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Restoration of natural thermal sensation in

upper-limb amputees
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The use of hands for gathering rich sensory information is essential for proper interaction with the
environment; therefore, the restoration of sensation is critical for reestablishing the sense of
embodiment in hand amputees. Here, we show that a noninvasive wearable device can be used to
provide thermal sensations on amputees’ phantom hands. The device delivers thermal stimuli to specific
regions of skin on their residual limb. These sensations were phenomenologically similar to those

on the intact limbs and were stable over time. Using the device, the subjects could successfully exploit
the thermal phantom hand maps to detect and discriminate different thermal stimuli. The use of a
wearable device that provides thermal sensation can increase the sense of embodiment and improve

life quality in hand amputees.

he human hand provides rich sensory
information crucial for effective and safe
manipulation (Z, 2). For prosthesis users,
the ultimate goal is to restore sensation
by creating a link with artificial sensors
(8). Tactile sensations on users’ phantom hands
can be achieved by means of direct neural
stimulation (4, 5). A similar effect can also be
noninvasively obtained by exploiting tactile
phantom hand maps—regions of the residual
limb able to elicit tactile projected sensations (6).
Although these approaches have been suc-
cessfully used to restore haptic information,
such as texture (7), shape (8), and stiffness (9),
to the best of our knowledge, thermal feed-
back has not yet been restored. The very small
size of thermal fibers does not allow reliable
targeted direct electrical stimulation with state-
of-the-art implantable neural interfaces (10).
Here, we show that a noninvasive wearable de-
vice can be used to generate thermal sensations,
similar to those experienced in an intact arm, in
upper-limb amputees. To achieve this, we stim-
ulated specific spots on the amputees’ residuum
and investigated whether the stimulation could
elicit a thermal phantom hand map.
Twenty-seven adult (24 to 65 years old; four
female) upper-limb amputee participants were
included in the study (table S1). Twenty-two

'The BioRobotics Institute, Health Interdisciplinary Center, and
Department of Excellence in Robotics and Al, Scuola Superiore
Sant’Anna, 56127 Pisa, ltaly. “Bertarelli Foundation Chair in
Translational Neural Engineering, Neuro-X Institute, Ecole
Polytechnique Fédérale de Lausanne, 1015 Lausanne,
Switzerland. *Bertarelli Foundation Chair in Neuroprosthetic
Technology, Neuro-X Institute, Ecole Polytechnique Fédérale
de Lausanne, 1015 Lausanne, Switzerland. “Bertarelli
Foundation Chair in Cognitive Neuroprosthetics, Neuro-X
Institute, Ecole Polytechnique Fédérale de Lausanne, 1015
Lausanne, Switzerland. "Metaphysiks Engineering SA,

1260 Nyon, Switzerland. ®Centro Protesi INAIL, 40054
Vigorso di Budrio, Italy.

*Corresponding author. Email: silvestro.micera@epfl.ch (S.M.);
solaiman.shokur@epfl.ch (S.S.)

tThese authors contributed equally to this work.

Iberite et al., Science 380, 731-735 (2023)

19 May 2023

of the participants had transradial amputa-
tion, four of the participants had wrist dis-
articulations, and one participant had partial
hand amputation. In all cases, amputations
occurred at least 1 year prior. All but five par-
ticipants used robotic prosthetic hands (two
participants used body-powered prostheses,
and three used cosmetic hands), and they all
reported mild to no phantom limb pain on a
visual analog scale (VAS < 3).

First, we investigated the presence of tactile
phantom hand maps in all participants. Using
the round side of a pen to stimulate different
parts of the residual arm (Fig. 1A), we found
evidence of projected sensation in 26 of the
27 participants (table S2).

Presence of thermal phantom hand maps
in upper-limb amputees

Next, we performed a thermal investigation on
the residuum using a custom thermal device
named MetaTouch (Metaphysiks, Lausanne)
(Fig. 1B and supplementary materials). We
found evidence of thermal phantom hand maps
in 17 out of 27 participants. The sensation man-
ifested in several points (up to four in some
participants) with distinct somatotopic pro-
jection on the phantom hand and thermal de-
scription; for example, one participant reported
“I feel you are cooling down my left index finger.”
For each spot on the residual arm, we tested
three thermal stimuli, at 25 32° and 37°C, and
asked the participants to rate their thermal per-
ception on a visual analog scale ranging from
very cold to very hot (Fig. 1C).

The thermal perception was not uniform on
all the tested spots; in some cases, the partic-
ipants only perceived the hot stimuli, and in
other cases, they only perceived the cold stim-
uli (fig. S1). We focused mainly on spots
where the participants could perceive the cold,
neutral, and warm stimuli (spots of coherent
thermal perception) and where the projected
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(coherent locations). We considered thes. =
thermal phantom spots that could be used for
neuroprosthetics (Fig. 1D). We found evidence
of thermal phantom spots in 15 of the 27 par-
ticipants (table S2 and fig. S3), suggesting that
in 56% (15/27) of the subjects, thermal phan-
tom hand maps might be exploited for pros-
thetic use (Fig. 1E).

We also discovered that in some partici-
pants, the thermal phantom hand maps were
present even in the absence of tactile stimula-
tion. We used a chemical cooling agent (men-
thol cream) on one of the thermal phantom
spots (I1) of five participants. Among the par-
ticipants, two reported thermal projected
sensations (table S3). The cooling sensations
were projected on similar regions of the phan-
tom hand when we used the cooling agent and
the MetaTouch (Fig. 1F).

Thermal phantom sensations are
phenomenologically similar to those
of the intact hand

To further investigate the phenomenological
experience of the thermal projected sensa-
tions, we compared the sensation elicited by the
MetaTouch on a thermal phantom spot with the
physical stimulation on the mirrored intact
body part with four amputee participants. Be-
fore the tests with the amputee participants, and
to validate that the MetaTouch could deliver
sensations similar to those produced by contact
with real objects, we ran a control experiment
with eight nonamputee subjects where the
MetaTouch and the physical objects were placed
on mirrored body parts. We chose the lower
abdomen as the stimulation region; in a pre-
vious study (72), we reported that this is a re-
gion with particularly good sensitivity (better
than that of the hand) to material detection.
The MetaTouch produced the signature ther-
mal drop of the skin in contact with one of the
following three materials: copper, glass, and
plastic (Fig. 2A). On the contralateral side, we
used slabs constructed of the same three mate-
rials and of the same size as the MetaTouch
thermode (3 cm by 4 cm). The participants had
to report whether the two stimuli matched in
terms of both location and thermal sensation. On
average, the nonamputee participants reported
that the physical and MetaTouch-mediated
stimuli matched at 76.4%, with the highest rates
of matching for plastic (86.8%), followed by
glass (72.9%) and copper (68.75%) (Fig. 2B). In
all cases, when we used nonmatching parame-
ters (for example, physical copper on one side
and MetaTouch-mediated plastic stimuli on
the other), the probability of participants re-
porting that two stimuli matched was signif-
icantly lower (30.1%, P = 0.004, on average;
15%, P = 0.004, for plastic; 41.1%, P = 0.008,
for glass; and 34.1%, P = 0.039, for copper;
Friedman test).
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Fig. 1. Tactile and thermal phantom A Example of tactile phantom hand map
hand maps. (A) Tactile stimulation

was performed on the residual arm
using the round part of a pen. (Left)
Top view of the residual arm, with
spots on the front (black circles) and
back (hashed circles) of the arm
labeled, and (right) the corresponding
tactile projection onto the phantom
hand. (B) The MetaTouch system
(Metaphysiks, Lausanne): a custom-
made, hydraulic, thermal device that
allows precise thermal display on Residual arm  Phantom hand

a 3 cm by 4 cm inflatable silicone cell.
(C) Reported projection on the C Example of thermal phantom hand map D Example of thermal phantom spots

B MetaTouch system

OBack side
® Front side

phantom hand for stimulations
performed on the residual arm [same
points as in (A)] with the thermode
set at 25° 32° or 37°C. The color
corresponds to the participants’
response, using a thermal visual
analog scale, that ranges from very
cold (dark blue) to very hot (dark red).
(D) Example of three thermal phantom

spots. (E) Group statistics for the
pots. (E) Group E Group statistics F Chemesthesis

27 participants. (F) Comparison ) Menthol cream  MetaTouch
Thermal & tactile

between a MetaTouch-mediated PHM mediated mediated
thermal sensation in the phantom [

hand and the sensation mediated by > 1TPS g Menthol cream
applying menthol cream. All Nz-:;ss EINo PHM Q%}

VIII VIII Reported thermal sensation

|

Very Neutral Very
cold hot

v
Vi/goe

examples in this figure are derived
from participant P12. P

TPS: Thermal phantom spot After 10's

PHM: Phantom hand map
Fig. 2. Phenomenological experience. B Matching sensation on the abdomen (nonamputee participants, n=8) A Materials’ signature
(A) MetaTouch-mediated thermal curves. thermal drops with the
(B) Healthy participants (n = 8) reported Al Copper Glass Plastic o MetaTouch
whether stimuli with a physical slab constructed 1 Kk * o k% LI
of copper, glass, or plastic placed on their % Plastic
abdomen matched or did not match (in 5 Glass
terms of the position and thermal properties) § w2 Copper
the MetaTouch-mediated stimuli on the © )
mirrored side. (C) The test with amputee Q MetaTouch mediated
participants (n = 4) was performed with the 0 ame DIf. SameDIf. Same DI Same DIff. @ Physicel object

MetaTouch placed on a thermal phantom spot
on the residuum and physical objects placed
on the mirrored intact body part. The set of
physical and MetaTouch-mediated stimuli were '
not described to the participants. A gray dot A)'; Cor;fer Gla;s Plaitlc A
represents, for each participant, the percentage th e 9 8 © @

C Matching sensation on a thermal phantom spot (amputee participants, n=4)
P06

P11

of trials where they perceived the stimuli as E) 8 5 .

matching, considering the trials where the stimuli e5 t N, g 7 0N s0% AL
were the same (“Same”) and those that were 8l G R , 8 :

different (“Diff."). The red dots denote averages. £ e & °

*P < 0.05, **P < 0.01; Friedman test. o o Right

Same Diff. Same Diff. Same Diff. Same Diff. Phantom hand

Next, we ran the matching task with four | ical and MetaTouch-mediated stimuli matched | (90%), followed by plastic and glass (both
amputees, all of whom had at least one ther- | at 83.3%, a rate similar to what we had observed | at 80%) (Fig. 2B). When we presented non-
mal phantom spot (Fig. 2C). On average, the | in nonamputee participants (76.4%). The high- | matching parameters, the probability of par-
amputee participants reported that the phys- | est rates in this case were found for copper | ticipants reporting thattwo stimuli matched
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A The MiniTouch system

Active thermal skin (ATS)
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+5s

human
finger
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B Example of uncued thermal discrimination task (P12)

Time after contact with a cold object
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D MiniTouch-mediated stimulation

Tlme (s)

Perceived level

E Material discrimination task (amputee participants, n=9)

i Plastic Copper Glass i Thermal Phantom Spot Intact Hand i Accuracy [%]
32 65.93% 67.41% 40 60 80 100
o - oo R
s XN 26.7 3 4% n.s
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32 A
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Predicted Material Predicted Material i
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Fig. 3. Thermal feedback in sensory perception tasks. (A) Composition of
the MiniTouch: (i) The controller (white boxes), sensor, and Peltier elements that
stay in contact with the skin. (ii) The active thermal skin (ATS) sensor mimics
temperature dynamics of the (iii) skin temperature. The heatsink element (iv)
mounted on the Peltier elements (v) allows heat dissipation. (vi) The Peltier
elements follow the temperature given by the ATS sensor. Red, light-blue, and
dark-blue regions correspond to contact periods with hot, cool, and cold objects,
respectively. Between contacts (gray regions), the ATS recovers to the skin
baseline temperature (32°C). (B) The experimenter randomly placed the ATS in

contact with objects at 15° 24° or 40°C, and participants were asked to

report their sensation on a visual analog scale changing from cold to hot on a
graphical user interface (GUI). (C) Confusion matrix. (D) (i) Temperature at
the surface of the Peltier elements at the contact onset and offset with plastic,
glass, and copper. (i) Mean + SD for all three materials (10 trials per material).
(E) (i) Confusion matrix for three-class forced-choice material identification

for MiniTouch-mediated materials and physical objects (mean score over

nine participants) and (ii) their comparison per material type. n.s., nonsignificant;
Wilcoxon rank sum test.

was again significantly lower (39.17%, P = 0.04,
on average; 47.5%, P = 0.04, for copper; 30.0%,
P = 0.04, for plastic; and 40.0%, P = 0.04, for
glass; Friedman test). Our results show that
thermal phantom sensations are phenomeno-
logically similar to those of the intact hand.

Delivering thermal phantom sensations
through a wearable device

We then investigated whether our approach
could be used to deliver stable sensations over
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time. We designed a custom-made wearable de-
vice, the MiniTouch system (Fig. 3A and sup-
plementary materials). The MiniTouch uses
two Peltier elements to cover a 15 mm by 15 mm
stimulation area. An important feature of the
MiniTouch is the active thermal skin (ATS)
sensor, which is a flexible thin-film (200-um)
device with heating and sensing properties
designed to be mounted on existing prosthe-
ses. The ATS sensor keeps the temperature at
sensor’s surface at 32°C under a constant power

supply, mimicking the thermal response of
the skin.

We tested the MiniTouch in nine amputees
for whom we had previously identified the
presence of thermal phantom spots; two dif-
ferent thermal discrimination tasks were used.
In the first test, we placed the MiniTouch on
one of the thermal phantom spots and asked
the participants to continuously report their
thermal sensation using a slider on a graphical
user interface (movie S1). The experimenter
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P11 Day 1

% P

Thermal map Projected thermal sensations
(stump) (phantom hand)
P12 Day 1

& P

Day 3

Back side  1__i Dorsal side

[ Front side [] palmar side

Day 3 Day 130

Fig. 4. Stability test. Examples of spots on the residual arm with stable projection over 3 days and after
67 and 130 days for P11 and P12, respectively. The temperature of the thermode (MiniTouch) was set to
25°C. On the residual arm, dashed regions correspond to the back side; on the phantom hand, solid lines
represent projections on the palmar side (dashed lines indicate projections on the dorsal side).

randomly placed the ATS sensor in contact
with one of three glasses of water at different
temperatures (15° 24° or 40°C). Overall, 24 un-
cued events were presented for each partici-
pant (four repetitions for each glass and their
recovery to baseline) (Fig. 3B).

On average, the participants detected 97.2%
of the warm/hot (40°C) and cold (15°C) stim-
uli; for the cold stimuli, 61.1% were reported as
cold and 36.1% as cool. For the cool stimuli
(24°C), 66.7% were detected (55.6% were re-
ported as cool and 11.1% as cold) (Fig. 3C).
Considering a conservative estimate of four
possible classes (cold, cool, neutral, and warm/
hot) and chance level with P < 0.01 at 35.2%
(13), we found that the participants were sig-
nificantly above chance in discriminating be-
tween the stimuli (group mean accuracy: 71.3%).
Participants detected, on average, 83.3% of
the recovery-to-baseline events. Individual
score analysis (fig. S4) shows that, in some
cases, participants’ perception was attenu-
ated [for example, one participant (P19) rated
three out of four times the cool stimuli as
neutral and the cold stimuli as cool], suggest-
ing that a simple gain factor between the ATS
and thermode might have resulted in even
better scores.

In the second test, the experimenter random-
ly placed the ATS sensor on slabs of copper,
glass, or plastic and asked the subjects to
identify the material (Fig. 3D and movie S2).
Considering that the chance level for a three-
label classification, with statistical signifi-
cance of the identification with P < 0.01, was
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40.0% (13), we again found that participants’
detection rates were, on average, significantly
above chance (65.93%, Fig. 3E, and see fig. S5
for individual scores). In addition, detection
accuracy using the MiniTouch was similar to
accuracy measured in the same participant
touching physical objects with the intact hand
(67.41%), and no significant difference could
be found between (i) detection with MiniTouch
on the phantom hand and (ii) physical objects
on the intact hand for any of the materials:
copper [mean score for (i): 68.9%; mean score
for (ii): 70%; P = 0.92, Wilcoxon rank sum test],
glass (55.6% versus 58.9%, P = 0.50), and plastic
(73.3% versus 73.3%, P = 0.92).

Thermal phantom sensations are partially
stable over months

As the last step, we tested the MiniTouch over
a 3-day experiment in two participants, P11
and P12, for whom we had found thermal phan-
tom spots. We placed a two-dimensional grid
on the residual arm using a temporary tattoo
(fig. S2). We used the grid to perform a sys-
tematic investigation of the tactile and ther-
mal phantom hand maps. The phantom hand
maps showed an indication of partial sta-
bility over consecutive days. For participant
P11, we considered 37 locations on the resid-
ual arm, of which 11 were stable (their pro-
jection onto the phantom hand overlapped);
for P12, across 12 locations, three remained
stable. The probability that the stable points
were given by chance was 7.7 x 107 for P11
and 0.003 for P12 (bootstrap method, sup-

plementary materials). Representative exam-
ples of these spots for both subjects are given
in Fig. 4. A follow-up test after 2 months for
P11 and after 4 months for P12 confirmed
evidence of partial stability. The stability of
the projected points on the residual arm was
also confirmed by a simplified yes/no ques-
tionnaire (supplementary materials).

Outlook

Altogether, our results show that thermal phan-
tom hand maps can be applied in a partially
stable and reliable way to restore thermal
sensation in upper-limb amputees. We de-
veloped a relatively easy-to-implement solution
for thermal restoration through a noninvasive
approach that provided intuitive and phenom-
enologically close-to-natural sensation. Our
approach might ultimately improve prosthetic
users’ experience, creating a foundation for
affective touch (14, 15), perception of wet-
ness (16), and increased embodiment (7). Our
approach could also improve sensation nat-
uralness when integrated with existing so-
lutions for tactile restoration by means of
nerve stimulation (4, 5, 8) and provide a mul-
timodal and more effective sensory experience
to the users.
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