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A Potentiometric Electronic Skin for Thermosensation

and Mechanosensation

Xiaodong Wu, Juan Zhu, James W. Evans, Canhui Lu, and Ana C. Arias*

Electronic skins (e-skins) that mimic the thermosensation and
mechanosensation functionalities of natural skin are highly desired for the
emerging fields of prosthetics and robotics. Advances in the materials and
architecture of e-skins have been made; nevertheless, sensing mechanism
innovations are rarely explored. Here, inspired by the skin sensory behaviors,
a single potentiometric sensing scheme for both thermosensation and
mechanosensation functionalities are presented. Through careful materials
selection, component optimization, and structure configuration, the coupling
effect between thermosensation and mechanosensation can be significantly
minimized. Such a potentiometric sensing scheme enables one to create a
new class of energy-efficient e-skin with distinctive characteristics that are
highly analogous to those of natural human skin. The e-skin reported here
features ultralow power consumption (at nanowatt level), greatly simplified
operation (only voltage output), ultrahigh sensitivity (non-contact sensing
capability), all-solution-processing fabrication, and, more importantly,

(in the temperature range of 548 °C),1>3]
while mechanoreceptors (including slow-
adapting receptors and fast-adapting recep-
tors) respond to innocuous mechanical
stimuli (e.g., pressure, touch, and vibra-
tion).*”] These two essential sensory
functions provide valuable information
about the surroundings and also enable
us to protect our body tissues from dam-
ages.[®l To mimic these two functionalities,
individual thermal sensors (based on ther-
moresistive, p—n junctions, thermoelectric,
and pyroelectric mechanisms)!"”% and
mechanical sensors (based on resistive,
capacitive, optical, transistor-based, triboe-
lectric, and piezoelectric mechanisms)!10-12
have been developed and establish the
foundations for the burgeoning fields of

good capability for simultaneous monitoring/mapping of both thermal and
mechanical stimulations. In addition to proposing a new sensory mechanism,
integration of the dual-functional e-skin with a soft robotic gripper for

object manipulation is demonstrated. The presented concise yet efficient
sensing scheme for both thermosensation and mechanosensation opens

up previously unexplored avenues for the future design of skin prosthetics,

humanoid robotics, and wearable electronics.

1. Introduction

Thermosensation and mechanosensation are two primary func-
tions of the human skin, allowing us to interact with the world
efficiently.l!! Within the human skin, thermoreceptors (including
cold receptors and warm receptors) respond to thermal stimuli
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wearable electronics, human-machine
interfaces, and the Internet of Things.
Nevertheless, achieving both thermosensa-
tion and mechanosensation functionalities
in a single and simple system still remain
challenging.

In recent vyears, artificial electronic
skins (e-skins) have been actively explored
by integrating thermal sensing elements
and mechanical sensing elements.[’3-2]
For example, flexible networks of thermal and mechanical sen-
sors were fabricated via combining temperature and pressure
sensing elements with organic transistor active matrixes.[’]
A flexible bimodal sensor array for simultaneous detection of
temperature and pressure was also developed based on specially
designed field-effect transistors with piezo-pyroelectric gate
dielectric and piezo-thermoresistive semiconductor channel.*
Additionally, an optical sensor system with Fabry—Perot inter-
ferometers and photonic crystal structures for both tempera-
ture and pressure monitoring was demonstrated recently.!’!
Nevertheless, these sensing devices involve sophisticated archi-
tectures and demand nontrivial fabrication procedures, posing
a challenge for their large-scale applications. To simplify the
architecture and fabrication of e-skins, multimode sensors
that can detect both thermal and mechanical stimuli are devel-
oped. For instance, structurally engineered conductive ther-
moelectric materialsl'® as well as pyroelectric materials!! are
employed to fabricate multimode sensors for temperature and
pressure detection. Despite these pioneering achievements,
most of the existing e-skins suffer from mutual interference/
crosstalk between thermotransduction and mechanotransduc-
tion, which is difficult to eliminate. In addition, the majority of
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these e-skins rely on a continuous external power supply, and
the power consumption could reach as high as tens of mW per
single device,!?¥l which hinders their large-scale deployment and
long-term operation. Moreover, the mismatch and incompati-
bility of signal outputs from different sensing modules increase
the complexity of the measurement setups and further elevate
the power consumption. Therefore, simplifying the fabrication
and operation of e-skins, reducing the power consumption, and
minimizing the coupling effect between thermotransduction
and mechanotransduction present fundamental challenges for
the future versions of e-skins.

Motivated by the limitations of the existing e-skins, here,
we realize both thermosensation and mechanosensation func-
tionalities via a single potentiometric sensing scheme, which
is based on thermally- or mechanically-regulated variations in
potential difference measured between two active electrodes.
Through careful materials selection, component tuning, and
structural engineering of sensor systems, we can significantly
minimize the coupling effect between the thermosensation
and mechanosensation processes, realizing continuous moni-
toring of both thermal and mechanical stimuli. In addition, the
potentiometric e-skin presented here does not rely on external
power supply, featuring an ultralow power consumption
(at nanowatt level). We also demonstrate the capability of this
e-skin for temperature and pressure monitoring and mapping
simultaneously. Experiment results show that the proposed
thermal and mechanical sensing devices exhibit ultrahigh sen-
sitivity, which enables to thermally detect a warm object in a
non-contact sensing style and allows us to mechanically detect
airflow continuously. The thermal sensing range (5-50 °C)
and mechanical sensing range (kilopascal to megapascal) are
highly analogous to that of natural human skin.'* Moreover,
we use an all-solution-processing approach in the fabrication
of the e-skin, which leads itself to possess scalability and cost-
efficiency. To the best of our knowledge, this is the first demon-
stration of an artificial e-skin with remarkable energy-efficiency,
high performance combined functionalities in one system,
and highly analogous response behavior to that of natural skin
(see Table S1 and Note S1, Supporting Information, for com-
parison with the state-of-the-art e-skins). This concise, multi-
functional, and high-performance sensing scheme provides a
new design philosophy for future skin prosthetics, humanoid
robotics, bioelectronics, and wearable healthcare devices.

2. Results and Discussion

2.1. Design Concept of the Potentiometric Electronic-Skin

In natural skin sensory system (Figure 1a), the thermoreceptors
and mechanoreceptors give us the means to perceive thermal
and mechanical stimuli due to variations of membrane poten-
tial. Fundamentally, a potential difference is formed across the
sensory cell membrane due to the asymmetric ion distribu-
tion.[?#2’l When the sensory cells are subjected to a thermal or
mechanical stimulus, the thermally gated or mechanically gated
ion channels will be opened, with the ions flowing through the
channels. This leads to a significant variation in the membrane
potential of the sensory cells (i.e., receptor potential, Figure 1b).
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The receptor potential is encoded into an action potential and
then transmitted to the brain through the axon to form sensory
feedback.! This sensing principle makes the human skin a
highly effective and low energy consumption sensory system.2¢!
To mimic the response behaviors of the skin sensory system,
we design an artificial e-skin for both thermosensation and
mechanosensation based on a single potentiometric sensing
mechanism, as illustrated in Figure 1c. This e-skin is composed
of arrays of potentiometric thermal sensors and potentiometric
mechanical sensors. The operating principle of these poten-
tiometric sensors is based on thermally- or mechanically-regu-
lated variations in potential difference measured between two
active electrodes. The response behaviors of the potentiometric
thermal sensors and mechanical sensors are highly analogous
to those of natural skin sensory receptors (Figure 1d). Specifi-
cally, a variation in sensor potential could be triggered by an
externally applied thermal or mechanical stimulus, as demon-
strated in Movies S1 and S2, Supporting Information, where
temperature and pressure variations caused by a finger touch
could be well perceived. Remarkably, our thermal sensors
exhibit ultrahigh sensitivity and can even perceive the approach
of a warm object (e.g., human hand) in a non-contact sensing
style (Movie S3, Supporting Information). Such bioinspired
thermosensation and mechanosensation functionalities enable
us to interact effectively with the surroundings in an energy-
efficient way.

2.2. Operating Mechanism of Potentiometric Thermosensation
and Mechanosensation

The potentiometric thermosensation and mechanosensation
operating mechanism is described in Figure 2. When two active
electrode materials are brought into contact with an appropriate
electrolyte, a potential difference is developed between the two
electrodes due to the different oxidation-reduction equilibrium
reactions at the electrode/electrolyte interfaces.”’l We employ
Prussian blue-modified graphite carbon (PB/carbon) and silver/
silver chloride (Ag/AgCl) as the two active electrodes and use
polyvinyl alcohol/sodium chloride/glycerol (PVA/NaCl/Gly)
ionic composites as the electrolyte. A potential difference can
be recorded between the PB/carbon and Ag/AgCl electrodes
when they are in contact with the PVA/NaCl/Gly electrolyte
(Figure 2a, see Figure S1, Supporting Information, for more
discussion). Notably, the measured potential difference output
is closely related to the internal impedance between the two
electrodes. As depicted in Figure 2b, when the internal imped-
ance is very low (e.g., <=1 MQ), the potential difference is fully
released, and the device is in an “On” state. In contrast, when
the internal impedance is very high (e.g., >=100 MQ), the poten-
tial difference output is practically cut off and the device is in
an “Off” state. When the internal impedance ranges between =1
and =100 MQ, the measured potential difference output shows
a strong dependence on the internal impedance, exhibiting a
“Transition” phase. We record and characterize this “Transi-
tion” process in order to encode thermal or mechanical stimuli
into the variations of the potential difference output measured
between the two electrodes, reflecting the potentiometric ther-
mosensation or mechanosensation working principle.
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Figure 1. Bioinspired design of potentiometric e-skin for both thermosensation and mechanosensation. a) lllustrations depicting the thermoreceptors
and mechanoreceptors in natural skin sensory system.?42%] b) Schematic showing the response behaviors of natural thermoreceptors and mecha-
noreceptors to external stimuli based on the variation in membrane potential. ¢) Photograph and schematics showing an artificial e-skin based on
a single potentiometric sensing scheme for both thermosensation and mechanosensation. d) Schematic illustrating the response behaviors of the
potentiometric thermal sensors and mechanical sensors to external stimuli based on the variation in sensor potential.

The potentiometric thermosensation principle is based on
temperature-regulated intrinsic impedance variation of the
PVA/NaCl/Gly electrolyte (Figure 2c), as an increase in tem-
perature results in an increase in the ionic conductivity and
a decrease in the impedance of electrolyte.?831 As verified in
Figure 2e, the intrinsic impedance of PVA/NaCl/Gly-2% elec-
trolyte (PVA/NaCl/Gly-X% signifies the weight ratio of Gly:PVA
is X%) decreases prominently when varying the temperature
from 5 to 50 °C. Similarly, the measured potential difference
output of the devices changes significantly with temperature,
resulting in a potentiometric thermosensation response. The
potentiometric mechanosensation process is based on mechan-
ically regulated interfacial impedance variation of the electrode/
electrolyte interfaces (Figure 2d). Via creating a periodic micro-
structure on the electrolyte surface, the electrode/electrolyte
interfaces can be modulated continuously and efficiently by
an externally applied force. As shown in Figure 2g, applying
mechanical stimuli on the devices can greatly reduce the elec-
trode/electrolyte interfacial impedance. The measured potential
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difference output of the devices shows a significant increase
with the applied force, resulting in a potentiometric mecha-
nosensation process.

The coupling effect between the thermosensation and mech-
anosensation processes can be significantly minimized via
rational component optimization of the electrolyte system. The
intrinsic impedance and electrochemical property of the PVA/
NaCl/Gly electrolyte can be optionally manipulated by tuning
the concentration of Gly, which acts as a humectant for modu-
lating the water content in the electrolyte (see Figures S2 and S3,
Supporting Information, for detailed discussion). Incorporating
more Gly into the electrolyte can efficiently increase the water
content and reduce the intrinsic impedance of the electrolyte.
For the potentiometric thermosensation, we employ PVA/NaCl/
Gly electrolyte with relatively low Gly content (e.g., PVA/NaCl/
Gly-2%) and high impedance. The intrinsic impedance of PVA/
NaCl/Gly-2% is located in the “Transition” range (in Figure 2b)
and can be directly used for thermosensation (Figure 2e). In
contrast, for the potentiometric mechanosensation, we choose
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Figure 2. Operating mechanism of potentiometric thermosensation and mechanosensation. a) Schematic showing the creation of a potential differ-
ence between PB/carbon and Ag/AgCl electrodes with a PVA/NaCl/Gly electrolyte. b) Correlation between the measured potential difference output and
the internal impedance between the two electrodes. c,d) Working principles of potentiometric thermosensation via thermal regulation of the intrinsic
impedance of the electrolyte (c) and potentiometric mechanosensation via mechanical regulation of the electrode/electrolyte interfacial impedance
(d). e,f) Variation in the internal impedance and voltage output measured between the two electrodes under different temperatures when using PVA/
NaCl/Gly-2% (e) and PVA/NaCl/Gly-32% (f) as the electrolyte. g) Variation in the internal impedance and voltage output measured between the two
electrodes under different applied forces when using microstructured PVA/NaCl/Gly-32% as the electrolyte.

PVA/NaCl/Gly electrolyte with relatively high Gly content (e.g.,
PVA/NaCl/Gly-32%) and low impedance. The intrinsic imped-
ance of PVA/NaCl/Gly-32% also varies with temperature, but
the variation is limited within the “On” range (in Figure 2b).
As a result, the measured potential difference output of PVA/
NaCl/Gly-32% devices keeps stable despite the temperature var-
iation, as confirmed in Figure 2f. Such temperature-insensitive
signal output of PVA/NaCl/Gly-32% devices is not favorable
for thermosensation but is highly desired for an autonomous
mechanosensation process. We utilize another strategy, cre-
ating microstructure on the PVA/NaCl/Gly-32% electrolyte sur-
face, to efficiently regulate the electrode/electrolyte interfacial
impedance, realizing a potentiometric mechanosensation pro-
cess (Figure 2g). Hence, we can achieve both thermosensation
and mechanosensation simultaneously via rational manipula-
tion of the electrolyte.

2.3. Potentiometric Thermal Sensors and Mechanical Sensors

The configuration and photograph of the potentiometric
thermal sensors are shown in Figure 3a—c. Their fabrica-
tion via an all-solution-processing approach is illustrated in
Figure S4, Supporting Information. Temperature variations can
change the ionic conductivity and intrinsic impedance of the
PVA/NaCl/Gly electrolyte significantly. When the temperature
rises, the intrinsic impedance of the PVA/NaCl/Gly electrolyte
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shows a prominent decline (Figure 3d) and the measured
voltage output between the two electrodes increases with tem-
perature (Figure 3e). It is noticed that the thermal sensors have
an optimum operation range, within which temperature can
be monitored continuously. As an example, for thermal sen-
sors with PVA/NaCl/Gly-2% electrolyte, the operation range
is around 1040 °C, which is very close to the sensing range
of natural skin thermoreceptors.'"3l The response behaviors of
the thermal sensors can be effectively regulated via tuning the
Gly content in the electrolyte. For example, in the temperature
range of 20-30 °C, the sensitivity of sensors with PVA/NaCl/
Gly-4% electrolyte (=14.9 mV °C™}) is much higher than that of
sensors with PVA/NaCl/Gly-0.5% electrolyte (=5.2 mV °C7).
Also, sensors with electrolyte of higher Gly content exhibit a
lower detection range and vice versa (Figure 3d-e), revealing
good tunability of the thermal sensors.

The configuration of the potentiometric mechanical sen-
sors is shown in Figure 3f. Applying a force on the devices can
increase the contact area of the electrode/electrolyte interfaces,
giving rise to a variation in the potential difference output
measured between the two electrodes. The mechanical sensors,
as illustrated and shown in Figure 3g,h, are also fabricated via
an all-solution-processing process (Figure S5, Supporting Infor-
mation), revealing good scalability and cost-efficiency. Uniform
and periodic microstructure, which enables to regulate the
electrode/electrolyte interfaces smoothly and continuously, is
created on the PVA/NaCl/Gly electrolyte surface via a scalable
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Figure 3. Potentiometric thermal sensors and mechanical sensors. a) Working principle of the potentiometric thermal sensors based on temperature-
regulated intrinsic impedance change of the ionic composite electrolyte. b,c) Configuration and photograph of a potentiometric thermal sensor.
d,e) Impedance variation of the PVA/NaCl/Gly electrolytes with different Gly contents (d) and signal outputs of the corresponding thermal sensors
(e) under different temperatures. PVA/NaCl/Gly-X% signifies the weight ratio of Gly:PVA is X%. f) Schematic illustrations showing the cross section of
the mechanical sensors before and after applying a force on the devices. g,h) Configuration and photograph of the potentiometric mechanical sensors.
i,j) Impedance variation measured between the two electrodes when using microstructured PVA/NaCl/Gly ionic composites of different Gly contents
as the electrolyte (i) and signal outputs of the corresponding mechanical sensors (j) under different applied forces. The contact area of the applied

force is =15 mm?2,

mesh-molding method (Figure S6, Supporting Information).
The impedance measured between the two electrodes can be
efficiently regulated by an externally applied force, as verified
in Figure 3i. As a result, the measured voltage output of the
sensors varies significantly with the applied force (Figure 3j).
Notably, the response behaviors of the mechanical sensors
are highly tunable through modulating the Gly content in the
PVA/NaCl/Gly electrolyte. Sensors with electrolyte of higher
Gly content show lower detection limit and higher sensitivity,
while sensors with electrolyte of lower Gly content exhibit
broader detection range, exhibiting good tunability of the
mechanical sensors. For instance, in the force range of 0-1 N,
the sensitivity of sensors with PVA/NaCl/Gly-64% electro-
lyte (=278 mV N7}) is much higher than that of sensors with
PVA/NaCl/Gly-16% electrolyte (=44 mV N7

2.4. Performance of Thermosensation and Mechanosensation
The response behaviors of the potentiometric thermal sensors
were investigated in water baths of controlled temperature.

When the sensors at room temperature were immersed into
a warm water bath of 35 °C, the signal output of the devices
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increased gradually and reached a steady state after a while
(Figure 4a). With the sensors removed from the warm water,
the signal output recovered to the initial value gradually. In
contrast, when the sensors were immersed into a cold water
bath of 15 °C, the signal output of the devices decreased
gradually (Figure 4b). After removing the sensors from the
cold water bath, the signal output went back to the begin-
ning state. Notably, when the thermal sensors were subjected
to repeated temperature variations, as shown in Figure 4c
and Figure S7, Supporting Information, the voltage outputs
exhibit good repeatability and reliability. The response time
of the thermal sensors measured under the above conditions
is 7.8 £ 2.8 s. Also, the thermal sensors are highly sensitive
and can perceive the temperature variation caused by a finger
touch (Movie S1, Supporting Information), and can even per-
ceive the approach of a warm object (e.g., human hand, 31 °C)
in a non-contact sensing style, as demonstrated in Figure 4d
and Movie S3, Supporting Information. These results show
that both static and dynamic temperature variations can be
monitored continuously with these potentiometric thermal
sensors. More importantly, the voltage output of the sensors is
totally self-generated, eliminating the necessity of an external
power supply. Thermoelectric and pyroelectric sensing devices

© 2021 Wiley-VCH GmbH
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Figure 4. Potentiometric thermosensation performance and mechanosensation performance. a,b) Signal output of the thermal sensors (with PVA/
NaCl/Gly-2% electrolyte, under 24 °C ambient temperature) when they are immersed into warm water bath of 35 °C (a) or cold water bath of 15 °C (b),
followed by taking the sensors out from the water baths. c) Measured signal output of the thermal sensors when they are alternatively immersed into
water baths of different temperatures. d) Non-contact thermosensation behavior of the thermal sensors to the approach of a warm hand (=31 °C) with
the minimum distance of =1 cm. In the whole process, the warm hand does not directly touch or contact the thermal sensors, but the warm hand can
still be perceived and detected, revealing the ultrahigh sensitivity of the thermal sensors. e) Response behavior of the mechanical sensors (with micro-
structured PVA/NaCl/Gly-32% electrolyte) when gradually applying a force onto the devices. f) Response/recovery speed of the mechanical sensors
measured by applying/releasing a static force to the devices. g) Signal outputs of the mechanical sensors when they are subjected to dynamic stimuli
of different frequencies. h) Cyclic test of the mechanical sensors by loading—unloading a force to the devices for 1000 cycles. i) Response behavior of
mechanical sensors to air blowing from the mouth, revealing high mechanosensation sensitivity of the sensors.

can also self-generate signal outputs under thermal stimuli,
but they only respond to a temperature gradient or transient
temperature variation, unable to monitor constant or slowly
varying temperature.[®107:32-34 This proposed potentiometric
thermosensation mechanism provides a new methodology to
compensate for this limitation.

The real-time response behaviors of the potentiometric
mechanical sensors to a finger touch are presented in Movie S2,
Supporting Information. When gradually applying a force
onto the devices, the measured voltage output shows a smooth
and continuous upswing (Figure 4e). When maintaining the
applied force for a period of time, the signal output of the sen-
sors remains highly stable, as shown in Figure 4f. The response
and recovery time of the sensors is measured to be 53 and
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71 ms, respectively (Figure 4f). These results verify the ability
of the potentiometric sensors in monitoring slowly varying as
well as static mechanical stimuli, which can compensate for the
deficiency of piezoelectric and triboelectric sensing devices that
selectively respond to dynamic mechanical stimulations.[*!
These sensors are also capable of monitoring dynamic mechan-
ical stimuli of adequate frequency (from 0.31 to 2.5 Hz), as
demonstrated in Figure 4g. In addition, the mechanical sen-
sors exhibit desirable durability and reliability during repeated
loading—unloading of an external force onto the devices
(Figure 4h). Moreover, ultrahigh sensitivity can be achieved
by removing the PDMS spacers and replacing the polyimide
encapsulation layer with a soft polyethylene film. Airflow gen-
erated by blowing from the mouth can be well detected and
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monitored (Figure 4i). These results verify the good capability
of the potentiometric mechanosensation devices in resolving
diverse mechanical stimuli.

It is worth pointing out that the thermosensation process
relies primarily on the temperature-regulated intrinsic imped-
ance variation of the PVA/NaCl/Gly electrolyte, while the
mechanosensation process depends mainly on the mechani-
cally regulated electrode/electrolyte interfacial impedance
variation. Via careful component regulation and structural
engineering of the electrolyte, the interference between
thermal sensing and mechanical sensing could be mini-
mized as demonstrated in Figure S8, Supporting Informa-
tion, and Figure 2e—g, thus to realize thermosensation and
mechanosensation simultaneously. The stability of the pro-
posed potentiometric sensors is fully discussed in Figure S9,
Supporting Information. Compared with the state-of-the-art
e-skins that can detect both thermal and mechanical stimu-
lations (Table S1 and Note S1, Supporting Information), the
potentiometric e-skin presented here exhibits several distinc-
tive advantages, including unprecedented economic efficiency
(i-e., using one material system to realize two autonomous
functionalities), ultralow power consumption, simplified oper-
ation (i.e., only potentiometric measurement), ultrahigh sen-
sitivity, and scalable fabrication.

2.5. Soft Robotic Gripper with Thermosensation
and Mechanosensation Functions

Agile and dexterous object manipulation is an intriguing dream
for robotic scientists, which, however, is confronted with a
myriad of challenges.’¥ Human hands are equipped with
mechanoreceptors and thermoreceptors, and can effortlessly
perform various manipulation tasks. For example, we can easily
pick up a glass of water with our hands by applying the right
amount of force. The glass does not slip from too small force, or
break under too large force. Moreover, our fingers can perceive
the temperature of the water (e.g., icy, warm, or hot). Although
this is a routine operation in our daily life, it is a challenging
set of tasks for a robotic hand. Here, we try to mimic these
functionalities of human hands by the alliance of a soft robotic
gripper and the proposed potentiometric thermal sensor as well
as potentiometric mechanical sensor. As shown in Figure 5a,b,
the soft robotic gripper comprises three components including
an air inlet connector, a soft elastomeric body with pneumatic
channels, and a strain-limiting layer (see Figure S10, Supporting
Information, for the fabrication process), and can be pneumati-
cally actuated and controlled. Potentiometric thermal sensors
and mechanical sensors can be installed onto the fingers of
the soft gripper to monitor the mechanical and thermal stimuli
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Figure 5. Soft robotic gripper with thermosensation and mechanosensation functionalities. a,b) Schematic and photograph showing a soft pneumatic
robotic gripper, onto which a potentiometric thermal sensor (PVA/NaCl/Gly-4%) and a potentiometric mechanical sensor (PVA/NaCl/Gly-32%) can be
installed for the realization of both thermosensation and mechanosensation functionalities. c) Pictures showing the object (e.g., peach) manipulation
with the soft pneumatic robotic gripper. d—f) Recorded signal outputs of the potentiometric thermal sensor and the potentiometric mechanical sensor
when grasping—holding-releasing peaches of different temperatures with the soft robotic gripper: a peach of ambient temperature (=24 °C), a peach
of relatively low temperature (=17 °C), and a peach of relatively high temperature (=36 °C).
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during object manipulation. We demonstrate the thermosensa-
tion and mechanosensation capabilities of this robotic gripper
when performing “pick-hold—place” operations of peaches
with different temperatures, as shown in Figure 5c. We used
peaches of ambient temperature (=24 °C), relatively low tem-
perature (=17 °C), and relatively high temperature (=36 °C)
as the objects of demonstration. It is observed that when the
robotic gripper grasps, holds, and releases the peach of ambient
temperature, the thermal sensor signal keeps relatively stable
without significant variation (Figure 5d). In contrast, when
the robotic gripper grasps the cold peach or the warm peach, the
thermal sensor signals exhibit an obvious decline or upswing
respectively (Figure 5e,f). As the robotic gripper releases the
cold peach or the warm peach, the sensor signal outputs recover
gradually. These results verify the thermosensation function-
ality of this soft robotic gripper. During the “pick—hold—place”
operations, the mechanical sensor signals show reproducible
“increase-maintain—decrease” patterns (Figure 5d,f), confirming
the mechanosensation functionality of this soft robotic gripper.
Remarkably, the signal outputs of the mechanical sensor exhibit
nearly identical patterns despite the temperature difference of
the peaches, revealing that temperature variation does not affect

the mechanosensation functionality. The presented integration
of soft robotic gripper with the potentiometric thermosensation
and mechanosensation devices opens up new opportunities for
the achievement of safe, agile, and sophisticated object manipu-
lations for future robots.

2.6. Potentiometric Electronic-Skin for Thermosensation
and Mechanosensation

To closely mimic the thermosensation and mechanosensation
functions of natural skin, we designed a potentiometric e-skin
with 3 x 3 thermal sensors and 4 X 4 mechanical sensors, as illus-
trated in Figure 6a left. The fabrication process of the e-skin is
depicted in Figure S11, Supporting Information. Briefly, conduc-
tive gold connections are inkjet printed on a flexible substrate
as the bottom electrode. PB/carbon sensing electrode patterns
for both thermosensation and mechanosensation are stencil
printed on the gold connections at the sensing regions. Then, the
Ag/AgCl reference electrode pattern is printed by the side of the
PB/carbon sensing electrodes with a gap of =750 um. Thermal
sensors are fabricated by casting PVA/NaCl/Gly-2% ionic
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Figure 6. Potentiometric e-skin for both thermosensation and mechanosensation. a,b) Schematics illustrating the structural layout of a potentiometric

e-skin integrated with 3 x 3 thermal sensors and 4 x 4 mechanical sensors (a) and photograph showing the final potentiometric e-skin (b).

c) Signal

outputs of the thermal sensors when a vial filled with =65 °C warm water (marked as red) and a vial filled with =1 °C cold water (marked as blue)
are placed on the e-skin. d) Signal outputs of the mechanical sensors when a battery (=23 g) and a metal cylinder (=43 g) are placed on the e-skin.
e,f) Spatial mappings in the signal outputs of the thermal sensors (e) and the mechanical sensors (f) when a warm hand is pressed onto the e-skin.
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composite on the sensing regions, and mechanical sensors are
constructed by placing microstructured PVA/NaCl/Gly-32%
ionic composite on the sensing regions. The structural layouts
of the thermal sensors and the mechanical sensors are illustrated
in Figure 6a right. The resultant potentiometric e-skin, as shown
in Figure 6b, features a single-electrode-mode configuration.
Specifically, for an e-skin with N sensing pixels, only N + 1 elec-
trodes are needed as depicted in Figure S12a, Supporting Infor-
mation. The basic principle is, for the potentiometric sensing
mechanism, we are measuring the potential difference between
two electrodes. Thus, we can use a single electrode as a reference
point for the whole e-skin and measure the potential differences
of other sensing pixels with respect to this reference point. This
operation style can greatly simplify the fabrication and improve
the pixel density of the e-skin when compared to conventional
dual-electrode-mode e-skins (where 2N electrodes are usually
needed). More importantly, this potentiometric e-skin has self-
generated signal outputs and does not rely on external power
supply, featuring ultralow power consumption. The thermal and
mechanical sensors in the e-skin also exhibit desirable device
uniformity (Figure S12b,c, Supporting Information).

To evaluate the thermosensation behavior of the e-skin, glass
vials filled with warm water of =65 °C and cold water of =1 °C
are placed on the 1st-Ist and 3rd-3rd pixels of the thermal
sensor array (Figure 6¢ inset). The mapping in the signal out-
puts of the thermal sensors is reconstructed and given in
Figure 6¢c. The 1st-Ist sensing pixel under the warm object
shows a significant increase in the measured potential differ-
ence output, while the 3rd-3rd sensing pixel beneath the cold
object exhibits an obvious decrease in the measured signal
output. The reconstructed color mapping is in good accordance
with the distribution of the applied thermal stimuli. To eval-
uate the mechanosensation behavior of the e-skin, a battery of
=23 g and a metal cylinder of =43 g are put on to the 2nd-1st
and 3rd—4th pixels of the mechanical sensor array (Figure 6d
inset). From the reconstructed color mapping (Figure 6d), it is
noticed that the heavier object gives rise to a higher potential
difference output of the corresponding sensing pixel, and the
pressure mapping is also consistent with the object distribution.
Moreover, this potentiometric e-skin is qualified with simulta-
neous thermosensation and mechanosensation functionalities.
As a demonstration, a warm hand is pressed onto the e-skin
(Figure 6e,f). Based on the mapping in the thermal sensor out-
puts (Figure 6e), the temperature variation is mainly located
around the top left corner of the e-skin and the highest tempera-
ture is measured at the Ist-Ist sensing pixel (corresponding to
the central part of the palm). From the mapping in the mechan-
ical sensor outputs (Figure 6f), the pressure applied by the palm
is mainly distributed at the top left corner of the e-skin, which
agrees with the actual situation. These results verify the good
capability of this potentiometric e-skin for both thermosensation
and mechanosensation in an energy-efficient way.

3. Conclusion

In summary, we have demonstrated a new type of potentio-
metric e-skin for simultaneous thermosensation and mecha-
nosensation. Through component and structural manipulation
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of the electrolyte carefully, thermal stimulus and mechanical
stimulus can be detected simultaneously based on thermally
regulated intrinsic impedance variation of the electrolyte and
mechanically regulated electrode/electrolyte interfacial imped-
ance variation. The proposed potentiometric thermosensa-
tion or mechanosensation principle allows us to monitor both
static and dynamic thermal or mechanical stimuli without an
external power supply, compensating for the deficiencies of the
existing passive sensing devices in these regards. Leveraging
this potentiometric sensing scheme, a soft robotic gripper and a
passive e-skin for both thermosensation and mechanosensation
are demonstrated. The presented e-skin features a single-elec-
trode-mode configuration, all-solution-processing fabrication,
simplified operation, ultralow power consumption, ultrahigh
sensitivity, and good capability for simultaneous temperature
mapping and pressure mapping. We envision that this inno-
vative potentiometric e-skin can find promising applications
in the emerging fields of skin prosthetics, humanoid robotics,
wearable healthcare devices, bioelectronics, and other smart
systems.

4. Experimental Section

Fabrication of Potentiometric Thermal Sensors: PB/carbon and Ag/
AgCl electrodes with a side-by-side configuration were prepared via
stencil printing method. Kapton tape films (=60 wm in thickness) were
laser-cut into defined patterns as the stencil and attached to a flexible
PET substrate (125 pum in thickness). PB/carbon ink (C2070424P2,
Gwent Electronic Materials Ltd.) was first stencil-printed on the PET
substrate using a polished glass slide, followed by drying the ink at
100 °C for 10 min. Then, Ag/AgCl ink (CI-4001, Engineered Materials
Systems, Inc.) was stencil printed on the substrate as another electrode.
The two electrodes were then cured at 130 °C for 1 h. After peeling off
the Kapton film stencil, PB/carbon sensing electrode and Ag/AgCl
reference electrode with defined patterns were fabricated. The surfaces
of the PB/carbon electrode and Ag/AgCl electrode were cleaned with
flexible wiping papers (TechniCloth, Texwipe Company) dipped with
ethanol to remove the additives from the inks left on the surface, thus to
obtain clear and stable electrodes.

For the fabrication of the thermal sensors, =25 mg PVA/NaCl/Gly
aqueous solutions containing 25 wt% PVA, 100 mm NaCl, and a certain
amount of Gly (the weight ratios of Gly to PVA vary from 0.5% to 4.0%)
were dropped on the sensing area of the side-by-side electrodes. Then,
the PVA/NaCl/Gly solutions on the electrodes were first dried in a fume
hood at ambient temperature for 2 weeks, followed by further drying
and stabilizing in an environmental chamber at 25 °C and 50% RH for
2 days. Subsequently, the whole devices were encapsulated with Kapton
tape films (=60 um thick) to minimize the effect of external environment
on the sensing behavior of the thermal sensors.

Preparation of Potentiometric ~Mechanical ~ Sensors:  PB/carbon
and Ag/AgCl electrodes were prepared as mentioned above. The
microstructured PVA/NaCl/Gly ionic composites were prepared based
on a solution casting method. Specifically, PVA/NaCl/Gly aqueous
solutions containing 25 wt% PVA, 100 mm NaCl, and a certain amount
of Gly (weight ratios of Gly to PVA vary from 16% to 64%) were cast onto
a template with a periodic microstructure molded from a screen mesh
(Figure S6, Supporting Information). The cast PVA/NaCl/Gly solutions
were first dried in a fume hood at ambient temperature for 2 weeks,
followed by further drying and stabilizing in an environmental chamber
at 25 °C and 50% RH for 2 days. After drying, the microstructured PVA/
NaCl/Gly ionic composite films (=700 um in thickness) were peeled off
from the template and cut into defined shape and size. To fabricate the
mechanical sensors, two PDMS spacers (=0.18 mm x 0.6 mm x 4 mm)
were set near the two electrodes at the sensing area, followed by placing
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a piece of PVA/NaCl/Gly ionic composites at the sensing area. The
PDMS spacers were used to separate the PVA/NaCl/Gly electrolyte and
the two electrodes, thus to normalize the initial signal output of the
sensors into zero when no external stimulus was applied on the device.
Subsequently, the whole devices were encapsulated with a layer of
Kapton tape film (=60 um in thickness). To enhance the sensitivity of the
mechanical sensors, force collectors (=0.24 mm X 2.3 mm x 2.3 mm,
made of laser-cut Kapton tape films) were fixed on the top of the sensors
at the sensing area, which could effectively transfer the externally applied
force into the deformation of the microstructured electrolyte.

Fabrication of Potentiometric Electronic-Skin: The fabrication of the
potentiometric e-skin with 4 x 4 mechanical sensors and 3 x 3 thermal
sensors is depicted in Figure S11, Supporting Information. First, gold
nanoparticle ink (Harima gold nanopaste ink model: NPG-J) was
inkjet-printed on a Kapton tape film (=60 um, Bertech) using a Dimatix
DMP 2800 inkjet printer with 30 pm drop spacing and 10 pL drops.
The inkjet-printed gold electrode pattern was first predried on the
printer hotplate at 60 °C for 30 min to stabilize the electrode pattern,
followed by transferring the gold electrode pattern to a vacuum hotplate
and annealing the gold electrode at 250 °C for 1 h to fuse the gold
nanoparticles into continuous conductive pattern. Then, a Kapton tape
film (=60 pum thick) was laser-cut into defined patterns as the stencil
for stencil printing of PB/carbon and Ag/AgCl electrodes. The stencil
was aligned with the gold electrode pattern carefully. Subsequently,
PB/carbon and Ag/AgCl electrode patterns were stencil printed onto
the gold electrode based on the conditions as mentioned above. After
curing the PB/carbon and Ag/AgCl electrodes, the final e-skin electrode
patterns were prepared. The thermal sensors were prepared using PVA/
NaCl/Gly-2% ionic composite as the electrolyte, and the mechanical
sensors were fabricated using microstructured PVA/NaCl/Gly-32%
jonic composite (=400 um in thickness) as the electrolyte. The drying
and stabilizing processes of the electrolyte, along with the assembly
process of the mechanical sensors, are mentioned above. Finally, the
thermal and mechanical sensor arrays were fully encapsulated with
a layer of Kapton tape films (=60 um thick), resulting in the resultant
potentiometric e-skin.

Characterization and Measurement: The voltage signal outputs of
the thermal sensors, the mechanical sensors, and the e-skin were
collected on a Keithley 2601A source meter using a voltage measure-
only mode (sourcing nearly zero current and measuring the voltage
output). It is worth pointing out that the sensor outputs measured with
different equipment could be different, because different measurement
setups had different internal impedances. It was necessary to keep
the measurement equipment constant to obtain consistent sensing
behaviors. The force measurement was conducted on a lab-built setup
based on a computer controlled movable stage and a digital force gauge
(M5, Mark-10). Temperature calibration was conducted in a water bath
with controlled temperature. Optical microscopic observation of the
microstructured PVA/NaCl/Gly ionic composites was conducted on a
Nikon optical microscope (Eclipse 50i). A Dektak profiler (Veeco 6M)
was used for the profile measurement of the microstructured ionic
composites. During the potentiometric mechanosensation process,
some interferential spike signals might appear occasionally due to the
triboelectric effect, which could be easily filtered via signal processing.[?’]
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from the author.
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