evokes neuronal activity on two spatial
scales (Extended Data Fig. 9c). Contact transients evoke responses
over awide swathof cortex (spanning~15electrodes onthe array) that
would typically be associated with multiple digits. Contact mainte-
nance, however, is associated with a much more spatially restricted
sustained response (spanning -2 electrodes), reflecting the hot zone”.
Consequently, we believe thatalarge portion of our resultis due tothe
fundamental difference in cortical activation pattern between ICMS
and naturaltouch. Indeed, if we had performed the RF mapping based
on the sustained response to von Frey hairs instead of strokes with a
cotton bud, we may have found smaller RFs. Importantly, however,
either approachis biased towards slow or fast adapting afferents inputs,
respectively, and the comparison of both methods might be best for
future mapping.

ICMS discrimination tends to follow Weber’s law
Weber’slaw—which states that the JND is proportional to the reference
stimulus®*—is ubiquitous across sensory modalities. In previous stud-
ies with monkeys'® and humans®, we found that the discrimination of
amplitude did not follow Weber’s law, aphenomenon we hypothesized
might reflect differences in the trial-to-trial variability of natural sen-
sory responses and other ICMS-evoked counterparts™. In the present
study, we find that, on average, JNDs increased in proportion to the
standard, consistent with Weber’s law and with natural touch. At the
level of single electrodes, however, we saw that Weber’s law was vio-
lated in some cases, with some JNDs lower for the higher standard. We
attribute thisto two possible causes: first, there is areasonable amount
of variationexpected even with 60 trials and, second, across the eight
electrodestested, thelikelihood of a single false positive is substantial.
Overall, this should be tested more robustly in the future, though the
narrow range of perceptible and safe ICMS amplitudes may preclude
amore systematic investigation of Weber’s law with single-electrode
ICMS. Note, however, that the computed number of discriminable levels
is similar with and without the assumption of Weber’s law. The large
variability across electrodesin their disposition to follow Weber’s law
mightaccount for the discrepancy between this and previous studies*'
(along with minor differences in the experimental design). Given that
multi-electrode ICMS evokes a wider range of responses and has lower
JNDs (in terms of microamps), further testing of Weber’s law could be
performed with groups of electrodes.

Biomimetic ICMS confers higher resolution force feedback

Therationale behind biomimetic feedbackis that it evokes more natu-
ral patterns of neural activation, which then gives rise to more easily
interpretable sensations***. In experiments with human amputees,
biomimetic sensory feedback via peripheral nerve stimulation has
been shown toimprove the function of myoelectric bionic hands®* 5,
Our results further support the notion that biomimetic stimulation
strategies are a promising avenue for the development of ICMS. The
fact thatamplitude discrimination performance was better with biomi-
metic, rather thanlinear, single-electrode stimulation, but equivalent
with multi-electrode stimulation, implies that the models we use to
generate biomimetic profiles could beimproved to better capture the
natural spatiotemporal profile. Nevertheless, the fact that even simple
multi-electrode biomimetic stimuli tend to be lower in terms of total
charge means that less current is required to evoke the same range
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of sensations, may improve electrode longevity and reduces the risk
of damaging nearby neural tissue®. In conjunction with the reduced
disruption of motor decoding*’ and theimproved quality of the evoked
sensations*, biomimetic stimulation should be the preferred approach
to delivering tactile feedback with ICMS.

Multi-electrode ICMS confers a wider range of intensities
Multi-electrode ICMS leads to more intense sensations than
single-electrode ICMS. This finding is perhaps unsurprising given that
multi-electrode stimulation at a fixed amplitude entails more charge
delivery than does single-electrode stimulation. In fact, multi-electrode
stimulation less efficiently modulates the overall perceived magnitude
compared with single-electrode stimulation when expressed as a func-
tion of overall charge (Extended Data Fig. 7c). The major bottleneck
inICMS-based sensory feedback, however, is that the amplitude used
in human experiments is capped at 100 pA to prevent damage to tis-
sue*. Even if this maximum level turns out to be more conservative
than it needs to be, evidence suggests that charge per phase is the
main determinant of ICMS-induced neuronal damage®. Accordingly,
multi-electrode ICMS enables a widening of the dynamic range with-
outincreasing the charge per phase on any given electrode. As the PF
density varies on a participant-to-participant basis (Fig. 1and Extended
Data Fig. 1) and the discriminability can be well expressed in terms of
difference in total charge (Extended Data Fig. 7c), we expect that the
exact number of electrodes used can be adapted to each participant,
though the extent to which the gains asymptote with greater numbers
of electrodes is unclear.

Multi-electrode stimulation improves tactile feedback
Mapping sensors on the bionic hand to somatotopically matched elec-
trodesinSlyieldsintuitive feedback about the locations on the bionic
hands at which contacts with an object occur. Indeed, contact with the
prosthetic thumb tip, for example, leads to a sensation experienced on
the thumb tip. Here, we show that this mapping is even more effective if
thesensor output drives ICMS through multiple electrodes, whose com-
mon PF matches the sensor location. Forexample, if multiple electrodes
have PFsthatinclude the thumb, their aggregate PF will be dominated
by the thumb. Multi-electrode ICMS thus results in sensations that not
only are more tangible, but also more readily localizable to the hand
regions corresponding to the PF overlap. While the same outcome
might be achieved by increasing the amplitude of ICMS delivered
through asingle electrode, resulting in a more salient PF core despite
the concomitant increase in PF area, multi-electrode ICMS enables
improved localizability within the safety limits of ICMS*.. In addition
totheimprovementinlocalization, multi-electrode ICMS also leads to
animprovementinforce feedback compared withits single-electrode
counterpart, as evidenced by agreater number of discriminable levels
of force within the safe and perceptible range of amplitudes. Though it
should be considered that as the number of levels corresponds to the
maximum perceived intensity (Fig. 5f), the discriminability per force
range does not change.

Optimizing the number of electrodes for tactile feedback

Our results imply that increasing the number of electrodes will allow
for ever greater intensities to be evoked with ICMS. There are three
limitations to this line of reasoning. First, our results do not describe
the relationship between the maximum intensity and the number of
electrodes. Indeed, our data show that the perceived intensity with
quartet stimulation is less than the sum of its components (Fig. 6a).
Consequently, it is unclear what the optimal number of electrodes
is to evoke the maximum intensity per electrode. Second, all tested
quartets involved electrodes with substantial overlap. In cases where
electrodes do not overlap, this scaling may differ. Third, unless elec-
trodes overlap perfectly, the usage of more electrodes will also result in
the percept occurring over alarger area of the skin, potentially reducing

the spatial precision of the feedback. Consequently, any strategy must
be adapted to the specific pattern of PFs for each participantand even
for eachimplanted array. Future array technologies should thus have
sufficiently high density suchthat they are able to target nearby regions
of cortex, probably with overlapping PFs, while safely distributing
charge to minimize damage.

In summary, multi-electrode ICMS robustly evokes somatosen-
sory sensations at much shorter latencies than does single-electrode
ICMS****, On the other hand, multi-electrode ICMS of S has astronger
deleterious effect on the ability to decode motor intent by evoking
more activity in M1 than does single-electrode ICMS*’. This dis-
ruption, however, can be minimized by implementing biomimetic
stimulation®*. Overall, multi-electrode stimulation leads to more
effective tactile feedback for bionic hands.

Methods

Participants

This study was conducted under aninvestigational device exemption
fromthe US Food and Drug Administration and approved by the insti-
tutional review boards at the Universities of Pittsburgh and Chicago.
The clinical trial is registered at ClinicalTrials.gov (NCT01894802).
Informed consent was obtained before any study procedures were
conducted. Participant C1 (male, m), 57 years old at the time of implant,
presented with a C4-level American Spinal Injury Association (ASIA)
D SCI that occurred 35 years before the implant. Participant P2 (m),
28 years old at the time of implant, presented with a C5motor/Cé6 sen-
sory ASIABSClthat occurred 10 years before the implant. Participant
P3(m), 28 yearsold at the time of implant, presented with a C6 ASIAB
SClthat occurred 12 years before theimplant. Participant R1(m), who
performed asubset of experiments, was enrolled under a separate insti-
tutional review board and investigational device exemption-approved
clinical trial (NCT3898804). R1 presented with a C3/C4 ASIA B SCI
thatoccurred 5 years before theimplant, and his corticalimplants are
described in detailinref. 7.

Participant C1had retained sensation over the entire volar surface
of the hand, with nearly normal detection thresholds (measured with
von Frey hairs) onthe digit tips and elevated thresholds over the rest of
the hand (Extended DataFig. 3). Participant P2 had retained sensation
over the thumb, index finger and underlying palm, albeit with elevated
thresholds, but the rest of his hand was insensate. Participant P3 had
nearly normal thresholds on the thumb and most of the index finger,
higher thresholds on the middle finger, was nearly insensate on the
ring finger and completely insensate on the little finger.

Corticalimplants

We implanted four microelectrode arrays (Blackrock Neurotech) in
each participant (C1, P2 and P3). The two arrays (one medial and one
lateral array) in Brodmann'’s area 1 of S1 were 2.4 mm x 4 mm with
60 1.5-mm-long electrode shanks wired in a chequerboard pattern
such that 32 electrodes could be recorded from or stimulated. The
two arrays in motor cortex were 4 mm x 4 mmwith100 1.5-mm-long
electrode shanks wired such that 96 (C1and P3) or 88 (P2) electrodes
could be used to monitor neural activity. The inactive shanks were
located at the corners of these arrays. Two percutaneous connec-
tors, each connected to one sensory array and one motor array, were
fixed to the participant’s skull. We targeted array placement during
surgery based on functional neuroimaging (fMRI) or magnetoen-
cephalography of the participants attempting to make movements
of the hand and arm (all participants) and imagining feeling sensa-
tions on their fingertips (participant P2), within the constraints of
anatomical features such as blood vessels and cortical topography
(see ref. 46 for a full description of the implantation approach).
Participant R1was implanted with two 64 electrode arrays (8 x 8) in
Brodmann’sareal, with PFs primarily on theindex and middle fingers
(seeref. 7 for details).
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ICMS

ICMS was delivered via a CereStim 96 (Blackrock Neurotech). Each
stimulating pulse consisted of a 200 ps cathodic phase followed by
a half-amplitude 400 ps anodic phase (to maintain charge balance),
the two phases separated by 100 ps. For multi-electrode stimulation,
the same pulse train was delivered to all electrodes simultaneously
and synchronously.

Detection thresholds

Detection thresholds for ICMS were measured on each electrode in
both sensory arrays on a quarterly basis as described previously®. We
either used athree up one down transformed staircase or the method
of constant stimuli, both in a two-alternative forced choice paradigm
targeting 50% detection performance.

Multi-electrode ICMS

Wesselected groups of four electrodes, referred to as quartets. In most
cases, the four electrodes had overlapping PFs (the patch of skin over
which the ICMS-evoked sensation is experienced). In one case, one pair
of electrodesin the quartet had PFs on one digit and the other pair had
PFsonthe adjacent digit. When stimulating through a quartet, all elec-
trodes delivered the same ICMS pulse train synchronously. During each
experimental block, we randomly interleaved stimulation through each
electrodein each quartet with stimulation through the entire quartet.

PF mapping and quantification

To map each PF, ICMS was delivered through one or more electrodes
(60 1A, 100 Hz, 1s unless otherwise specified), and the participant
reported whether a sensation was evoked. The participant could
request as many repetitions of the stimulus as desired as the goal
was to maximize location accuracy. During or after the stimulation,
the participants drew the spatial extent of the sensation on a digi-
tal representation of the hand using a stylus. The original image was
1,050 x 1,200 pixels (discrete two-dimensional digital visual elements)
but was scaled down to the resolution of the tablet.

Periodically (every 1-3 months), this procedure was repeated for
everyelectrode onbothsensory arrays, withelectrodesinterleavedin
randomorder, across a span of approximately 800, 2,750 and 750 days
for participants C1, P2 and P3, respectively. From these digitalimages,
we counted the number of pixels subsumed by the PF, computed itsarea
and centroid (centre of mass). To gauge the validity of the computed
centre of mass, one participant also marked, onasubset of electrodesin
onesession, the centre of the PF on the picture of their hand. We found
that the estimated centroids matched the reported centroids with sub-
millimetre accuracy (median of 0.71 mm, Q;, Q;=0.52,1.33 mm). Each
participants retained at least partial control of the proximal muscles.
Through acombination of forearm muscle tension (tendonesis grip),
participants were able to manipulate astylus to complete the sensory
survey. Participants were right-handed before their injury and contin-
ued to use their right hand for these tasks.

In a fourth participant (R1), the PF mapping procedure differed
slightly. On each experimental block, a group of five electrodes were
randomly selected, and each electrode was stimulated approximately
five times (n =4-7 times, mean of 5.12) inarandomized order within the
block. The participant verbally reported the hand segments on which
the sensation was experienced (for example, distal and medial finger
pads), each segment numbered on adigital representation of the hand’.
ICMS wasidentical as that for the other participants, except that pulse
amplitude was 80 pA. Skinlocationsincludedinthe reported PFonat
least 60% of trials for a given electrode were included inits PF.

Aggregate PFs

Havingestablished that day-to-day variationsin PF location were essen-
tially random and primarily reflected noise in the reports, we con-
structed an estimate of each PF that weighted skin regions according

to the frequency with which these were included in the single-day PF
reports. Specifically, we computed the proportion of times a given
pixelwasincludedin the single-day PF. We then eliminated pixels that
wereincluded on fewer than 33% of single-day reports and normalized
the remaining proportions such that they summed to one. For some
electrodes, this criterion eliminated all pixels. These electrodes were
not included in subsequent analysis and are reported as having no
reliable PF. In the computation of the aggregate centroid, each pixel
was weighted according to its value (normalized proportion). When
aggregate centroids spanned multiple hand segments, the one with
the largest summed pixel values was identified as the dominant one.
The size of the aggregate field was the total number of pixels that
exceeded the threshold.

PF stability

We gauged PF stability in three ways. First, we computed the distance
between each single-day PF centroid and the centroid of the first
reported PFs. Second, as this measure was susceptible toananomalous
reportonthefirst session, we alsocomputed the distance between the
PF centroid onany given session and the centroid of the aggregate PF.
Third, we measured the proportion of all unique pixels reported for a
given electrode that exceeded each of several thresholds, reasoning
that stable PFs would be consistent across a wide range of thresholds.

PF progression over the cortical surface

To test the degree to which PF progressions follow the canonical
homunculus, we assessed how well we could identify the dominant
hand segment for an electrode given that electrode’slocation. In brief,
we used the row and column coordinates of the array as the Xand Y
coordinatesin Cartesian space, whose origin was the centre of the array.
We then projected the coordinates onto each of 72 axes, spanning the
range from 0°to360°inincrements of 5°. For example, for the 0° axis,
the coordinate would be identical to the X coordinate (row). For each
axis, wethenapplied alinear discriminant classifier with the projected
coordinates asinputs and the dominant hand segments (digit) as out-
put classes (MATLAB's fitcdiscr). To further test the degree to which PFs
progress somatotopically, we computed, for each pair of electrodes,
thedistance betweentheir respective aggregate centroids and assessed
therelationship between PF centroid distance and the physical distance
between the electrodes over the cortical surface.

RF mapping

To map the extent of the RFs of the multi-unit around each electrode,
we lightly brushed the skin of the hand using cotton swabs or Von
Frey hairs while monitoring the multi-unit response using a speaker.
One experimenter stimulated the hand while the other experimenter
selected theelectrode to be mapped (unknownto the first). Inthe case
of participant C1, where three sessions were completed, the electrode
order was randomized across sessions. The RF was reported on the
same tablet interface used for PFs so that the same analytical protocols
couldbeappliedtobothtypes of fields. An aggregate RF was produced
for participant C1 with a cut-off of 33% (the pixel must have been pre-
sentonone-third of observations) using the method described above
for PFs. Measured RFs were nearly identical across sessions in the one
participant for whom these were measured repeatedly over multiple
sessions. For participant R1, a trapezoidal indentation was delivered
to the distal finger pad of each digit using a tactile linear actuator
(LCA25-025-6MSD6, SMAC) while recording the neuronal activity
evoked in S1. Each indentation was presented 60 times at a constant
amplitude. As the neuronal signal was weak, we computed spike band
power—the root mean square of the filtered signal in 1 ms bins—to
quantify the strength of the neural response. The spike band power
was normalized within trials by z-scoring the signal during the 2 s
stimulus by the 2 s prestimulus interval, then the normalized metric
was trial averaged for each indenter location. Electrodes with peak
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normalized spike band power greater than1.5s.d. above baseline were
considered responsive toindentation at the specific location. While this
RF mappingapproachinvolved amuch more controlled and systematic
mechanical stimulus than that used in the other three participants
(P2, P3 and Cl), it suffers from the poor coverage, able only to detect
neuronal responses evoked by stimulation of the distal digit tips.

Localization task

To assess the degree to which ICMS conveys information about the
location of contact between bionic hand and objects, we implemented
asensory encoding algorithm that linked sensors on the robotic hand
(Ability Hand, Psyonic) and somatotopically matched electrodesin S1.
For example, the output of asensor ontheindex fingertip drove ICMS
delivered through one or more electrodes with PFs on the index finger-
tip. Then, oneach trial, the experimenter squeezed one or more digits
and the participants’ task was to report which digits were squeezed.
Single-digit and two-digit trials were randomly interleaved and the
participant was warned that one or two fingers might be squeezed
on any given trial. On some experimental blocks, the digit(s) were
selected by the experimenter and an automated protocol randomly
selected stimulating electrodes corresponding to the selected digits
for testing, allowing for greater flexibility to test different electrodes.
Sensor outputdrove ICMS (at 100 Hz) through asingle electrode with
a PF on the corresponding digit or through multiple electrodes, all
with PFs that were predominantly on that digit. The amplitude of the
ICMS was proportional to the sensor output and capped at 60 pA. For
multi-electrode stimulation, the same ICMS was delivered to all the
electrodes simultaneously. For computer-controlled trials, selection of
digittriggeredals, 100 Hz, 60 pAICMS pulse train delivered through
one or four electrodes. We could then compare the participant’s per-
formance with single- versus multi-electrode stimulation on the single-
versus multi-digit task. The participant reported the location of the
sensation (individual digits, combinations of digits or no sensation) at
theend of the stimulus. On single-digit trials, the participant received
full credit if he correctly identified the digit where the aggregate PF
was located and on multi-digit trials, he received half credit for each
correctly identified digit.

Magnitude estimation

The objective of this paradigm was to assess the relationship between
stimulus amplitude and sensory magnitude. On each trial, the partici-
pant was presented with an ICMS or a mechanical stimulus and rated
its sensory magnitude on a scale of his choosing. If the stimulus was
imperceptible, the participant ascribed to it a rating of zero. If one
stimulus was twice as intense as another, it was ascribed a rating that
wastwice as large. The participant was encouraged to use fractions or
decimals. At the beginning of each set, the participant was presented
witheach of the test stimuliin arandom order to familiarize them with
the stimulus range, as is typically done. The amplitude of the ICMS
stimulus varied between 20 and 80 pA while the mechanical stimuli
ranged from 0.05 to 2 mm. In all cases, the mechanical stimulus was
delivered to the location of the PF for the given electrode. Both ICMS
and mechanical stimuliwere interleaved throughout each block, with
aSsinter-trialinterval. For each electrode, each rating was divided by
the grand mean of all ratings in the experimental block, then averaged
across repeated presentations of each stimulus.

Inexperimental blocks involving both skinindentations and ICMS,
the range of indentation depths was selected in preliminary meas-
urements to match the range of intensities of the electrical stimuli
(based on participant ratings) to maximize the overlap and minimize
range-related biases**%, To this end, we estimated at the start of the
sessionand, with the participants help, the range of mechanical inden-
tations that evoked sensations of comparable intensity as their ICMS
counterparts (which varied from electrode to electrode). When mul-
tiple electrodes were tested, we selected the weakest and strongest

sensations across electrodes. We then evenly sampled intermediate
indentation depths between these two extremes. In some cases, the
intensity of the multi-electrode ICMS exceeded the maximumindenta-
tionthat could be delivered with the indenter, precluding comparisons
at higher amplitudes.

A minimum of eight blocks were completed for each electrode
and condition. Blocks were sometimes distributed across several
days to minimize the effects of adaptation*’ and maintain participant
engagement.

Equal intensity contours
We fit a power function to the magnitude mechanical ratings, M,,, of
the skinindentations

4
m»

My = aa
where a,, is the amplitude, and a and y are fitted parameters. We fit
alinear function to the magnitude electrical ratings, M,, of the ICMS

Me =ﬂaes

where a. is the ICMS amplitude and S is the change in magnitude per
unitamplitude. We then derived an equal intensity contour by finding
the conditions under which M, equals M,

a
a. = —a,.

B

Force approximation
To convert skin indentations into equivalent forces in the magnitude
estimation task, we used the following equation:

F=0.06xd,

whichwas derived from a previous study usinga2 mmradiusindenter,
where Fis the force in newtons and d is the indentation depth in mil-
limetres. As the stimuli for the magnitude estimation experiments
used a 5 mm radius, we accounted for the difference in surface area
between the tips when computing force. It is worth noting that given
the variability in skin stiffness between participants, the absolute
force values will vary between participants but the linear relationship
between depth and force is consistent across participants.

Psychometric functions
Psychometric functions were fit with a logistic function

1

P= Tfesaw

where pisthe probability of judging the comparison stimulus as more
intense than the standard, x is the amplitude, c is the slope and u the
pointof subjective equality. TheJNDis halfthe difference between the
amplitudes thatyieldap of 0.25and 0.75.

Amplitude and force discrimination

Participants performed an amplitude discrimination task in a
two-alternative forced choice paradigm. On each trial, a pair of stimuli,
each lasting 1s, was presented with als inter-stimulus interval and
the participant reported which stimulus was stronger. The standard
stimulus, consistent across the experimental block, was paired with
acomparison stimulus whose amplitude varied from trial to trial and
spanned the standard amplitude. The order of presentation of the
standard and comparison stimuli was randomized and counterbal-
anced to minimize order effects*’. Data were obtained fromeach elec-
trode over a minimum of eight experimental blocks, each consisting
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of two presentations (one for each order) of each stimulus pair. The
frequency of the ICMS stimuli was either 50 Hz (Fig. 5) or 100 Hz (all
other experiments).

Inforcediscrimination experiments, trapezoidal force traces(1sin
duration, 0.1sramps) were converted to ICMS accordingto alinear or
biomimetic mapping. For the linear mapping, the ICMS profile matched
that of the force profile, with a peak amplitude proportional to the peak
force. For the biomimetic mapping, ICMS consisted of 0.1 stransients
duringthe on- and off-force ramps whose amplitude matched the peak
amplitude of the corresponding linear train and a sustained phase, dur-
ingwhich the amplitude was either 30 pA less than the peak amplitude
or the detection threshold, whichever was highest. The envelope of
the resulting biomimetic trains mimics the envelope of the spiking
response to an indentation in S1 (ref. 27). On any given experimental
block, the standard force was mapped to an ICMS amplitude of 60 pA
and comparison forces mapped onto amplitudes that ranged from 40
to 80 pA (Fig.5a). Note that theJNDs were the same at 50 and 100 Hz, as
hasbeen previously found in experiments with monkeys'.

To test whether ICMS amplitude discrimination was subject to
Weber’s law, we selected two standards—either at 50 and 70 pA—and
paired them with comparison amplitudes that spanned a range of
+16 pA around the standard (based on previously observed JNDs).
Tests for both standards were interleaved and randomized within
an experimental block. This design contrasts with that adopted in
previous experiments testing Weber’s law, in which the two standards
were at the extremes and comparisons fell between the extremes™'°.
The narrow range of the standards was adopted such that none of the
comparisons fell below threshold or above the safety limit of 100 pA.

The same behavioural paradigm was used to measure amplitude
JNDswiththe mechanicalindenter as for ICMS. Theindentation depths
varied between 0.85 and 1.15 mm with a standard amplitude of 1 mm
and an onset- and offset-ramp speed of 5mm ™.

Discriminable levels
To estimate the number of discriminable levels for ICMS we used the

formula
12|

Ind+ &)

where DL is the number of discriminable levels, dt,, is the 50% detection
threshold and kis the Weber fraction for that electrode. For touch, we
estimated the number of levels based on a computed Weber fraction
0f1.083 and dt,, of 0.05 mm.

Decoding of hand aperture

Neural signals from M1 arrays were recorded at 30 kHz using the Neu-
roPort system (Blackrock Neurotech). The data were high-pass filtered
with afirst-order Chebychev filter above 750 Hz. Whenever the signal
crossed athreshold (4.5 times root mean square of baseline voltage,
setatthestartof eachrecordingsession), aspiking event was recorded.
Spikes were binned in 20 ms bins for decoding, then smoothed with an
exponential filter of 440 ms. Only electrodes with firing rates above
0.5 Hz were used.

Todecode aperture, we used arecurrent neural network that con-
sisted of one middle layer of 150 LSTM nodes implemented online in
participant C1. Network hyperparameters were optimized to achieve
the best cross-validated fit. For each session, we first harnessed M1
responses as the participant attempted to grasp an object in virtual
reality, following the motion of a virtual hand. During training, contact
with the object triggered ICMS (linear single electrode and biomimetic
multi-electrode) to expose the decoder to the activity in M1 evoked by
ICMS delivered to S1, which would otherwise have disrupted decoder
performance when not accounted for*’. Offline training lasted less

than 5 min. An LSTM decoder of hand aperture was constructed based
on these data, and the participant proceeded to use the decoder to
perform the compliance discrimination task described below.

Compliance discrimination task

Oneachtrial, the participant wasinstructed to squeeze two foam pucks
of differing compliance with the bionicindex and thumb. The output of
the sensor onthe thumb and index finger were summed separately to
yield two force signals, one stemming from each digit, which then drove
ICMS delivered through electrodes with PFs on the corresponding digit.
These sensor signals were converted into ICMS using either alinear or
biomimetic algorithm. For the linear algorithm, ICMS amplitude was
proportional to (summed) sensor output, F(t) from

a. () = a F(t - Av),

where At is the change in time, also known as bin size (20 ms), and &,
(whereLis limit) isaparameter, chosen such that the ICMS amplitude
spanned the range from 20 to 90 pA based on preliminary measure-
ments of the sensor output ranges in this task.

For the biomimetic algorithm, ICMS amplitude was proportional
toboththe sensor output and its derivative,

. (f) = aF (t — AD) + ﬁ@
At

where aF and B are the relative weights for force and its derivative for
driving stimulation, respectively, and Afis the absolute change in force
between each time bin. For this, a and S were selected such that the
resulting ICMS trains peaked at comparable amplitudes as with the
linear feedback, based on the aforementioned preliminary testing.
For the biomimetic feedback, ICMS was delivered through quartets of
electrodes with PFs on the thumb and index, with the same stimulus
applied toallfour electrodes.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The de-identified data generated in this study are available from the
data archive BRAIN Initiative under the project code GUSASIOSLRXE
(https://dabi.loni.usc.edu/dsi/GU5ASIO8LRXE). Owing to participant
privacy, thedataareavailableunder restricted access, and access can be
obtained onrequest to the study PIsby aninvestigator who is prepared
to securely handle dataresulting from human research.

Code availability

Code for the analyses and figure generation is available on GitHub at
https://github.com/CorticalBionics/StableAndPreciselCMS. Code
used for data collection is available for research purposes from the
corresponding author on reasonable request.
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Extended Data Fig. 1| Palmar and dorsal projected field maps for all surface of the hand. The array diagrams show the dominant hand segment for
participants. The hand diagrams show the distributions of the locations of the each electrode. All array rotations are approximately aligned such that up is
sensations evoked by ICMS any electrode on the palmar (left) and dorsal (right) medial and anterior is left.
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Extended Data Fig. 2| Thresholding the aggregate PFs to assess stability.
a, Proportion of times that ICMS (at 100 Hz, 60 pA) through agiven electrode
evoked asensationin the three participants. b, The proportion of electrodes
for which any pixel exceeds the criterion decreases as the pixel frequency
threshold increases. ¢, The area of the aggregate PF drops dramatically as the
pixel frequency threshold increases to 0.25 and then decreases more slowly.
d, The variability in the PF (Euclidean distance of each observation’s centroid
from the aggregate centroid) changes only marginally as pixel frequency
threshold increases. Dashed line indicates 33% threshold applied for analyses

Vector Strength

(same for E & F). e, Electrodes with higher detection thresholds were less likely
tobereported during survey sessions. f, The mean distance between the first
centroid and subsequent ones is stable. g, The distribution of slopes computed
from the data shown in panel A for individual electrodes grouped by participant.
h, Centroid variability was maximized in both directions along a single axis
instead of monotonic drift. Lines and shaded areas in C, F, and G represent mean
and standard deviation. Box and whisker in A and G represent 5th, 25th, 50th,
75th, and 95th percentiles.
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Insensate fully sensate

Extended Data Fig. 3 | Residual touch sensation for each participant. Shading indicates the degree of residual touch of the palmar surface of the hand for
each participant.
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Extended Data Fig. 4 | PF size and sensory magnitude increase with ICMS
amplitude and frequency. a, Normalized ratings of sensory magnitude and PF
size vs.ICMS amplitude (with frequency fixed at 100 Hz). The size of the PF for
eachelectrode and condition was normalized by the mean PF across conditions.
b, Normalized ratings of sensory magnitude and PF size vs. ICMS frequency (with

amplitude fixed at 60 pA). Both frequency and amplitude significantly impact
perceived size and intensity (2-way ANOVA, p < 0.01for all). ¢, The effect of ICMS
amplitude and frequency on PF size can be accounted for by the latter’simpact on
sensory magnitude (r = 0.77, p < 0.01). Data from participant C1. Lines and shaded
areasin A and B represent mean and standard deviation.
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2-sample t-test, t(236) = 0.58, p = 0.56). b, Confusion matrices for single and
¢, multielectrode stimulation. Data from participant C1. Box and whiskerin A
represent 5th, 25th, 50th, 75th, and 95th percentiles.
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Extended Data Fig. 6 | Mechanical-task performance and single-electrode
performance. a, Mechanical JNDs for participant C1 with either the injured

(contralateral) or uninjured (ipsilateral) hand are similar. Each point represents

adifferent fingertip. b, Normalized intensity ratings from participant Clon 3

different digits (denoted by different colors). Ratings are consistent across digits.

Note that the normalization was performed based on the grand mean rating,

whichincluded ratings of single-electrode ICMS stimuli and tended to be weaker

than the mechanical ones. ¢, JNDs for a subset of electrodes from participant

when the reference stimulus was 50 or 70 pA. Dashed lines connect to the same
electrode. d, The discriminability of an electrode (JND) is inversely correlated

2 4 6
Linear JND (nC/p)

C1

95th percentiles.

8

(9]

-n

Normalized Intensity

JND (uA)

=
o

-
N

i
N

—_

o
o

50 70

Standard (uA)

40 50 60 70 80
Stimulus Amplitude (uA)

withits detection threshold. e, JNDs for biomimetic and linear stimuli across
participants and electrodes (n = 20). Biomimetic stimuli yield significantly lower
JNDs than linear stimuli, expressed in terms of charge per phase. f, Normalized
intensity ratings for one electrode. Linear ICMS (gray) does not give rise to
significantly more intense sensations than does biomimetic ICMS (blue) when
comparing stimuli with the same maximum amplitude. The mean relative
intensity of the biomimetic stimuli was 92 + 3% of the intensity of the linear

ones (n=S5electrode). Lines and shaded areas in B and F represent mean and
standard deviation. Box and whisker in A represent 5th, 25th, 50th, 75th, and
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power law fits are better for mechanical stimuli. b, Variability of magnitude phase (1-way ANOVA, F =36.1, p < 0.001). Box and whisker in Band C represent
ratings is lower for multielectrode stimulation than for single-electrode 5th, 25th, 50th, 75th, and 95th percentiles.

stimulation (Tukey’s post-hoc test, p < 0.01) and statistically equivalent to its
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Extended Data Fig. 8 | Pipeline for the compliance discrimination task. At trial electrodelinear algorithm or a multielectrode biomimetic one. Linear feedback
start, the subject attempts to grasp afoam puck. An LSTM decoder infers the is delivered through a single electrode, biomimetic feedback through a quartet
attempted aperture based on signals from M1. Upon object contact, the output with overlapping PFs (asin this schematic).

of sensors on the thumb and index finger drives ICMS according to asingle-
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Software and code

Policy information about availability of computer code

Data collection  Neural data were collected through the Central API (7.0.5, Blackrock Neurotech), whereas other data were collected through custom software
made with a combination of Python 3+, Matlab 2019+ and C++.

Data analysis Data were analysed using Matlab 2019a or newer.
Code for the analyses and for figure generation is available on GitHub at https://github.com/CorticalBionics/StableAndPreciselCMS.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy
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The de-identified data generated in this study are available from the Data Archive BRAIN Initiative (DABI) under the project code GUSA5IO8LRXE (https://




dabi.loni.usc.edu/dsi/GUSASIO8LRXE). Because of participant privacy, the data are available under restricted access, and access can be obtained on request to the
study Pls by an investigator who is prepared to securely handle data resulting from human research.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender All four participants were male, which is consistent with the represented patient population (spinal cord injury, SCI) being
approximately 80% male.

Reporting on race, ethnicity, or Participants were not recruited with respect to their race, ethnicity or any other social grouping. There were no attempts to

other socially relevant make comparisons between participants based on any of these factors.
groupings
Population characteristics Two participants were 28 years old at time of implant, the third was 57 years old, and the fourth was 27 years old. No effects

of age were expected or found. All four participants had been diagnosed with a cervical spinal cord injury (SCI), as required by
the inclusion criteria.

Recruitment Participants were recruited through voluntary research registries for people with SCI. Any selection bias is not expected to
influence the results.

Ethics oversight The study was conducted under two IDEs. One from the FDA and with approval from the IRBs at the University of Chicago
and at the University of Pittsburgh, and another from the FDA with approval from the IRB at Case Western Reserve
University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We used 4 particpants. The number of participants in brain—computer Interface (BCl) studies in humans are limited owing to the necessity of
surgery and the limited size of the eligible population. Most studies in this area only include 1 or 2 participants.

Data exclusions  No data were excluded.

Replication Experiments were replicated in up to 4 volunteers across 3 study sites. All experiments that were repeated were consistent across subjects.
Not all experiments could be completed in each participant, owing to differences in evoked sensation.

Randomization  No randomization was possible given the required surgery to implant the electrodes.

Blinding Blinding was not applicable, as there was no control group.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging
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Dual use research of concern

XXOXXNXX s
OOXOOOO

Plants

Clinical data

>
Q
Q
(e
=
)
§o;
o)
=
o
=
_
D)
©
o)
=
S
Q
w
(e
3
S}
Q
<L

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  NCT01894802

Study protocol The trial protocol is unavailable, as it is part of an ongoing study (IDE G130082).

Data collection Data were collected in research laboratories set up for the BCl trial at the Universities of Chicago and Pittsburgh, and a separate study
at Case Western Reserve University. Data were collected 1 year, 1 year, 6 years and 2 years after device implantation for C1, P3, P2,

and R1 respectively.

Outcomes The results reported in this study are are tangential to the primary and secondary outcomes of the clinical trial. Interim publication
has been approved by the DSMB.
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