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Electronic systems possessing skin-like morphology and functionalities
(electronic skins [e-skins]) have attracted considerable attention in recent
years to provide sensory or haptic feedback in growing areas such as robotics,
prosthetics, and interactive systems. However, the main focus thus far has
been on the distributed pressure or force sensors. Herein a thermoreceptive
e-skin with biological systems like functionality is presented. The soft,
distributed, and highly sensitive miniaturized (~700 um?) artificial
thermoreceptors (ATRs) in the e-skin are developed using an innovative
fabrication route that involves dielectrophoretic assembly of oriented
vanadium pentoxide nanowires at defined locations and high-resolution
electrohydrodynamic printing. Inspired from the skin morphology, the ATRs
are embedded in a thermally insulating soft nanosilica/epoxy polymeric layer
and yet they exhibit excellent thermal sensitivity (—1.1 + 0.3% °C~'), fast
response (~1s), exceptional stability (negligible hysteresis for >5 h
operation), and mechanical durability (up to 10 000 bending and twisting
loading cycles). Finally, the developed e-skin is integrated on the fingertip of a
robotic hand and a biological system like reflex is demonstrated in response
to temperature stimuli via localized learning at the hardware level.

temperature and reaction to painful hot
or cold objects. The pain feeling is estab-
lished by an activation of sensory neurons
when exposed to pernicious thermal (ex-
treme heat [>52 °C]”! or cold [<5 °C]®))
stimuli. The spatially distributed thermore-
ceptors, nociceptors, and nerve endings in
the skin sense and transmit this critical in-
formation to the brain for perception and
suitable action (Figure 1). The functions of
these receptors inspire the development of
robots and artificial limbs with pain-related
reflexes and advance the field that has so far
focused on mimicking the mechanorecep-
tors for pressure or force feedback.[34560:]
Interestingly the pain related reflexes have
not caught the attention of roboticists, de-
spite the fact that the studies elucidating the
mechanism of noxious stimuli (mechani-
cal and thermal) related reflexes were re-
ported more than two decades (for which
the 2021 Nobel prize in medicine was also

1. Introduction

Biological skin detects wide range of mechanical and thermal
stimulil*! to trigger protective reflexes(?! and similar touch sen-
sory feedback-based functions are being sought for robotics,!
prosthetics,*! and interactive systems.[’! Electronic skins (e-
skins)!®! have attracted significant attention in recent years, with
main focus on distributed pressure or force sensors only. How-
ever, the ability to perceive other stimuli such as temperature
is equally crucial. It facilitates to maintain a constant body
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awarded).”#1% The artificial skin mimick-

ing the morphology and processing capabil-

ities of biological thermosensory pathway
has not been explored so far and only few reports(®® available
in this area are because of: 1) the precise neural pathway for
thermal sensing mechanism has remained elusive, 2) the lack
of heat-sensitive and robust soft materials, and 3) the technolog-
ical challenges related to processing of soft materials on flexible
substrates over large areas.

The recent advances in printed electronics have opened in-
teresting opportunities for cost-effective and resource-efficient
fabrication!'!l and various printed heat-sensitive soft materials in-
vestigated to-date are summarized in Table S1, Supporting Infor-
mation. Among these, the electrically conductive nanocompos-
ites with conductive fillers (inorganic/carbonaceous) in viscoelas-
tic polymer matrix (organic) have been explored extensively.'?]
These sensors demonstrate excellent flexibility and high sensi-
tivities, but they also exhibit high thermal hysteresis, consid-
erable inaccuracy during cyclic heating and cooling, and oper-
ate in narrow sensing range. As a result, the reported solutions
have restricted applicability for biological systems like reflexes
over a wide temperature stimuli.['*] For example, the perception
of cold feelings has not been demonstrated so far. Further, un-
like the miniaturized and distributed thermoreceptors in bio-
logical skin, the demonstrated nanocomposite-based devices are
fairly big in size. Recreating the architecture and functionality of
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Figure 1. The biological and artificial thermal sensory neural pathway. a) Human-skin model showing the buried free nerve endings, thermoreceptors,
and nociceptors under the epidermis as protection layer. b) The developed artificial thermoreceptors (ATRs) where the thermosensitive V,05 NWs are
buried under soft polymer layer mimicking the architecture of biological thermoreceptors. c) The biological thermal sensory neural pathway and the
conceptual framework for creating its artificial equivalent. The connection for the artificial neural pathway is for illustration purpose only.

biological thermoreceptors requires miniaturized distributed
sensors that possess excellent sensitivity, wide sensing range, sta-
ble and accurate response (robust), and flexibility. Considering
these requirements, the 1D inorganic nanowires (NWs) can be
excellent building block for the development of temperature sen-
sitive e-skin.l'*] Despite such a potential, the NW-based skin elec-
tronics has not matured as it is challenging to integrate them
at well-defined locations with high reproducibility and unifor-
mity. Additive printing via nozzle-based methods such as inkjet,
and extrusion (direct-ink writing) have gained attention for the
development of e-skin.'>] These printing methods allow pat-
terning of conductive materials such as liquid metals,™**<] and
colloidal metal nanoparticles!*? in a resource-efficient manner.
Whilst impressive progress has been made in compliant elec-
trical systems with interconnects based on these materials of-
fering superior electrical and mechanical properties, it is chal-
lenging to define high resolution electrodes from them using
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printing technologies over 1D materials due to issues such as:
1) ink spreading, 2) difficulties in getting precise control over
the geometry of liquid metal patterns, and 3) poor printing
resolutions.

To mimic the thermal sensing neural pathway, the e-skin
must also efficiently handle a large amount of sensing data with
low-latency so that faster reflexes can be attained and potential
damages to humans or prosthetic/robotic devices can be pre-
vented. The data processing for perceptual experience is cur-
rently performed using software program that adapt and learn
independently.'®! However, this is an inefficient approach as en-
coding, processing, and transmission of a large amount of data
affects the latency. The active perception with on-chip periph-
eral nervous system like localized learning at the hardware level
could mitigate such issues. Driven by these motivations, herein,
we report an artificial thermoreceptor (ATR)-based e-skin sys-
tem to mimic a biological system like sensing and reflex action
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Figure 2. a) Schematics/SEM images illustrating the fabrication of artificial thermoreceptors using DEP aligned V,05 NWs: (i) Superstate (substrate
on which NWs are aligned) attached over DEP electrodes using thin double side tape. (ii) DEP process for precise and oriented assembly of NWs. Inset
(left) shows SEM image of the entangled NWs (as purchased) and inset (right) shows electric field lines to trap NWs. (i) EHD printing to define Au
metal electrodes and interconnects (row lines). Inset shows the magnified SEM image of the aligned NWs. (iv) EHD printing of NS/epoxy dielectric over
row lines of the sensor matrix. (v) EHD printing to define Au electrodes and interconnects (column lines). (vi) Final encapsulation step using NS/epoxy
defined over sensing channel and column lines. Inset shows magnified SEM image of single unit of the fabricated sensor matrix. b) Simulated DEP force
according to the x-axis cross sectioning the DEP electrodes. The DEP force is shown in red and blue color and electric field gradient plot is shown by

arrows. c) The XRD 2-theta scan, and d) Raman spectra for the V,05 NWs.

(excitatory and inhibitory) in response to wide temperature stim-
uli (5-360 °C).

2. Results and Discussions

2.1. Fabrication of Temperature Sensors and Material
Characterization

Figure 1c schematically illustrates the thermosensory neural
pathway in human skin, which consists of thermoreceptors that
receive heat/cold signals from the environment and transmit
to the neural network. These thermal receptors show dynamic
as well as static excitatory or inhibitory responses to represent

Adv. Sci. 2022, 9, 2201525

the magnitude and rate of change of cold and hot stimuli. Thus,
presented thermosensory system in the fabricated e-skin proto-
type is capable of behaving as ATRs after perceptual learning.
The prototype maps the functionality of thermal sensory neural
pathway in the human body for the data encoding, transmission,
and processing. The temperature sensors are fabricated with
vanadium pentoxide (V,0s) NWs as a heat-sensitive layer, and
electrohydrodynamic (EHD) printing to deposit high-resolution
metal/dielectric lines defining the channel length, interconnect
structures, and encapsulation. The fabrication process for the
sensors is illustrated schematically in Figure 2a (see Experi-
mental Section and Supporting Information for details). The
randomly dispersed V,0; NWs in deionised (DI) water are
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deterministically placed with a position and orientation-
controlled assembly over large areas using dielectrophoresis
(DEP) technique (Figure 2a[ii]). The fabrication of high-
performance NW-based skin electronics demands highly
aligned structures to reduce the electron scattering at the NW-
NW junction and to facilitate the efficient charge transport.'’) In
the present case, this feature is needed to achieve fast and uni-
form response from the printed temperature sensors. Achieving
such conformations through DEP requires a proper analysis
of different process variables influencing both the NW density
and alignment quality. Toward this, COMSOL simulations are
performed to optimize the DEP assembly process (Figure 2b)
where forces in the order of pN are necessary to attract, align,
and place the NWs at the defined locations. The details of the
COMSOL simulation are described in Experimental Section
and Figure Sla—c and Note S1, Supporting Information. During
DEP, the amplitude of an applied voltage plays a critical role
to control the NW density at each assembly site. For instance,
at 40 V;;, the generated field gradient is not strong enough to
initiate the NW assembly. At 100 V;, the DEP force is stronger
enough for NW trapping and alignment (see Figure S2a, Sup-
porting Information). At 180 V,,, we observed further increase
in NW density. At higher voltages, the DEP force is strong
enough to attract the NWs further from the assembly site. The
higher DEP forces also decrease the NW-surface separation to a
distance at which van der Waals forces dominate (%10 nm), and
the NWs closely conform to the surface.[*®] The optimized DEP
parameters, that is, 180 Vp, and 500 kHz, lead to a NW density
of 9 + 1.5 NW/um at each assembly site (see Figure S2b,c,
Supporting Information). It is evident from the Figure S2b,c,
Supporting Information, that the optimized DEP parameters re-
sulted in aligned NW structures. Next, EHD printing was carried
out to complete the temperature sensor fabrication process.

Before printing the metal electrodes over the NWs (Fig-
ure 2a(iii,v]) and dielectric materials (Figure 2a[iv,vi]), the EHD
technique was optimized over polyimide (PI) substrate to achieve
uniform and superfine printed lines with resolution of 5 ym
(see Experimental Section and Figure S3 and Note S2, Support-
ing Information). The structural quality of the sensing mate-
rial, that is, V,0; NWs was examined using X-ray diffraction
(XRD) (Figure 2c) and Raman spectroscopy (Figure 2d). From
the XRD data, diffraction peaks can be indexed to an orthorhom-
bic V,05 phase.'”] No characteristic peaks related to any im-
purities or related to any other V,0O; phases such as mono-
clinic are detected in this pattern. The Raman peaks located at
144, 195, 281, 305, 407, 480, 510, 694, and 994 cm ™' can be as-
signed to the Raman signature of V,05.1*2°] The Raman peaks
at 144 and 995 cm™! hint the layered structure of V,0 where
distorted trigonal bipyramidal atoms are stacked up and share
edges to form (V,0,), zigzag double chains along the [001] di-
rection and are cross-linked along the [100] direction through the
shared corners.[?) The dominant charge transport in such a lay-
ered structured V,Os is through hopping mechanism which is
required to achieve high temperature sensitivity.?!! In addition,
the Raman peaks at about 305, 407, 510, and 694 cm™! are as-
signed to the bending vibration of V-O(, (A, mode), the bending
vibration of V-0O,~V bond (A, mode), the stretching vibration of
V-Og-V bond (A, mode), and the stretching vibration of V-O
bond (B,, mode), respectively.*’]
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Both XRD and Raman characterization tools have been used
to study the oxygen defects in V,05 and thus, the presence of
V4 /v3+ [1%] These impurity centers assist in hopping of elec-
trons and define the conductivity in V,Os (discussed later in de-
tails) and sensor response. Whilst the role of oxygen defects sites
for gas sensing is well-understood, their role in temperature sens-
ing is unclear. The position of (001) XRD diffraction peak at 26 of
21.3° of the V,05 NW5s could hint the presence of oxygen vacan-
cies in the material. It was experimentally observed that with an
increase in oxygen vacancies there is a shift in (001) peak to a
larger angle (21.43°).[1%] The presence of (001) diffraction peak at
21.3° in the present case indicates low level of oxygen vacancies.
Raman spectroscopy is generally used for the microscale analy-
sis of the material and can provide information on the location
of oxygen deficiency in V,0Og nanostructures. It is known that
there are four types of oxygen sites (O(I), O(II), O(III), and O(IV))
bonded with one V atom in a single layer of the layered V,O; or-
thorhombic structure.['?) The Raman peak at 480 cm™! arises
from bending vibration of V-O(II) bridge, peak at 526 cm™! is
associated with stretching vibration of V-O(IV), the vibrations of
V=0(]) is related with the peak intensity at 993 cm™!, and V-
O(III) with the peak at 696 cm™'. The strong and distinct peaks
appearing at 696 and 993 cm™' in the Raman spectrum suggest
that the oxygen vacancy sites are mainly at the bridging O(I) and
O(11) sites of the V,0; NWs in the present case.[%]

2.2. Electrical and Electromechanical Characterizations of
Temperature Sensors

The performance of the as-fabricated temperature sensing de-
vice (non-encapsulated) was first evaluated for a typical human-
sensing range of 5-50 °C. The change in resistance with time was
monitored for every 5 °C step change in temperature (see Fig-
ure S4a, Supporting Information). Two continuous cycles were
performed to obtain the data needed to evaluate the device stabil-
ity (where one cycle represents temperature change from 25 to
5 °C then to 50 °C and back to 25 °C). The data exhibits poor de-
vice stability (large hysteresis) and non-linear (R? ~ 0.9) response
(see Figure S4b, Supporting Information). We hypothesize that
the observed non-linearity for non-encapsulated devices could be
due to the influence of humidity and condensation of water va-
pors at lower temperatures (see Figure S4c,d, Supporting Infor-
mation). This is because of the observed large resistance change
at lower temperatures (for similar change in temperature steps
of 5 °C)—at which condensed water molecules were observed
(see Figure S4e, Supporting Information). To prove this, we car-
ried out further experiments with another non-encapsulated de-
vice under different relative humidity (RH). While the nominal
resistance of this device is slightly higher, the sensor’s sensitiv-
ity is in the similar range. A custom-made experimental set-up
was used to control the RH while measuring the change in re-
sistance of the device (see Figure S4c,d, Supporting Informa-
tion). It is evident from Figure S4d, Supporting Information, that
under low RH (20%), the non-encapsulated device showed sta-
ble and more linear response as compared to the one shown
in Figure S4a, Supporting Information. When we increased the
RH to 50%, there is a rapid decrease in the sensor’s resistance
(most likely due to additional adsorption of oxygen and water
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molecules on the NW surface and depletion of free charges).!??]

However, the sensor was still operational, showing distinct re-
sistance step change with temperature. With further increase in
RH (nearly 100%), a rapid increase in the device conductivity
was observed and the sensor showed no response to step change
in temperatures. A plausible explanation to the observed device
response under different RH to change in temperatures is as
follows: In our view there is a trade-off between two physical
processes affecting the electrical properties of the V,0; NWs.
The first one is depletion of free electrons from the NW surface
due to adsorption of water and oxygen molecules (leading to in-
crease in device resistance)??) and the second relates to freely
moving protons at higher-level physiosorbed water layers accord-
ing to Grotthuss mechanism, which leads to decrease in device
resistance.[?!! When exposed to low humidity ambient, the low
concentration of water molecules gets adsorbed onto the NW sur-
face. In this case, the depletion process dominates as the protons
are too far apart (due to low concentration) which leads to in-
crease in the device resistance. At this stage, conductivity is de-
fined by electron transport. At higher humidity levels protonic
conductivity dominates over the electronic one, thereby enhanc-
ing the conductivity of the V,0;-based sensor.[2*1] As a result of
this change in the charge transport mechanism under very high
RH conditions, the sensor’s resistance varied randomly with tem-
perature. Further studies are on-going to confirm this hypothesis.
Nevertheless, inspired from the biological skin, the fabricated de-
vices are buried under a soft polymeric layer to improve the device
robustness and softness. Two different polymers namely, poly-
dimethylsiloxane (PDMS) and nanosilica/epoxy (NS/epoxy) were
tested as encapsulation layers. This also prevents metals from
eroding/corroding, strengthens the mechanical robustness, and
reduces the effect of moisture/humidity. The changes in electri-
cal resistance were monitored for the non-encapsulated devices
as well as those encapsulated with PDMS (see Figure S5a,b, Sup-
porting Information) and NS/epoxy (see Figure S5¢,d, Support-
ing Information). Both encapsulated devices showed more linear
response (R? for PDMS-encapsulated devices is 0.98 and R? for
NS/epoxy encapsulated is 0.99) with lesser hysteresis as com-
pared to non-encapsulated devices (R? ~ 0.9) measured under
similar conditions. The rate of change of the sensor resistance
(response [%]) was extracted from the electrical data and plotted
for all three device variants, that is, without encapsulation, with
spin-coated PDMS, and EHD-printed NS/epoxy dielectric (Fig-
ure 3a). It should be noted that five devices were measured for
each of three device variants. The sensor’s sensitivity can be cal-
culated using sensor response in percent ((AR/R,) X 100) change
with temperature where AR = R — R, (R is the resistance at tem-
perature T and R, is the nominal resistance at room tempera-
ture). The temperature coefficient of resistance (TCR) was fur-
ther extracted from the slope of the fitted linear line for all the
variants shown in Figure 3a (see Note S3, Supporting Informa-
tion, for TCR calculation details).*! The TCR decreased progres-
sively from non-encapsulated (~—2.1% °C~!) to PDMS coated
(—1.7% °C™!) and to NS/epoxy coated (~—1.1% °C~!) temper-
ature sensors. The decrease in TCR/sensitivity with encapsula-
tion could be because of lesser impact of ambient conditions. For
example, it is well known that the water adsorption can signifi-
cantly lower the sensitivity of metal oxide sensors.[??] Likewise,
prolonged exposure to humid environments could lead to the
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gradual formation of stable chemisorbed OH~ on the metal ox-
ide surface,[?2?] causing a progressive deterioration of the sensi-
tivity of the sensors. In our case, the observed decrease in ther-
mistor sensitivity with polymer encapsulation could also be due
to moisture barrier properties of polymeric encapsulants. It is
known that the adsorbed water molecules dissociate into H* or
H,07 ions on the metal oxides surface.[?! The conduction be-
tween these dissociated ions occurs through hopping between
adjacent hydroxyl groups.[??! This extra path provided for hop-
ping of charges could result in higher TCR for non-encapsulated
devices (at lower temperature larger response was observed for
non-encapsulated devices due to water condensation). But the ad-
sorption process changes dynamically with the temperature, and
this results in non-linearity in response as well as large hystere-
sis for non-encapsulated devices. The PDMS-encapsulated de-
vices showed slightly higher average TCR values, but more hys-
teresis and non-linearity as compared to NS/epoxy coated ones.
This might be because of the trapped air/water vapors in PDMS.
In situ plasma treatment was performed before EHD printing of
NS/epoxy over V,05 NWs to avoid air/water molecules trapping
at the interface and thus, improve the stability. Next, long term
cyclic heating—cooling tests (5-50 °C) were performed to further
confirm the effect of encapsulation on device stability (see Figure
S6a,b, Supporting Information). The extracted data shows excel-
lent stability of the devices with NS/epoxy polymer as an encap-
sulant (see Figure S6b, Supporting Information, and Figure 3b).
The extracted resistance values at 5 and 50 °C showed negligible
variation for up to 5 h of continuous cycles, and thus, negligi-
ble hysteresis for NS/epoxy devices (Figure 3c). The sensitivity of
the NS/epoxy encapsulated devices showed decrease in sensitiv-
ity but is sufficient and robust enough to quantify a step-change
of as small as 0.3 °C (see Figure S7, Supporting Information). Ac-
cordingly, we have selected printed NS/epoxy as an encapsulation
layer for all further experiments.

The temperature-dependent I-V characteristics were per-
formed in ambient dark conditions (Figure 3d) over a range
of 30-100 °C. This was carried out to investigate the quality
of printed Au and V,0; NWs metal-semiconductor (MS) con-
tact, the charge transfer mechanism, and to extract the activa-
tion energy. The linear relationship with symmetric response in-
dicates uniform MS contact along the NWs with an Ohmic be-
havior of Au-V,0; NWs. Temperature-dependent I-V measure-
ments revealed an increase in conductivity with increasing tem-
perature, which is consistent with thermally activated hopping
transport!2?] (see Note S4, Supporting Information). The Arrhe-
nius plot for extraction of activation energy is shown in Figure 3e
(Vp = 0.5 V). From the slope of the fitted linear line, the acti-
vation energy of 0.05 + 0.01 eV was calculated. This value is a
little smaller than previously reported single or multi-NW de-
vice and significantly smaller than the numbers for film or wire
network devices.[20#21.27] Smaller activation energy can be due
the presence of highly aligned NW structures, which reduces
the electron scattering at the NW-NW junction, and the Ohmic
MS contacts. The printed sensors based on the DEP aligned
NWs with NS/epoxy encapsulated devices showing a 100% yield
(for a 4 x 4 sensor matrix, Figure S8a—c, Supporting Informa-
tion). Profilometer measurements showed that the thickness of
printed NS/epoxy was ~1 um (see Figure S8d,e, Supporting In-
formation). Finally, to confirm the efficacy of printed NS/epoxy as

2201525 (5 0f10) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH

85UB017 SUOWWOD SAITE8ID 3|qea!|dde Yy Ag peusenob e ssjoie VO ‘85N JO Sa|nJ Joj AReid 1 8UljUO A1 UO (SUONIPUOD-PUE-SWLBIA0D AB 1M ARelq 1 pU|UO//:Sd1L) SUOIPUOD Pue SWis 1 8Y) 88S *[¢20Z/0T/0Z] Uo ARid1auliu A|Im 90140 eaued ybinquip3 ‘SN pUe|iods Joj uolleonpa SHIN Aq 525T02Z0Z SAPR/Z00T 0T/10p/woo’ A8 |im Aleid 1 put|uo//sdny wolj pspeojumod ‘.z ‘220z ‘vr8Es6Te



ADVANCED

SCIENCE

NEWS

ADVANCED
SCIENCE

www.advancedsciencenews.com

[a]

Open Access,

www.advancedscience.com

60.0¢ 1 56M 20} 20 Cycles |
40.0¢ 1 1amp =
= 200l la g e s0M o 107 )
&;; : ® 1.2M| ——pousatsC % ol \\Heatmg
2 0.0t 1§ ——PDMS at 50°C 45M o %
S 2 ——NS/Epory at 50°C S N
%_200 L 4 g 1.0M| —=—NS/Epoxy at5°C % -10+ '\
2 4 39M & Cooling
x-400r_, Non-encapsulated 1 8oo.0k} X oo
-60.0 | —— PDMS encapsulation R S T e aREN LYY
80.0 —— NS/Epoxy encapsulation 600.0k L . ) ) 1 -30 .NS/Epoxy
B ————— 5 a0 50 0 50 1(%?me1(§ﬂom) 200 250 300 65 = 0 &
Temperature (°C) Temperature (°C)
[d] [e] Ifl
8.0uf —owe. Increasing T4r
80°C  Temperature X .
—70°C <
4.0ut 60°C N E,=0.05eVv
50°C %
—~ ——40°C
< 0.0 —a0c LI
— N
~
-4.0pt o <o
~
~
-8.0u *
6 4 2 26 27 28 29 30 31 32 33

(
N
o
©
=

Resistance

A &
© ©
o2
= =

1.94M

1000
Time (s)

0 500

1500

2 .3 4
Nominal resistance (M)

1000/T (1/K) ’
[i]
. . 20 T .
+— 22°C 0.0l
: 2.0}
|| § 40
i 18 69 Flat
—a— la
40°C 1 S 80} —e—t5ma
! - ~e—10 mm
V| 8-10.0f
¢ 1 & —=—2 mm
i 1 : -12.0} —Tensile S
1 ---C i ~
i<1 s 2s : ! 140! ‘ t.)mpres?we | | | ;
6 10 13 16 19 22 26 29 32 28 30 32 34 36 38 40
Time (s) "] Temperature (°C)
. -1.00 r r r
//) - \\;\ -0.98} . ]
‘ % 0.96 15, W 1
402 + 3
= o S
-0.92¢ 1
0.90 -0.90 v v :
0 3000 6000 9000 0 3000 6000 9000
Bending Cycles Twisting Cycles

Figure 3. Electrical, sensing, and electromechanical performance of ATRs: a) Comparison of sensor response (%) against temperature ranging from
5 to 50 °C for non-encapsulated and encapsulated devices. Two different encapsulation materials are tested, namely NS/epoxy (printed) and PDMS
(spin-coated). For each device prototype, that is, non-encapsulated, PDMS-encapsulated, and NS/epoxy-encapsulated, the data was obtained from
five devices to have average value with error bars. b) Long-term (x5 h) heating—cooling cycles to monitor resistance variation at 5 and 50 °C for NS/epoxy
and PDMS-encapsulated devices. The data shows small drift for PDMS-encapsulated devices. The devices with NS/epoxy encapsulation showed more
stable response. c) Forward and reverse sensing data from 5 to 50 °C (multiple cycles) with calculated response (%) showing negligible hysteresis with
NS/epoxy encapsulation. The hysteresis was negligible to be visible in the presented graph. Electrical and sensing performance for sensor encapsulated
with NS/epoxy: d) Temperature-dependent electrical (I-V) transport properties of V,05 NWs; e) Plot of In(T/R) versus 1000/T (data extracted from the
|-V results shown in [b]); f) Statistical diagram of nominal resistance variation for randomly selected 52 devices; g) The spatial distribution graph of the
sensitivity from 36 devices to investigate the uniformity of the sensor response. h) NS/epoxy encapsulated sensor response when transferred from 22 to
40 °C, showing fast response (1's) and recovery (2 s). Electromechanical sensor response: i) Response (%) of the sensor against temperature ranging
from 28 to 40 °C under various bending conditions; j) Resistance variation for >1000 continuous bending cycles; k) Variation in TCR with different
numbers of bending cycles (bending radius = 10 mm). The inset shows a schematic of the sensor matrix under bending loading; I) Variation in TCR with
different numbers of twisting cycles (+30°) showing excellent durability. The inset shows a schematic of the sensor matrix under twisting.
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encapsulant layer, we tested the device under various RH condi-
tions (similar to the experiments performed on non-encapsulated
device). The data obtained at various RH values showed devices
having no major variation in hysteresis and response linearity
(see Figure S9, Supporting Information).

Further, we fabricated 10 x 10 sensor matrix to evaluate the
large area processability of the adopted fabrication approach. Out
of the 100 devices, we randomly selected more than 50 devices to
examine the device-to-device variation in nominal resistance (Fig-
ure 3f). Resistance distribution of the devices is relatively concen-
trated (1-2 MQ). It should be noted that the devices at the edges
of the sample gave slightly more variations in the nominal re-
sistance. Next, we examined the device-to-device variation in the
sensitivity. For this, we selected 36 devices in center of the sample
and measured them under similar conditions (Figure 3g). A mod-
est variation in device-to-device sensitivity (%—1.1 + 0.3) was ob-
served and this could be attributed to the variation in NW density
and dimensions of EHD-printed Au lines. It is challenging to ob-
tain similar number of NWs at each sensing site using DEP pro-
cess. For better uniformity, more work is needed to decrease the
NW density variations. The printed sensors were also tested be-
yond the skin-sensing temperature range (see Figure S10a, Sup-
porting Information). The temperature sensitivity for different
temperature regions was extracted from the linear fitting the data
points. Three different operating regimes can be observed for the
measured temperature range (5-380 °C). The extracted TCR pro-
gressively decreases from 5-50 °C range (~—1.1) to 50-140 °C
(~—0.52) and to 140-380 °C (~—0.1). Figure 3h-1 shows the ex-
periments related to the response/recovery time and electrome-
chanical measurements. The measured response/recovery time
of the sensor showed similar values for different temperature
range (see Figure S10b,c, Supporting Information). An almost in-
stantaneous response of ~1s was registered (Figure 3h). The fast
response is attributed to the thin printed NS/epoxy encapsulant
layer with a thickness of 1-2 um as compared with PDMS which
resulted in response time of ~3 s (see Figure S10d,e, Support-
ing Information). The printed sensor with NS/epoxy encapsula-
tion also showed a fast resistance recovery (~2 s). The mechani-
cal robustness and device stability of the fabricated temperature
sensors were evaluated under different bending conditions. The
sensors were subjected to tension and compression by mount-
ing them on to a 3D printed convex and concave structures. For
both bending types, the radius of bending curvature was progres-
sively reduced from 15 to 10 to 2 mm. The temperature sensor
showed small variation in sensitivity when tested under mechani-
cal bending. This could be due to the strain-induced modification
of the V, O electrical properties. Irrespective of this, the sensor
continues to show similar TCR value, which is attributed to the
intrinsic flexibility of extremely high aspect ratio V,O; NWs. This
allows the NWs to accommodate high strain. Further, encapsula-
tion may prevent performance deterioration as mechanical stress
associated with flexible sensors could be exploited.[?8] We have
also performed cyclic bending test to further prove the robust-
ness of the sensor. The nominal resistance of the sensor did not
vary significantly even after repeated 1000 bending cycles (max-
imum bending radius of 2 mm) (Figure 3j). This shows the ro-
bustness of the electrical contacts realized using EHD printing.
Last, the durability and robustness of the sensors were examined
by extending the number of loading cycles and type of loading.
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For these tests, full automated bending, and twisting endurance
setup (Yuasa Ltd.) was used (see Figure S11, Supporting Informa-
tion). First, the sensitivity was measured after every 1000 bending
cycles up to 10 000 cycles (Figure 3k). The sensitivity of the sensor
remained almost same after repeated bending strain (bending ra-
dius 10 mm). Moreover, Figure 31 shows the sensitivity change as
a function of twisting cycles (+30°). As shown, no device failure
was observed up to 10 000 twist cycles.

2.3. Thermal Sensing Neural Pathway Capable of In-Skin
Learning

Humans exhibit great adaptability to changing thermal environ-
ment based on the previous experience (e.g., learning). In this
section, functionalities such as thermosensation and thermal no-
ciception of the biological thermal sensory system is achieved
with the fabricated temperature sensors and supervised learn-
ing and their working as ATR is demonstrated (Figure 4). First,
the e-skin was firmly attached to the wrist and forehead of a
volunteer to measure the body temperature. An infrared ther-
mometer was also used to confirm the accuracy of measured
temperature. As shown Figure 4a—c, the distinct changes in re-
sistance were detected from 32 °C (forehead) and 35 °C (wrist)
and these were also confirmed with commercial infrared ther-
mometer. Next, the sensor was tested to capture the temperature
during respiration. The exhaled human breath during respira-
tion is clearly recorded showing temperature ~33 °C (Figure 4d).
These data sets show that the sensor is sensitive enough to cap-
ture the real-time changes in human body temperature and res-
piration. This can help predict the cognitive status of body and
also provide a means for early diagnosis of diseases.[?? To endow
the bio-like feeling to robots with presented e-skin, the thermal
sensing performance was evaluated on a robotic platform and
sufficient data set was generated for training. Owing to the thin
device substrate and flexible active materials, temperature sen-
sor can be conformally attached to the fingertip of the commer-
cial i-Limb robotic/prosthetic hand. The sensor was tested under
hot (using hot air gun 100 °C) and cold (using ice at =5 °C)
conditions. As shown in Figure 4e, the sensor showed a sharp
increase in the response (reaching ~45%) upon blowing hot air
onto the sensor. Multiple heating—cooling cycles were performed
to confirm the repeatability of the sensor response. The sensor
was also able to differentiate cold and hot water in a cup grasped
by the robot (Figure 4f). Finally, we also show that the temper-
ature sensing performance of presented e-skin remained unin-
fluenced by the external pressure (see Figure S12, Supporting
Information). The sensor responded identically when ice cubes
of different weights were placed over the sensor, verifying its
capability to detect the temperature regardless of the external
pressure.

Most of the previously demonstrated temperature sensors
for artificial skin have focused on exhibiting superior temper-
ature sensitivity,?*! enhanced stretchability of the sensors,*]
etc. However, these limited studies are insufficient as the large
amount of sensing data, acquired from the artificial skin, still
needs to be preprocessed, encoded, transmitted—just as the bi-
ological skin. Herein, we show that the sensitive temperature
sensors can provide skin-like perception in response to external

2201525 (7 0f10) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. The demonstration of the artificial thermal sensing neural pathway capable of “in-skin” learning: a) Measurement of temperatures of a human
forehead and arm. b,c) The measured temperature was confirmed using commercial infrared thermometer. d) Temperature monitoring of exhaled human
breath during respiration. e) Real-time response of the sensor attached to the robotic finger when heated using hot air gun. f) Real-time sensor response
attached to the robotic to discriminate between cold and hot water in a cup. g) Schematic illustration of a robot hand approaching toward object with
unknown temperature and sensing at the same time. h) Experimental demonstration of the robot’s reaction toward three temperature classes: human-
friendly touch, painful hot, and cold feelings. The photos showing the acquired pain reflex after associative learning on the skin. i) Robot’s hurriedly
reflex to very painful sensations when a pre-heated red-hot rod at 360 °C approached toward its hand.

thermal stimuli. Using the perceptual learning at the hardware-
level, we demonstrate an artificial neuromorphic thermal pro-
cessing system with dynamic excitatory or inhibitory responses
which represent the magnitude and rate of change of external
temperature stimuli (see Note S5, Supporting Information, for
details). Using the trained neural classifier, we first demonstrate
the excitatory/inhibitory response for the change of the mag-
nitude of external temperature stimuli (Figure 4gh). For this,
the conformally attached sensor on the fingertip of the com-
mercial i-Limb robotic hand was touched with the human finger
and no response was recorded by the robotic arm (inhibitory re-
sponse). This could be termed as a “human-friendly” touch for
the robots working collaboratively with human worker in an In-

Adv. Sci. 2022, 9, 2201525

dustry 4.0 setting. On the other hand, excitatory robotic reflexes
were observed for painful touch of an ice and/or hot air blown
with a gun (temperature was set-up at 100 °C) (Movie S1, Sup-
porting Information). Next, excitatory reflexes representing the
rate change of external temperature stimuli were recorded (Movie
S2, Supporting Information). For this scenario, hot air gun was
made to approach the sensor in a controlled manner (slower and
faster). As can be seen in the Movie S2, Supporting Informa-
tion, the robotic hand responded in an unhurried manner when
the hot-air gun approached slowly, whereas the robot responded
quickly when the gun approach was faster. Last, excitatory re-
flexes were recorded when a red-hot rod (=360 °C) was brought
closer to the robotic hand (Figure 4i). This time the robot moved

2201525 (8 0f10) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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away very fast, mimicking the reflexes for harsh and adverse tem-
perature conditions (Movie S3, Supporting Information).

3. Conclusions

We have reported a novel e-skin thermal sensing system allowing
the robots to feel, learn, and react to external heat stimuli over
wide range. The novel printed electronics route was adopted to
develop the e-skin that mimics the architecture and functionality
of biological thermal sensing systems. To this end, the DEP tech-
nique was employed for deterministic, position-, and orientation-
controlled assembly of heat-sensitive V,0; NWs over large areas.
Furthermore, EHD printing with resolution well within few mi-
crometers, was used for patterning printed metal electrodes, in-
terconnects, probing pads, and dielectric (as an encapsulant). The
nanosilica/epoxy (NS/epoxy) printed dielectric is selected to en-
capsulate the sensing channel and electrodes/interconnects in
analogy with the human thermoreceptors. The resulted minia-
turized, distributed, and embedded sensors showed stable, ro-
bust thermal sensing characteristics needed to mimic the biolog-
ical thermoregulatory system. Finally, by integrating the e-skin
on the fingertip of a robotic hand and using localized learning
at the hardware level, both dynamic excitatory and inhibitory re-
sponses, representing the magnitude and rate change of external
temperature stimuli for three different temperature classes, were
presented. The developed system showed inhibitory reflexes to
human-touch and excitatory reflexes to painful hot/cold, and very
painful hot sensations. Compared to the previous demonstration
of the flexible temperature sensors, the work presented here fully
mimics the neurological principles, thus showing the capability
of localized learning directly on the hardware level. Such a dis-
tributed learning through hardware holds great potential for the
next-generation robots and interactive systems that require re-
duced cognitive load on their central control units.

4. Experimental Section

Fabrication of Temperature Sensors: The fabrication process was ini-
tiated by having a 50 um thick Pl substrate (Dupont) over the carrier
substrate (glass, where the DEP electrodes were pre-patterned), using
an ultra-thin double-sided tape (=5 um thick) (Nitto) (Figure 2a[i]). The
V,05 NWSs were aligned on the Pl substrate. The Pl was chosen as it suits
the requirements for both the process and the application of sensor, where
a high glass transition temperature (>350 °C) was required along with
good conformability and thermal insulating property.3'! In the next step,
V,05 NWs were assembled over large areas using DEP technique (de-
tails are provided in the Note S1, Supporting Information). The left inset
of the Figure 2a[ii]) shows the scanning electron microscopy (SEM) im-
age of randomly dispersed NWs in DI water while the right one shows
the electric field lines to assemble the aligned NWs. The V,05 NWs were
purchased from Novarials (%40 nm diameter, and >100 um in length). Fig-
ure S2¢, Supporting Information, shows both low- and high-magnification
SEM images of the as-received aligned V,05 NWs. The NWs had smooth
surface and were 50-80 nm in diameter. Majority of NWs were several
micrometers in length, resulting in an aspect ratio >2500. Next, EHD
printing was used to finalize the temperature sensor fabrication. First,
Au electrodes were realized to define the channel length. Then, NS/epoxy
ink was printed for encapsulating the sensing channel length and elec-
trodes/interconnects. For assessment of the sensing devices, long printed
lines were used as wire bonding. Copper wires were bonded using flexible
silver epoxy resin EJ2189 from Epoxy Technology Inc. The curing process
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was performed at 80 °C for 2 h to improve the robustness and conductiv-
ity. Then the flexible epoxy 310M from Epoxy Technology Inc. was used to
package the cured silver epoxy paste. The flexible epoxy was cured at 70 °C
for 1h.

Material Characterization: The morphology of the received V,05 NWs
was studied through SEM SU82400 from Hitachi. The nanostructure crys-
tallinity was studied using XRD with Cu Ka; radiation on the Bruker
D8 Venture kappa geometry diffractometer equipped with a Photon-II
CPAD detector. The scans were performed in the 26 range from 10° to 50°
at a scanning rate of 0.02° s~'. Room-temperature Raman spectra of as-
received V,05 NWs were obtained using a LabRAM HR system (Horiba
Jobin Yvon). An excitation wavelength of 532 nm and a power <1 mW
was used. A lens of 100x magnification was used to focus the laser beam
and to collect the scattered light dispersed by a holographic grating with
2400 lines/mm.

Electrical, Temperature Sensing, and Mechanical Bending Characteriza-
tions:  Electrical characterizations of fabricated temperature sensors on
the flexible PI substrate were performed in the ambient environment us-
ing Cascade Micro-tech Auto-guard probe station interfaced to a semicon-
ductor parameter analyzer (B1500A, Agilent). Linkam PE120 Peltier sys-
tem was used for heating and cooling the fabricated temperature sensors
to perform temperature sensing measurements. The mechanical loading
(bending and torsional) was applied using commercial system (Yuasa Sys-
tem DMLHP-TW).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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