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Evoking natural thermal perceptions using 
a thin-film thermoelectric device with high 
cooling power density and speed

Luke E. Osborn     , Rama Venkatasubramanian     , Meiyong Himmtann, 
Courtney W. Moran, Jonathan M. Pierce, Priya Gajendiran, Jared M. Wormley, 
Richard J. Ung, Harrison H. Nguyen, Adam C. G. Crego, Matthew S. Fifer      
& Robert S. Armiger    

Multimodal sensory feedback from upper-limb prostheses can increase 
their function and usability. Here we show that intuitive thermal perceptions 
during cold-object grasping with a prosthesis can be restored in a 
phantom hand through targeted nerve stimulation via a wearable thin-film 
thermoelectric device with high cooling power density and speed. We found 
that specific regions of the residual limb, when thermally stimulated, elicited 
thermal sensations in the phantom hand that remained stable beyond 
48 weeks. We also found stimulation sites that selectively elicited sensations 
of temperature, touch or both, depending on whether the stimulation 
was thermal or mechanical. In closed-loop functional tasks involving 
the identification of cold objects by amputees and by non-amputee 
participants, and compared with traditional bulk thermoelectric devices, 
the wearable thin-film device reliably elicited cooling sensations that were 
up to 8 times faster and up to 3 times greater in intensity while using half the 
energy and 1/600th the mass of active thermoelectric material. Wearable 
thin-film thermoelectric devices may allow for the non-invasive restoration 
of thermal perceptions during touch.

Receptors embedded in the skin enable us to explore our surround-
ings through the sense of touch and play a critical role in our ability 
to navigate and interact with our environment. Mechanoreceptors 
respond to mechanical stimulation such as pressure and vibration1, 
whereas thermoreceptors, specialized free nerve endings, give rise to 
our perception of innocuous thermal stimuli with sensitivity to heat 
and cold2. Restoring mechanical touch sensations including pressure3,4, 
vibration3 and pain5 to an individual’s phantom limb—that is, the experi-
enced presence of a missing limb after amputation—is possible through 
nerve stimulation3,6,7 and mechanoneural interfaces8; however, sensa-
tions of temperature are missing despite being ubiquitous in humans. 
Creating advanced prosthetic limbs with rich and complex sensory 
inputs to the user is crucial for enhancing functionality, integration 

and prosthesis acceptance9,10. More broadly, multimodal sensory 
information is necessary for enhancing perceptual experiences and 
human–machine integration for prostheses, wearable, surgical and 
immersive extended-reality applications.

Thermoreceptor afferents conduct action potentials with a veloc-
ity of up to 15 m s−1 (ref. 1,2), leading to rapid (<1 s) awareness of changes 
in temperature. Generating realistic and informative thermal signals 
on these timescales for human perception is essential for conveying 
real-time multimodal sensory information about the environment. For 
example, identifying which beverage is cold, reacting to hot objects or 
enhancing social connection by sensing the warmth of personal touch11. 
In all cases, the timing of multisensory perceptions is important for 
promoting congruency, realism and prosthesis embodiment12.
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mechanical stimuli applied to the residual limb were perceived on the 
skin itself except for the mapped sites, which were perceived as thermal 
or pressure sensation in the phantom hand (Fig. 1e–h, Supplementary 
Video 1 and Supplementary Video 2). Although only A4 had undergone 
TSR surgery, all participants were able to perceive thermal sensations 
in their phantom hand, showing that TSR is not required to restore 
thermal sensations.

Rapid and efficient TFTEC device response
To enable rapid and realistic perceptions of thermal stimulation, we 
fabricated a TFTEC device with thermal responses capable of driving a 
perceptible thermal difference on a biologically relevant timescale28,29. 
The speed of cooling to a target temperature is important because of 
reported perceptual thresholds of 1 °C over 250 ms (ref. 29), and it is 
known that rate is proportional to thermoreceptor response30 and 
perceived intensity29. TFTEC devices offer benefits over traditional 
bulk materials TEC devices by nature of their faster cooling speeds 
and enhanced cooling power density31,32, making them well suited for 
sensory feedback applications such as conveying information of a cold 
object during grasping with a prosthesis.

The TFTEC device was fabricated using metal-organic chemical 
vapour deposition to grow 25-µm-thick p-type (Bi2Te3/Sb2Te3) and 
n-type (Bi2Te3/Bi2Te2.83Se0.17) CHESS materials21,24,31 then transferred to 
an aluminium nitride (AlN) substrate (Fig. 2a and Extended Data Fig. 2). 
Each thin-film die was 1.0 mm × 0.6 mm × 0.3 mm and consisted of two 
p–n couples with an AlN header connecting the p–n couples (Fig. 2a,b 
and Extended Data Fig. 2). Each of the p–n couples were thermally and 
electrically in parallel for built-in redundancy, but each of these couples 
were in a series electrical circuit of a 3 × 4 (or 12-couple) module. We 
fabricated a 3 × 4 p–n couple array on an AlN substrate (Fig. 2c,d) to 
achieve cooling over the area of interest. The couples in the array were 
connected electrically in series using gold (Au)-coated copper (Cu) 
traces on the AlN substrate. Each p–n couple was sandwiched between 
AlN headers and connected electrically in series using contact metalli-
zation of the CHESS semiconductors (Fig. 2e), but the thin-film couples 
were thermally connected in parallel by placing a common SiC header 
on top of the 3 × 4 array. The entire packaged array was approximately 
1.2 mm in height (Fig. 2f and Extended Data Fig. 2).

The TFTEC offers high cooling power density, which is needed to 
evoke an effective cooling response, due to equation (1) (ref. 31)

qmax =
1
l
{[( 12

α2T2c
ρ )] − [k (Th − Tc)]} (1)

where qmax is the maximum cooling power density, and l is the thick-
ness of the active TE material in a device (see Supplementary Methods 
for full derivation). Tc is the cold-side (skin) contact temperature, α is 
the Seebeck coefficient, ρ is the resistivity of TE material, k is the ther-
mal conductivity of the material and Th is the heat-rejection tempera-
ture. Previous work showed cooling density advantages with a TFTEC 
device for cooling microprocessors for a given temperature differential 
(Th − Tc)31; here we leverage a similar advantage to evoke thermal sensa-
tions using a TFTEC device with improved CHESS thin-film materials.

For similar ρ, Th and Tc, the qmax is higher in TFTEC devices, com-
pared to conventional TE devices. This difference in qmax is largely due to 
the reduction of l and, to a smaller extent, lower k for about the same α 
and ρ, due to the higher TE figure of merit (ZT) in CHESS materials21,24,31 
(Supplementary Methods and Extended Data Fig. 3).

The reduction in l also gives a key advantage in the intrinsic cool-
ing speed of TFTEC devices21, which is important for evoking strong 
thermal perceptions29, stemming from the active TE response time 
(τ) given by equation (2)

τ ∼ 4l2/π2D (2)

Developments in mechanoneural interfaces8,13 and sensory 
stimulation5,6,14 continue to improve a prosthesis’ function15–17 and 
embodiment18,19. However, current approaches cannot adequately 
target the small thermoreceptor fibre diameters1, which are less likely 
to be activated through electrical stimulation20. Although previous 
work has shown the re-innervation of thermoreceptor fibres after 
targeted sensory re-innervation (TSR) surgery to enable sensations of 
temperature in the phantom hand6, current bulk thermoelectric (TE) 
technologies (in particular, commercial Peltier cooling and heating 
devices) are unable to provide rapid thermal excitation to humans 
on timescales comparable to innate biological function2. Also, these 
devices are generally not optimal for wearable systems, owing to fac-
tors such as weight and inefficient energy usage.

We hypothesized and validated that thin-film thermoelectric 
cooling (TFTEC) technology21–25 can thermally stimulate the skin and 
provide realistic thermal percepts faster and more intensely, compared 
with traditional TE technology, to effectively activate thermoreceptors, 
in both amputated and non-amputated limbs. In doing so, we evoked 
and restored thermal sensation to the phantom hand of individuals 
with arm amputation through targeted stimulation of the residual 
limb and demonstrated a closed-loop cold-object identification task. 
Furthermore, we found that the rate of cooling was a contributor to the 
perception of thermal stimuli, which was enabled by the TFTEC device. 
We also discovered the existence of modality-specific stimulation sites 
(that is, sites that respond only to thermal or mechanical stimulation) 
as well as mixed-modality stimulation sites (that respond to either 
stimulation) that created unique sensory responses in the phantom 
hand of amputees.

Results
To provide thermal feedback, we developed a non-invasive thermon-
eural interface—between thermal stimuli and skin receptors—using 
a TFTEC device. The TFTEC device utilized single-crystal materials 
using controlled hierarchically engineered superlattice structures 
(CHESS)24 grown by metal-organic chemical vapour deposition in the 
p-type Bi2Te3/Sb2Te3 materials system and n-type Bi2Te3/Bi2Te2.83Se0.17 
materials system (Fig. 1a–c). The TFTEC module leverages high-cooling 
density, and rapid and energy-efficient thermal stimulation for sensory 
feedback to human skin during thermotactile tasks.

Modality-specific touch perceptions
After limb amputation, underlying nerves can re-innervate the residual 
limb and map to regions of the phantom limb (Fig. 1d). We mapped the 
residual limb of four individuals to find sites that, when mechanically 
or thermally stimulated, elicited sensations of touch and temperature 
in the phantom limb and were stable beyond 48 weeks (Fig. 1e–h and 
Extended Data Fig. 1). One participant underwent an unrelated surgery 
on their amputated limb, which affected the location of sensory percep-
tions; however, we were able to re-map the stimulation sites and provide 
thermal sensations using the new locations during a follow-up visit 
(Extended Data Fig. 1). In three participants (A1, A3 and A4), we observed 
that the stimulation sites on the residual limb were sometimes modal-
ity specific; that is, thermal activation did not always elicit sensations 
in the phantom hand in the same location as mechanical activation  
(Fig. 1e,g,h). For instance, in participant A1, one particular region of the 
skin mapped to the phantom wrist when thermally stimulated but was 
mapped to the phantom little finger when mechanically stimulated 
(Fig. 1e). This observed modality specificity implies re-innervation 
of mechanoreceptors from one nerve fascicle in the same location as 
thermoreceptors from another fascicle, suggesting the presence of 
modality-specific re-innervation of skin receptors.

Participants A1 and A4 had previously undergone sensory mapping 
using mechanical and electrical stimulation15,26,27 but had not reported 
thermal sensations until a thermoelectric cooling (TEC) device was 
used on the targeted sites of the residual limb (Fig. 1e–h). Thermal and 
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where l is the thickness of the TE element and D is the thermal diffusiv-
ity. These underlying relations are dependent on inherent material 
properties, but the actual device performance can be influenced by 
other factors beyond the active TE components. For example, actual 
device response time is increased due to other thermal parasitic 
effects, such as thermal resistance between the device and human 
skin as well as the active TE device and passive parts (for example, AlN) 
and its heat-rejecting surface. Given the effective module properties 
(Extended Data Fig. 3), the higher intrinsic speed of the TFTEC device 
translates to higher cooling speed (Fig. 2g,h), which is beneficial for 
human skin stimulation when delivering feedback regarding an object’s 

temperature. The combination of higher cooling power density (qmax) 
and smaller τ apparently leads to a direct cooling advantage, in terms 
of energy used to reach a target temperature (Fig. 2i), for the thin-film 
CHESS devices24,31,32.

The overall TFTEC device is a thin (~1.2 mm) and lightweight 
(mass = 0.05 g, Extended Data Fig. 2b) ‘refrigeration’ device that can 
provide cooling of 10–20 °C below ambient in ~3 s and hold this ther-
mal gradient for extended durations, while also being in a wearable 
form factor and enabling reliable thermotactile perceptions. This 
fast, intense cooling near room temperature can be used to provide 
spatially and temporally realistic thermal stimulation to human skin. 

Skin cooling
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Fig. 1 | Mapping thermal sensations in the phantom hand. a, After limb 
amputation, perception of the phantom hand persists. Non-invasive thermal 
stimulation of the skin was used to create thermal sensations in the phantom 
hand, residual limb and intact fingertips (blue areas). b, We used a rapid-response 
TFTEC device, composed of p-type and n-type CHESS thin-film TE materials, to 
restore thermal sensations. c, A common header connected the TFTEC modules 
thermally in parallel and contacted the skin to provide localized cooling, 
which was perceived in the phantom hand when targeting specific skin sites. d, 
Receptors in the skin respond to physical touch (Meissner’s corpuscle and Merkel 
cells), whereas thermoreceptors (free nerve endings) respond to temperature. 
Stimulation on the skin surface propagates to activate the underlying receptors 
and nerves. Nerve re-innervation after amputation enables stimulation of sites 

on the skin to create sensations in the phantom hand. Nerve fibres from different 
fascicles can re-innervate the same region of skin, leading to modality-specific 
responses in different regions of the phantom hand. e–h, Sites on the residual 
limbs of individuals (participant A1 (e), participant A2 (f), participant A3 (g) and 
participant A4 (h)) with arm amputation that, when stimulated, elicit sensory 
perception in the phantom hand. Stimulation sites were generally up to 1 cm 
in size. Mapped sites generated thermal percepts via thermal stimulation on 
the residual limb (blue). Physical touch in some locations (red) also elicited 
tactile sensations but sometimes in different regions of the phantom hand when 
compared to thermal stimulation, showing the presence of spatially collocated 
re-innervation of modality-specific receptors from different nerve fascicles.
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The low-profile and lightweight nature of TFTECs make them suitable 
for skin surface applications without weight or volumetric hindrances 
affecting movement.

The TFTEC device was faster in achieving steady-state target tem-
peratures compared to both traditional bulk and high-capacity bulk 
(bulkHC) TEC devices (Fig. 2g,h). Notably, the thin-film device reached 
the target temperature within ~3 s, whereas the bulk devices required 
at least ~17–25 s. The steady-state responses of the TEC devices, once 
they reached the target temperature, were stable with no observable 
deviation from the set point, which is important for skin stimulation 
(Extended Data Fig. 3a,b). The energy consumed to achieve the target 
temperatures was 2.1–3.1 times lower for the thin-film device (0.99 J and 
2.4 J for 16 °C and 11.6 °C, respectively) compared to the bulk devices 
(Fig. 2i). An extended characterization of the TFTEC device showed 
long-term repeatability in both benchtop (400 min) and human per-
ception tests (180 min) (Extended Data Fig. 4).

The higher operating power (0.3–0.8 W, Fig. 2i) for the TFTEC 
device to achieve a 10–15 °C change in temperature is consistent with 
the higher cooling power density relative to bulk devices. However, 
due to the faster response and higher device ZT (that is, for converting 
input electric power to cooling power), the actual energy consumed 
is smaller for the TFTEC device for achieving a target thermal stimula-
tion (Fig. 2i). Despite offering a higher capacity for cooling and active 
TE area, the bulkHC module’s ZT (0.64) is more similar to the standard 
TEC device (0.55) in contrast to the CHESS TFTEC device (0.94) (Fig. 2i  
and Extended Data Fig. 3). Previous work has also shown improved 

conversion efficiency and power density in similar thin-film modules 
compared to the bulkHC module25. Increasing the capacity of the bulk 
TEC device and operating current improved speed slightly (Fig. 2g,h) 
but did not substantially change the energy consumed to achieve the 
target temperature (Fig. 2i, Extended Data Fig. 3 and Supplementary 
Methods). The fully packaged 3 × 4 array is well suited for a variety of 
wearable and thermotactile applications due to its small form factor, 
lending itself well to integration in systems such as clothing, prostheses 
or even medical bandages for wound thermal regulation (Supplemen-
tary Discussion).

Faster and stronger phantom thermal perceptions
We demonstrated the thermotactile use of the TFTEC device by plac-
ing it on the skin of the four participants with amputation to restore 
thermal sensation in the phantom hand (Fig. 3a). The objective was to 
evaluate the effectiveness of the thin-film device in creating perceived 
cooling when stimulating to a target temperature, which is important 
for sensory feedback. On each trial, the cooling target was set to 16 °C, 
starting from room temperature (~22–25 °C).

Compared to the standard bulk TEC device driven to the same 
target temperature, participants perceived thermal cooling more 
often when the TFTEC device was used to provide thermal stimulation 
(P < 0.05 for A1 and A3) (Fig. 3b). Thermal stimulation was applied to at 
least two different sites on each participant to elicit thermal sensations 
in either the residual or the phantom limb (Fig. 3a,b and Supplementary 
Video 3). Sensations in the phantom hand were elicited by thermal 
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Fig. 2 | Thin-film TE-device cooling and energy consumption. a, A single TFTEC 
die (1.0 mm × 0.6 mm × 0.3 mm), b, mounted on an AlN backplate, and c, a 3 × 4 
array of TFTEC dies used for skin stimulation. d, Individual TFTEC dies were 
mounted and connected electrically in series such that current flowed into all the 
couples to create the uniform cooling effect. e, Each module contained p-type 
and n-type CHESS semiconductors with contact metallization and Au-coated Cu 
traces to enable current flow between modules. AlN substrates acted as the heat 
collector (bottom) and cooling surface (top) for thermal transfer to human skin 
during contact. f, The TFTEC array with thickness of 1.2 mm and mass of 0.05 g 
(right) compared to a US one-cent coin (left). g, Cooling to 16 °C and h, 11.6 °C for 

traditional bulk, bulkHC and TFTEC modules during benchtop tests. The bulkHC 
device uses an operating current similar to the TFTEC device; however, the TFTEC 
device responded within 3 s compared to the traditional bulk devices, which 
required more than 16 s. The initial cooling rate, calculated over the first 2 s, for 
the TFTEC device was 3.90 °C s−1 and 5.95 °C s−1 for the 16 °C and 11.6 °C targets, 
respectively. i, For the same target temperature, the TFTEC device was 4.8 to 8.7 
and 2.7 to 3.05 times faster than the bulk and bulkHC devices, respectively, and 
consumed up to 3 times less energy while also having a higher module-level ZT 
(Extended Data Fig. 3). The energy consumed to reach 16 °C was 2.30 J and 2.17 J 
for both bulk TEC devices and was 0.99 J for the TFTEC device.
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stimulation on the previously mapped sensory locations (Fig. 1e–h). To 
measure the speed of thermal perception, participants pressed a but-
ton as soon as they perceived a change in thermal sensation (Fig. 3c,d, 
Supplementary Fig. 1 and Extended Data Fig. 5). To elicit sensations on 
the residual limb, the TEC device was placed at a location that generated 
thermal sensations at the site of stimulation (that is, the arm itself).

Importantly, the TFTEC device elicited sensations of cooling in the 
phantom limb of all participants, whereas only half of the participants 
perceived thermal sensation when using the bulk device (A2 and A4) 
(Fig. 3d,f).

In addition to being more likely to perceive thermal sensations 
with the TFTEC device, participants perceived the thermal sensations 
faster when stimulation was perceived in their arm (P < 0.001) or phan-
tom limb (P < 0.01 for A2 and A3) compared to the standard bulk device 

(Fig. 3c,d). The thermal intensity was also significantly greater when 
perceived on the arm (P < 0.001, Fig. 3e and Supplementary Video 1). 
However, differences in perceived intensity were not as prominent in 
the phantom limb across each individual (Fig. 3f), although reports 
from participant A2 show differences in quality with the thin-film device 
being perceived as a more naturalistic sensation (Supplementary 
Video 1). The lack of thermal perception from the bulk device, along 
with faster and stronger perceptions from the TFTEC device, suggests 
that the rapid and targeted thermal changes from the TFTEC device are 
critical aspects for reliably eliciting thermal sensations.

Participant A4 also performed the experiment with the bulkHC 
device, although it did not provide significant differences from the 
TFTEC device other than in a few trials on the phantom limb (Extended 
Data Fig. 6 and Supplementary Discussion). Notably across all devices, 
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Fig. 3 | Rapid thermal perception in the phantom limb with TFTEC device.  
a, Thermal sensations were delivered to either the phantom limb or the residual 
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thermal stimulation to a unique part of their phantom limb or residual limb and 
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e, The perceived thermal intensity, rated using a subjective scale and normalized 
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f, For each participant, perceived intensity on the phantom limb was similar 
across devices, except A2 (P = 0.0105); however, the bulk device only produced 
thermal sensations in the phantom limb for half of the participants, whereas 
the thin-film device elicited sensations for all participants. d,f, The number of 
independent trials for each condition that elicited thermal perception is given by 
n. Total number of independent trials, including those that did not elicit thermal 
perception, for each condition was 10 (A1, A2), 9 (A3 arm TFTEC), 10 (A3 thenar), 
15 (A3 arm bulk, A3 phantom TFTEC), 10 (A4 bulk) and 25 (A4 TFTEC). c–f, Data 
represent independent trials. The target cooling temperature was set to 16 °C 
for all trials. b–f, Bars represent mean ± s.e.m. of individual trials. P values were 
generated with a two-sided Mann–Whitney U-test and only if thermal sensation 
was perceived for at least three trials at a given location. ***P < 0.001.
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A4 reported warming sensations on some trials, although stimulation 
was set to 16 °C (Extended Data Fig. 6). These contrasting percep-
tions are likely caused by the slow thermal changes being sometimes 
described as ‘tingling’ sensations by this participant as well as A2 (Sup-
plementary Video 1). Other explanations include the underlying nerve 
fibres being responsive to both warming and cooling in this participant, 
leading to difficulty differentiating between subtle changes in tem-
perature (Supplementary Discussion). The other participants reported 
sensations of cooling; however, most participants noted that the bulk 
device produced more of a ‘tingling’ sensation as it began to change 
temperature but that the TFTEC device was often more a ‘cold’ sensa-
tion (Supplementary Video 1). This difference in perceptual quality is 
important to note and, because thermoreceptor activity is correlated 
with the rate of temperature change29, is likely driven by the faster cool-
ing rate and cooling power density of the thin-film device (Fig. 2g–i).

Faster and stronger fingertip thermal sensations
We also performed thermal stimulation to the right index finger in four 
other participants without arm amputation (Fig. 4a and Supplemen-
tary Video 4). In two of the participants with no limb difference, we 
also evaluated the bulkHC device given its higher capacity for cooling 
and similar operating current to compare with the TFTEC technology. 
The participants were more likely to perceive a thermal sensation with 
the TFTEC device compared to the standard bulk device (Fig. 4b and 
Extended Data Fig. 7). Similar to the results with amputee participants, 

the reaction time to thermal onset was reduced with the TFTEC device 
compared to both the high-capacity and the standard bulk devices 
(Fig. 4c). The perceived cooling intensity was also higher for the TFTEC 
device compared to both the high-capacity and standard bulk devices 
(Fig. 4d). Despite the bulkHC module having the highest active TE area 
(a), aspect ratio (a/l) and thermal conductance (Extended Data Fig. 3g),  
the perceptual response to thermal stimulation was still faster and 
stronger for the TFTEC device due to its higher ZT and faster response 
time (Fig. 2i and Extended Data Fig. 3).

In essence, we found that the TFTEC device enabled more reliable, 
faster and stronger thermal sensations in the phantom limb compared 
to bulk TEC stimulation (Fig. 3) and outperformed the bulkHC device 
during fingertip stimulation with non-amputee participants (Fig. 4), 
showing the value for use in human sensory feedback applications.

Thermal perception to identify cold objects
Going beyond benchtop and perceptual detection experiments, we 
also demonstrated a closed-loop functional task in which a user identi-
fied the location of a cold object using thermal feedback. Wearing an 
advanced prototype Modular Prosthetic Limb (MPL)33 equipped with 
infrared temperature sensors, an amputee participant (A1) grasped 
objects at different temperatures to feel a cold object via a TFTEC device 
placed on the residual limb (Fig. 5a,b and Supplementary Videos 5 
and 6). Participant A1, who received real-time thermal feedback to the 
phantom limb during prosthesis control, was successful in feeling and 
identifying the correct cold object on every trial over the course of 
2 days during a follow-up visit (Fig. 5c).

Further evaluating the potential impact of thin-film TEC technology 
during real-time functional tasks, we performed an additional experi-
ment using a virtual environment. Participants controlled a virtual 
Modular Prosthetic Limb (vMPL) to touch virtual objects and identify 
the ‘cold’ one (Fig. 5d, Supplementary Videos 7 and 8 and Extended Data 
Fig. 8). Participant A1 performed the task with all three TEC devices and 
was significantly better at completing the task with the TFTEC device 
compared with the bulk device; interestingly, participant A2 was only 
successful during trials with the TFTEC device, further demonstrating 
the value of fast cooling performance in evoking useful thermal percepts 
(Fig. 5e). Although the task success for A1 was only 29% greater with the 
TFTEC device compared with the high-capacity bulk device, the time 
spent ‘touching’ each virtual object during the trials was reduced when 
using the TFTEC device (Fig. 5f). The reduction in time to determine 
object temperature (using the TFTEC device) implies faster identifica-
tion of a cold object and could enable future real-time control tasks with 
faster motor adaption due to the more certain sensory input provided by 
the TFTEC device34,35. Reduced object touch time was replicated in two 
non-amputee participants who also performed the virtual cold-object 
identification task (Extended Data Fig. 8d–f).

Discussion
The unique combination of fast-rate TE cooling non-invasively applied 
to re-innervated sensory sites enabled the restoration of thermal 
sensation to the phantom hands of individuals with arm amputation. 
This discovery shows that underlying sensory fibres re-innervate 
after amputation, as shown previously6,15,26, but we also observed that 
modality-specific receptor structures for mechanical and thermal 
inputs are preserved and can re-innervate the same region of the skin 
despite being from nominally different fascicles and representing dif-
ferent parts of the phantom hand (Fig. 1e–h). This observation that ther-
mal and mechanical skin stimulation sites may or may not be co-located 
and may or may not map to the same region of a user’s phantom limb 
creates opportunities for planning multi-modality haptic feedback 
and flexibility in locating physical devices.

Importantly, our results show that TSR surgery is not necessarily 
required to restore thermal sensations in the phantom hand6, and these 
sensations are stable beyond 11 months (A2, Extended Data Fig. 1),  

3 × 4 TFTEC array

0

2

4

6

8

10

12
N

or
m

al
iz

ed
 in

te
ns

ity
 (a

.u
.)

***
***
P = 0.0038

0

2

4

6

8

10

12

N
or

m
al

iz
ed

 re
ac

tio
n 

(s
)

***
***

***

a b

c d

Bulk Thin-filmBulkHC

Device

Bulk Thin-filmBulkHC

Device

Bulk Thin-filmBulkHC

Device

0

0.2

0.4

0.6

0.8

1

Pr
ob

ab
ili

ty

P = 0.0076

Fig. 4 | Performance and perception with the TFTEC array exceeds that of 
the high-capacity bulk device. a, Fingertip thermal stimulation on four non-
amputee participants. b, Probability of detecting thermal cooling with standard 
bulk, bulkHC and TFTEC devices. Data presented as performance per block of five 
independent trials, n = 85 trials (17 blocks, bulk), 40 trials (8 blocks, bulkHC) and 
80 trials (16 blocks, TFTEC). c, Reaction to perceived cooling was faster for the 
TFTEC (median = 1.3 s, n = 78 independent trials) than for the bulk (P < 0.001, 
median = 4.3 s, n = 73 independent trials) and bulkHC (P < 0.001, median = 2.1 s, 
n = 38 independent trials) modules. The reaction time was normalized by 
subtracting the mean visual reaction time for each participant. d, Similarly, the 
TFTEC was perceived as more intense (median = 5.7) than the bulk (P < 0.001, 
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which offers great promise for creating complex multimodal sen-
sory perception in a broad range of prosthesis users. Sensations were 
perceived as originating from the phantom when mapped sites were 
stimulated, suggesting either that the local thermoreceptors in the 
residual limb were inactive or that the revived thermal sensation in the 
phantom hand was so pronounced that any thermal sensation localized 
to the residual limb was perceptually ignored.

In addition to long-term cooling functionality over several hours 
when worn on the fingertip (Extended Data Fig. 4), we demonstrated 
restored functionality to amputees during closed-loop thermal detec-
tion tasks, both physical and virtual. Importantly, in one amputee 
participant only the TFTEC device was able to restore closed-loop 
thermal perception functionality during the virtual object detection 
task (Fig. 5e). Despite CHESS TFTEC device technology being in the 
research prototype phase, compared to mature bulk devices, the device 
was successfully integrated into a prosthesis and used over 2 days to 
complete a cold-object identification task. Further, results from the 
virtual object identification task were reproduced with non-amputee 
participants, suggesting broader applicability of TFTEC devices for 
enhancing sensory feedback. Improved device packaging could further 
enhance device robustness and enable application in chronic wearable 
electronics and robotic systems for human–machine interfacing appli-
cations requiring rapid and accurate thermal transfer, such as measur-
ing perceptual abilities after injury, or low-profile thermal regulation of 
implanted electronics. The TFTEC device steady-state response is also 
capable of long-term water freezing from the atmosphere—showing 

functionality for open-air applications, such as in cauterization and 
other thermal functionalities at skin sites during surgery (Supplemen-
tary Discussion, Supplementary Fig. 2 and Supplementary Video 9).

Traditional bulk TEC devices can provide skin thermal feed-
back36–38, and recent work showed increasing efficiency39 and flex-
ibility40 for wearable applications; however, an important aspect of 
thermal feedback is matching the biological timescales of nerve fibre 
responses to achieve a target temperature, which is essential for creat-
ing realistic and temporally meaningful sensory perception feedback. 
The TFTEC device was able to cool at nearly 6 °C s−1 when set to a target 
of 11.6 °C (Fig. 2), which is critical for creating rapid thermal percep-
tion in humans29.

Previous work showed that a decrease of 1 °C can be detected dur-
ing skin cooling and that a cooling rate of 4 °C s−1 is perceived as being 
twice as intense as a cooling rate of 0.5 °C s−1 given the same target 
temperature29. In our results, this perceived difference in cooling inten-
sity, based on rate, was replicated in both amputee and non-amputee 
participants feeling the faster TFTEC device cooling (3.9 °C s−1) as being 
around twice as intense as the bulk TEC device cooling (0.45 °C s−1) 
(Figs. 3e and 4d). The cortical response of skin thermal stimulation 
happens before the steady-state value is reached and occurs within 
several hundred milliseconds41, reiterating the importance of change 
in temperature rate for eliciting useful thermal percepts. However, 
achieving this rate of cooling and thermal perception is a function of 
both the device and skin interface. TFTEC modules can intrinsically 
respond even as quickly as tens of microseconds21 without the AlN 
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feedback. c, During testing over 2 days, the participant was able to identify the 
cold object (within three total objects) on all trials, which was significantly more 
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of each block, which contains up to five independent trials; n = 20 trials (4 blocks, 
visual baseline) and 19 trials (4 blocks, TFTEC). d, Two participants (A1, A2) also 
performed a virtual cold-object detection task in which they controlled a virtual 
prosthesis to touch virtual objects, one of which was cold. e, The participants 
were more successful in identifying the virtual cold object when receiving 
thermal stimulation from the TFTEC device (A1: 0.77, A2: 0.47), compared to 

traditional bulk TEC technologies (A1: bulk = 0.20, bulkHC = 0.60; A2: bulkHC = 0). 
Participant A2 was only successful in identifying the correct object when using 
the TFTEC device but not the bulkHC device. Data represent performance per 
block of up to five independent trials; n = 15 trials (3 blocks, A1 bulk, A2 TFTEC), 
10 trials (2 blocks, bulkHC) and 31 trials (7 blocks, A1 TFTEC). f, The time spent 
touching each object to detect its temperature in the virtual environment was 
significantly reduced for A1 when using the TFTEC device (median = 5.3 s, n = 125 
independent touches over 31 trials) compared to the bulk (median = 6.8 s, n = 71 
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generated with a two-sided Mann–Whitney U-test. ***P < 0.001.
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and SiC contact headers, and other microstructured TE devices have 
been shown to cool within 1 ms (ref. 42). The addition of AlN and SiC 
headers, which allow for better contact with skin and prevent dam-
age to the TFTEC module during repeated placement on the human 
body, inherently introduces delays in thermal transfer to the skin; 
however, they still enable rapid delivery of cooling sensation (Fig. 2g).  
Because the human body is transmitting and perceiving thermal infor-
mation within hundreds of milliseconds, quickly generating a change 
in temperature (ΔT) of 1 °C is critical for eliciting fast thermal percepts 
in humans. We observed ΔT = 1 °C in ~256 ms (3.9 °C s−1) and ~168 ms 
(5.95 °C s−1) with the TFTEC device for steady-state targets of 16 °C and 
11.6 °C, respectively (Fig. 2g,h). Although the TFTEC module reached 
the steady-state target temperature after 3 s, the normalized reaction to 
cooling sensation occurred in as little as 313 ms (median: 1.3 s, Fig. 4c).  
For future wearable applications, optimizing the TFTEC device packag-
ing such as reduced header thicknesses could help further reduce the 
effective response time even.

Because of the compactness, reduced energy consumption, 
cooling power density and speed of the TFTEC device, future multi-
modal sensory-feedback technology may integrate pressure-inducing 
mechanical actuators with thermal thin-film TE devices or other TE 
technologies22,23,40,43–46 to elicit a complex array of thermotactile sensory 
stimulations. Future TFTEC device advancements, including packaging, 
could enable enhancements to cooling efficiency, cooling power density 
and speed of thermal stimulation for reduced battery-power consump-
tion and for translational applications. Although translation to future 
human–machine applications includes challenges such as system power 
management and integration of TFTEC modules on flexible substrates, 
here we have shown a non-invasive thermoneural interface capable of 
providing sensations of temperature to the phantom limb. More broadly, 
the TFTEC device enabled enhanced perceptual qualities and speed of 
thermal sensations in humans. These results have implications for use 
in human–machine interfaces and other areas such as immersive mixed 
reality, wearables40, mapping thermal-mediated neural circuits47, diag-
nosing sensory symptoms after stroke48 and advanced wound care49.

Methods
This research protocol was reviewed and approved by the Johns 
Hopkins Medicine Institutional Review Boards in accordance with all 
applicable Federal regulations governing the protection of humans 
in research. All participants provided written informed consent to 
participate in the study. Participants were compensated up to $15 h−1 
in gift cards, or if participants were Johns Hopkins University Applied 
Physics Laboratory ( JHU/APL) employees, then they were given a pro-
ject budget to cover their time for performing the experiments.

Participant recruitment
Four participants with arm amputation were recruited for this study 
(A1–A4, 2 males, 2 females, 41–65 years old at study onset). Participant 
A1 (male) had a left transhumeral arm amputation, had previously 
undergone targeted muscle re-innervation surgery and was previ-
ously implanted with an osseointegrated interface50. Participant A1 
had undergone sensory mapping of his residual limb to activate the 
phantom hand using both mechanical and electrical stimulation15,26. 
Participants A2 (male) and A3 (female) both had right transradial ampu-
tations, and A4 (female) had a right transhumeral amputation with 
TSR surgery6,51 and had previously undergone sensory mapping with 
non-invasive electrical stimulation27. Participant A3 also had a partial 
hand amputation on her left side, which was an additional site used for 
the thermal stimulation testing (Fig. 3b).

Participant A1 underwent an unrelated surgical procedure on 
his left arm in between his initial sensory mapping and thermal per-
ception experiments and his return for a 2 day follow-up visit to con-
duct additional experiments, approximately 29 months (128 weeks) 
after his initial visit. The unrelated surgery affected the location of 

his sensory stimulation sites (Extended Data Fig. 1); however, we were 
able to re-map the phantom limb, demonstrating the robustness and 
applicability of our approach to a broad population of individuals and 
amputation conditions. Participant A2 returned for a follow-up visit to 
conduct additional experiments, approximately 11 months after the 
initial sensory mapping and thermal perception experiments.

Six additional participants without amputation and without 
sensory deficits were also recruited for the study (B1–B6, 3 males, 3 
females, 20–30 years old at study onset). All participants provided writ-
ten informed consent to be a part of this study and have their images 
taken and used for publication.

Thin-film TE cooling device fabrication
The fabrication of the TFTEC cooling module utilizing the 
higher-performance single-crystal CHESS materials24 is shown in 
Extended Data Fig. 2. The full details of the material properties and 
advantages in terms of TE device ZT over conventional bulk materials 
as well as superlattices are described in previous work21,24,25,31. To fab-
ricate the TFTEC devices: (1) two separately grown p-type and n-type 
CHESS thin films (25 µm) were grown on GaAs substrates followed by 
Cu (30 µm) and Au (1 µm) contact metallization (total thickness 31 µm); 
(2) the p- and n-CHESS materials were then turned into strips and diced. 
Following the previous step, the p- and n-strips were bonded onto a sec-
ondary AlN substrate (header 1, 380 µm) using a Sn preform or plated 
Sn (20 µm), and then the GaAs substrate was selectively removed. After 
this step, (3) another layer of metallization (Ni/Cu/Au, 30 µm) was car-
ried out, and the individual p–n couples were attached to indium solder 
pads (25 µm) on a Cu trace (30 µm) on an AlN substrate (header 2 that 
became the heat collector, 380 µm). Next, (4) several such p–n couples 
were assembled with a common heat-collecting or cooling surface, 
which in this case was a transparent SiC layer (330 µm). The total thick-
ness of the module was approximately 1.2 mm. The thickness of two 
AlN headers was 380 µm each and contained a <1 µm pre-metallization 
layer of Ti/Pt/Au. The rest of the electroplated metallization layers 
(combined 61 µm), Sn bonding layer (20 µm), In solder (25 µm) and the 
active CHESS TE film (25 µm) add up to a total thickness of ~1.2 µm with 
a mass of 0.05 g (Extended Data Fig. 2b). The total thickness could be 
reduced even further if 100 µm AlN substrates were used.

TE device benchtop characterization
Benchtop characterizations of the TE devices were performed in mod-
est vacuum (4.66 Pa (35 mTorr)), to avoid any confounding effects of 
room air drafts and humidity, and at room temperature of approxi-
mately 25 °C. A benchtop power supply (Xantrex XFR20-60) was used 
to provide constant current, and temperature was measured with a 
0.0254 mm bare wire type K thermocouple mounted to a probe holder 
and connected to an Omega DPi32 temperature meter. Measurements 
and procedures were recorded manually into a laboratory notebook for 
every device tested. A video camera was used to record timestamps and 
temperature measurements during the benchtop cooling characteriza-
tion for the different TE devices. We evaluated the steady-state cooling 
performance of the devices, because for human sensory feedback it is 
important for accurately conveying temperature information, such as 
when grasping a cold object with a prosthesis.

The ZT for each device was estimated using the Harman method 
by measuring the voltage across the TE module when the steady-state 
input current to the device is stopped21,52,53 (Extended Data Fig. 3c–e). 
We have previously used this approach and reported on the correlation 
between measured ZT and ΔTmax device performance21,25 (Extended Data 
Fig. 3f). ZT measurements from the Harman method is very effective but 
requires good electrical contacts to the p- and n-semiconductors, low 
p–n interconnect resistance, low electrical resistance of the conductive 
traces in the module and minimizing any mutual inductance effects in 
the test system. Heat transport through the wires during the Harman 
ZT measurement is minimized by ensuring probes are kept at heat-sink 
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temperatures and by letting the Peltier contact (that is, the Cu/Au/Sn 
interconnect with the AlN header, Extended Data Fig. 2a) thermally float.

We further minimized losses during the Harman ZT measurements 
by operating the TE device in a small signal mode (current (I) of 10 mA) 
and using a hi-gain linear amplifier with a gain of 108. Voltage values 
were measured using a Tektronix TBS1052B digital oscilloscope. The 
baseline reference voltage (or zero reference, Vref) was determined from 
the steady-state voltage value before a steady-state input current was 
applied to the TE device. To measure the Peltier voltage (V0) at time 
(t) equal to zero(when current is turned off) (Extended Data Fig. 3c), 
we used real-time boxcar averaging (Tektronix oscilloscope) of 128 
continuous transient data points after the current was turned off. This 
averaging of the transient signal, as well as the low noise signal ampli-
fier and ensuring minimal mutual inductance effects when the current 
was turned off, minimizes noise and improves signal-to-noise ratio.

The inherent TE material properties (electrical resistivity, thermal 
conductivity and Seebeck coefficient) of the three devices are shown 
in Extended Data Fig. 3g. Compared to the bulk module, the bulkHC 
device provides 8.8 times higher a/l while having the same thermal 
conductivity. The CHESS thin-film device had a TE active area of 6.1 
times compared to the bulk device and in fact had a lower a/l com-
pared to the high-capacity bulk device. The TFTEC device also had 
lower thermal conductivity (bulk/bulkHC = 0.016 W cm−1 K−1; thin-film, 
0.008 W cm−1 K−1). Note that the packing fraction of the individual p–n 
couples within the TFTEC devices were much smaller than that of bulk 
modules and hence the lower active a/l for the TFTEC device. While the 
bulkHC device had the largest aspect ratio and thermal conductance, the 
thin-film CHESS device had the highest ZT at the module level emanat-
ing from the improved materials (Extended Data Fig. 3g). Although ZT 
is not always reported at the device level, it serves as a useful metric 
to quantify differences across the devices and their relationship in 
eliciting fast and strong thermal perceptions in humans. While not 
reported here, we previously characterized heat-to-electric conver-
sion efficiency and other metrics such as power density, when under a 
temperature gradient, using a custom device characterization set-up54, 
and have shown advantages of the thin-film module25.

Thermal stimulation
Thermal stimulation was provided to the surface of the skin using 
either a bulk TEC device (Custom Thermoelectric), a high-capacity 
bulk TEC device (with a special order to Custom Thermoelectric) or the 
thin-film TEC device described above. Both commercial TEC devices 
used bulk Bi2Te3-alloy materials. The heat collector (that is, rejection 
side) of every TEC device was attached to a flexible aluminium foil 
layer, using thermal paste (Supplementary Fig. 1) to allow for easier 
device placement on human skin. The bulk devices were off-the-shelf 
and had a total module area of 10.8 mm × 10.8 mm with a thickness of 
3.5 mm. The thin-film device had a total module area of 5 mm × 6 mm 
and thickness of 1.2 mm.

The TEC device was connected to a power supply with constant 
current to achieve a target cold-side (that is, the surface touching the 
skin) temperature on the device. For a target temperature of 16 °C, the 
current supply was set to 0.4 A, 1.2 A and 1.1 A ( ± 0.05 A) for the bulk, 
bulkHC and thin-film devices, respectively, with ±0.1 A depending on the 
device used. The current values during thermotactile testing were set 
based on benchtop observations of the steady-state current needed 
for the desired 16 °C cold-side temperature for each device. Because 
it is important to convey absolute temperature for thermal sensory 
feedback (for example, prosthesis picks up a cold can), we evaluated 
TEC performance in achieving a set target temperature common across 
devices (that is, 16 °C). More extreme temperature targets were gener-
ally not explored due to safety considerations to avoid possible damage 
to the skin55 and to remain above levels of noxious cold (<15 °C)56,57. An 
exception is noted below during the cold-object identification experi-
ment with participant A1.

Phantom hand sensory mapping
Thermal mapping was performed using the bulk TEC device on the 
residual limb of the participants with amputation. The cold-side sur-
face, which was touching the skin, was set to a target temperature of 
16 °C. The device was powered and allowed to reach the target tem-
perature before placing on the skin. The bulk device was used for the 
phantom hand mapping instead of the thin-film device because the 
additional thickness provided by the bulk device enabled better vis-
ibility to the skin regions being contacted during thermal stimulation. 
Because the device was allowed to reach the target temperature (16 °C) 
before being placed on the skin, any of the TEC devices would have been 
sufficient for performing the sensory mapping.

The experimenter methodically placed the TEC device at different 
locations of the residual limb. Locations on the limb were probed based 
on known sensory mappings to the phantom hand15,26,27 (participants A1 
and A4) in addition to other regions to identify previously unmapped 
sites (all participants). The participants verbally reported either not 
feeling the thermal sensation, feeling the sensation on the residual 
limb, feeling the sensation on the phantom hand or a combination 
of thermal sensation in both phantom and residual limb. In all cases, 
the thermal perception was reported as being perceived either on the 
residual limb or in the phantom hand.

Similar to the thermal mapping, sensory mapping of mechanical 
stimulation was performed on the residual limb in the same session. 
Using a rounded plastic probe with diameter of approximately 1 cm, 
the experimenter mechanically and methodically indented different 
locations on the residual limb of each participant. Previous sensory 
mappings of participants A1 and A4 were used to guide the mapping 
for those individuals15,26,27, but all participants also underwent a full 
mapping of their residual limb. The participants verbally responded 
whether they perceived the tactile sensation on the residual limb, the 
phantom hand, or a combination of the two. In all cases, the mechani-
cal stimulation sensations were perceived as being only on either the 
residual limb or the phantom hand and were described as being a 
pressure or touch.

For both thermal and mechanical sensory mapping, the partici-
pants indicated regions of perceived sensory activation in the phantom 
hand using a printed hand outline. This procedure of sensory mapping 
and marking projections to the phantom hand has been validated and 
used in previous studies5,15,26,27.

Participants A1 and A2 returned for follow-up visits to perform 
the cold-object identification experiments approximately 11 months 
and 29 months after their initial visits, respectively. Their phantom 
hand sensory maps were quantified again at the beginning of their 
return visit.

Thermal perception experiment
For testing with participants with arm amputation, the TE device 
was held in place on the residual limb by the experimenter, or, if 
possible, the TE device was set on a table and the participant rested 
their residual limb on the device. At least two stimulation sites were 
used to provide thermal sensations: one that elicited thermal sensa-
tions on the residual limb itself and one that elicited sensations in 
the phantom hand. For non-amputee participants, the TE device 
was set on a flat surface, and the participants placed the tip of their 
index finger on their dominant hand on the cold-side surface of the 
device. A microcontroller (Arduino Micro) was used to monitor safe 
temperature levels and record voltage input to the TE device (Sup-
plementary Fig. 1a). Voltage data were sampled at 200 Hz. TE volt-
age levels were monitored to record when stimulation was being 
applied and the time delay between onset of thermal stimulation and 
participant reaction. Using a custom graphical user interface, built 
in MATLAB, the participant pressed a keyboard button as soon as a 
change in thermal sensation was detected (Supplementary Fig. 1b). 
A visual cue was displayed to indicate when the thermal stimulation 
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trial began. The participants with arm amputation used their oppos-
ing arm to press the keyboard. The non-amputee participants used 
their non-dominant hand to respond. Reaction time was measured 
as the time delay between thermal stimulus onset and the key press 
after a change in thermal perception was detected by the participant. 
Using a sliding scale in the graphical user interface, the participant 
reported their subjective perception of the thermal intensity for each 
trial. The thermal stimulation lasted up to 10 s, and stimulation was 
turned off as soon as the participant reported a perceived change  
in temperature.

The participants were instructed to press the keyboard button 
whenever they perceived a change in temperature in their skin or their 
phantom limb. The participants were not told whether they would 
receive cooling, warming or nothing; rather, they were instructed to 
respond to any change in thermal sensation and then report whether 
it was cooling, warming or nothing.

All amputee participants performed the experiment with both 
the standard bulk and the thin-film TEC devices. Participant A4 also 
performed the experiment with the bulkHC device (Extended Data Fig. 
6). All of the non-amputee participants performed the experiment 
with both the standard bulk and the thin-film TEC devices. Two of the 
non-amputee participants also performed the experiment with the 
bulkHC device (Extended Data Fig. 7).

For each device, thermal stimulation was performed at least 10 
times at each site for the participants with amputation and at least 
20 times for the non-amputee participants. Blocks of five trials were 
conducted, and the device used in each block was randomized to avoid 
desensitization and bias. The participants could physically see which 
device was being used. A break between 30 s and 60 s was allowed 
between each trial for the thermal sensation to subside in the skin and 
to allow the TE device to return to a steady state at room temperature. 
A break of up to 5 min was allowed between each block of trials. A target 
cold-side surface temperature of 16 °C was used for all devices, and 
each trial started at approximately room temperature (~22–25 °C). 
The target temperature was used to measure the ability of each device, 
when being driven to a particular steady-state value, in eliciting ther-
mal sensations, which is important for providing real-time sensory 
feedback to humans.

Participant A1 also performed the experiment with a target cooling 
temperature of 23 °C, starting from approximately 25 °C. These results 
are reported separately in Extended Data Fig. 6a, but these trials were 
used when calculating the probability of thermal detection of the dif-
ferent devices (Fig. 3b).

Participant A4 reported sensations of warming on some trials and 
cooling on others. A change in thermal sensation was detected by the 
participant on every trial, so we combined these results in Fig. 3 but 
show them separately in Extended Data Fig. 6. The other participants 
reported sensations of cooling on every trial.

Thermal perception repeatability experiment
One of the non-amputee participants (B2, male, 30 years old at study 
onset) performed the perception repeatability study with the TFTEC 
device. This experiment was the same as the thermal perception experi-
ment but was conducted over a continuous period of 180 min. The 
device was strapped to the index fingertip on the non-dominant hand 
and secured in place using medical tape. Attaching the device did not 
impede fingertip movements. The participant used the dominant hand 
to press the keyboard whenever they perceived thermal sensation on 
the index finger and reported the perceived intensity of the sensation 
after each trial. Three thermal stimulation trials were provided in each 
block, and blocks were separated by a random delay of 7–15 min. The 
participant performed 15 blocks over 180 min. The target cold-side 
surface temperature was set to 16 °C for every trial. There was no  
special skin preparation or TFTEC device packaging optimization for 
this experiment.

Baseline visual-reaction experiment
Baseline reaction to visual stimuli was measured using the same user 
interface as the thermal perception experiment. The participants 
pressed a button on the keyboard as soon as they saw a visual cue on the 
screen. Amputee participants A2–A4 performed one block (30 trials), 
and non-amputee participants B1–B4 performed two blocks (60 trials, 
B2, B4) or three blocks (90 trials, B1, B3).

Cold-object detection experiment
To demonstrate real-world functional benefit of thermal sensory feed-
back to an individual with arm amputation, we designed an experiment 
in which three visually identical beverage cans were placed on a table 
and the participant was asked to identify the cold can within a given 
amount of time. The cans were aluminium and were approximately 
12.2 cm in height with a diameter of 6.6 cm and held a volume of 355 ml. 
One of the objects (that is, cans) was cooled to approximately 5–15 °C, 
using a refrigerator, while the other objects were kept at ambient tem-
perature (20–25 °C, mean: 22.8 °C).

To perform the experiment, participant A1 used the MPL, an 
advanced prosthesis with up to 26 articulating joints developed at 
the Johns Hopkins University Applied Physics Laboratory and used 
in numerous prosthesis and brain–computer interface-related stud-
ies50,58,59. The MPL was controlled using the Virtual Integration Envi-
ronment, and an infrared temperature sensor (MLX90615, Melexis) 
was embedded in a custom 3D printed fingertip on the prosthesis. 
The temperature sensor was calibrated after integration into the MPL 
fingertip, and temperature measurements were corrected using a 
linear scaling factor. The infrared temperature sensor was connected 
to a Bluetooth-enabled microcontroller (Feather 32u4 Bluefruit LE, 
Adafruit) and lithium-ion battery, which were mounted to the back of 
the MPL hand. Temperature sensor signals were transmitted to a laptop 
at approximately 10 Hz.

A custom hardware interface was used to connect the MPL to the 
participant’s osseointegrated abutment33,50, and a wireless electro-
myography (EMG) armband (Myo, Thalmic Labs) was used to stream 
EMG signals over Bluetooth at 200 Hz to an onboard controller in 
the prosthesis50,60. The EMG armband had eight stainless steel elec-
trode pairs, which were uniformly distributed around the participant’s 
residual limb (Fig. 5).

Real-time EMG movement decoding was performed using a lin-
ear discriminant analysis classifier, which was implemented on the 
onboard controller in the MPL. Time domain features (mean abso-
lute value, waveform length, slope sign change and zero crossings61) 
were extracted from the EMG signal using a 250 ms sliding window 
with a 20 ms step size. Training data for each desired movement (for 
example, elbow flexion, hand open and so on) were collected using a 
mobile interface to the onboard controller in the MPL. The participant 
had extensive EMG pattern recognition experience50 and collected 
several seconds of training data for each movement. For the experi-
ment, the participant trained the pattern recognition algorithm to 
decode elbow extension, elbow flexion, hand close, hand open and no 
movement (that is, ‘rest’). Offline classification accuracy, which was 
calculated using a leave-one-out training and testing strategy with 
each training data set being separated into five segments, is shown 
in Extended Data Fig. 8.

The thin-film TEC device was attached to a stimulation site on 
the participant’s residual limb that elicited sensations in the phantom 
fingers (Fig. 5a and Extended Data Fig. 1). The participant noted that 
towards the end of the testing session on each day he began to also per-
ceive thermal sensations on the residual limb, at the site of stimulation; 
however, thermal activation of the fingers was still perceived. On the 
first day of this experiment, the infrared temperature sensor was placed 
on the little finger of the MPL so that it would correspond with thermal 
sensation in the little finger of the phantom hand. On the second day, 
the ring finger of the phantom hand was noted as being stronger during 
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thermal stimulation, so the infrared temperature sensor was moved to 
the ring finger on the MPL.

Thermal stimulation was delivered to the participant when the 
infrared temperature sensor in the prosthesis was below approxi-
mately 14 °C. Because the cold object’s temperature was within a range 
of 5–15 °C and to ensure consistency across trials as the cold object 
would inevitably warm up slightly, the thermal stimulation cold-side 
target was set to 10 °C (Ibulk = 1.0 A, IbulkHC = 2.1 A, Ithin-film = 2.1 A). Because 
the cold-side target was below the threshold for noxious cold56,57, we 
confirmed with the participant that he did not perceive any painful or 
uncomfortable sensations as a result of the thermal stimulation. We 
also visually inspected the stimulation site periodically to ensure skin 
damage was not occurring due to excessive cooling.

Each trial consisted of the experimenter placing the objects in a 
row on a table in front of the participant. The cold object was randomly 
placed in one of the three locations (that is, left, centre or right). The 
participant was given up to 90 s for each trial and instructed to find 
the cold can using only the prosthesis to feel each one. The participant 
verbally indicated which object was the cold one. In between trials, the 
experimenter wiped off the cold object after each trial to remove any 
condensation or other visual indications of temperature. As the cold 
object would warm up because of being in ambient conditions, it was 
regularly replaced with another cold object. Trials were conducted 
in blocks of five and were carried out over a 2 day period for a total of 
19 trials. The participant was allowed to practice with room tempera-
ture objects (without thermal stimulation) for up to 5 min before the 
experiment began.

Trials were controlled using a custom MATLAB script that audibly 
indicated trial start and end as well as recorded sensor signals and 
participant responses. A Canon VIXIA HF G20 camera and a Jenoptik 
VairoCAM HD thermography camera were used to record video foot-
age of the trials.

Finally, to ensure that the participant was not using visual cues to 
identify the cold object, we measured baseline performance where the 
participant guessed which object was cold using only visual information 
(Fig. 5c). The participant’s chance performance was 30% (6/20 trials).

Virtual cold-object detection experiment
Similar to the cold-object identification experiment using the physical 
prosthesis, we developed a virtual version of the same task to enable 
additional data collection across more participants and TEC devices. 
The vMPL, which is a virtual version of the MPL and operates using 
the same Virtual Integration Environment software architecture as 
the physical limb60,62,63, was controlled by participants to ‘feel’ virtual 
objects (Extended Data Fig. 8).

Two amputee participants (A1 and A2, 2 males, 41–65 years old 
at study onset) and two non-amputee participants (B5 and B6, 1 male, 
1 female, 22–26 years old at study onset) performed the experiment. 
Thermal stimulation was mapped to the index, middle, and ring finger 
for A1 (Extended Data Fig. 1c). Thermal stimulation was delivered to 
the tip of the ring finger for A2 (Extended Data Fig. 1b) and to the tip 
of the index finger for the non-amputee participants (Extended Data 
Fig. 8d). One of the three virtual objects was ‘cold’ and, when touched 
by the corresponding vMPL finger(s), triggered thermal stimulation to 
the participant. The cold-side target temperature for each TEC device 
was set to 16 °C for all participants, except for A1 in which case the target 
was set to 10 °C to match the thermal stimulation used in the physical 
cold-object detection experiment.

The virtual cold object was randomly assigned to one of the three 
objects, and participants were given up to 45 s to complete each trial. 
Participants were instructed to identify the cold object as fast as they 
could on each trial.

The vMPL was controlled using the Myo armband. Participant A1 
used EMG pattern recognition control to perform elbow flexion and 
extension movements. For all other participants, two Myo armbands 

were worn: one on the upper arm and one below the elbow. Arm orienta-
tion was tracked using embedded inertial measurement units (IMUs) 
in each armband, transformed and mapped to vMPL movements. IMU 
signals were streamed wirelessly to a laptop at approximately 50 Hz. 
No EMG movement decoding was used to control the vMPL, with the 
exception of the trials performed with A1.

The objects were oriented on the horizontal plane, similar to the 
physical version of the task, in front of the vMPL for all participants 
(Extended Data Fig. 8a) except for A1. Because participant A1 has a tran-
shumeral amputation, he was unable to use the IMU forearm motion 
tracking with elbow movements for the virtual experiment. Instead, 
the virtual objects were oriented vertically, and the participant used 
EMG signals to control elbow flexion and extension to position the 
vMPL and touch each virtual object. Virtual objects were positioned 
such that every participant could easily control the vMPL to make 
contact with each one.

Trials were conducted in blocks of five with a target of at least 10 
trials total for each TEC device on each participant. The TEC device 
order was randomized in each block for the non-amputee participants. 
Device ordering was not effectively randomized for the amputee par-
ticipants due to lack of time. However, results from both participant 
groups are similar, suggesting that learning effects likely did not play 
a role in this experiment.

Participant A2 performed the study only using the high-capacity 
bulk (bulkHC) and thin-film TEC devices. The other participants used 
bulk, bulkHC and thin-film TEC devices. The participants performed the 
experiment in one session, with the exception of A1 who performed the 
experiments on both days of his follow-up visit.

Trials were controlled using a custom MATLAB script to begin and 
end trials while also recording vMPL movements and interactions in 
the virtual environment.

Data analysis
For each participant, reaction times and reported intensity levels from 
successful thermal detection trials at each target temperature were 
averaged together. Trials where thermal changes were not perceived 
within the trial duration were not included in calculating the average 
response time or reported intensity. Perceived intensity results were 
scaled from 0 to 10, with 10 being the maximum possible response 
on the graphical sliding scale. Normalized reaction time to thermal 
stimulation was achieved by subtracting the mean visual reaction time 
from the thermal reaction time data for each participant. Because A1 
did not perform the reaction time experiment, the actual reaction 
to thermal stimulation was reported when combining amputee data 
(Fig. 3c). Combining perceived intensity across participants was done 
by rescaling such that the maximum reported intensity from each 
participant was a ‘10’.

Results from the amputee participants were not combined with 
the results from the non-amputee participants. Results from thermal 
stimulation on the phantom limb were not combined across partici-
pants given that each amputation and region of stimulation is unique 
to each individual.

The time spent touching each object in the virtual cold-object 
detection experiment was calculated as the total time the vMPL was 
contacting a virtual object with the target finger(s) (for example, 
index, middle and ring fingers for A1, ring finger for A2, and index 
finger for non-amputee participants) before moving to the next 
object. Contact times of less than 750 ms were removed to avoid 
accidental touches by passing through objects during vMPL control. 
Time touching each object from the non-amputee participants were 
combined after using max–min normalization for each participant 
using equation (3):

T′ = T −min (T )
max (T ) −min (T ) (3)
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where T is the time touching objects across all TEC devices for an indi-
vidual participant and T′ is the feature scaled result, resulting in a 
normalized range of [0 to 1].

Statistical P values were calculated using a two-sided Mann–Whit-
ney U-test. Data from the thermal perception experiments were not 
assumed to be normally distributed (Shapiro–Wilk test64, P < 0.05). 
Statistical comparisons between groups were made only if there were at 
least three data points within one of the groups. Bar plots represent the 
mean, and error bars represent the standard error of the mean, unless 
otherwise specified. Where trend lines are shown, a linear regression 
model was fit to the data using ordinary least squares. A one-sample 
t-test was used to calculate the statistical P values for the regression 
line slopes. Human data analysis was performed using MATLAB (Math-
Works), and benchtop TEC device data analysis was performed using 
Excel (Microsoft). Thermogram image analysis was performed using 
IRBIS 3 Professional (InfraTec). Supplementary videos were prepared 
using Premiere Pro (Adobe).

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

Data availability
All source data generated or analysed during the study and needed to 
interpret and verify the findings are available within the paper and its 
Supplementary Information. Source data are provided with this paper.

Code availability
The code used for controlling the virtual and physical prosthetic 
limb is available at https://bitbucket.org/rarmiger/minivie. The 
custom Arduino code used for monitoring and controlling ther-
mal stimulation and the custom MATLAB code used for running the 
thermal-reaction-time experiment and for analysing the data are 
available for research purposes from the corresponding authors on 
reasonable request.
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Extended Data Fig. 1 | Thermal sensations are stable over 11 months.  
a, Noninvasive thermal stimulation of the skin was used to restore thermal 
sensations in the phantom hand using thin-film thermoelectric cooling (TFTEC) 
devices and enable perception of cold objects during grasping with a prosthesis. 
b, The activated regions of the phantom hand remained similar after 11 months 
(48 weeks) for participant A2, showing long-term stability of restored thermal 
perceptions. This stability aligns with previously documented stability in 
phantom hand sensory maps for other stimulation modalities15. c, Participant 

A1 underwent an unrelated surgery on the amputated arm after the initial 
sensory mapping, which affected the phantom hand sensory maps. Sensory sites 
were mapped again 29 months (128 weeks) after the initial mapping session. 
Although activated regions changed due to the unrelated surgery, we were able 
to convey thermal sensations to the phantom hand. With the new sensory sites, 
we observed similarities from previous sites in that mechanical and thermal 
perceptions did not always project to the same region of the phantom hand 
despite the same site of stimulation.
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Extended Data Fig. 2 | TFTEC device fabrication. a, Key steps in the fabrication 
of a TFTEC module, used in this study, utilizing the Controlled Hierarchically 
Engineered Superlattice Structures (CHESS) materials. 1) 25 µm p-type and 
n-type CHESS thin-films are grown on GaAs substrates and a metallization layer 
(Cu/Au/Sn, 51 µm) is placed on top of the thin-films. 2) The p-type and n-type 
materials are cut into strips and 3) are bonded onto an AlN substrate (Header 1, 
380 µm). An additional metallization layer (Ni/Cu/Au, 30 µm) is placed, which is 
used to bond the CHESS thin-films onto Au-plated Cu traces (30 µm) with an In 
alloy solder (25 µm) to form a single p-n couple module. 4) A 3 × 4 array of the p-n 
coupled modules is assembled on a common AlN substrate (Header 2, 380 µm), 
which acts as a heat collector, and an additional SiC common header (Header 
3, 330 µm) is placed on top of the module array, connecting the p-n couples in 

parallel and enabling contact with the skin. b, Physical dimensions of the thin-
film thermoelectric cooling (TFTEC) and bulk devices, showing the benefits 
of the TFTEC for wearable applications. The total mass of the TFTEC module is 
about 1/2 of a small Band-Aid or 1/5th of a rubber band. It is worth noting that the 
TFTEC module is 1/28th the total mass of the bulk module, and uses ~1/600th the 
active TE material mass for better functionality. Future development of TFTEC 
devices can include lowering the weight of AlN (Headers 1, 2, and 3) enabling 
more lightweight thermotactile packages, while keeping the functionality of 
cooling and heating. The TFTEC technology for thermotactile applications 
presented here is a proof-of-concept demonstration in producing biologically 
relevant speeds of cooling. c, The three types of thermoelectric cooling device 
used in the thermotactile experiments.
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Extended Data Fig. 3 | Steady-state thermoelectric device cooling response, 
material properties, and figures of merit. a, All three of the TEC devices 
remained stable and did not deviate once reaching the target temperature value. 
Differences in current used, compared to Fig. 2g, is because the input current 
to reach a target temperature can vary ±0.1 A across modules. b, Steady-state 
response of the thin-film module used with participant A1 for the cold object 
identification experiments. c, The figure of merit (ZT) was estimated using the 
Harman method to measure Ohmic (Vr) and Peltier (V0) voltage components 
when TEC device input current was switched off. d, Measured voltage values 
for each TEC device used to estimate the ZT. e, VT was estimated as the voltage 
at steady state before current was switched off (t0) and V0 was estimated by the 
voltage immediately after input current is removed. Measurements were taken 
at T = 300 K. f, Effective ZT estimated from thermal efficiency for thin-film (1 × 4 

array) and bulk thermoelectric generator (TEG) devices. Data redrawn with 
permission from25. g, Inherent material properties of both p- and n-type materials 
were nominally the same in TFTEC modules and generally the same approach of 
comparable p- and n-type material properties are used by manufacturers of bulk 
modules65. Despite having a smaller active aspect ratio compared to bulkHC, the 
thin-film device has larger ZT and a slightly higher Seebeck coefficient, which 
leads to higher Peltier cooling. The material ZT were calculated from the three 
individual properties (that is, electrical resistivity, Seebeck coefficient and 
thermal conductivity) at T = 300 K. The observed module ZT of the CHESS TFTEC 
device is higher than both bulk devices – translating to less energy consumed in 
the cooling sensation in the present study and higher heat-to-electric conversion 
efficiency in a related study25.
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Extended Data Fig. 4 | Exemplar thin-film thermoelectric device cooling 
and repeatability. a, Cooling profile as a function of current for two example 
TFTEC devices with a ΔTmax = 61.8 °C (305 K p-n couple Harman ZT of ~0.72) 
and ΔTmax = 68.7 °C (305 K p-n couple Harman ZT of ~0.96) for Module 1 and 2, 
respectively. Unlike thinned bulk TE materials which can achieve a ΔTmax up to 
23 °C66, modules with thin-film TE materials can result in ΔTmax up to 68.7 °C. b, 
The temperature differential (ΔT) is the difference between the hot side (Thot) 
and the cold side (Tcold) of the TFTEC device during steady-state performance. 
c, Cooling reproducibility of the TFTEC device (Module 1) in (a) for 50 cycles 
over more than 400 min. Data points shown are the temperature differential 
between Thot and Tcold at steady state after input current to the device was 
turned off (ΔT = 0 °C) or on (ΔT ~ 62 °C). Previous TFTEC devices were reported 

to be stable over 500,000 cycles67. d, Perceptual data was collected with one 
participant wearing the TFTEC device on the index finger over 3 hr. The reaction 
and perceived intensity of the thermal stimulation did not significantly change 
over the experiment and the participant perceived thermal sensations on every 
trial (n = 45 independent trials from one TFTEC device). Trend lines were fit using 
linear regression and the fitted slopes were not significantly different from zero 
(Pslope > 0.05), suggesting perceptual and hardware stability (that is, no significant 
changes in perception) while wearing the TFTEC device for the extended 
duration. Data are presented as individual measurements. A one-sample t-test, 
using the estimated regression slope and its standard error, were used to 
calculate the statistical P values for the regression slopes.
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Extended Data Fig. 5 | Baseline visual reaction time. a, The amputee and 
non-amputee participants performed a visual reaction time task using the same 
button used in the thermal stimulation task. Data represents independent trials; 
n = 30 for A2, A3, and A4; n = 90 for B1and B3; n = 60 for B2 and B4. b, Performance 
metrics. Participant A1 did not perform the visual reaction time task. The violin 

plot whiskers represent the minimal and maximal values, the vertical lines 
indicate the first and third quartiles, the horizontal lines are means, and the 
white dots are the medians. The average reaction time for each non-amputee 
participant was used to normalize the thermal stimulation reaction time results 
and compare across individuals.
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Extended Data Fig. 6 | Thermal reaction and perception in participants with 
limb amputation. a, Thermal detection experiment at 23 °C for participant A1. 
Statistical comparisons were not performed because only one trial was detected 
for the bulk device at each stimulation site. b, Participant A4 also performed the 
thermal detection experiment with the bulkHC device and reported sensations 
of warming on some trials despite the target temperature being set to 16 °C 
(Supplementary Discussion). Data presented as performance per block of up to 
five independent trials, n = 20 trials (4 blocks, bulk), 22 trials (5 blocks, bulkHC), 
and 50 trials (10 blocks, TFTEC). c, Thermal stimulation on the residual limb with 
the thin-film device leads to faster reaction times; however, the bulkHC device 
was perceived faster on trials that were felt as cooling sensations in the phantom 

hand. There were no significant differences across the devices on trials that were 
perceived as warming. d, Perceived intensity was similar across all devices and 
stimulation sites for this participant, with the exception of the thin-film device 
eliciting slightly stronger cooling sensations on the arm and the bulkHC device 
eliciting slightly stronger sensations on trials perceived as warming. a, c, d, 
Number of independent trials for each condition that elicited thermal perception 
is given by n. Total number of independent trials, including those that did not 
elicit thermal perception, for each condition was 10 (A1 arm TFTEC); 5 (A1 bulk, 
phantom TFTEC); 10 (A4 bulk, arm bulkHC); 12 (A4 bulkHC phantom); and 25 (A4 
TFTEC). Data represents independent trials and bars represent mean ± s.e.m of 
individual trials. P values were generated with a two-sided Mann-Whitney U test.
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Extended Data Fig. 7 | Detection, reaction, and perception of thermal 
stimulation for non-amputee participants. a, Probability of detecting cooling 
sensations in individual intact limb participants. Data presented as performance 
per block of five independent trials, n = 20 independent trials (4 blocks) for all 
conditions except for n = 25 independent trials (5 blocks) for B3 with the bulk 
device. b, Reaction time and c, perceived intensity of thermal stimulation,  

n represents number of independent trials where cooling sensation was 
perceived. Data are presented from individual trials where cooling was perceived. 
The target temperature was set to 16 °C for all devices. In all instances, the thin-
film device led to faster and more intense thermal perception during stimulation 
of the index fingertip. Bar plots are presented as mean ± s.e.m. of individual trials, 
P values were generated with a two-sided Mann-Whitney U test.
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Extended Data Fig. 8 | Cold object detection using thermal feedback for 
amputee and non-amputee participants. a, Participants controlled the vMPL 
using EMG (A1) or motion tracking (A2, B5, B6) with a wireless armband. Thermal 
feedback was provided to the phantom hand (amputee) or tip of the index finger 
(non-amputee). b, EMG decoding (A1). Only elbow movements were used for 
the virtual task. Data presented as mean ± s.e.m. of n = 5 feature sets. c, The time 
spent touching each object during the virtual task for A2 was similar between 
bulkHC (n = 40 touches over 10 trials) and TFTEC (n = 54 touches, 15 trials) devices. 
d, The two non-amputee participants were more successful detecting virtual cold 
objects with the bulkHC (n = 24 trials, 5 blocks) and TFTEC (n = 34 trials, 7 blocks) 
device compared to the bulk device (n = 25 trials, 5 blocks). Bar plots represent 
mean ± s.e.m.; data points represent blocks with up to five trials. e, For the two 

non-amputee participants, the normalized time spent touching virtual objects 
was significantly shorter for the TFTEC (n = 112 touches, 34 trials) compared to 
the bulk (n = 133 touches, 25 trials) and bulkHC (n = 92 touches, 24 trials) devices. 
Data normalized using max-min normalization for each participant. f, Time 
spent touching each virtual object. For B5, n = 80, 58, and 46 touches, over 15 
trials with each device, for bulk, bulkHC, and TFTEC, respectively. For B6, n = 53, 
34, and 66 touches for bulk (10 trials), bulkHC (9 trials), and TFTEC (19 trials), 
respectively. c, e, f, Data represent independent virtual object touches and all 
trials are independent. Violin plot whiskers represent the minimal and maximal 
values, vertical lines indicate first and third quartiles, horizontal lines are means, 
and white dots are the medians. P values were generated with a two-sided Mann-
Whitney U test.
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Data collection Sensory maps drawn by participants were recorded on printed sheets of paper with hand outlines, and sensory perceptions from stimulation 
were recorded by colour-coding the sensory maps on the same printed sheet of paper. The data were digitized using a commercial office 
document scanner. Data from benchtop thermoelectric-device characterization were collected using a commercial video camera and 
recorded manually into a lab notebook and Microsoft Excel 2016 spreadsheet. Thermal stimulation data were recorded through a custom-
made software written in MATLAB R2018b. Reaction and perceived intensity data were recorded through a custom-made software written in 
MATLAB R2018b. The closed-loop thermal feedback experiments were implemented using custom software, written in MATLAB R2022a, to 
interface with the virtual and physical prostheses while recording trial data, including thermal stimulation, prosthesis movements and sensing, 
trial completion and timestamps. The Virtual Integration Environment software architecture, which is available at https://bitbucket.org/
rarmiger/minivie, was used to control the virtual and physical Modular Prosthetic Limbs. Videos of participants were recorded using a Canon 
VIXIA HF G20. Infrared temperature images and video were recorded using a Jenoptik VairoCAM HD camera.

Data analysis The data were analysed and plotted using MATLAB R2018b and R2022a. The figures were prepared using Adobe Illustrator 2021 and Adobe 
Illustrator 2022. The videos were prepared using Adobe Premiere Pro 2021 and Premiere Pro 2022. Thermogram image analysis was 
performed using IRBIS 3 Professional.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine the number of participants because this was a proof-of-concept study.  
 
The number of repetitions to perform and verify the sensory mapping results was based on prior results and mapping procedures described in 
Osborn et al., Sci Rob 2018 and Osborn et al., J Neural Eng 2020. 
 
The number of trials for each group during thermal reaction time testing were based on a prior study measuring similar perceptual responses 
(Lele and Sinclair, J Neurol Neurosurg Psychiat, 1955). 
 
The number of trials for the visual-reaction experiment was based on prior studies (Jain et al., Int J Appl Basic Med Res, 2015 and Barrett et 
al., Sci Rep, 2020). 
 
The duration of the extended perceptual experiment was based on a prior study testing a wearable sensory stimulation for 3 h of continuous 
use (Seim et al, J Neuroeng Rehab, 2021). 
 
The number of repetitions to perform the functional closed-loop thermal feedback experiments was based on prior prosthesis-related 
functional experiments reported in in Osborn et al., Sci Rob 2018 and Osborn et al., J Neural Eng 2020.

Data exclusions An additional non-amputee participant consented to participate, but owing to technical issues did not complete the study. Their data are not 
reported and were excluded from the analyses. One amputee participant performed one block of the virtual-prosthesis functional task with 
thermal feedback to another site on their phantom hand; these data were not included because the placement of the thermal stimulator on 
the skin did not make sufficiently good contact to provide thermal transfer to the skin. One amputee participant performed one trial of the 
physical-prosthesis functional task where the thermal feedback was not delivered; these data were not included because the trial was ended 
owing to the technical issue. 

Replication Multiple trials were conducted on the same day. with each participant for the thermal-reaction-time and cold-object identification 
experiments. For the thermal-reaction-time experiment, participants A1, A2, A3 and A4 performed 20, 30, 30 and 20 trials with the bulk 
device, respectively; they performed 25, 30, 34 and 50 trials with the thin-film device, respectively; and participant A4 performed 22 trials 
with the high-capacity bulk device. For the visual-reaction-time experiment, amputee participants –A4) performed 30 trials and non-amputee 
participants B2 and B4 performed 60 trials; B3 and B4 performed 90 trials. For the physical-cold-object-detection experiment, participant A1 
performed 19 trials with the thin-film device. For the extended thermal-perception experiment, participant B2 performed the entire 
experiment once and performed 45 trials over 3 hours. For the virtual-cold-object-detection experiment, participant A1 performed 15, 10 and 
31 trials with the bulk, high-capacity bulk and thin-film devices, respectively. Participant A2 performed 10 and 15 trials with the bulk and thin-
film devices, respectively. Participants B5 and B6 performed 25, 24 and 34 trials with the bulk, high-capacity bulk and thin-film devices. All 
attempts at replication within participants and across participants were successful.

Randomization The participants performed the same tests in the same conditions. During the thermal-stimulation experiments with different devices, we 
randomized the ordering of the device-stimulation blocks. Combined participant results were compared across the same device. The 
investigators were not blinded to the randomization order.

Blinding The investigators were not blinded to allocation during experiments and assessments. Given the perceptual nature of the experiments, the 
participants were generally aware of when they were being stimulated, preventing us from providing stimulation without their knowledge. 
The participants were not aware of any explicit changes made to the stimulation, and were not prompted as to what type of sensation they 
should experience. The validity of the results are not biased by the participant's knowledge because they were not aware of when changes 
were made to stimulation and because objective measures (such as reaction time) were also measured in addition to perceived experiences.
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Methods
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Human research participants
Policy information about studies involving human research participants

Population characteristics Upper-extremity amputation (participants A1–A4) and no-upper-extremity amputation (participants B1–B6). Participant A1 
was a male with a left transhumeral amputation, targeted-muscle-reinnervation surgery, and an osseointegrated implant. 
Participant A2 was a male with a right transradial amputation. Participant A3 was a female with a right transradial amputation 
and a left partial hand amputation. Participant A4 was a female with a right transhumeral amputation and had undergone 
targeted-sensory-reinnervation surgery. Participants A1–A4 had an age range of 41–65 years old (mean: 52 years old). 
Participants B1–B6 included three males and three females with no limb amputation (age range: 20–30 years old, mean: 24.8 
years old).

Recruitment The participants with amputation were recruited from a population of upper-extremity amputees that were part of previous 
studies (Osborn et al., J Neural Eng, 2020; Osborn et al., IEEE Biomed Circ Syst Conf, 2017) or who were referred to the study 
by local clinicians. The participants without amputation were recruited from the Johns Hopkins University Applied Physics 
Laboratory (JHU/APL) through advertisements. Participants were compensated up to $15 per hour in gift cards, or if 
participants were JHU/APL employees then they were given a project budget to cover their time for performing the 
experiments.   

Ethics oversight Johns Hopkins Medicine Institutional Review Boards.

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