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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- The multifunctional tactile sensing function of humanoid robotic arm is seriously lacking.

- This novel composite sensitive aerogel is adaptable to complex environments.

- The new composite aerogel has both system stability and multifunctional sensing function.

- The flexible tactile sensor can realize multifunctional tactile sensing function stably in a complex environment.
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The inadequacy of tactile perception systems in humanoid robotic manipu-
lators limits the breadth of available robotic applications. Here, we designed
a multifunctional flexible tactile sensor for robotic fingers that provides ca-
pabilities similar to those of human skin sensingmodalities. This sensor uti-
lizes a novel PI-MXene/SrTiO3 hybrid aerogel developed as a sensing unit
with the additional abilities of electromagnetic transmission and thermal in-
sulation to adapt to certain complex environments. Moreover, polyimide (PI)
provides a high-strength skeleton, MXene realizes a pressure-sensing func-
tion, and MXene/SrTiO3 achieves both thermoelectric and infrared radiation
response behaviors. Furthermore, via the pressure response mechanism
and unsteady-state heat transfer, these aerogel-derived flexible sensors
realize multimodal sensing and recognition capabilities with minimal
cross-coupling. They can differentiate among 13 types of hardness and
four types of material from objects with accuracies of 94% and 85%, respec-
tively, using a decision tree algorithm. In addition, based on the infrared ra-
diation-sensing function, a sensory array was assembled, and different
shapes of objects were successfully recognized. These findings demon-
strate that this PI-MXene/SrTiO3 aerogel provides a new concept for expand-
ing the multifunctionality of flexible sensors such that the manipulator can
more closely reach the tactile level of the human hand. This advancement
reduces the difficulty of integrating humanoid robots and provides a new
breadth of application scenarios for their possibility.
INTRODUCTION
Tactile sensing is an important sensory function through which humans

have direct contact with the external environment1; such sensing encompasses
the perception of external physical stimuli (e.g., temperature, pressure, infrared
radiation, etc.)2-5 and the ability of the brain to extract and identify specific in-
formation such as roughness, hardness, material, shape, etc.6-9 In recent years,
while humanoid robots have been increasingly developed as intelligent elec-
tronic devices, bionic haptic functions have become a key issue for achieving
various complex tasks using such robots10; thus, the integration of multifunc-
tional flexible tactile sensors has become an important topic11 because such
sensors realize humanoid devices with rich tactile sensing capabilities under
conformal conditions.12,13 Unfortunately, most previously reported flexible
tactile sensors only exhibit a single sensing ability or provide similar output pat-
terns for different external signals when attempting to realize multiple sensing
functions.14-16 These tasks require complex circuit design to decouple hybrid
output signals completely, complicating the resulting tactile sensing system.17

These limitations occur because sensitive materials, which are key compo-
nents of a sensor, have no selective responsiveness. Likewise, the response
mechanism attributed to an energy band or a conductive network exhibits
similar response profiles when encountering various external signals. Therefore,
there is an urgent need to develop novel multifunctional sensitive materials
with low coupling and no interference for realizing flexible tactile sensors; in
particular, a single device that can realize multiple sensing functions is highly
important for realizing lightweight and intelligent equipment with low power
consumption.

Specifically, sensitive materials, including polyvinylidene fluoride (PVDF),2,18

graphene,19 carbon nanotubes,20-22 and liquid metals,15 have been employed
ll
to assemble flexible tactile sensors, but these materials usually respond to
various signals without selective behavior. For example, most carbon mate-
rial-based sensors exhibit similar response outputs for temperature and pres-
sure, which leads to difficulties in decoupling sensing signals.23 In contrast,
SrTiO3, as an only temperature-sensitive material with a high thermoelectric co-
efficient (Tc),

24 possesses an incomparably simple and reproducible way to pre-
pare nanocomposites compared with other bulk thermoelectric materials,25

which is advantageous for realizing selective multifunction coupling. However,
SrTiO3 has a negative Tc and poor conductivity,26 while other conductive mate-
rials currently used have a positive Tc value, increasing the difficulty of modu-
lating the corresponding properties of the derived nanocomposites. In contrast,
MXene is a new type of two-dimensional material27 that exhibits a negative
Tc

28 and favorable properties for enhancing the mechanical strength and strain
response sensitivity of nanocomposites.29 Therefore, the combination of SrTiO3

and MXene is hypothesized to maintain synergistic thermoelectric and strain-
sensitive performance and then realize the triple sensory functions of force,
temperature, and derived infrared radiation. Moreover, the best approach to
assemble flexible sensors via thermoelectric materials is to design flexible sen-
sors as porous aerogels with an appropriate thickness for realizing the rapid
formation of temperature gradients30; this technique can improve the response
time and accuracy of devices. However, nanocomposite aerogels derived from
two inorganic materials, MXene and SrTiO3 often exhibit relatively low mechan-
ical strength, as previously reported,31 which can be enhanced by increasing
the number of crosslinking points between the internal lamellar nanosheets
of aerogels. However, polyimide (PI) is a high temperature-resistant binder
that can effectively cause inorganic lamellas to mutually connect with each
other by chemical bond crosslinking,32-34 and this process is expected to
lead to the preparation of a high-strength sensitive aerogel. To the best of
our knowledge, few studies have reported on sensitive aerogels constructed
from the abovementioned MXene, SrTiO3, and PI materials, which can indepen-
dently sense pressure, temperature, and infrared radiation.
Herer, a novel PI-MXene/SrTiO3 nanocomposite aerogel with a layer-stacked

porous structure was prepared. In this composite, PI provides a high-stability
skeleton, MXene realizes pressure sensing, and MXene/SrTiO3 achieves both
thermoelectric and infrared radiation response behaviors, resulting in high me-
chanical strength, extra electromagnetic transmission, and thermal insulation
to adapt to complex environments. Furthermore, via the pressure response
mechanism and the unsteady-state heat transfer principle, this aerogel-derived
flexible tactile sensor not only can detect force and temperature in a low
cross-couplingmanner, but can also sense infrared radiation in a noncontact sit-
uation, as shown in Figure 1. Based on pressure sensing and real-time infrared
thermal images, the ability of this flexible tactile sensor to distinguish between
different roughnesses and hardnesses of objects was demonstrated, as was
the ability to distinguish between various materials at different temperatures;
moreover, the flexible tactile sensor differentiates among 13 types of hardnesses
and four types ofmaterials with accuracies of 94% and 85%, respectively, using a
decision tree algorithm. In addition, based on the infrared radiation-sensing func-
tion, a sensory array was assembled and shown to successfully recognize
different object shapes. These findings demonstrate that this PI-MXene/SrTiO3

aerogel provides a new concept for expanding the multifunctionality of flexible
sensors, such that robotic manipulators can more closely realize the tactile per-
formance of human hands.
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Figure 1. Schematic diagram of a multifunctional
flexible tactile sensor based on PI-MXene/SrTiO3

nanocomposite aerogel
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RESULTS
Design and characterization of aerogel

The preparation process of the PI-MXene/SrTiO3 sensitive nanocomposite
aerogel is shown in Figure 2A. SrTiO3 and MXene were prepared by the solvo-
thermal method and chemical exfoliation, respectively. After thorough mixing of
the PI precursor of the polyamide acid/triethylamine (PAA/TEA) mixture, SrTiO3

nanoparticles and MXene dispersion solution, the intended product was
achieved via the combined strategy of freeze-drying (aerogel) and heat treat-
ment (PAA converted to PI). A series of characterizations were subsequently
performed to verify the morphology and structure of this PI-MXene/SrTiO3

nanocomposite. Compared with the intermediates displayed in Figure S1 (sup-
plemental information), a more orderly stacked porous architecture with dense
interfacial crosslinking junctions was formed in the interior of the final product
(Figures 2B and 2C), revealing a typical aerogel framework that is favorable for
effective mechanical loading and rapid electron transport. As shown in Fig-
ure S2, high-quality two-dimensional MXene nanosheets with lateral size of
2 mm and thickness of 5 nm were successfully prepared, and the PI-MXene
nanosheets in PI-MXene/SrTiO3 exhibited an increase in thickness of approxi-
mately 1 nm after coating with the PI shell. Figures 2D and S3 show that
the SrTiO3 nanoparticles are intercalated uniformly in the layers of the PI-
MXene nanosheets, as proven by the uniform distribution of Ti, F, C, N, O,
and Sr on the two-dimensional lamella and the morphological state of the
SrTiO3 nanoparticles in the nanocomposite, which together constitute the
enhanced thermoelectric transmission channel. The particle size distribution
of the SrTiO3 nanoparticles is also shown in Figure S4, revealing a high size uni-
formity within 60–90 mm. Moreover, the X-ray diffraction (XRD) pattern of the
PI-MXene/SrTiO3 sensitive nanocomposite maintains all the characteristic
peaks of SrTiO3 and MXene (Figure 2E), further supporting the favorable crys-
tallinity and structural order of this aerogel. The characteristic peak of MXene is
shifted to the left to 6.34� , which indicates that the corresponding interlayer dis-
tance increases due to the embeddedness of PI in the MXene interlamination
during the composite process.

Furthermore, the chemical structures of the PI-MXene/SrTiO3 aerogel were
analyzed, revealing upward shifts in the C=O (1,708 cm�1 to 1,720 cm�1), C=C
(1,492 cm�1 to 1,503 cm�1) and C-N (1,365 cm�1 to 1,368 cm�1) absorption
peaks of PI (Figure2F) andan increase in the intensity of the elemental diffraction
peaks in this nanocomposite (Figure 2G). The strong interactions between
hydrogen and chemical bonds were generated between the functional groups
of MXene and the carbonyl groups of the PI chains when heat treatment was
applied, which confirmed that PAA-derived PI was employed as the required
crosslinking site to enhance the assembly homogeneity and mechanical
strength of the three-dimensional aerogel framework. The X-ray photoelectron
2 The Innovation 5(3): 100596, May 6, 2024
spectroscopy (XPS) results further prove that,
due to the effective protection effect of the PI
shell layer, no oxidation of MXene is observed
even under thermal treatment at 250�C, as evi-
denced by the TiO2 peak in the XPS spectrum
of the final nanocomposite (Figure S5) matching
that of the original nanocomposite. Based on
these findings, the stress performance of the
samples with various ratios of PI (P):MXe-
ne(M):SrTiO3 (S) was systemically studied, as
shown in Figures 2H and S6–S8; it was found
that the aerogel with a ratio of P4M2S40 (the
aerogel was prepared via the precursor of 4 mL
of PAA solution, 2 mL of MXene suspension,
and 40 mg of SrTiO3 powder) displayed the
optimal compressive strength of 164.47 kPa
compared with that of the other samples under
the stain of 50%, which can contribute to the
transformation of the nonequilibrium crosslink-
ing degree and noncrystalline regions to the equi-
librium and mature aerogel network. Specifically, with increasing precursor con-
centration, the established dynamic crosslinking points (PAA and MXene) and
the local nanoenhancement (SrTiO3 and MXene) region in the aerogel matrix
were shown to improve themechanical properties of the final products; however,
the performance deteriorated when the precursor content reached a certain
threshold, which is attributed to the aggregation of excess precursor hindering
themovement of the PImatrix. Moreover, the electrical conductivity and the See-
beck coefficient are generally negatively correlated for most thermoelectric ma-
terials, which means that the higher the material conductivity, the lower the See-
beck coefficient.24 As shown in Figure 2I, the variations in the above two
characteristics of the serial nanocomposites are attributed to the increase in
the content of SrTiO3, which is mainly caused by the increase in the hot electron
transmission path that arises from the uniform dispersion of SrTiO3 in the layers
of the MXene until the excessive precursor is aggregated. The values obtained
from the P4M2S40 and P4M2S60 samples are essentially equivalent, which is
important for enhancing sensory performance. Considering the mechanical
strength, the aerogel preparedwith a given ratio of P4M2S40was ultimately cho-
sen for further exploration and application. These enhanced synthetic properties
will contribute to the stable development of aerogel-derived flexible sensors. Fig-
ure 2J shows the results of the dynamic thermomechanical analysis of the
P4M2S40 sample, which revealed that the viscoelasticity of the PI-MXene/
SrTiO3 nanocomposite aerogel remained almost unchanged over awide temper-
ature range from�50�C to 100�C, indicating excellent tolerance to high and low
temperatures, which is helpful for the subsequent application of thermoelectric
properties. In addition, the extremely low damping ratio (0.025) indicates that
the PI-MXene/SrTiO3 nanocomposite has excellent elasticity with low energy
loss during dynamic deformation.

Mechanical and thermal shielding properties of the aerogel
Subsequently, we conducted detailedmeasurements to evaluate themechan-

ical properties of the PI-MXene/SrTiO3 nanocomposite aerogel under the strain
of 0%–50%. Figure 3A shows the stress-strain curves of the PI-MXene/SrTiO3

samples with the optimal ratio at different set strains. These samples can be
compressed by sheer forces and quickly return to their initial state after releasing
the external compression agent (Figures 3D and S9), exhibiting highly reversible
compression under any applied set of strain conditions. In addition, Figure 3B
shows that this nanocomposite displays stable stress-strain performance under
different compression rates, demonstrating that its mechanical strength is inde-
pendent of the rate of applied force, which is highly important for aerogel-based
flexible sensors to realize practical application. Moreover, the fatigue resistance
of the PI-MXene/SrTiO3 nanocomposite during long-term compression was also
www.cell.com/the-innovation
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Figure 2. Preparation and characterization of aerogel (A) Flowchart of the preparation process and themorphological (B and C) SEM and (D) TEM characterizations of the PI-MXene/
SrTiO3 sensitive nanocomposite aerogel. Structural (E) XRD, (F) FTIR, and (G) XPS analyses of SrTiO3, MXene, PI and the PI-MXene/SrTiO3 aerogel. Comparison of the (H) stress at
50% strain, (I) electrical conductivity and Seebeck coefficient of the PI-MXene/SrTiO3 nanocomposites with different compositions (data are expressed as their means ± SDs (NR 3)).
(J) Dynamic rheological behavior of the P4M2S40 (PAA solution 4 mL, MXene suspension 2 mL, SrTiO3 40 mg) sample at 1 Hz in the temperature range of �50�100�C.
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tested, and the maximum stress remained almost unchanged after 1,000
compression cycles (Figure 3C). The above results indicate that the as-prepared
PI-MXene/SrTiO3 aerogel exhibits favorable structural robustness, superelastic-
ity, and fatigue resistance.

Importantly, in addition to the abovementioned basic requirements for
mechanical properties, flexible sensors with features such as heat insula-
tion, waterproofing, and operating suitability, have been increasingly devel-
oped, inspiring their expansion into more complex application scenarios.
Relatedly, it has been established that aerogels often exhibit favorable envi-
ronmental suitability. Here, the thermal insulation and electromagnetic
transmission performance of this PI-MXene/SrTiO3 nanocomposite aerogel
were studied, as shown in the schematic diagram in Figure 3E. Generally,
MXene-based nanocomposites have a strong electromagnetic shielding ef-
fect; however, bionic robots need to communicate through electromagnetic
waves in some cases. Moreover, if the robot manipulator exhibits a strong
ll
electromagnetic shielding effect, this shielding will interfere with the normal
use of the robot. As shown in Figures 3F and S10, the PI-MXene/SrTiO3

nanocomposite aerogel exhibits a very low shielding effect on the full
bands, especially for commonly used communication control frequencies
such as those in the 2.4 GHz range, with an average electromagnetic
loss as low �20 dB, which signifies that the commonly used communica-
tion wave can pass through the aerogel and does not weaken the signal
significantly. This effect is very different from the electromagnetic shielding
effect of other reported MXene-based composites and has positive implica-
tions for our prepared materials for application in robotics. In addition, the
PI-MXene/SrTiO3 nanocomposite aerogel also has excellent thermal insu-
lating performance, as shown in Figures 3G and S11. The in situ tempera-
ture survey revealed that the difference between the finger spaced with the
aerogel and the other finger directly touching the hot plate ranged from
16�C to 19�C after 120 min. As the hot plate and the thermal insulation
The Innovation 5(3): 100596, May 6, 2024 3
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Figure 3. Compression mechanics, electromagnetic transmission, and thermal insulation properties of aerogel Stress-strain (s-ε) curves of the PI-MXene/SrTiO3 sensitive
nanocomposite aerogel at different (A) set strains and (B) compression velocities. (C) Stability curves of the aerogel with the optimal ratio tested at 50% strain for 1,000 compression
cycles. (D) Digital photographs of the nanocomposite compressed to 50% and back to its original state. (E) Schematic diagram of the electromagnetic transport and thermal insulation
of the PI-MXene/SrTiO3 aerogel, as well as its practical electromagnetic performance (F) and (G) images of thermal insulation at different times.
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aerogel were removed, the temperature difference between the fingers also
maintained within the range of 14�C–18�C. This excellent thermal insula-
tion can facilitate the output of high-quality thermoelectric signals, because
the device can intrinsically develop a higher temperature gradient in prox-
imity to an external heat source.

Pressure-sensing performance of flexible sensors
The piezoresistive sensing performance of the multifunctional flexible tactile

sensor derived from the as-prepared PI-MXene/SrTiO3 nanocomposite aerogel
was systematically investigated, as shown in Figure 4. The sensing mechanism
in Figure 4A demonstrates that the change in the piezoresistive resistance of
this flexible sensor is mainly attributed to variations in the contact area with
compressive deformation, which shows excellent response to various
compressive strains and corresponding pressures ranging from 0% to 50%
and 0–26.2 N with high discrimination, as shown in Figures 4B and S12.
The corresponding relation of the resistance changes (DR/R0 = (R � R0)/R0,
where R and R0 represent the values of instantaneous and initial resistance,
respectively) to compressive strains is revealed in Figure 4C, where two partic-
ular sensing ranges can be clearly observed. At initial compressive strains of
0%–10%, the construction of new conductive networks results in an exponen-
tial decrease in resistance. When the compressive strain is further increased to
50%, the contacts between neighboring MXene nanosheet layers increase syn-
chronously and the compressive strain tends to decrease rapidly and linearly,
leading to the highest sensitivity throughout the compression process. In gen-
eral, the strain sensitivity of the sensor is evaluated using a gauge factor (GF =
(DR/R0)/ε, where ε is the applied strain), which is calculated to be 1.37 in the
linear strain range. The response time is also an important index for the sensor.
At an instantaneous strain of 1%, the response time is 0.4 s, and the recovery
time is 0.3 s, as shown in Figure 4D. Moreover, the cycling performance of the
flexible tactile sensor under various compression strains (Figure 4E) and rates
4 The Innovation 5(3): 100596, May 6, 2024
(Figure 4F) was also explored, the flexible tactile sensor exhibited high cycling
stability and repeatability at each stage of strain and rate, indicating that this
device can be employed to detect both small and high external strains or pres-
sures without affecting compression rates, which is consistent with the results
obtained from Figures 3A and 3B. Overall, the multifunctional flexible sensor
based on the PI-MXene/SrTiO3 aerogel possesses excellent piezoresistive
sensing performance.
The proposed PI-MXene/SrTiO3 aerogel-derived multifunctional flexible tactile

sensor was initially designed to utilize two sensing mechanisms (based on pie-
zoresistive and thermoelectric effects) to sense compression and temperature.
It has been shown that low cross-coupling between various sensory functions
is highly important in such applications; therefore, the influence of temperature
on the piezoresistive behavior of the proposed device was also studied. As
shown in Figures 4F and 4G, the resistance of the flexible sensor varies mini-
mally with increasing temperature up to a wide range of 0–25 K, regardless of
whether the device is subjected to a dynamically increasing pressure (Figure 4G;
in particular, an extracted representative set tested under a pressure of 8 N is
shown in Figure S17) or a continuously constant pressure of 0–12 N (Fig-
ure 4H), completely confirming that the piezoresistive performance is negligibly
disrupted by temperature interference. In addition, a long cyclic compression
test was conducted to verify the fatigue resistance of the flexible sensor (Fig-
ure 4I), which exhibited excellent high stability after more than 1,000 cycles at a
strain of 15%.

Thermoelectric sensing characteristics of flexible sensors
In addition to the piezoresistive sensing properties, this multifunctional flex-

ible tactile sensor has thermoelectric sensing capabilities. A unique feature of
this study is that two identical types of active materials—MXene and SrTiO3—

with negative thermoelectric coefficients were simultaneously chosen to pre-
pare the nanocomposite aerogel, thereby enabling the direct conversion of
www.cell.com/the-innovation
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Figure 4. Piezoresistive sensing performance of the sensor (A) Schematic diagram of the piezoresistive effect of the multifunctional flexible tactile sensor derived from the PI-
MXene/SrTiO3 nanocomposite aerogel. (B) Stepwise piezoresistive sensing behavior of the flexible sensor up to a strain of 50%. (C) Relation of DR/R0 to compressive strain
and (D) the response time of the flexible tactile device. Piezoresistive sensing performance of the flexible tactile sensor at (E) different compressive strains (compression speed of
15mmmin�1) and (F) various compression speeds under a strain of 15%. (G and H) Plots of the influence of temperature on the piezoresistive behavior of this multifunctional device.
Temperature coupling effects have a negligible effect on the piezoresistive response. (I) The stability of the flexible sensor after being cycled more than 1,000 times at a strain of 15%.
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thermal and electrical energy without the counteraction of migratory electrons,
which achieved an enhanced thermoelectric coefficient, as shown in Figure 2I.
According to the Seebeck effect, the thermoelectric open-circuit voltage is
calculated as follows:

DU = ST 3DT (Equation 1)

where ST is the Seebeck coefficient and DT is the temperature gradient. There-
fore, as illustrated in Figure 5A, because of the synergetic thermoelectric nature
of the components in the PI-MXene/SrTiO3 nanocomposite, the carriers un-
dergo significantly enhanced thermal diffusion when DT is applied, generating
a considerable output voltage that demonstrates, an excellent linear response
to DT values ranging from 0 to 25 K; this response range covers commonly
used temperature conditions, and is shown in Figure 5B. Combined with the
results shown in Figure S13, the Seebeck coefficient (�11.76 mV/K) of PI-
MXene/SrTiO3 is greater than that (�4.95 mV/K) of PI-MXene. Figure S14
shows the effect of different thicknesses on the piezoresistive and thermoelec-
tric properties of the as-obtained flexible tactile sensor. The thickness has no
effect on the piezoresistive response. However, the greater the thickness, the
greater the Seebeck coefficient of PI-MXene/SrTiO3. A thickness of 9 mm
was chosen as the best parameter since the as-prepared samples were so
hardened because of the excessive contraction of the aerogel over the above
optimal thickness. More importantly, the thermoelectric voltages of the sensor
show the same output trends under any of the conditions of several identical
DTs vs. various applied forces (Figure 5C, under a fixed DT with increasing
pressure.) or several constant pressures vs. various DT (Figure 5D, under a
fixed pressure with different DT), revealing that the outputs of the device are
ll
inherently insensitive to the variation in applied pressure. Therefore, considering
the abovementioned piezoresistive properties, it is clear that no cross-coupling
response occurred between the temperature and pressure response, further
verifying the multifunctional interference-free sensing ability of this flexible
tactile sensor based on the PI-MXene/SrTiO3 nanocomposite. A multiphysical
field simulation was employed to further investigate the cross-coupling
behavior between the temperature and pressure for this device. As shown in
Figure S15, the output voltage of the flexible sensor remains stable and is
not affected by pressure stimuli under a given temperature gradient, which is
consistent with practical results. However, under different temperature gradi-
ents, the piezoresistive sensing performance of the sensor is not affected
either, and its piezoresistive sensing curves overlap (Figures S16 and S17).
The response times of the flexible sensor were also measured at a DT of 20
K (Figure 5E), which yielded a response and recovery time of 2.4 s and 11.6
s, respectively. Moreover, because of its thermoelectric sensing character,
this multifunctional flexible sensor naturally possesses the noncontact sensing
capability, as shown in Figure 5F. Like in contact mode, when the heat source
is present at a distance, it can also conduct heat to the surface of the thermo-
electric device and subsequently generate an output voltage via DT, as illus-
trated in Figure 5G. The differences between the noncontact signals were
further explored at various distances and DT ranges of 0–20 mm and 0–25
K, as shown in Figures 5H and S18, revealing the linear change trends of the
open-circuit voltages, which decrease with increasing distance under the
same DT and increase with increasing DT under the same distance. This
may occur because the DT values between the upper and lower electrodes
change with respect to the variation in the distance or DT, which results in vary-
ing output voltages.
The Innovation 5(3): 100596, May 6, 2024 5
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Figure 5. Thermoelectric sensing performance of the sensor (A) Schematic diagram of the thermoelectric effect of the PI-MXene/SrTiO3-based multifunctional flexible tactile
sensor. (B and C) Plots of the output voltages of the flexible sensor vs. the variations in temperature and force. (D) The output voltages of the flexible device are tested under external
pressure by fixing an external temperature difference (data are expressed as their means ± SDs (NR 3)). (E) Response and recovery time of the flexible sensor under a temperature
difference of 20 K. (F) Comparison of the contact and noncontactmodes of the output thermoelectric signals under the same heat source with a temperature difference of 20 K, where
the noncontact distance is 3 mm. (G) Schematic diagram of the noncontact sensing mode of the multifunctional flexible sensor, and (H) its output voltages under different tem-
perature gradients for various distances between the heat source and the device (data are expressed as their means ± SDs (N R3)).

ARTICLE

w
w
w
.t
he

-in
no

va
tio

n.
or
g

Infrared radiation-sensing property of flexible sensors
In addition, infrared radiation is another temperature-dependent characteristic

of objects. Based on Stephen-Boltzmann (Equation 2) and the energy decay
(Equation 3):

I0 = ε3 s3T4 3S (Equation 2)

where ε is the object’s emissivity, which is determined by the nature of the ob-
ject’s surface. s is the Stephen-Boltzmann constant, with a value of 5.67 3

10�8 W/(m�2$K4). T is the temperature of the object. S is the area of the object
that emits infrared radiation:

I =
I0
d2 (Equation 3)

where I0 is the infrared radiation intensity when the distance (d) between two ob-
jects is 0. The associative result can be calculated as follows (Equation 4): The
intensity of infrared radiation emitted by an object is determined only by its
own temperature when the shape is given:

I =
ε3 s3T4 3S

d2 (Equation 4)

thus, for its temperature response ability as shown in Figure 5, the PI-MXene/
SrTiO3 aerogel-based multifunctional flexible tactile sensor can also sense the
infrared thermal radiation released from different objects in addition to the
6 The Innovation 5(3): 100596, May 6, 2024
above piezoresistive and thermoelectric sensingmodes, as shown in Figure 6A.
In this experiment, to verify this novel feature of the multifunctional sensor, a
systemic test was conducted. Figure 6B shows that, when the temperature
of the stainless steel sample was fixed 1 mm from the sensor, it was heated
from305K to 325K at a fixed distance of 1mm from the sensor, and the output
signals of the device increasedwith increasing intensity of the infrared radiation
of the object. Correspondingly, the output signals of the sensor decreased as
the setting distance increased from 1mm to 5 mm under constant infrared ra-
diation from the object (320 K), as shown in Figure 6C. Moreover, three objects
with different emissivities (stainless steel, PVC plastic board, and plywood
board) were further chosen to investigate the identification accuracy of this
thermoelectric aerogel-based flexible sensor. The differences between the
infrared radiation of the different objects are accurately reflected in the output
signals of the multifunctional sensor, regardless of whether the samples were
excited at the same temperature (320 K) at different distances (Figure 6D) or at
the same distance (1mm) at various temperatures (Figure 6E), clearly revealing
the high sensitivity of the response to infrared thermal radiation.

Roughness and hardness recognition of the multifunctional sensor
Therefore, with previously reported flexible sensors, the proposed PI-MXene/

SrTiO3 aerogel-based multifunctional flexible tactile sensor exhibits the optimal
comprehensive properties of piezoresistive, thermoelectric, and infrared radiation
response behaviors (Table S1, supporting information). Thus, in order to demon-
strate the practical applications of this flexible sensor, the device was assembled
on the finger of a humanoid robot to sense pressure and roughness. As shown in
Figure 7A, the flexible sensor can detect the exact state of contact, which is an
www.cell.com/the-innovation
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Figure 6. Infrared radiation-sensing performance of the sensor (A) Schematic diagram of the infrared radiation response of the PI-MXene/SrTiO3 aerogel-based multifunctional
flexible tactile sensors. The output signals of the sensor change along with the intensity of infrared radiation when the sample of stainless steel (area of 400 mm2) is (B) 1 mm away
from the device at a temperature range of 305–325 K, and (C) 1–5 mm away from the device at a constant temperature of 320 K. The output signals of the flexible sensor when the
stainless steel, PVC plastic plate, and plywood plate are used are (D) gradually close to the device at a constant temperature of 320 K, and (E) at a temperature range of 325 K at a
constant distance of 1 mm (data are expressed as theri means ± SDs (N R 3)).
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important issue when evaluating the grab state of objects. To demonstrate the
practical application of the aerogel-based multifunctional flexible sensor in
more complex situations, the device was placed under the conditions of simulta-
neous changes in pressure and temperature, and the piezoresistive sensing per-
formance showed stable sensing behaviors under different temperature differ-
ences (Figure S19). In addition, the multifunctional sensor can also recognize
the roughnesses formed by different Braille patterns, as shown in Figure 7B.
When sliding over the board, the sensor can detect the different contact strains
caused by the Braille patterns with different roughnesses via variational output
waveforms, which can be leveraged to enrich the sensing capabilities of the ro-
bots. In addition, pressure sensing-derived hardness recognition is important for
expanding the range of applied intelligent equipment, such as robots. Themech-
anism of hardness recognition is as follows. When objects with different hard-
nesses apply the same strain to the sensor, the forces acting on the device
will be different, whichwill result in differences in the output signals. For example,
an objectwith a higher hardness exertsmore pressure on aflexible sensor, which
results in a larger change in resistance. Moreover, machine learning algorithms,
which are powerful tools for sensitively distinguishing small differences in
response curves and classifying them accordingly, were further used to extract
the instinctive properties of objects35-38 Here, 13 types of materials with various
hardnesses were selected for discrimination testing, as shown in Figure 7C.
When processing the identifying data, the flexible tactile sensor touched each
type of substance 100 times at a constant time (5 s), and a large amount of
data was recorded at a frequency of 10 Hz. To better align the individual data,
the first 5 s and the last 10 s of the data were intercepted using the peak of
the curve as a reference point, so that the total duration of each time series
was 15 s, as shown in Figures 7D and S20; subsequently, 1,000 identical (15
s) time series data were collected for each substance. The dataset was then
divided into 800 training instances and 200 test instances. As an interval-based
classifier, a decision tree classifierwas chosen to learn the features embedded in
the data. Finally, an average accuracy of 94% was achieved for material recogni-
tion by this PI-MXene/SrTiO3 aerogel-based flexible sensor, as shown in the
confusion matrix in Figure 7E.
Material and shape recognition of the multifunctional sensor
Based on the thermoelectric sensing ability of the flexible tactile sensor, the de-

vice can be used to recognize the outside temperature, as shown in Figures 8A
ll
and 8B, which can realize the function of high temperature warning. Additionally,
the practical performance of the flexible tactile sensor was demonstrated in
more complex situations involving simultaneous changes in pressure and tem-
perature, and the thermoelectric sensing performance was equally stable under
different pressures and strains (Figure S21). Moreover this multifunctional flex-
ible tactile sensor also has a skin-like function for categorizing a number of ma-
terials. As the thermal conductivity of individual materials varies greatly, different
types of materials feel differently on the skin. For example, because metals are
good thermal conductors, skin contact with metals will be colder or hotter
than contact with other materials at the same temperature. Inspired by the sen-
sory properties of skin, we demonstrated that the change in open-circuit voltage
caused by unstable heat conduction is closely related to the thermal conductivity
of a material and can be used to distinguish between different substances. Here
four types of materials with different heat transfer capabilities, namely metal,
wood, plastic, and ceramicmaterials, were selected and cut into the samedimen-
sions, as shown in Figure 8D. A hot plate was assembled at the bottom of the
sensor, the temperature was set to 75�C, and an infrared thermography camera
was subsequently used to record the temperature changeswhen the sensor con-
tacted the objects heated to the same temperature. After the device touches the
object, heat from the object is quickly transferred to the sensor. In response,
the open-circuit voltage increases with DT between the upper and lower sides
of the sensors. As shown in Figure 8C, after maintaining the heat for 3, 5, 10,
and 30 s, we observe the heat transfer from the four objects to the sensor.
The interface of the device in contact with the metal has a higher temperature
at the top of the device than that of the sensor in contact with the wood, plastic,
and ceramic materials, indicating that the metal block transfers more energy to
the sensor than others at the same time. The heat transfer capacities of the
ceramic, plastic, and wood board decrease in that order. Based on previous
work,39 the effect of the intrinsic properties of an object on the unsteady heat
transfer process has been explored:

DT1

DT2
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2c2l2
p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r1c1l1
p (Equation 5)

where l is the thermal conductivity, r is the density, c is the specificheat capacity,
and DT is the temperature gradient. Specifically, DT1 and DT2 are the direct tem-
perature differences between different objects and the sensor. In addition, r1 and
r2, c1 and c2, and l1 and l2 are the intrinsic property parameters of various
The Innovation 5(3): 100596, May 6, 2024 7
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Figure 7. Application demonstration of piezoresis-
tive sensing performance based on sensor Recog-
nition of the (A) touching status and (B) roughness of
the multifunctional flexible tactile sensor. (C) Photo-
graphs of objects used for hardness recognition. (D)
Comparison of the sensing waveforms when the de-
vice touches the objects with different hardnesses. (E)
Confusion matrices for the results of hardness
recognition from the decision tree model.
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objects. Therefore,DT is determined by the intrinsic property of the objects them-
selves. Because the DT of the contact surface between the objects and the
sensor is DTCopper＞DTCeramic＞DTPlastic＞DTWood, substituting the Seebeck ef-
fect formula: DU = ST 3 DT, the order of the maximum output voltage is
DUCopper＞DUCeramic＞DUPlastic＞DUWood. This result signifies that themaximum
value of the output voltage is closely related to the object’s l, r and c. Therefore,
the sensor has the ability to recognize materials within a certain range. Similarly,
machine learning has been employed to assist flexible sensors in material
recognition.40-42 Here, the device touched each type of material 100 times at a
constant time (30 s) and a large amount of data was recorded at a frequency
of 2 Hz. To better align the individual data, the first 100 s and the last 150 s of
the data were intercepted using the peak of the curve as a reference point, so
that the total duration of each time series data point used for training was
250 s, as shown in Figure 8E. As an interval-based classifier, a decision tree clas-
sifier was chosen to learn the features embedded in the data. Finally, the average
accuracy of material recognition reaches 85%, as shown in the confusion matrix
in Figure 8F.

Furthermore, the function of shape recognition was also demonstrated based
on the infrared radiation-sensing characteristic of this multifunctional flexible
tactile sensor. As shown in Figure 8G, a sensory array was designed and pre-
pared by employing the flexible sensor as a unit, and a PVC plastic sheet was
cut into three shapes, square, parallelogram, and triangle, which fixed their tem-
perature at 320 K. When the devices were brought close to the sensory array by
approximately 1mm, the flexible array could generally recognize the above three
shapes (Figure 8H) bymapping the specific responsedata of each unit, as shown
in Figure S22.

DISCUSSION
In this study, a novel PI-MXene/SrTiO3 nanocomposite aerogel was prepared,

in which PI provides a high-stability skeleton, MXene realizes the pressure-
sensing function, and MXene/SrTiO3 realizes the thermoelectric and infrared ra-
diation response behaviors together, displaying high mechanical strength, effi-
8 The Innovation 5(3): 100596, May 6, 2024
cient thermal insulation, and reliable electromagnetic transmission. Thanks to
the thermoelectricity and conductivity of MXene/SrTiO3, the aerogel-derived flex-
ible sensor has the ability to sense external forces and ambient temperature
through detecting the change of resistance and open-circuit voltage with low
cross-coupling manner. In addition, the sensor also has the ability to sense the
different intensities of infrared thermal radiation. Subsequently, it was experimen-
tally demonstrated that this multifunctional flexible sensor can recognize 13
different hardness objects (with 94% accuracy) and four different materials
(with 85% accuracy) via a decision tree algorithm. Finally, a sensory array was
assembled and realized the object shape recognition.We envision that thismulti-
functional flexible tactile sensor based on PI-MXene/SrTiO3 nanocomposite
aerogel can enrich the sensing information and provide as much and accurate
tactile information as possible to the robotic manipulator.

MATERIALS AND METHODS
See the supplemental information for details.
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