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ABSTRACT: Bioinspired by the interlocked geometry between the
epidermal−dermal layers of natural skin, here we design a ﬂexible
and transparent (94.2%) skin-like sensor with an interlocked
hexagonal microcolumn array structure based on ionogels of ionic
liquids (ILs) and thermoplastic polyurethane (TPU) assisted by
laser-etched silicon wafers. Attributed to the bioinspired microstructure, the resulting interlocked TPU@IL ionogel sensor exhibits
outstanding pressure-sensing properties, which has an ultralow
detection limit (∼10 Pa) and ultrafast responsiveness (∼24 ms).
Interestingly, it is worth noting that the interlocked TPU@IL
ionogel sensor also has high temperature-sensing performance
because of the dependence of the ionic conductivity of ILs on the
temperature, which can accurately detect a slight temperature change
(0.1 °C). Moreover, the interlocked TPU@IL ionogel sensor can
also serve as the strain sensor in the strain range of 0.1−10%. Attributed to the intrinsically antibacterial eﬀect of ILs, the interlocked
TPU@IL ionogel sensor possesses an antibacterial function, which is a desired merit of wearable electronics and devices. The current
study provides a novel strategy to manufacture transparent, ﬂexible, and antimicrobial e-skin sensors with multiple sensing
capabilities, which may inspire more future research studies for e-skins.
KEYWORDS: pressure sensor, temperature sensor, interlocked microstructure, e-skins, transparent sensor

1. INTRODUCTION
Electronic skin (e-skin) is a type of electronic device, which
has not only high elasticity and ductility but also multiple
sensing capabilities to the stimuli of pressure, strain, temperature, and humidity.1−3 To realize the various sensing
capabilities of e-skins, versatile ﬂexible sensors, including
strain, pressure, temperature, and humidity sensors, were
developed. Basically, the principle mechanisms of these sensors
are based on resistive, capacitive, piezoelectric, or triboelectric
modes, which can convert these external stimuli into electrical
signals and collect them using a computer.2,4−7 To detect
various stimuli simultaneously, diﬀerent types of sensors were
needed to integrate into the e-skin system to mimic the
multiple sensing capabilities of human skins.
It is indisputable that pressure sense and temperature sense
are the two most important sensing capacities of human skin.
An electrical elastomer composite can detect the suﬀered stress
attributed to the piezoresistive behavior, which can be utilized
to design into the pressure sensor for the monitoring of
pressure stimulus. The piezoresistive eﬀect is mainly attributed
to the change in the tunneling resistance between the
conductive ﬁllers under external stress. Since the conductive
ﬁllers are randomly distributed inside the elastomer matrix, the
electrical elastomer composite-based pressure sensor normally
© 2021 American Chemical Society

possesses obvious hysteresis for the outputted signal and poor
sensitivity to feeble pressure, which hinder their practical
applications in various ﬁelds. It is known that intermediate
ridges of human skins possess the geometry of interlocked
microstructures, which can magnify the tactile stimuli applied
onto the skin surface and transduce these stimuli to the
mechanoreceptors inside the skin. Bioinspired by the
interlocked geometry between the epidermal−dermal layers
of human skin, some artiﬁcially interlocked structures were
developed to design high-performance pressure sensors.8−14
For instance, Park et al.15 prepared the piezoresistive tactile
sensor with the interlocked microdome array structure, which
could detect various mechanical stimuli. Ko et al.14 fabricated
the e-skin pressure sensor by assembling the nanostructured
ZnO nanowire (NW) arrays into an interlocked geometry.
Attributed to the change of contact area of these ZnO NWs,
the sensor was very sensitive to external stress, which could
Received: November 18, 2021
Accepted: December 21, 2021
Published: December 31, 2021

2122

https://doi.org/10.1021/acsami.1c22428
ACS Appl. Mater. Interfaces 2022, 14, 2122−2131

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Figure 1. (a) Schematic diagram for the preparation process of the TPU@IL ionogel interlocked microcolumn sensor. (b) SEM image showing the
microscopic structure of the arrayed hexagonal microcolumns on the as-prepared TPU@IL ionogel. (c) Digital photo of the resulting patterned
TPU@IL ionogel ﬁlm with outstanding transparency. (d) Schematic diagram showing the constructions of the temperature, pressure, and strain
sensors based on the patterned TPU@IL ionogel ﬁlms.

real-time monitor the sound stimulus. Very recently, Zheng
and co-workers16 proposed a new route assisted by hot-air-gun
preparation, which can directly fabricate the interlocked
micropatterns on the single-walled carbon nanotubes/thermoplastic polyurethane (TPU) composite ﬁlm. The patterned
ﬁlm was further assembled into an interlocked pressure sensor,
which exhibited a fast response time and a wide pressuresensing range. Basically, the interlocked pressure sensors were
composed of solid electronic conductors (such as metal
nanoparticles, carbon nanoparticles, NWs, or nanosheets) and
stretchable elastic polymers.17−20 Therefore, most of the
resulting interlocked e-skins were non-transparent due to the
non-transparent components and the complex geometrical
structure.21,22 It is known that transparency of the sensor not
only improves user acceptance as the sensors are adhered on
human skins23 but also provides the chance to assemble with
other electronics such as photovoltaic cells and display
components.16,24−26
On the other hand, thermosensation is another essential
sense of the e-skin. The normal strategy to design the e-skins
with both tactile sensation and thermosensation is to integrate
the temperature sensor with the pressure sensor by the layerby-layer assembly. For example, Zhao and Zhu27 designed the
staggered arrangement of pressure sensor units and temperature sensor units to form an e-skin device, which could detect
both the pressure and temperature maps. Clearly, it will be of
great convenience if the interlocked pressure sensor possesses
the temperature-sensing capability at the same time. Since the
traditionally interlocked pressure sensor is composed of
electronic nanoparticles and an elastomer, it normally exhibits
a non-monotonic resistance-temperature dependence. Therefore, an electrical elastomer composite-based pressure sensor
cannot serve as the temperature sensor simultaneously. Until
now, there are rare reports on an integrative e-skin sensor with
both pressure and temperature senses.

Herein, we used a template transfer strategy to fabricate
transparent and conductive ionogel [ionic liquid (IL)/TPU]
ﬁlms with arrayed hexagonal microcolumns and assembled the
resulting ﬁlms into the interlocked ionogel sensor. Attributed
to the interlocked microstructures, feeble pressure on the
sensor causes a great change in the contact area between the
top and bottom microcolumns, which leads to the great change
of resistance of the sensor. Therefore, the as-prepared sensor
exhibits high sensitivity to feeble pressure and ultrafast
responsiveness. Interestingly, the interlocked sensor can also
be used as a temperature sensor because the ionic conductivity
of the sensor highly depends on the temperature. In addition,
the interlocked ionogel sensor also exhibits outstanding
antibacterial eﬀect, which helps to suppress the breeding of
bacteria when the e-skin sensor is worn on human skin. To our
knowledge, this is the ﬁrst report that applies ionogels to
design the interlocked e-skin sensors. We believe that the
current work may pave the way for the fabrication of a
transparent and ﬂexible interlocked sensor with multiple
temperature and pressure-sensing capabilities, which inspires
more future works on e-skin electronics.

2. RESULTS AND DISCUSSION
In this work, we select the IL of [EMIM][NTf2] as the
conductive component to compound with TPU to generate
ionogels. Speciﬁcally, the mixed solution of TPU and IL in
tetrahydrofuran (THF) is cast on the silicon wafer with arrayed
hexagonal notches. After the solvent evaporation, the resulting
TPU@IL ionogel ﬁlm is peeled from the silicon wafer, so that
the pattern on the silicon wafer is reversely duplicated on the
ﬁlm (Figure 1a,b). The as-prepared patterned TPU@IL
ionogel ﬁlm exhibits outstanding transparency, as shown in
Figure 1c. Subsequently, we aﬃx the copper electrode on the
back of the patterned surface and glued two ﬁlms into the
interlocked sensor with a patterned surface together (Figure
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1d). Attributed to the change of the contact areas between the
top and bottom hexagonal microcolumns, the as-prepared
sensor is capable of real-time monitoring the stretching and
pressure. Moreover, the sensor is also able to perceive the
change of temperature due to the change of the ionic
conductivity of the sensor with temperature. To serve as the
strain sensor to detect the stretching stimulus, the electrodes
are aﬃxed onto the right of the upper ﬁlm and the left of the
bottom ﬁlm, as illustrated in Figure 1d. Attributed to the
bioinspired interlocked microstructure, the as-prepared e-skin
sensor has a number of applications, such as monitoring
human health and motion, sending distress signals with speciﬁc
codes, anti-bacteria, and sensing changes in temperature
(Figure 2).

∼94.2% at a wavelength of 550 nm. In addition, the asprepared TPU@IL ionogel ﬁlm has good ﬂexibility, which can
be well bent (Figure 3b). Attributed to the existence of the
hydrogen interactions between TPU and ILs,28−31 IL and TPU
can form a homogeneous and stable ionogel with high
conductivity and good electrochemical stability. The SEM
images of the patterned TPU ﬁlm and the TPU@IL ﬁlm are
presented in Figure 4, which clearly shows the arrayed
hexagonal microcolumns on the ﬁlm surface. Each hexagonal
microcolumn has a side length of 20 μm and a height of 20
μm. In order to conﬁrm the good compatibility between TPU
and the IL, we applied energy-dispersive X-ray (EDX) analysis
on the as-prepared ionogel ﬁlm. Compared with the neat TPU
ﬁlm, it is observed that the characteristic elements (F and S
elements) of ILs are homogenously distributed at the surface
of the hexagonal microcolumns and the ﬂat areas of the TPU@
IL ionogel ﬁlm, indicating that the ILs are uniformly
distributed in the TPU matrix (Figure 4). To conﬁrm the
formation of hydrogen bonds between IL and TPU, Fourier
transform infrared (FTIR) analysis is conducted (Figure S1,
Supporting Information). These results indicate that the
formation of the hydrogen interaction is critical to trap ILs
onto the TPU chains to form homogeneous ionogel ﬁlms.
The ratio of TPU/IL in the TPU@IL ionogel ﬁlm directly
dominates its ionic conductivity, thus aﬀecting the sensing
properties of the as-prepared interlocked microcolumn sensor.
Here, we fabricate four ionogels with TPU/IL ratios of 2:1,
1:1, 1:2, and 1:3, respectively. For simpliﬁcation, the
corresponding ionogels are named as TPU@IL0.5, TPU@IL1,
TPU@IL2, and TPU@IL3, respectively. The initial resistances
(R0) of the as-prepared interlocked microcolumn sensors based
on TPU@IL0.5, TPU@IL1, TPU@IL2, and TPU@IL3 ionogels
are 6.0, 3.0, 1.2, and 1.0 MΩ, respectively. The dependences of
the relative resistances (R/R0, R is the real-time resistance of
the sensor) of the sensors with diﬀerent TPU/IL ratios on the
applied pressures are presented in Figure 5a. It is observed that
R/R0 of the sensor drops abruptly with increasing pressure in
the initial stage, exhibiting remarkable sensitivity to pressure,
especially for feeble pressure (∼10 Pa). In this stage, the
contact area between the top and bottom hexagonal micro-

Figure 2. Schematic diagram showing versatile applications of the
TPU@IL ionogel interlocked microcolumn sensor.

Utilizing the template transfer strategy, the reversely
duplicated TPU@IL ionogel ﬁlm with high transparency,
ﬂexibility, and excellent ionic conductivity is fabricated, as
shown in Figure 3a,b. The ionogel ﬁlm (thickness: ∼0.5 mm)
with an arrayed hexagonal microcolumnal pattern exhibits a
high transmittance in the wavelength range of 400−800 nm
(Figure 3a). For example, the transmittance of the ﬁlm is

Research Article

Figure 3. (a) Transmittance of a patterned TPU@IL ﬁlm (TPU/IL = 1:2) in the visible light range (400−800 nm). The inset is a photograph of
the as-prepared ionogel ﬁlm, indicating the high transparency of the ﬁlm. The diagram on the right presents the schematic image to show the
molecular-scale microstructure of the TPU@IL ﬁlm. (b) Digital image shows that the ionogel ﬁlm can be well bent.
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Figure 4. SEM and element mapping images (C, N, O, F, and S) of TPU and TPU@IL ﬁlms with the arrayed hexagonal microcolumnal patterns.
Scale bar: 50 μm.

Figure 5. (a) Comparison of piezoresistive behaviors of interlocked TPU@IL sensors with diﬀerent TPU/IL ratios. (b) Comparison of
piezoresistive behaviors of an interlocked TPU@IL2 sensor and a planar TPU@IL2 sensor. The sensor is compressed by 0.6 mm with a rate of 1
mm/min. (c,d) Measurements of the response and recovery times of the interlocked TPU@IL2 sensor and the planar TPU@IL2 sensor,
respectively. The sensor is compressed by 0.2 mm with a rate of 500 mm/min. However, for diﬀerent sensors, we set the time interval of 5 and 2 ms
in the universal electricity meter to collect resistance data.

columns is rapidly increased with the endured pressure. Since
the resistance of the sensor is highly related to the contact area
between the interlocked microcolumns, the interlocked sensors
can exhibit outstanding pressure sensitivity. In addition, as
demonstrated in Figure 5a, the interlocked microcolumn
TPU@IL2 sensor displays optimal pressure-sensing properties
compared to the other TPU@IL sensors. Therefore, we select
interlocked TPU@IL2 sensor as an example to further explore
the sensing behaviors of an interlocked microcolumn sensor. In
Figure 5b, we compare the pressure-sensing behaviors of the
interlocked microcolumn TPU@IL2 sensor and the sensor
assembled by two planar TPU@IL2 ﬁlms. Only a slight change
of R/R0 is observed for the sensor composed of the planar
ﬁlms, indicating that the interlocked microcolumnal microstructure plays a crucial role in enhancing the sensitivity of the
interlocked sensor to pressure stimulus. Another advantage of
e-skin sensors with an interlocked microstructure is their short
response time. Figure 5c shows that the interlocked sensor
possesses a short response (∼24 ms) and relaxation (∼62 ms)
time to pressure stimulus. In comparison, the planar sensor

possesses the response/relaxation times of 44 and 67 ms,
respectively (Figure 5d). Clearly, the response time of a planar
sensor is longer than that of an interlocked sensor. However,
the recovery time of the planar sensor is comparable with that
of the interlocked sensor. Pressure sensitivity (S) is one of the
important parameters to evaluate sensors. Here, sensitivity can
be deﬁned as follows: S = (ΔR)/(ΔP × R0), where R0 is the
initial resistance of the sensor, ΔR is the change of resistance
under pressure, and ΔP is the change of pressure. By plotting
the curve of ΔR/R0 versus pressure, S can be obtained from the
curve slope. As shown in Figure 5b, the pressure sensitivity (|
S1|) is ca. 3.07 kPa−1 in the pressure range of 0.01−1 kPa. For
the previous pressure sensor, there is a wide distribution of the
maximum pressure sensitivity ranging from 10−3 kPa−1 to tens
of kPa−1.10,15,16 Compared to the previous works on pressure
sensors, the sensitivity of 3.07 kPa−1 for the interlocked ionogel
sensor in this works belongs to the super-sensitive pressure
sensor.
Besides the pressure-sensing capability, the interlocked
TPU@IL2 sensor also possesses the strain-sensing capability.
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Figure 6. Resistance response of the interlocked TPU@IL2 sensor with a stepwise increase in the strain from 0.1 to 1% with a gradient of 0.1% (a)
and from 1 to 10% with a gradient of 1% (b), respectively. Resistance response of the interlocked TPU@IL2 sensor in the consecutive stretching−
releasing cycles at the strain of 0.1 (c) and 10% (d), respectively.

Figure 7. (a) Electrical response of the interlocked TPU@IL2 sensor to temperature in the range of 30−100 °C. (b) R/R0 signal of the interlocked
TPU@IL2 sensor during ﬁve heating−cooling cycles between 35 and 40 °C. (c) R/R0 signal of the interlocked TPU@IL2 sensor with time at
diﬀerent heating rates from 30 to 40 °C. (d) R/R0 signal with time with a stepwise increase in the temperature from 37.0 to 37.5 °C (gradient: 0.1
°C).

releasing test with a stepwise increasing strain from 0.1 to 10%.
In addition, it is observed that the relative resistance exhibits
good reliability and stability in the consecutive stretching−
releasing cycles applied with diﬀerent strains (Figure 6c,d). For
comparison, the strain-sensing behavior of the planar ionogel
sensor was also investigated, as shown in Figure S2. Figure
S2a,b presents the resistance responses of the planar TPU@IL2
sensor in consecutive stretching−releasing cycles at the strain
of 0.1% (a) and 10% (b), respectively. Under a feeble strain

When the interlocked TPU@IL2 sensor is stretched, the
hexagonal microcolumns will be elongated in the stretching
direction, thus resulting in the decrease of contact pressure and
increase in gaps between the microcolumns. Therefore, the
contact area between the interlocked microcolumns is
decreased, thus causing the contact resistance of the
interlocked microcolumn arrays to increase. Figure 6a,b
shows the variation of the relative resistance (R/R0) of the
interlocked TPU@IL2 sensor during a stepwise stretching−
2126
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Figure 8. Antibacterial activity of pure TPU and TPU@IL ﬁlms. (a) Samples of the TPU ﬁlm and diﬀerent TPU@IL ﬁlms against E. coli. (b)
Calculated radius of the inhibition zones of diﬀerent samples against E. coli.

Figure 9. Versatile applications of the interlocked TPU@IL sensor. (a) Monitoring the pressing and releasing of the volunteer ﬁnger on and from
the sensor. (b) Monitoring the knuckle bending. (c) Monitoring the feeble pressure arising from the gravity of a small water drop. (d) Monitoring
the feeble pressure arising from the gravity of rice grain. (e) Monitoring the respiration of a volunteer. (f) Monitoring the pulse of a volunteer.

temperature due to the enhancement of ion mobility at higher
temperature.32,33 The relationship between the ionic conductivity of the IL and ambient temperature can be described
by the Vogel−Tamman−Fulcher equation34

(0.1%), it seems that the electrical responses of the interlocked
sensor and planar sensor are comparable (Figures 6c and S2a)
because only the change in tunnel distance dominates the
change of resistance of the sensors. As the sensors are stretched
with a strain of 10%, a more signiﬁcant resistance response of
the interlocked sensor is observed, attributed to the obvious
change of contact areas between the interlocked arrayed
hexagonal microcolumns, as shown in Figures 6d and S2b.
On the other hand, it has been reported that the
conductivity of an IL can be increased by increasing the

σ(T ) = σ∞exp(−B /(T − Tv ))

(1)

where σ(T) is the IL conductivity at a temperature of T, while
Tv, B, and σ∞ are some constant factors, which only depend on
the IL’s own nature. According to eq 1, a slight change in
temperature will cause an obvious response in the resistance of
2127
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Figure 10. (a−d) Demonstration for sending distress signals of “SOS” and “HELP” to the outside world based on the principle of the International
Morse Code. (a) List of Morse Code. (b) Photograph of the interlocked TPU@IL2 ionogel sensor attached on the arm and the transmitting
message by pressing the sensor with diﬀerent pressing times. Coding words of (c) “SOS” and (d) “HELP” by short or long pressing the sensor.

temperature) of the ionogel sensor is not too remarkable since
the resistance of the IL gently declines with increasing
temperature. However, the strict monotonicity and high
resolution (0.1 °C) ensure the great potential of the
interlocked ionogel temperature sensor.
When the e-skin sensors are worn or adhered onto human
skin, it is inevitable that bacteria breed on these sensors
because of the sweat and body ﬂuids. Therefore, it is desired
that the wearable sensor possesses antibacterial functions.
Attributed to the intrinsically antibacterial eﬀect of the IL, the
as-prepared interlocked TPU@IL sensor is capable of
restraining the growth of bacteria. Here, Gram-negative
Escherichia coli as the representative bacteria is selected to
investigate the antibacterial eﬀect of the interlocked TPU@IL2
sensor. As can be seen from Figure 8a, there is no bacteriostatic
zone around the plates of pure TPU and TPU@IL0.5 ionogel.
On the contrary, a distinct inhibition zone is observed for the
sample of TPU@IL1 and TPU@IL2 ionogels, indicating an
outstanding antibacterial eﬀect of the corresponding sensors.
The corresponding radii of the inhibition zone for diﬀerent
samples are presented in Figure 8b. Clearly, the antibacterial
eﬀect of the as-prepared sensor is dramatically enhanced with
the increase of the IL proportion. In addition, it has been
reported in our previous work that the as-prepared TPU@IL
ionogels possess acceptable cytocompatibility, indicating the
safety of the as-prepared interlocked TPU@IL sensor in
applications.5
The interlocked TPU@IL2 sensor possesses multimode
sensing capabilities to the stimuli of pressure, strain, and
temperature. Some demonstrative experiments are designed to
display the potentials of the interlocked TPU@IL2 sensor in
human motion monitoring, healthcare, and information
transmission. As a volunteer repeatedly presses the interlocked
TPU@IL2 sensor with ﬁnger, an immediate decrease of relative
resistance is observed (Figure 9a). As the ﬁnger is released, the
relative resistance recovers to its initial value immediately,

an interlocked TPU@IL2 sensor. On the other hand, as the
temperature is increased, ion dissociation will be intensiﬁed,
leading to the increase of the charge carrier concentration and
further decrease of the ionogel-based sensor resistance. Figure
7a shows that the interlocked TPU@IL2 sensor can promptly
capture the temperature change from 30 to 100 °C. The
temperature coeﬃcient of resistance (TCR), that is, the slope
of the linearly ﬁtted curve in Figure 7a, can be used to evaluate
the temperature sensitivity of the sensor. As the temperature is
increased from 30 to 50 °C, the calculated TCR is −0.0210/
°C, which is relatively higher than those in the temperature
ranges of 50−77 °C (T = −0.0062/°C) and 77−98 °C (T =
−0.0057/°C). For comparison, the resistance response of the
planar TPU@IL2 sensor with increasing temperature from 30
to 100 °C is presented in Figure S3a. A linear dependence of
the resistance of the planar sensor on the temperature is
observed. This may be attributed to the much tighter adhesion
of the two planar ionogel ﬁlms, which helps in the heat
conduction between the two ﬁlms. For the interlocked ionogel
sensor, however, the existence of hexagonal microcolumns
between the two ﬁlms causes some gaps between the two
patterned ionogel ﬁlms, which will aﬀect the heat conduction
between the two ﬁlms. On repeatedly changing the temperature between 35 and 40 °C, it is found that the resistance
response of the sensor shows good repeatability and stability,
as shown in Figure 7b. When the sensor is heated from 30 to
40 °C at diﬀerent heating rates (i.e., 10 or 50 °C/min), the
ﬁnal amplitude of R/R0 almost remains constant, indicating
that the sensor possesses outstanding reliability and stability to
temperature (Figure 7c). Figure 7d shows that the interlocked
TPU@IL2 sensor can accurately detect ∼0.1 °C temperature
change in the temperature range from 37.0 to 37.5 °C, which is
very suitable for physiological monitoring. The same temperature-sensing resolution (0.1 °C) can also be realized for the
planar ionogel sensor (Figure S3b). Compared to the previous
works in temperature sensors, the TCR (i.e., sensitivity to
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exhibiting the high sensitivity, fast response, and recoverability
of the sensor to pressure stimulus. As the interlocked TPU@
IL2 sensor is adhered onto the ﬁnger knuckle of the volunteer,
the resistance signal can real-time reﬂect the bending
movement of the ﬁnger knuckle (Figure 9b). Besides
monitoring human motions with large-scale stretching or
pressure, one of the advantages of the TPU@IL2 ionogel
sensor with an interlocked microstructure is the capability of
detecting feeble pressure. As a small drop of water (∼8 mg)
drips onto the sensor, the relative resistance decreases
immediately to a platform and remains almost unchanged
(Figure 9c). As another drop of water drips onto the sensor,
the relative resistance decreases immediately again to the lower
platform, indicating the high sensitivity to feeble pressure. In
Figure 9d, we place rice grains (∼20 mg for each granule)
lightly onto the sensor, and the resistance of the sensor
changes correspondingly with the increasing granule number of
the rice. When a volunteer breathes slowly onto the sensor
(the distance between the sensor and volunteer is 1 cm), the
sensor resistance signal changes regularly with the rhythm of
breathing (Figure 9e), indicating that the sensor is capable of
monitoring human respiration. More interestingly, when the
sensor is attached onto the volunteer wrist, a regular resistance
ﬂuctuation is observed corresponding to the pulse ﬂuctuation
of the volunteer (Figure 9f).
Additionally, attributed to the ultrafast response to and
recovery from a pressure stimulus, the interlocked TPU@IL2
ionogel sensor can be applied to realize the intelligent
information encryption via the International Morse Code
principles. According to the code principle, the International
Morse Code can express English letters, Arabic numbers, and
some special symbols by the “on and oﬀ” the signal, as shown
in Figure 10a. As the interlocked TPU@IL2 ionogel sensor is
adhered onto the skin, we can touch the interlocked sensor
with variable pressing time based on the principle of the
International Morse Code to realize the information
encryption and transmission (Figure 10b). As shown in Figure
10c,d, distress signals of “SOS” and “HELP” can be encrypted
and translated via alternating short and long pressing on the
sensor.

4. EXPERIMENTAL SECTION
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Materials. TPU (1185A Elastollan) was dried in vacuo before use.
The IL, 1-ethyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl)imide [EMIM][NTf2], was provided by Shanghai Chengjie Chemical
Co. Ltd. with a purity of >99%. THF (Sinopharm Chemical Reagent
Co. Ltd., >99%) was directly used without puriﬁcation. The silicon
micromolds with a hexagonal groove array (side length of 20 μm,
spacing of 20 μm, and depth of 20 μm) were custom-made from
Suzhou Yancai Micro Nano Technology Co. Ltd.
Preparation of the TPU@IL Ionogel Film with a Hexagonal
Column Array. The ionogels with diﬀerent IL contents were
prepared by the following procedure: TPU beads (1 g) were initially
dissolved in THF at the weight of 1:10, and the solution was stirred
for 2.5 h at room temperature. After the TPU beads were completely
dissolved in THF, diﬀerent contents of ILs were added into the
solution with stirring at 50 °C for 2 h. Afterward, the well-mixed
solution was cast onto a silicon micromold with periodic hole arrays
(hexagonal hole size: 20 μm side length and 20 μm deep. The
distance between two neighboring holes was 20 μm. The surface area
of the arrayed pattern was 1.5 cm × 1.5 cm) and evaporated at room
temperature overnight, followed by further drying in vacuum at a
temperature of 50 °C for 24 h. Finally, the ionogel ﬁlm was obtained
by carefully peeling oﬀ from the silicon micromold.
Antibacterial Properties of TPU@IL Ionogels. The antibacterial properties of TPU@IL ionogels were studied by the inhibition
zone method using E. coli (ATCC 25922, Gram-negative bacteria). E.
coli was cultured in an air bath shaker at 37 °C. E. coli was diluted to a
concentration of 106 CFU/mL with Lysogeny broth (LB). After 24 h,
the prepared bacterial suspension (50 μL) was added onto the plates
of LB agar. Thereafter, the TPU@IL ionogel ﬁlms (diameter = 5 mm)
were put onto agar plates in an incubator at 37 °C to grow the
bacteria. These tests were conducted in three independent repeats.
Characterizations. The transparency of the ionogels was
characterized using a UV−visible spectrophotometer (UH5300,
Hitachi) to scan the wavelength from 800 to 400 nm. Microstructures
of the TPU@IL ionogels were visualized using an S-4800 microscope
(Hitachi, Japan). EDX analysis was conducted using an EDX analyzer
(ZEISS, Sigma-500). A layer of gold was sprayed on the surface of
these specimens before observation.
The tensile and compressive tests of the ionogels were performed
on an Instron universal tensile testing machine (model 5966) with a
500 N load cell. The drawing ﬁxture and the compression ﬁxture were
adopted. The relative resistance variations (R/R0) of the ionogels
were calculated by detecting the resistance using a digital multimeter
(Keithley DMM7510, USA). The TPU@IL ionogel-based temperature sensor was placed on the hot stage, and the temperature was
elevated from 30 to 100 °C at a rate of 50 °C/min. The heating−
cooling cyclic test from 35 to 40 °C was conducted for ﬁve cycles at a
ramp rate of 2 °C/min.

3. CONCLUSIONS
Herein, we designed a ﬂexible and transparent sensor with an
interlocking structure based on the TPU@IL ionogel, which is
capable of monitoring pressure, strain, and temperature.
Attributed to the bioinspired design of the interlocked
microstructure, the designed TPU@IL interlocked sensor can
detect the feeble pressure of 10 Pa and thus can “feel” the
weight of a small droplet of water (∼8 mg). In addition,
another advantage of the interlocked TPU@IL sensor is the
ultrafast responsiveness (24 ms) and resilience (62 ms), which
can be used in information encryption and transmission by
pressing the sensor with variable pressing time based on the
principle of the International Morse Code. More interestingly,
the as-prepared interlocked TPU@IL ionogel sensor can
clearly identify a slight diﬀerence in temperature (∼0.1 °C),
attributed to the resistance response of the IL to temperature,
which has great application prospects in human health
monitoring, physiological signal monitoring, and external
environmental monitoring. We hope this work may motivate
more future research studies in the multifunctional tactile eskin.
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