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Pressure and temperature are two important
indicators for human skin perception. Electronic skin (E-skin)
that mimics human skin within one single flexible sensor is
beneficial for detecting and differentiating pressure and
temperature and showing immunity from tensile strain
disruptions. However, few studies have simultaneously realized
these conditions. Herein, a flexible and strain-suppressed
pressure—temperature dual-modal sensor based on conductive
and microstructured metal—organic framework (MOF) films
was reported and mainly prepared by in situ growing
Ni;(HiTP), onto microstructured mixed cellulose (MSMC)
substrates. The sensor exhibits distinguishable and strain-

suppressed properties for pressure (sensing range up to 300 kPa, sensitivity of 61.61 kPa™', response time of 20 ms, and
ultralow detection limit of 1 Pa) and temperature sensing (sensitivity of 57.1 gV/K). Theoretical calculations successfully
analyzed the mutually noninterfering mechanism between pressure and temperature. Owing to its effective perception in static
and dynamic surroundings, this sensor has great potential applications, such as in electronic skin and smart prosthetics.

conductive metal—organic framework, flexible sensor, pressure—temperature sensing, mutually noninterfering,

tensile strain suppression

uman skin' is one of the most important somato-

sensory systems of the body because it contains many

receptors” for sensing and distinguishing multiple
stimuli.” Mimicking and even surpassing the sensing properties
of human skin,* electronic skin (E-skin) is anticipated to play an
important role in personal healthcare,” human—machine
interaction,® soft robotics,” and other fields®® due to its
abundant flexible and receptor-like sensors."”
temperature'’ are two crucial parameters for human skin
perception. For the development of E-skin, on one hand, E-skin
requires flexible sensors to distinctively sense pressure and
temperature.'* On the other hand, both sensing processes
should be immune to other external stimuli, such as frequent
stretching from human daily activities."

Previously, the pressure—temperature dual function of E-skin
has been realized by integrating various single-function
sensors' "7
these E-skins have complex configurations or algorithms, and
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or by means of theoretical calibration.”” ~ However,
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the sensing outputs are usually inaccurate because of the mutual
interference between pressure/temperature signals and external
disruptions from tensile strain. To tackle these issues, one
solution is to fabricate one single flexible dual-modal sensor by
using advanced sensing materials that respond to pressure and
temperature but are insensitive to tensile strain. Currently, some
flexible pressure—temperature dual-modal sensors have been
constructed using these sensing materials, however these sensors
cannot successfully realize mutually undisturbed pressure—
. . %021

temperature dual-sensing functions or suppress stretch
. . 22-25

interruptions. For example, the most commonly used
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Figure 1. Schematic of the preparation, sensing mechanisms, and characterizations of the MOF-MSMC sensor. (a) Preparation process of the
MOF-MSMC sensor. (b) Schematic diagrams of the response mechanism of the MOF-MSMC sensor under pressure stimulation. (c) Schematic
diagrams of the response mechanism of the MOF-MSMC sensor under temperature stimulation. (d, e) Schematic diagrams of the response
mechanism of the MOF-MSMC sensor under simultaneous pressure and temperature stimulation. (f) Schematic diagrams of the response
mechanism of one part of the MOF-MSMC sensor under stretch stimulation. (g) Optical image of the naked MSMC. (h) Optical image of the
MOF-MSMC-5h composite film. (i) Top-view SEM morphology of the naked MSMC. (j) Top-view SEM morphology of the MOF-MSMC-Sh
composite film. (k) Cross-sectional SEM morphology of the naked MSMC. (1) Cross-sectional SEM morphology of the MOF-MSMC-Sh
composite film. (m) Stress versus strain curves of the naked MSMC substrate and the MOF-MSMC-5h composite film.

pressure—temperature dual-modal sensors are poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS)-based aerogels,””**** which however have low
sensitivity (4.6 kPa™') and narrow sensing range (up to 20 kPa)
and cannot suppress strain interruptions.22 Yang et al.?®
proposed a BaTiO; based dual-modal sensor that can
simultaneously detect pressure and temperature. However, it
can hardly discriminate temperature sensing from pressure
sensing due to the pyro-piezoelectricity coupling effect of
BaTiO;. Bao and co-workers™ presented a creative method to
differentiate mechanical and thermal information based on ion
relaxation dynamics, but the mixture of pressure and stretch in
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the mechanical information hinders the precise perception of
the pressing event.

Recent years have witnessed rapid progress of metal—organic
frameworks (MOFs). Compared with other conductive
materials such as metal nanowires, carbon nanotubes, graphene,
and MXenes, MOFs possess the merit of designable micro-
structures”® that renders them potential sensing materials for
constructing a dual-modal sensor satisfying the requirements
mentioned above. However, because of the low conductivity of
most MOFs, the difficult preparation of continuous and stable
conductive MOF films with designable microstructures,”” and
the difficulty of conductive MOF films in suppressing tensile
strain, there still have been no reports concerning MOF

https://doi.org/10.1021/acsnano.1c07388
ACS Nano 2022, 16, 473—-484


https://pubs.acs.org/doi/10.1021/acsnano.1c07388?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07388?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07388?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07388?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c07388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano www.acsnano.org

Figure 2. Pressure-sensing behaviors of MOF-MSMC sensors. (a) Relative current variation versus pressure curve of the MOF-MSMC-5h
sensor. (b) Relative current variation versus pressure curves of MOF-based sensors with various growth time (2.5, 5, and 7.5 h). (c) Enlarged
reproduction of the curves in (b) within relative current variation from 0 to 325. (d) Comparison of the relationship between sensitivity and
pressure-sensing range of the MOF-MSMC-5h sensor with previously reported studies. (e) Relative current variation of the MOF-MSMC-5h
sensor under a sudden pressure stimulus. Insets illustrate the response (left) and recovery time (right), respectively. (f) Relative current
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Figure 2. continued

variation of the MOF-MSMC-5h sensor under gradually increasing pressure from 1 Pa to 3 Pa. (g) Current variation of the MOF-MSMC-Sh
sensor at selected frequencies under § kPa. (h) Current variation of the MOF-MSMC-5h sensor under gradually increasing pressure from 0.25
kPa to 30 kPa. The inset illustrates the current variation under five successive input pressure steps of 0.25 kPa. (i) Current variation of the MOF-
MSMC-5h sensor under a pressure of 10 kPa up to 16 000 cycles. The insets illustrate the sensor under input pressure steps from the 6200th to
the 6210th (left) and from the 14540th to the 14550th (right). (j) Optical image of the MOF-MSMC-5h sensor adhered onto the wrist. (k)
Current variation of the MOF-MSMC-5h sensor under periodic stimuli from pulse waves. (1) Optical image of the MOF-MSMC-5h sensor
embedded between the temporomandibular anterior joint disk and the condyle of a rat. (m) Current variation of the MOF-MSMC-5h sensor
under pressure stimulation due to the displacement of the temporomandibular joint disk resulting from the rat opening its mouth. Sham
denotes the rat without temporomandibular anterior joint disk displacement when it is opening its mouth, and PO represents the rat possessing
temporomandibular anterior joint disk displacement when it is opening its mouth.

materials based flexible and strain-suppressed pressure—temper-
ature dual-modal sensors.

Herein, a flexible strain-suppressed pressure—temperature
dual-modal sensor based on microstructured and highly
conductive MOF films was grogosed and mainly prepared by
in situ growing Ni;(HiTP),”®” onto microstructured mixed
cellulose (MSMC) substrates. This sensor exhibits good
pressure-sensing performance (broad sensing range up to 300
kPa, high sensitivity of 61.61 kPa™, short response time of 20
ms, and ultralow detection limit of 1 Pa) that surpasses most
dual-modal sensors.'®*>***>3%3! Its temperature-sensing prop-
erties (high sensitivity of 57.1 #V/K and low hysteresis effect)
are also good compared with PEDOT:PSS-,** graphene-,*" and
MXene-AgNW-PEDOT:PSS-PP:TeNW-based dual-modal sen-
sors.”” Additionally, its sensing functions for pressure and
temperature are mutually noninterfering, the mechanism of
which is successfully disclosed from the perspective of material
science through theoretical calculations. The tensile Young’s
modulus of the MOF-MSMC composite film is larger than that
of polydimethylsiloxane (PDMS). As a result, stretching does
not influence the resistance and thermal current, guaranteeing
accurate pressure and temperature sensing. These good sensing
behaviors render the MOF-MSMC sensor successfully applied
in human healthcare, disease diagnosis, and environmental
pressure—temperature dual-modal perception.

RESULTS AND DISCUSSION

Fabrication, Sensing Mechanisms and Characteriza-
tions of MOF-MSMC Sensors. The fabrication procedure of
the MOF-MSMC sensor is shown in Figure la (a detailed
description is provided in the Experimental Section). The MOF-
MSMC sensors are simply marked as “MOF-MSMC-t” (t means
the growth time) according to their growth time. The MOF-
MSMC sensor exhibits good piezoresistive” sensing perform-
ances (Figure 1b) attributed to the composite film’s micro-
structure provided by MSMC and thermal response behaviors
due to the thermoelectric®” effect of the conductive MOF
(Figure 1¢, Vipermat = St X AT, where Vi, is the thermal
voltage, St is the temperature-sensing sensitivity of the sensor,
and AT is the temperature gradient across the device). When the
sensor is subjected to pressure stimulus, the microstructure of
the film is mainly changed, resulting in large relative resistance
variations of the sensor but negligible changes in Vi, under
the same temperature stimulus. Meanwhile, a temperature
stimulus applied at one side of the sensor produces a
temperature gradient across the sensor, resulting in the
generation of Vi m, but limited variation in the relative
resistance of the sensor under the same pressure stimulus. On
the basis of these two different sensing principles, pressure and
temperature stimuli can be distinguishably detected (Figure
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1d,e). Given that the MOF-MSMC composite film possesses
higher tensile Young’s modulus than PDMS, > its resistance
barely changes under stretch stimulus (Figure 1f).

Figures 1gh and S1 show that the microstructured,
continuous, high-quality, and conductive MOF Ni,(HiTP),
film with the conductivity of 4000—5000 S/m***° was
successfully prepared. Figure 1i and k display the microstructure
of naked MSMC, which is mainly composed of randomly
interconnected fibers with the average diameter of 13.2 um.
These fibers make the MSMC surface rough and give it a
fluctuation structure with a localized surface roughness of
50.381 nm (Figure S2a). Such rough morphology is beneficial
for the growth of Niy(HiTP),. Figure 1j shows that after the
growth of Ni;(HiTP), for S h)Ni;(HiTP), conformally grows
and wraps around the fiber surface, leading to the increase in an
average diameter of fibers to 24.8 ym and the formation of a
dense, homogeneous, and microstructured Ni;(HiTP), film on
the surface of the MSMC membrane. As illustrated in Figure 1],
the Ni;(HiTP), film with a thickness of 245.4 nm tightly adheres
onto the MSMC surface. To compare the effect of growth time
on the morphology of the MOF-MSMC composite film, MOF-
MSMC-2.5h and MOF-MSMC-7.5h composite films were
prepared. As shown in Figure S3a—d, both films have less
thickness and smaller average fiber diameter and therefore lower
conductivity than the MOF-MSMC-5h composite film (Table
S1). This may be explained by the fact that Ni;(HiTP), dissolves
back to the solution. The film is prepared based on the liquid—
solid interfacial growth method. After the film reaches its
thickest point at some time, because the film is still in the
solution, Niy(HiTP), originally adhered onto MSMC will
dissolve back to the solution. The morphologies of MOEF-
MSMC composite films with different growth time affect the
localized surface roughness (R,). As shown in Figure S2, the
MOF-MSMC-5h composite film possesses the highest localized
R, value of 197.255 nm.

The oxidation stability test (Figure S4) reveals that the
resistance of the MOF-MSMC-5h composite film increases by
only 0.8-fold when aged in an ambient environment for 3
months, which is better than that of metal, MXene, and organic
semiconductors. Figure 1m illustrates the mechanical properties
of the naked MSMC substrate and MOF-MSMC-5h composite
film. The tensile Young’s modulus is 0.35 GPa for the naked
MSMC substrate and 1.38 GPa for the MOF-MSMC-Sh
composite film. Both values are larger than that of PDMS (Ey
of around 1—10 MPa).

Pressure-Sensing Properties of MOF-MSMC Sensors.
To investigate the pressure-sensing behaviors, the real-time
current (I) under gradually increasing the pressure stimulus was
recorded by applying a constant voltage (1 V) across the sensor,
and relative current variation was calculated (AI/I, AI=1— I,
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I, refers to the current across the sensor without being pressed,
and I stands for the current across the sensor under a pressure
stimulus). Sensing range is defined here as the pressure value at
which the current across the sensor reaches the saturated state,
and GF is the linear slope of the AI/Ij—P curve.

Figure 2a shows the relative current variation of the MOF-
MSMC-5h sensor under a pressure stimulus. Its pressure-
sensing range reaches 300 kPa. For sensitivity, the GF values of
the MOF-MSMC-5h sensor are as high as 61.61 kPa™" within
32.02 kPa, 10.94 kPa™' ranging from 32.02 to 70.12 kPa, 4.02
kPa™' at the pressure range of 70.12—133.33 kPa, 1.08 kPa™"
under the pressure of 133.33—202.10 kPa, and 0.36 kPa™" within
the scope of 202.10—300 kPa. Although this performance is
inferior to some outstanding reports focused on pure pressure
sensing,”* it surpasses most of dual-modal sensors (Figure 2d
and Table §3).2%*%?5303L35747 The fiber-like, rough, and
deformable morphology of the Niy(HiTP),-MSMC composite
film greatly contributes to this desirable performance. To
compare the effects of the substrate on the morphology and
corresponding pressure-sensing behaviors of the sensor, a
polypropylene (PP) membrane was selected as the other
substrate and the MOF-PP-Sh sensor was produced. Figure S5a
illustrates that the MOF-PP-Sh composite film is dense, flat, and
randomly decorated with a few particles. The cross-sectional
view (Figure SS5b) indicates that the film thickness is
approximately 428 nm. As shown in Figure S6, the pressure-
sensing range of the MOF-PP-5h sensor is up to 250 kPa, and its
GF values are only 0.40 kPa™ within 30.59 kPa, 0.06 kPa™!
under the pressure range of 30.59—106.08 kPa, and 0.01 kPa™"
within the scope of 106.08—250 kPa. Due to its flat morphology,
the pressure-sensing range and sensitivity of the MOF-PP-Sh
sensor are inferior to those of the MOF-MSMC-5h sensor. The
growth time of Ni;(HiTP), onto MSMC affects the
morphologies and localized R, of Niy(HiTP), films, and the
corresponding sensors exhibit different pressure-sensing behav-
iors as plotted in Figure 2b,c. The pressure-sensing behaviors of
MOF-MSMC sensors are summarized in Table S2, and the
MOF-MSMC-5h sensor shows the best performance because of
its lowest film resistance and largest localized R, that provides
the highest initial contact resistance without the pressure
stimulus (Table S1 and Figure S2).

On the basis of the above analysis, the MOF-MSMC-Sh
sensor was chosen as the testing sample to further evaluate other
pressure-sensing performances. Figure S7 shows that after
experiencing a pressure stimulus of 300 kPa, the MOF-MSMC-
Sh composite film shows almost no change in morphology, thus
guaranteeing the excellent durability of the sensor. As shown in
Figure S8, stretch stimulus hardly changes the resistance of the
MOF-MSMC-5h composite film owing to the larger tensile
Young’s modulus of the MOF-MSMC-5h composite film than
that of PDMS. Hence, tensile strain is successfully suppressed,
which ensures more accuracy of the pressure-sensing compared
with other flexible pressure sensors.***”*' To measure the
response and recovery time, a sudden pressure (~5 Pa) was
applied to the sensor, maintained for a certain period, and
removed quickly from the sensor. In Figure 2e, the response and
recovery time of the sensor are both 20 ms. When the pressure
was increased to 5, 10, and 50 kPa, the response and recovery
time of the sensor are 20, 40, and 40 ms (Figure S9),
respectively, all of which are comparable with those of human
skin (30—50 ms).** The detection limit of the MOE-MSMC-5h
sensor was evaluated by applying gradually ascending step
pressure (1, 2, and 3 Pa, Figure 2f), and the detection limit can
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be as low as 1 Pa, which is much lower than that of human skin
(500 Pa).**** Figure S10 elucidates the hysteresis effect of the
MOF-MSMC-5h sensor under the first press—release cycle of
300 kPa. The corresponding press and release curves are almost
overlapped with the hysteresis value®® of only 1.8%, indicating
the ultralow hysteresis effect of the MOF-MSMC-5h sensor. To
measure the sensor’s response frequencies, it was loaded with a
constant pressure stimulus of 5 kPa with gradually augmented
loading frequencies (0.5, 1, 2, and S Hz). Figure 2g shows that
the pressure-sensing curves are highly consistent under the same
frequency and have nearly the same amplitudes under four
different frequencies. This finding indicates that the MOF-
MSMC-5h sensor is capable of fast and highly synchronous
response to high frequency pressure. Figure 2h illustrates the
pressure-sensing curves of the MOF-MSMC-5h sensor under
gradually increased press stimuli of 0.25, 10, 20, and 30 kPa. The
MOF-MSMC-5h sensor exhibits stable and reproducible
response to the corresponding pressure. Repeatability is one
of the most vital indicators for the sensors’ practical use. Under
the cyclic pressure stimulus of 10 kPa for 16 000 cycles, the
sensor exhibits stable current variation (Figure 2i), although a
slight current downshift occurs at primal cycles. Therefore, the
prepared sensor has excellent repeatability compared with other
pressure sensors, @?»*H31A463L52 The ingets of Figure 2i
display the current variation of the sensor during the 6200th—
6210th cycles (left) and 14540th—14550th cycles (right). The
consistent curves confirm the reliable repeatability of the MOF-
MSMC-5h sensor and its suitability for practical use in daily life.

Given its excellent pressure-sensing behaviors, the MOF-
MSMC-5h sensor can be utilized in human healthcare. For
example, owing to its low detection limit and fast response—
recovery capabilities, the sensor can monitor subtle pressure
signals, such as pulse. Figure 2jk show the successfully and
periodically recorded pulse waves with each composed of
percussion peaks (P), tidal peaks (T), and diastolic peaks (D).>”
Therefore, the MOF-MSMC-Sh sensor shows application
potentials in human daily healthcare. Besides, the MOEF-
MSMC-5h sensor can be utilized for disease diagnosis.
Nowadays, approximately 33% of adults suffer from tempor-
omandibular disorders (TMD), which can cause persistently
serious temporomandibular joint pain and even joint
dysfunction and pose a huge threat to people’s daily life.”*
Anterior disc displacement (ADD) is the most ubiquitous
symptom in patients with TMD.>® Therefore, real-time
monitoring of ADD is necessary to prevent TMD deterioration.
When people with ADD open their mouths, the condyle beneath
the anterior disc will suffer larger pressure®® from the anterior
disc (AD) compared with that of people without ADD. Given its
broad pressure-sensing range, the MOF-MSMC-5h sensor can
detect the pressure between the condyle and AD. As shown in
Figure 2l, animal model experiments were carried out by
implanting the sensor (size: 2 mm X 1 mm X 0.4 mm) onto the
anterior slope of the condyle of rats. As displayed in Figure 2m,
the sensor implanted into the rat with ADD symptoms (marked
as “PO”) exhibits current variation when the rat opens its mouth.
In particular, the change in current increases when the rat widely
opens its mouth. However, the sensor implanted into the rat
without ADD symptoms (marked as “Sham”) exhibits nearly no
current change even when the rat opens its mouth.
Biocompatibility’” is one of the most important factors for
implanted devices. Hence, biocompatibility experiments were
performed separately by implanting MOF-MSMC-PDMS
composites and controlled samples into rats. As shown in

https://doi.org/10.1021/acsnano.1c07388
ACS Nano 2022, 16, 473—-484


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c07388/suppl_file/nn1c07388_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c07388/suppl_file/nn1c07388_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c07388/suppl_file/nn1c07388_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c07388/suppl_file/nn1c07388_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c07388/suppl_file/nn1c07388_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c07388/suppl_file/nn1c07388_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c07388/suppl_file/nn1c07388_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c07388/suppl_file/nn1c07388_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c07388/suppl_file/nn1c07388_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c07388/suppl_file/nn1c07388_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c07388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

Figure 3. Temperature-sensing behaviors of the MOF-MSMC-Sh sensor based on the thermoelectric effect. (a) Output thermal voltage
variation versus temperature gradient dotted curve of the MOF-MSMC-5h sensor. (b) Output thermal voltage variation of the MOF-MSMC-Sh
sensor under gradually increasing temperature gradients from 0.1 to 0.3 K. (c) Output thermal voltage variation of the MOF-MSMC-5h sensor
under the first heating—cooling cycle under a temperature gradient of 20 K. (d) Output thermal voltage variation of the MOF-MSMC-Sh sensor
under the 1st, Sth, 10th, 50th, and 100th heating cycle with the temperature gradient of 20 K. (e) Relative current variation versus pressure
curves of the MOF-MSMC-5h sensor under different temperature gradients of 0, 15, and 30 K. (f) Output thermal voltage variation versus
pressure dotted curves under constant temperature gradients of 5 K (bottom) and 15 K (top).

Figure S11, no difference is observed in the stained tissues
obtained from the rats implanted with MOF-MSMC-PDMS
composites and control samples. Besides, in Table S4, the
histological evaluation score of the sensor is only 1.67, which can
be classified as no inflammatory reaction according to GB/T
16886.6-2015, thus guaranteeing the biocompatibility of the
sensor.

Temperature-Sensing Properties of MOF-MSMC Sen-
sors. As a flexible dual-modal sensor, MOF-MSMC-5h shows
good temperature-sensing performance due to the thermo-
electric effect of conductive MOF Niy(HiTP),. To evaluate the
temperature-sensing properties of the MOF-MSMC-5h sensor,
real-time thermoelectric voltage (Viperma) produced from a
temperature gradient stimulus was obtained. For measurement
accuracy, the temperature of the unheated side was maintained
at 25 °C. Figure 3a presents the relationship between output
thermal voltage and temperature gradient from 0 to 40 K. The
thermal voltage increases linearly with the applied temperature
gradient AT within the sensing range of 25—65 °C, which is
sufficient for body temperature monitoring. Meanwhile,
sensitivity St is as high as 57.1 §V/K, which is higher than
that of sensors based on PEDOT:PSS,***** MXene-AgNW-
PEDOT:PSS-PP:TeNW,”” and graphene.”’ To measure the
response and recovery time of temperature sensing, a hot object
was quickly put close to one side of the sensor and rapidly
removed from the sensor after maintaining for approximately S,
during which a real-time thermal voltage variation curve was
traced (Figure S12). The response time is 3 s, and the recovery
time is 7 s, both of which are larger than those of pressure sensing
because of the relatively low thermal diffusivity”® of Ni;(HiTP),.
Figure 3b illustrates the thermal voltage variation under subtle
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temperature gradients. The temperature resolution is as high as
0.1 K, which is beneficial for the application of the sensor in
precise temperature monitoring. Owing to the tensile strain
suppression effect, the thermocurrent across the MOF-MSMC-
Sh composite film is also not influenced by tensile strain (Figure
S$13). This feature ensures exact results for temperature sensing
and is superior to that of other temperature sensors.'»** ™' A
heating—cooling cycle with the stimulus of AT = 20 K was
applied to the sensor to investigate the hysteresis effect of the
temperature sensing of the MOF-MSMC-Sh sensor. As
illustrated in Figure 3c, the thermal voltage curves under
heating and cooling stimuli are almost consistent with each
other, revealing a low temperature-sensing hysteresis effect of
the MOF-MSMC-5h sensor. Figure 3d plots the temperature-
sensing durability results of the sensor (AT =20 K). Under 100
heating cycles, the thermal voltage curves remain highly linear
(R* = 0.98—0.99) and nearly consistent with each other. The
integration of these great temperature-sensing properties makes
the MOF-MSMC-5h sensor comparable with and even surpass
some previously reported flexible temperature sensors (Table
§5).222425,30-3058,62-64

Although the MOF-MSMC-5h sensor shows high perform-
ance on pressure and temperature sensing, both two sensing
functions should be mutually noninterfering to realize its
practical use for E-skin. Figure 3e shows that the pressure-
sensing curves of the MOF-MSMC-5h sensor under different
temperature gradients are nearly overlapped, indicating that its
pressure-sensing behaviors are independent of temperature
gradients. Additionally, as displayed in Figure 3f, the thermal
voltage remains constant under the same temperature gradient
but with continuously increasing pressure.
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Figure 4. Finite element analysis (FEA) of the sensor under simultaneous temperature and pressure stimulation. (a) FEA model of the sensor.
(b) Pressure stress distribution curves at selected districts without input pressure stimulus. (c) Thermal voltage distribution of the sensor under
an input temperature gradient stimulus of 40 K but no input pressure stimulus. (d) Pressure stress distribution curves at selected districts under
an input pressure stimulus of 300 kPa. (e) Thermal voltage distribution of the sensor under both an input temperature gradient stimulus of 40 K
and an input pressure stimulus of 300 kPa. (f) Thermoelectric potential distribution curves at selected districts under different pressure stimuli
of 0 and 300 kPa but the same constant temperature gradient stimulus of 40 K. (g—i) First-principles calculation of Ni;(HiTP), under different
pressure stimuli. (g) Atomically schematic illustration of Ni;(HiTP), viewed in the vertical direction (top) and front direction (bottom),
respectively. (h) Energy band structure of Ni;(HiTP), without pressure. (i) Energy band structure of Ni;(HiTP), under pressure of 300 kPa.

Analysis of the Mutual Noninterference Mechanism of
MOF-MSMC Sensors. To verify that thermal voltage is
unaffected by pressure, macroscopic finite element analysis
(FEA) were carried out. The schematic model is shown in
Figure 4a and Table S6. Initially, only a temperature gradient
stimulus was applied to one side of the model. As shown in
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Figure 4b,c, the contact part of the model is at an unstressed
state. Thus, the von Mises Stress at the contact part is 0 Pa
(Figure 4b), and the thermal voltage is generated due to the
temperature gradient stimulus (Figure 4c). Then, temperature
gradient and pressure stimuli were simultaneously applied.
Figure 4d shows that because of the pressure stimulus, the
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Figure S. Dual-modal applications of the MOF-MSMC-Sh sensor based sensing array. (a) Schematic diagram of the sensing array under
simultaneous pressure and temperature stimulation from two bottles of water with the same mass but different temperatures. (b)
Corresponding relative current variation of the sensing array under situation (a). (c) Corresponding thermal voltage variation of the sensing
array under situation (a). (d) Color scales of the relative current variation (left) from pressure and thermal voltage variation (right) from
temperature. (Tips: The color scales are suitable for (b), (c), (f)—(h), and (i)—(k).) (e) Schematic diagram of the sensing array under
simultaneous pressure and temperature stimuli by pouring one bottle of water with normal temperature into the other with high temperature on
the array. (f—h) Correspondingly relative current variation of the sensing array under two consecutive steps of (e). (i—k) Correspondingly
thermal voltage variation of the sensing array under two consecutive steps of (e).

contact part of the model is at a stressed state, and the von Mises
Stress at the contact part is nonzero. Thermal voltage is also
generated due to the temperature gradient (Figure 4e).
Although the contact part of the model is under two different
conditions, the thermoelectric potential curves are almost
consistent with each other (Figure 4f). Therefore, the thermal
voltage of the sensor is unaffected by pressure.

For further explanation, consider the material is subjected to a
temperature gradient stimulus, carriers’ energy in the heated side
changes as reflected in the variation of the energy band.
Meanwhile, the carrier’s energy in the unheated side remains
constant, as indicated by the unchanged state of the energy band.
According to thermoelectric physics,”
specific electric charges will migrate from the heated side to
the unheated side, leading to the production of thermal voltage.
The produced thermal voltage is mainly associated with the
carriers” energy difference between the heated and unheated
sides. It can be inferred that, if the energy band of the material is
hardly affected by pressure, the carriers’ energy remains almost
unchanged and is mainly affected by temperature. Thus, the
thermal voltage mainly depends on the temperature gradient
rather than pressure. Microscopic first principles calculations
were performed for verification. Figure 4g illustrates the model
of MOF Ni,(HiTP),, and Figure 4h,i show the calculated energy

these carriers with
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band results of MOF Niy(HiTP), model without a pressure
stimulus (Figure 4h) and under a pressure stimulus of 300 kPa
(Figure 4i), respectively. The energy band structure curves and
band gap values remain nearly consistent with or without
pressure stimulus. This finding successfully confirms the above
point and reveals the mutual noninterference mechanism
between pressure and temperature sensing. Herein, temperature
sensing is a reflection of the carriers’ energy difference between
the heated and unheated sides, and pressure sensing mainly
reflects the change in the carriers’ migration paths between these
two sides. The essence of mutually undisturbed pressure and
temperature sensing is that the carriers’ energy difference and
diffusion paths are mutually noninterfering.

Dual-Modal Applications of the MOF-MSMC Sensor
and Its Array. Given its mutually noninterfering dual functions,
the MOF-MSMC-Sh sensor can be successfully utilized for
independent pressure and temperature sensing. When a finger
separately presses the left, middle, and right sides of the sensor
with gradually increased compression force, the pressure sensing
signals are enhanced, but the corresponding thermal voltage
values are positive, zero, and negative, respectively (Figure
S14a). In addition, the absolute values of the thermal voltage
originated from separate contact of the left and right sides from
the finger are nearly the same, indicating that the MOF-MSMC-
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Sh sensor can distinguish the contact location of the thermal
source. When different items (finger, pen, and ice) separately
come in contact with the left side of the sensor, pressure sensing
signals generated from these three items are detected, but
thermal voltage signals from only one single the finger and the
ice are successfully monitored (Figure S14b). Because the finger,
the pen, and the ice have positive, zero, and negative
temperature differences with regard to the sensor, thermal
voltage signals corresponding to them are positive, zero, and
negative, respectively. Therefore, the sensor is capable of
simultaneous temperature and pressure sensing without signal
disturbance.

Furthermore, a sensing array composed of 3 X 3 sensing units
(Figure S15) was constructed to realize the spatial dual-modal
sensing function of E-skin. The corresponding color scales
reflecting dual-modal sensing consequences are plotted in
Figure 5d. In Figure Sa, two bottles of water with the same mass
but different temperatures were placed on different surface
locations of the array (one bottle is at room temperature and the
other is at high temperature). The spatial distribution results of
pressure-sensing signals are consistent with the locations of two
bottles (Figure Sb). Nevertheless, the thermal voltage signals
can only be detected from where the bottle containing hot water
was placed (Figure Sc), thereby confirming that the array can
statically distinguish the pressure and temperature distributions
of multiple physical stimuli. Moreover, this array is capable of
real-time monitoring the dynamical mass and temperature
variations. One bottle with hot water was placed on the surface
of the array, and the water with room temperature was poured
into the bottle containing hot water (Figure Se). An increase in
mass (Figure Sf—h) and a decrease in temperature (Figure Si—
k) are observed clearly. As shown in Figure S14 and Figure S, this
sensor exhibits mutually noninterfering pressure and temper-
ature sensing capabilities and thus has great application
potentials in artificially intelligent skin.

CONCLUSION

In conclusion, microstructured, ultrastable, and highly con-
ductive MOF Ni;(HiTP), films were successfully prepared to
construct a flexible and strain-suppressed pressure—temperature
dual-modal sensor. Owing to its distinct sensing principles, this
sensor can independently detect pressure and temperature
signals as proved by experimental results and analyzed by
theoretical calculations. The MOF-MSMC composite film also
suppresses stretch interruptions because its Young’s modulus is
much larger than that of the PDMS substrate. The sensing
performance outperforms that of most of dual-modal sensors.
Furthermore, as shown by the successful demonstrations of the
sensor and its integrated 3 X 3 sensing array in environmental
perception, this conductive MOF based dual-modal sensor
holds great application potentials in high performance and
multifunctional flexible E-skin.

EXPERIMENTAL SECTION

Chemicals. All chemicals were purchased through commercial
suppliers and used without further purification. Water used in this work
was purified using the Milli-Q_purification system. Nickel chloride
hexahydrate and ammonium hydroxide were purchased from Adamas-
beta. 2,3,6,7,10,11-Hexaaminotriphenylene hexahydrochloride was
prepared according to the published work.”®

Preparation of the MOF-MSMC/PP Composite Film. A 10 mg
amount of HiTP (2,3,6,7,10,11-hexaaminotriphenylene) and 6.6 mg of
nickel(II) chloride hexahydrate were separately dissolved in 10 mL of
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water. The two solutions were mixed with continuous stirring. 300 yL
amount of ammonium hydroxide was added to the above mixture. A
MSMC membrane with suitable size was placed on the surface of the
solution. After reaction at 65 °C for several hours (2.5, 5, and 7.5 h), the
Ni;(HiTP),-coated MSMC was washed with ethanol and ultrapure
water and then dried under vacuum at 30 °C to yield the MOF-MSMC
composite film. The MOF-polypropylene (PP) device was fabricated
following the same procedure, except for the use of a PP membrane
instead of an MSMC membrane.

Preparation of the MOF-MSMC/PP Sensor. PDMS (Sylgard-
184, Dow Corning, a 10:1 mixture of the PDMS prepolymer and curing
agent) was prepolymerized by heating at 80 °C for S min. Next, the
MOEF-MSMC composite film was carefully adhered onto the surface of
PDMS with the side of MOF exposed to air. Subsequently, the MOF-
MSMC composite film with PDMS was completely polymerized at 80
°C for 1 h. After that, one copper conductive wire was installed at one
end of the MOF-MSMC device with the assistance of Ag paste. After
the Ag paste was dried at room temperature for 1 h, glue was coated
around the Ag paste to protect the Ag paste. Finally, the two devices
based on MOF-MSMC with PDMS were overlapped with each other to
form the MOF-MSMC sensor (the silver paste electrode from one side
could not come in contact with the MOF from the other side). The
MOEF-PP sensor was fabricated according to the same procedure,
except the MSMC membrane was substituted by the PP membrane,
and the complete polymerization process of PDMS was at room
temperature, since the PP membrane featured a heat contraction
property, high temperature polymerization seriously broke the
structure of the PP membrane, making the MOF-PP composite film
lack conductivity. For tensile strain sensing testing, two Cu conductive
wires were separately installed at two sides of the MOF-MSMC
composite film with the assistance of Ag paste to complete the
fabrication of the MOF-MSMC sensor specifically designed for tensile
strain sensing testing (also, after the Ag paste was dried at room
temperature for 1 h, glue was coated around the Ag paste to protect the
Ag paste).

Animal Experiments. Eight-week-old male Sprague—Dawley rats
(280—300 g) were purchased from Vital River Laboratory. The study
was authorized by the Peking University Animal Ethics Committee.
Rats were anesthetized by intraperitoneally injecting 1% pentobarbital
sodium. Under sterile surgical conditions, the right temporomandibular
joint (TMJ) was exposed. In the experimental group, to induce TMJ
osteoarthritis, a needle with S—0 suture was passed through the
posterior of the disc vertically and was fixed to the bend point of the
zygomatic arch, which displaced the disc from the upper surface of the
condyle to the anterior surface of the condyle. In the control group, the
disc was separated from the condyle but not displaced. Then the sterile
implant (MOF-MSMC-5h sensor sealed by PDMS, size: 2 mm X 1 mm
% 0.7 mm) was placed and stuck on the anterior surface of the condyle
by medical gum (Campaign, China). The incision was closed. The
changes of pressure on the anterior surface of the condyle were
monitored during passive opening and closing movements of the
mandible in rats under anesthesia.

Characterizations and Measurements. The phase composition
and crystalline structure of the sample were characterized by a high-
resolution multifunction X-ray diffractometer (D8 Discover Davinci,
German). The morphologies of the samples were characterized by FE-
SEM (Hitachi SU8220, Japan). Image-Pro-Plus 6 was utilized for the
quantitative analysis of the SEM images. The oxidation stability
properties of the MOF-MSMC composite film were separately
characterized by putting the device in the air (room temperature)
and the oven (80 °C) for several months to measure the resistance
variation with the assistance of a digital multimeter (FLUKE-15B). The
pressure-sensing-related properties of the MOF-based sensors were
measured by using the system composed of a high-precision electronic
universal testing machine (CMT6103, MTS Systems (China) Co.,
Ltd.) connected with a customized force gauge (high-pressure range:
Mark-10 and MS-20 force gauge, low-pressure range: MSMC) to
provide a pressure stimulus and record real-time pressure signals, an
electrochemical station (PARSTAT 2273 Princeton Applied Research)
to provide a constant voltage (1 V), and a software system to record
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real-time current signals under continuous pressure stimuli. The
contact area was calculated on the basis of the overlapped surface of the
MOEF-MSMC composite films. The tensile-sensing-related property of
the MOF-MSMC composite film was measured by using the system
composed of a high-precision motorization linear stage (a displacement
resolution of 2.5 um) for the application of tensile strain, an
electrochemical station (PARSTAT 2273 Princeton Applied Research)
to provide a constant voltage (1 V), and a software system to record
real-time current signals under a stretching stimulus. The temperature-
sensing related properties of the MOF based sensors were measured by
using two parallelly connected Peltier TE modules put under the
sensors to create a temperature gradient field across the sensors in a
left—right direction, a digital thermocouple with two probes separately
contacting the surface of two sides of PDMS placed between two Peltier
TE modules to accurately record the real-time temperature variation of
the sensors, and a Keithley 2400 system controlled by a computer to
record real-time thermal current and thermal voltage signals under a
temperature stimulus.

Macroscopic FEA Model and Microscopic First-Principles
Calculations. The finite element analysis were carried out by using the
software COMSOL Multiphysics 5.3a to analyze the thermal potential
distribution of the MOF-based sensors under pressure of 0 and 300 kPa.
The model-related parameters are listed in Table S6 in detail. The first
principles calculations were carried out by using the Castep Module in
Materials Studio 2017R2 to calculate the band structures of MOF
under 0 and 300 kPa. At the beginning, the MOF crystals were
geometrically optimized, and band structures were calculated by using
the GGA-PBE function combined with an OTFG ultrasoft
pseudopotential, with the cutoff energy of 500 eV and k-grids of 2 X
2 X 1. Tolerance was set at 2 X 107° eV.
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