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Biomimetic lon Channel Regulation for
Temperature-Pressure Decoupled Tactile Perception

Naiwei Gao, Jiaoya Huang, Zhiwu Chen, Yegang Liang, Li Zhang, Zhengchun Peng,*

and Caofeng Pan*

The perception of temperature and pressure of skin plays a vital role in joint
movement, hand grasp, emotional expression, and self-protection of human.
Among many biomimetic materials, ionic gels are uniquely suited to simulate
the function of skin due to its ionic transport mechanism. However, both the
temperature and pressure sensing are heavily dependent on the changes in
ionic conductivity, making it impossible to decouple the temperature and
pressure signals. Here, a pressure-insensitive and temperature-modulated ion
channel is designed by synergistic strategies for gel skeleton’s compact
packing and ultra-thin structure, mimicking the function of the temperature
ion channel in human skin. This ion-confined gel can completely suppress the
pressure response of the temperature sensing layer. Furthermore, a
temperature-pressure decoupled ionic sensor is fabricated and it is
demonstrated that the ionic sensor can sense complex signals of temperature
and pressure. This novel and effective approach has great potential to
overcome one of the current barriers in developing ionic skin and extending

its applications.

1. Introduction

Skin-mimic tactile perception has attracted extensive research
attention because of their applications in the upcoming era of
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intelligence, such as artificial
intelligence, '] merge reality,5-10]
telemedicine technologies,''™*) as well

as their potential ability to shield tactile-loss
patients (Hansen’s disease) from extreme
temperature and pressure damage, for
example, electronic skin patches and in-
telligent sensing system.['*21l However,
traditional skin-mimic sensors usually suf-
fer from the problem of the temperature-
pressure coupling. This directly leads to
the failure of traditional bionic sensors
and severely reduces the accuracy of the
human body in determining danger sig-
nals. Much effort has been dedicated to
developing various temperature-pressure
decoupled multimode sensors by integrat-
ing temperature-responsive units (based
on thermos-resistive, pyroelectric, and ther-
moelectric effects) and pressure sensors
(based on piezo-resistive, piezoelectric,
and triboelectric effects).??3  Flexible
all-organic temperature-pressure dual-mode sensors have been
designed by integrating polyaniline-based nanocomposites
with thermoelectric effects and poly(vinylidene fluoride-co-
trifluoroethylene) films with piezoelectric effects.[**! Pyramidal
pressure sensors without temperature dependence were suc-
cessfully prepared using a temperature-insensitive alumina
dielectric layer.**] Potentiometric temperature-pressure sensors
could also effectively split the temperature-pressure signal.l”]
Although these previous works have indicated significant value
in temperature and pressure decoupling, there is still a lack
of studies on temperature-pressure decoupled ionic sensors,
which are represented by widely studied hydrogels and ionic
gels.?¥>11 Hydrogels and ionic gels are becoming competitive al-
ternatives to mimic human skin, benefiting from their excellent
stretchability, high ductility, high transparency, and skin-like ion
transport mechanisms.’?%31 Achieving temperature-pressure
decoupling for ionic sensors has become one of the critical
problems that need to be solved urgently.

The recent discovery of receptors for touch or pressure sens-
ing by David Julius and Ardem Patapoutian, winners of the 2021
Nobel Prize in Physiology or Medicine, has improved our under-
standing of how the ionic skin perceives temperature and me-
chanical stimuli.l®* However, it is still a rather difficult challenge
for hydrogels and ionic gels to identify the target signal from the
temperature-pressure composite signals. The thermosensitive
N-isopropylacrylamide was introduced into the double-network
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Temperature and pressure sensing mechanisms of ionic materials

Scheme 1. The temperature and pressure sensing mechanisms of ionic materials. When heating the ionic materials, the anions and cations will be
dissociated under the influence of the temperature. When pressing the ionic materials, the micro-conductive channels will be changed the compression
of the ionic materials. When applying both temperature and pressure, the change in ionic conductivity is not a simple linear superposition of the response

of the two factors.

hydrogels, which are composed by poly(vinyl alcohol-graphite
oxide) and poly (acrylic acid-Fe**), to achieve dual-mode de-
tection for temperature and pressure signals.[ﬁsl Temperature-
pressure dual-mode response of thermoplastic polyurethane
films loaded with ionic liquids was prepared by a simple com-
bination of electrospinning and ultrasonication.[®®) A simple
heating-cooling photopolymerization method was also developed
for the temperature-pressure dual-mode ionic sensors composed
of physically cross-linked agarose/ poly (2-hydroxyethyl acrylate)
double-network ionic gels.”] Although these works have pro-
vided important explorations of gel-like dual-mode sensors, the
issue of signal coupling between the different signals is still not
addressed.[%] This is mainly because the ionic conductivity is
strongly influenced by temperature, and the structure design is
difficult to deal with the temperature disturbance caused by the
ionic conductivity change.”>7¢! In addition, due to the natural
viscoelasticity and free ions of ionic gels, the thermoelectric or
thermal resistance properties of the ionic material are also easily
disturbed by the pressure (Scheme 1). Very recent research has
demonstrated that ionic relaxation kinetics can effectively differ-
entiate between strain and temperature signals received by ionic
sensors.l””! Nevertheless, the coupling of pressure and tempera-
ture has still not been well-investigated. Thus, it is still an un-
solved problem to design the temperature-pressure decoupled
ionic sensors.

2. lonic Skin and lon-Confined Gels

Here, we presented for the first time a synergistic strategy
of thinning ion-confined gels to inhibit the alteration of the
ionic conductive channel of ionic gels, and thus prepare a
temperature-pressure decoupled ionic sensor. According to our

Small 2023, 2302440

2302440 (2 of 12)

earlier research, even though both the temperature and pres-
sure responses of ionic sensors are dependent on the response
of ionic conductivity to external stimulus, these two sensing
processes are significantly different. Specifically, temperature
sensors rely largely on the influence of temperature on the
dissociation-coupling of anions and cations, whereas pressure
sensors rely mostly on alterations in the conductive channel
of the ionic material under pressure. Therefore, blocking the
change in the conductive channel of the ionic gel will ef-
fectively inhibit its pressure response, which allows the tem-
perature and pressure signals to be decoupled. As shown in
Figure 1a, two ion channel proteins, TRPV1 and Piezo2, play
a significant role in the skin’s sense of temperature and pres-
sure signals. To mimic the function of the skin, we designed
a series of ionic gels that were cross-linked by double-bond-
substituted ionic liquids (3-allyl-1-vinyl-1H-imidazolium bro-
mide (IL,;), 3-butenyl-1-vinyl-1H-imidazolium bromide (IL,), 3-
hexenyl-1-vinyl-1H-imidazolium bromide (IL;)), and acrylates
(Methyl Acrylate (MA), Ethyl Acrylate (EA), Butyl Acrylate (BA)).
Through the introduction of double bonds, ionic liquids can
not only possess the inherent advantages of ionic liquids, such
as negligible saturation vapor pressure, high thermal stability,
and broad electrochemical window, but are also imparted with
good photo-cross-linking properties./’®#2! A further benefit of uti-
lizing ionic liquids as cross-linkers is that ionic liquids are di-
rectly attached to the acrylate main chains via the covalent bonds,
therefore eliminating the tiny phase gaps which were usually
caused by different polarities. This conductive ionic cross-linking
agent imparts tunable mechanical and electrical characteristics
to the ionic gel, making it an ideal material for the fabrication of
temperature-pressure decoupled ionic sensors. Importantly, ow-
ing to the covalent bonds between the ionic cross-linker and the
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Figure 1. Preparation and characterization of ionic gels. a) Scheme of the structure of ionic gels and the skin-mimic mechanism of the TSDL and
the TCPSL. b) "TH NMR spectra of 3-allyl-1-vinyl-1H-imidazolium bromide (IL;), 3-butenyl-1-vinyl-1H-imidazolium bromide (IL,), 3-hexenyl-1-vinyl-TH-
imidazolium bromide (ILg). c) Qualitative demonstration of the film-forming properties of different component ionic gels. Above the blue line box
indicates good film formation, below indicates poor film formation. d) TGA curves of IL, and ILg. e—h) Tensile strain tests of ionic gels with different
components and molar ratios. The label in the top right corner of the picture shows the detailed components.

acrylate backbone, the ionic conductive channel will not be sig-
nificantly altered even when pressure is applied; additionally, a
thinning strategy is used to further inhibit the alteration of the
ionic conductive channel under pressure, resulting in a pressure-
insensitive temperature-sensitive decoupling layer (TSDL). The
integration of the TSDL with the temperature-corrected pressure
sensing layer (TCPSL) that has an outstanding pressure sensitiv-
ity may effectively imitate the function of ion channel proteins
and decouple the temperature and pressure signals. The exact
decoupling process will be discussed in greater depth in a subse-
quent section.
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The chemical structures of the three double-bond-substituted
ionic liquids (IL;, IL,, and ILy) are characterized by the 'H NMR
spectra in Figure 1b, and the corresponding shift peaks can be as-
signed. As depicted in Figure 1c, the film-forming properties of
the cross-linked ionic gels revealed that the longer the substituent
chain of ionic cross-linker is, the better the film-forming property
of ionic gels are. The larger the side group of the acrylate main
chain is, the worse the film-forming property of ionic gels are.
This is mostly owing to the strong link between the film-forming
characteristics of the ionic gels and the orderly stacking of macro-
molecules. Longer substituent chains will stack more closely with
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the polymer’s main chain, which can improve the film-forming
characteristic. Otherwise, the increased spatial resistance of the
bigger acrylate side groups is harmful to the formation of the
film. Taking BA3-0.09 (main chain: BA; cross-linker: IL;; 0.09:
molar ratio of IL; to BA) as an example, the ionic gel composed
of BA3-0.09 is in a viscous flow state, while the ionic gel MAG-
0.09 can form a film with outstanding characteristics. By evalu-
ating the film-forming capabilities of ionic gels, two main chain
molecules (EA, MA) and two ionic cross-linkers (IL,, IL;) were
chosen for the creation of following ionic sensors. Thermogravi-
metric analysis (TGA) tests showed the strong thermal stability of
the ionic cross-linkers (Figure 1d), with the thermal breakdown
temperatures of IL, and IL; being 241.47 and 248.02 °C, respec-
tively. This is crucial for the applications of the ionic tempera-
ture sensors. Stress-strain tests further confirmed that the ionic
gels comprised of long-chain-substituted ionic cross-linkers and
small acrylate side groups exhibit higher modulus (Figure 1e-h).
In addition, it can be concluded that the modulus of the ionic gel
increases with the amount of the ionic cross-linker.

3. Pressure-Insensitive Temperature Sensing
Decoupling Layer

As previously stated, the key to fabricate the pressure-insensitive
ionic temperature sensors are to prevent the change of the ionic
conductive channel under pressure. As shown in Figure 2a, cova-
lent and ionic bonds bind the anions and cations of ionic liquids
to the molecular chains of the ionic gels. When the pressure is
applied, the ionic distribution inside the ionic gels stays mostly
fixed, preventing the free movement of ionic components and re-
stricting the ionic gels’ pressure response. Besides, coupled with
the technique of thinning the ionic gels, the deformation of the
thinned ionic gels under pressure is reduced to further minimize
the pressure response of the ionic gels. To facilitate the test, a
Peltier device was used as the heat source for the subsequent tem-
perature test. And we used an infrared camera to obtain the rela-
tionship between voltage and temperature of the Peltier device for
establishing the link between the sensor response and tempera-
ture directly (Figure S1, Supporting Information). Figure 2b—e
illustrate the temperature responses of the ionic gels with dif-
ferent components. It can be observed that the temperature re-
sponsiveness of the ionic gels deteriorates with increasing cross-
linking ratio. It is additionally noted that there is no association
between the temperature response of the ionic gels and the com-
ponents of ionic gels, which is mostly attributed to the calculation
method of the relative conductivity. Despite this, the comparison
of the absolute conductivity of the temperature response reveals a
clearer pattern (Figure 2f—i). To improve the temperature respon-
siveness of the ionic gels, the length of the ionic cross-linker sub-
stituent must be shortened while the volume of the side groups
of acrylates must be raised. Only then will the molecular chains
of the ionic gels have sufficient space for ionic migration when
the temperature is altered. The results prove that the ionic gel
EA4 have the best temperature responsiveness. In Figure 2j, the
thickness of the ionic gel EA4 was lowered to 40 pym, and the
pressure response of the ionic gels with different cross-linking
ratios was evaluated at various temperatures. A considerable tem-
perature response could be observed when the ionic gel was put
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on a heated platform at 26.53 °C for 2 min, however, no signifi-
cant pressure signals were obtained. This demonstrated that the
thinned ionic gels successfully prevented the change of the ionic
conductivity channel from pressure signal. In addition, the re-
lationship between the pressure insensitivity and the thickness
dependency was also investigated (Figure S2, Supporting Infor-
mation). Only when the thickness of the ionic gel was extended
to 320 um did the ionic gel exhibit a considerable degree of pres-
sure responsiveness at high temperatures. This is primarily at-
tributed to the chemical covalent bonding of the ionic compo-
nents to the molecular chains. The physical-confined effect of
molecular chains on the ionic components plays a significant role
in preventing the change of the ionic conductive channel. The
physical-confined function of the molecular chain can be verified
by the strain-stress test of the ionic gels (Figure S3, Supporting
Information). There is almost no linear interval in the strain—
stress curves, proving that viscosity dominates the viscoelasticity
of ionic gels. This viscosity theoretically derives from the physical
entanglement of the molecular chains, making the ionic conduc-
tive channel in the ionic gels almost unchangeable.

To quantify the pressure-insensitive performance of the ion
gel, we define the ratio of the pressure-responsive conductivity
change (AGp/AG,) to the total conductivity change (AGrgp/AGy)
as the pressure decoupled coefficient f,. Similarly, we define
the ratio of the temperature-responsive conductivity change
(AG;/AG,) to the total conductivity change (A Gpgp/AG,) as the
temperature decoupled coeflicient f1. The mathematical expres-
sions of the f, and f; are shown as the following.

_ AGy/AG,  AG,
ﬂp_AG AG, AG (1)

T&P/ 0 T&P

_ AGy/AG,  AG;
Br = A N ()

GT&P/ GO GT&P

According to the Equations (1) and (2), the sum of the pressure
decoupled coefficient f, and the temperature decoupled coeffi-
cient f; is 0. When the input signal is a temperature-pressure
composite signal, if g, = 1, the pressure response of the ion
sensor is temperature-insensitive; if f = 1, the temperature re-
sponse of the ion sensor is pressure-insensitive; if f, and f; are
in between 0 and 1, the temperature response and the pressure
response of the sensor are coupled. According to Figure 2k, the
P of the ionic gels at different temperatures can all reach above
0.99, which further confirms that the temperature response of
the ion gels is pressure insensitive.

4. Temperature-Corrected Pressure Sensing Layer

Unlike the design of temperature sensors, ionic pressure sen-
sors (also called TCPSL), which are another key structure in
temperature-pressure decoupled ionic sensors, need to cause a
relatively significant change in the ionic conductive channel un-
der the pressure. Since the ionic gels described above are lack
of elasticity, polyethylene glycol-400 (PEG-400) was added to the
ionic gels, which can swell the ionic gels. This will be helpful
to increasing their pressure sensitivity (Figure S4, Supporting
Information). Figure 3a depicts the sensing mechanism of the
TCPSL. After the PEG-400 is introduced, the ionic component
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Figure 2. Sensing mechanisms and performance testing of TSDL. a) Illustration of the strategy of thinning ion-confined ionic gels. b—e) 3D histogram
of the relative conductivity response to temperature for ionic gels with different components. f-i) The absolute current change against temperature for
ionic gels with different components. j) Pressure-insensitive tests of the temperature response of ionic gels (EA4-0.03, EA4-0.05, EA4-0.07, EA4-0.09)
after thinning. k) The histograms of the temperature decoupling coefficients of the samples in (j).

of the ionic gels will be dissolved in PEG-400. As there is a cer-
tain polarity difference between the ionic gels and PEG-400, the
PEG-400 exists in the ionic gels in the form of micro-droplets.
When the pressure is applied, the droplets fuse each other to
generate a more conductive channel, making the ionic gels more
pressure-sensitivity. The changes in the relative conductivity of
the different component ionic gels under pressure are shown in
Figure 3b—e. In general, the pressure responsiveness of the ionic
gels increases as its cross-linking degree decreases. However, ab-
solute conductivity change is also essential for the pressure sen-
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sors. In theory, the higher the fluctuation in absolute conductivity
is, the fewer requirements a sensor has for post-amplification cir-
cuits is. It can be used to simplify the design process of the device.
As seen in Figure 3f-, the absolute conductivity change of the
pressure response increases with increasing the degree of cross-
linking. In addition, when the degree of cross-linking increases,
the ionic gels become more elastic, and their response times de-
crease gradually (Figure S5, Supporting Information). When the
ionic gel is MA6-0.09-0.3 (main chain: MA; cross-linker: IL;; 0.09:
molar ratio of IL, to MA; 0.3: molar ratio of PEG-400 to MA),

© 2023 Wiley-VCH GmbH
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Figure 3. Sensing mechanisms and performance testing of TCPSL. a) Illustration of the ionic pressure sensors. b—e) 3D histogram of the relative
conductivity response to pressure for ionic gels with different components. f-i) The absolute current change against pressure for ionic gels with different
components. j) Cyclic stability testing of pressure sensors (MA6-0.09-0.3).

the pressure response time can be lowered to 0.22 s. Therefore,
the subsequent design of the TCPSL will utilize the ionic gel un-
der this component. The compressive stress-strain cycle curves Based on the above-described pressure sensors (TCPSL) and
of ionic gels also confirm this (Figure S6, Supporting Informa- pressure-insensitive temperature sensors (I'SDL), the structure
tion). The stress—strain curve of the ionic gel MAG-0.09-0.3 has  depicted in Figure 4a can be used to fabricate temperature-

5. Temperature-Pressure Decoupled lonic Sensor

essentially no hysteresis behavior. The TCPSL based on this ionic
gel has also shown extremely good pressure cycling stability, re-
taining a very stable response throughout 2000 pressure tests of
218.75 kPa (Figure 3j).
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pressure decoupled ionic sensor. Both the TSDL and the TCPSL
have a vertically crossed top-bottom electrode arrangement sep-
arated by an isolating PET layer to prevent signal interference.
When the TSDL is placed as shown in Figure S7, Supporting
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Figure 4. The structure and performance testing of the temperature-press

ure decoupled ionic sensor. a) The structure of the temperature-pressure

decoupled ionic sensor. b-g) Resistance changes of the TCPSL under different pressures (31.25 kPa, 62.50 kPa, 93.75 kPa, 125.00 kPa, 156.25 kPa,

187.50 kPa, 218.75 kPa) at b) 21.25 °C, c) 26.53 °C, d) 30.60 °C, e) 43.34 °C,

f) 62.79 °C, g) 79.97 °C. h) Linearity of the relative conductivity changes of

the TCPSL against pressure at different temperatures. i) The slope and intercept of the linear relationship in (h) as a function of temperature. j-n) The

resistance changes of the TSDL under different pressures (31.25 kPa, 62.50
°C, k) 30.60 °C, I) 43.34 °C, m) 62.79 °C, n) 79.97 °C. o) The response curve

Information, it is difficult for the peripheral TSDL to accurately
sense the temperature of the central heat source. So here we
chose this vertical device configuration. At the initial tempera-
ture (21.25 °C), the TCPSL demonstrated an excellent pressure
response (Figure 4b). Increasing the temperature to 26.53 °C and
simultaneously applying pressure signals to the temperature-
pressure decoupled ionic sensor, the TCPSL still exhibited a rea-
sonable pressure response (Figure 4c). But the absolute change
of the response decreased gradually when increasing the tem-
perature (Figure 4d—g). We believe that this is mostly because
the raising temperature alters the interfacial characteristics of
PEG-400 and ionic gels, resulting in a degree fusion of PEG-400.
This lowers the space for the pressure-modifiable ionic conduc-
tive channel, and thus reducing the absolute pressure response.

Small 2023, 2302440 2302440

kPa, 93.75 kPa, 125.00 kPa, 156.25 kPa, 187.50 kPa, 218.75 kPa) at j) 26.53
of the relative conductivity changes of the TSDL at different temperatures.

Figure 4h provides a summary of the pressure response curves
of the TCPSL at various temperatures. Although the absolute re-
sponse of the TCPSL follows the laws described above, its relative
response grows gradually with rising temperature, and the link
between pressure and relative conductivity is linear at all temper-
atures. Figure 4i depicts the slope and intercept of this linear re-
lationship against temperature, respectively. This association can
be represented by the Equations (3) and (4).

-3
k,= 1.49%x107° + 284 % 1? (3)
1 4+ 10+25X107(5341-T)
Yo = 0.19—0.65-e /16 (4)
(7 of 12) © 2023 Wiley-VCH GmbH
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where k, and y, are the slope and intercept of this linear relation-
ship, respectively. p represents the pressure. T (°C) is the temper-
ature applied to the temperature-pressure decoupled ionic sen-
sor. Based on these relationships, we can obtain the Equation (5)
for the response of the TCPSL,

2.84x10°°
1+ 104.25x10’2(53.41—T)

%G (TCPSL, %) = |1.49x 107 +

0

+[0.19-0.65-e /191 . p (5)

where AG/G, (TCPSL, %) is the relative conductivity change of
the TCPSL. P (kPa) is the pressure applied to the temperature-
pressure decoupled ionic sensor. Since the TSDL is not pres-
sure sensitive, the temperature T may be monitored through the
TSDL without the interference of pressure signal (Figure 4j—n).
In Figure 4o, the following Equation (6) describes the tempera-
ture response curve of the TSDL,

AG—G(TSDL, %) = —2.53+0.10T (6)

0

where AG/G, (TSDL, %) is the relative conductivity change of the
TSDL. Here, the temperature T can be calculated by Equation (6).
Then we can input the temperature T into the Equation (5) to ob-
tain the pressure P. Finally, the temperature Tand pressure P can
be decoupled from these two decoupled equations. In addition,
the stability of the temperature-pressure decoupled ionic sensor
and the sample reproducibility can be better ensured (Figures
S8,S9, Supporting Information). According to Tables S1-S4, Sup-
porting Information, the TCPSL of the temperature-pressure de-
coupled ionic sensor can reach a maximum g, of 0.59, while the
pr of the TSDL can both reach 0.97, further supporting the key of
the decoupling mechanism is pressure-insensitive TSDL (Equa-
tion (6)). The function of the TCPSL s to establish the mathemat-
ical model with a temperature modification factor under different
temperature-pressure composite signals (Equation (5)).

6. Array Test and Robotic Arm Test

To further mimic the functionality of the skin, a sensor array
based on a temperature-pressure decoupled ionic sensor was as-
sembled. 10 X 10 temperature-pressure decoupled ionic sensor
arrays were prepared as shown in Figure 5a. First, the arrayed
silver electrodes are processed horizontally on the PET substrate,
then ionic prepolymer (without PEG-400) is added dropwise to
the VHB tape template covering the arrayed silver electrodes, and
after photopolymerization the template is removed to obtain the
arrayed temperature sensing layer, on which the arrayed silver
electrodes are processed vertically to produce the arrayed tem-
perature sensing layer. The PET substrate is then flipped over,
and the arranged pressure sensing layer (dropwise addition of
ionic prepolymer containing PEG-400) is produced on the reverse
side of the PET according to the same craft. Figure 5D illustrates
the arrayed display of a temperature-pressure decoupled ionic
sensor array under the “T” model’s patterned pressure. Simi-
larly, “E” and “H”-shaped models are also utilized to measure the
temperature-pressure decoupled ionic sensor array and validate
the correctness of this design (Figure 5c,d). For the relatively sim-
ple model, the imaging quality of the sensor array is improved
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more obviously (Figure 5e). The thermal imaging performance
of the sensor array is tested by releasing the pressure and supply-
ing power to the thermoelectric device to raise the temperature
of the thermoelectric device (Figure 5f). Due to the presence of
thermal field, there is a certain thermal field diffusion around
the thermal imaging point, which reduces the thermal imaging
quality. At this point, we further apply pressure to the warmed up
thermoelectric device, and the imaging quality of the sensor array
can be significantly improved by the composite signal of temper-
ature as well as pressure (Figure 5g). As illustrated in Figure 5h,
a robotic arm integrated with a temperature-pressure decoupled
ionic sensor has been created to simulate skin functions. The
robot arm is used to grip objects with different temperatures
(Blue cube: 25 °C; Red cube: 70 °C). When the arm grasps a chilly
item, it can do so normally since the thing is cold. This initially
validates the potential advantages of this ionic sensor. However,
when the arm grasps a hot object, the arm’s temperature sensor
will sound an alert, causing the arm to release its grip on the hot
object.

To test the temperature-pressure decoupling performance of
our ionic sensors, we tested the decoupled performance of the
sensor by pressing a thermal platform with different temperature
and pressure against a temperature-pressure decoupled ion sen-
sor. The results are shown in Figure 5i,j. Substituting the data
into Equations (5) and (6), we can obtain the theoretical values
of the temperature and pressure signals subjected to the sensor
at different stages (Figure 5k). The theoretical temperature and
pressure values subjected to the six test stages are I: 27.88 °C and
2.56 kPa; I1: 27.82 °C and 27.62 kPa; III: 27.96 °C and 57.38 kPa;
IV: 39.95 °C and 40.81 kPa; V: 40.16 °C and 175.49 kPa; VI:
40.32 °C and 264.85 kPa). This is very consistent with the prac-
tical value of the input signals (I: 27.71 °C and 2.50 kPa; II:
27.71 °C and 25.00 kPa; III: 27.71 °C and 56.25 kPa; IV: 40.03
°C and 43.75 kPa; V: 40.03 °C and 181.25 kPa; VI: 40.03 °C and
268.75 kPa). To further verify the temperature-pressure decou-
pling performance, we attached the sensor to a human finger and
gripped the finger on objects. As shown in Figure 51, when we
grasp the hot object by hand, the response curve of the sensor
shows a three-stage process for both the TCPSL and the TSDL.
The first stage is when our hand is close to the high tempera-
ture object, the resistance of the TCPSL and the TSDL starts to
show a slow decrease. This is mainly caused by the temperature
field created by the high-temperature object in its periphery. This
stage can be used as an early warning stage for arm grip. We can
judge the temperature of the object based on the magnitude of
the drop in resistance to avoid skin burns caused by high tem-
peratures. The second stage is that our hand has grasped the hot
object. The resistance of the TCPSL and the TSDL drops sharply
in this stage. The drop in the resistance of the TCPSL includes
the change caused by both the high temperature and the pres-
sure of grasping. The drop in the resistance of the TSDL is en-
tirely attributed to the drop caused by the high temperature. This
process is the key stage in which we perform signal decoupling.
The third stage is the recovery process of the device resistance
when we slowly remove the object. We substitute the tempera-
ture as well as the pressure signal measured by the sensor into
our decoupling model to obtain the temperature of the object and
the force of the grip. The relevant data are shown in Figure 5m.
This further confirms the advantages and potential applications

© 2023 Wiley-VCH GmbH
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Figure 5. Array test and arm test of temperature-pressure decoupled ionic sensor. a) The preparation process of the temperature-pressure decoupled
ionic sensor arrays. Arrayed display of sensor arrays under patterned pressure (3.5 N) at room temperature. The corresponding patterning pressures are
b) T, ¢) E, d) H, respectively. e) Square-mold arrayed display of sensor arrays under the pressure of 3.5 N without heating. f) Square-mold arrayed display
of sensor arrays under a high temperature of 50 °C without pressure. g) Square-mold arrayed display of sensor arrays under the a high temperature of 50
°C and the pressure of 3.5 N. h) The above image is the robotic arm with an integrated temperature-pressure decoupled ionic sensor (Blue cube: 25 °C;
Red cube: 70 °C). The middle image is the reaction process of the robot arm after grasping the blue cube. The bottom image is the reaction process of
the robot arm after grasping the red cube. i) Sensor response under combined temperature and pressure signals (I: 27.71 °C and 2.50 kPa; II: 27.71 °C
and 25.00 kPa; 111: 27.71 °C and 56.25 kPa). j) Sensor response under combined temperature and pressure signals (IV: 40.03 °C and 43.75 kPa; V: 40.03
°C and 181.25 kPa; VI: 40.03 °C and 268.75 kPa). k) Histogram of the temperature as well as pressure signals solved from the decoupled equation. I)
The temperature-pressure decoupling test curves of the temperature-pressure decoupled ionic sensors during gripping high temperature process. m)
Temperature-pressure histogram after decoupling.
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of our temperature-pressure decoupled sensor in the field of ionic
skin.

7. Conclusion

In summary, to address the issue of temperature-pressure cou-
pling in the ionic sensors, we devised ionic gels with pressure-
insensitive characteristics. Furthermore, we presented a novel
strategy for controlling the ionic conductivity of the gels by sim-
ply thinning the gels. When the ionic gel is thinned to 40 um, the
change in the ionic conductivity can be totally blocked, success-
fully suppressing the pressure response of the ionic gel. This ma-
terial is suitable for the fabrication of pressure-insensitive ionic
temperature sensors. On another hand, we employed PEG-400 as
a solvent for the same ionic gel to create a pressure-sensitive ma-
terial. Notably, the response mechanism of the prepared pressure
sensing material is identical to that of a normal ionic gel, sensi-
tive to both temperature and pressure. Only by merging it with
the pressure-insensitive ionic gel layer is it possible to separate
the temperature and pressure signals. The temperature-pressure
decoupled ionic sensor developed here effectively resolves one of
the most challenging issues in the field of ionic skins and will
significantly increase the application potential of ionic sensors
in the field of haptics.

8. Experimental Section

Materials:  Methyl acrylate (AR), ethyl acrylate (AR), butyl acrylate
(AR), and 1-vinylimidazole (AR) were purchased from Aladdin Industrial
Corporation. Allyl bromide, 4-bromo-1-butene and 6-bromo-1-hexene were
bought from Beijing InnoChem Science & Technology Co., Ltd. Ethyl al-
cohol (AR) and PEG-400 (AR) were bought from Alfa Aesar. The UV-
curing lamp (60 W), polytetrafluoroethylene (PTFE) molds, conductive sil-
ver pastes, and robotic arms were all obtained from Taobao.com. Peltier
devices (TEC1-12705) and other basic electronic components were pur-
chased from Zhongfa electronic Building.

Characterizations: "H-NMR spectra were recorded on a Bruker spec-
trometer operating at 400 MHz. A thermal-gravimetric analysis (TGA) was
operated by a Q50 TGA (TA Instruments). The strain—stress tests were
conducted using tensile machine (Yuelian YL-S71) at a speed of 10 mm
min~". All the heat sources required for temperature sensing were imple-
mented through the Peltier device, which can control the temperature by
adjusting its voltage input. The temperature change was recorded by the
Fluke infrared camera (Tix 640). Every temperature cycle consisted of two
processes: heating (2 min) and cooling (2 min). The pressure tests were
provided by Digital manometers (Mark-10) to meet the requirements of
pressure sensing. Simultaneous temperature and pressure signal testing
was achieved by combining Peltier device and digital manometers. The
electronic measurements were conducted on a CHI660E electrochemical
workstation with a fixed voltage of 1.0 V. The electrical characterization
platform interfaced with the sensor array through a customized 96-pin
probe card installed on the probe station. All the pixels were individu-
ally addressable by using the multichannel current testing system (Keith-
ley 2612). The V-t curves from 10 pixels in a typical single-channel line
scan were obtained through a multichannel voltage testing system (NI
PXI-2530).

Synthesis of Double-Bond-Substituted lonic Liquids: Allyl bromide
(0.5 mol) and 1-vinylimidazole (0.5 mol) were added dropwise to a round
bottom flask, followed by dropping acetonitrile (5.0 mL). The reaction was
carried out at 80 °C for 24 h with reflux. At the end of the reaction, the sol-
vent and the unreacted substrate were removed by spin evaporation. Then
a brownish ionic liquid 3-allyl-1-vinyl-TH-imidazolium bromide (IL;) could
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be obtained. Yield: 90.2%. "H-NMR (400 MHz, IL;, CDCl;, §): 10.58 (t,
=3.98 Hz, 1H), 8.01 (t,) =3.96 Hz, 1 H), 7.60 (t, ) = 3.97 Hz, 1 H), 7.36
(dd, ) =24.48 Hz, 1 H), 5.43 (d, ) = 34.04 Hz, 2 H), 5.32 (t,/ = 36.80 Hz, 1
H), 5.32 (d, /) = 6.89 Hz, 2 H).The other two ionic liquids 3-butenyl-1-vinyl-
TH-imidazolium bromide (IL,) and 3-hexenyl-1-vinyl-1H-imidazolium bro-
mide (ILg) could be synthesized by the same process, simply by replacing
allyl bromide (0.5 mol) with 4-bromo-1-butene (0.5 mol) and 6-bromo-1-
hexene (0.5 mol) respectively. Yield (IL): 91.4%. "H-NMR (400 MHz, IL,,
CDCl3, 6): 10.07 (¢, = 3.06 Hz, 1H), 7.94 (t, ) = 3.05 Hz, 1 H), 7.74 (t,
J=3.06Hz, 1H), 7.37 (dd, J = 24.52 Hz, 1 H), 6.01 (d, J = 18.15 Hz,
1H), 5.77 (t, ) = 40.48 Hz, 1 H), 5.32 (d, J = 11.71 Hz, 1 H), 5.01 (d, J
= 27.34 Hz, 2 H), 4.48 (d, ] = 17.30 Hz, 2 H), 2.65 (d, J = 21.45 Hz, 2
H). Yield (ILg): 92.19%. TH-NMR (400 MHz, IL,, CDCl;, 8): 10.80 (t, J =
2.85 Hz, 1 H), 7.97 (t,J = 2.85 Hz, 1 H), 7.67 (t, /] = 2.85 Hz, 1 H), 7.40
(dd, J = 24.45 Hz, 1 H), 6.01 (d, J = 18.88 Hz, 1 H), 5.67 (t, / = 41.48 Hz,
TH),5.32(d,J=12.11Hz, 1H), 492 (d, ] = 33.36 Hz, 2 H), 437 (d, | =
14.93 Hz, 2 H), 2.03 (q, J = 21.62 Hz, 2 H), 1.88 (dd, J = 28.62 Hz, 2 H),
1,41 (dd, J = 29.58 Hz, 2 H).

Preparation of Viscous lonic Gels with Different Components:  According
to the synthetic process in Figure 1a, three different ionic cross-linkers
(IL3, ILy, ILg) and three different main chain molecules (MA, EA, BA) were
used to fabricate a series of ionic gels by adjusting their molar ratios. Here,
the photoinitiator 819 was added to the monomers with certain molar
ratios. Then they were put into the PTFE mold (Length: 4.0 cm; Width:
1.0 cm; Height: 0.3 cm). After 20 min of photopolymerization, the corre-
sponding ionic gel could be obtained. After extensive experimental explo-
ration, IL4, ILg, MA, and EA were selected as monomers. Also, the molar
ratios of 0.01, 0.03, 0.05, 0.07, and 0.09 were selected to prepare the ionic
gels that were used for the strain—stress tests.

Preparation of Elastic lonic Gels with Different Components: Using the
ionic gels obtained above, the PEG-400 was added to the monomers in a
molar ratio of 0.3 (n(PEG-400) : n(MA or EA)). Similarly, the molar ratios
of 0.03, 0.05, 0.07, and 0.09 were selected to prepare the elastic ionic gels
that were used for the strain—stress tests.

Fabrication of Various lonic Sensors: The temperature sensors in
Figure 2b—i were fabricated by printing silver electrodes (100 um) on both
sides of the viscous ionic gels (Length: 1.0 cm; Width: 1.0 cm; Height:
0.3 cm). The pressure-insensitive temperature sensors in Figure 2j,k were
fabricated by printing silver electrodes (40 um) on both sides of the vis-
cous ionic gels (Length: 1.0 cm; Width: 1.0 cm; Height: 0.3 cm). The pres-
sure sensors in Figure 3b—j were assembled by printing silver electrodes
(100 um) on both sides of the viscous ionic gels (Length: 1.0 cm; Width:
1.0 cm; Height: 0.3 cm). The temperature-pressure decoupled ionic sen-
sors in Figure 4 were assembled by prepare the pressure-insensitive tem-
perature sensor (Length: 0.4 cm; Width: 0.4 cm; Height: 0.04 cm) and
pressure sensor (Length: 0.4 cm; Width: 0.4 cm; Height: 0.3 cm) on each
side of the PET substrate. The test methods for these devices have been
given in the section 2, 3 and 4 of the main text and the characterizations.
Also, the fabrication of the sensor array was also given in the main text.
Regarding the sensors integrated to the robotic arm, three different ionic
sensors were assembled onto the index, middle, and ring fingers of the
robotic arm. Each sensor was independently connected to the microcon-
troller that controlled the robot arm. When placing objects with different
temperatures inside the robot’s arm, the robot would make appropriate
grasping or releasing movements due to the sensing of the temperature
sensing layer.
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