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ABSTRACT: The construction of wearable piezoresistive sensors
with high elasticity, large gauge factor, and excellent durability in a
harsh high-temperature environment is highly desired yet
challenging. Here, a lightweight, superelastic, and fatigue-resistant
spongy conductor was fabricated via a sponge-constrained network
assembly, during which highly conductive graphene and flame-
retardant montmorillonite were alternatively deposited on a three-
dimensional melamine scaffold. The as-obtained spongy conductor
exhibited a highly deformation-tolerant conductivity up to 80%
strain and excellent fatigue resistance of 10,000 compressive cycles
at 70% strain. As a result, the spongy conductor can readily work as
a piezoresistive sensor and exhibited a high gauge factor value of
∼2.3 in a strain range of 60−80% and excellent durability under
60% strain for 10,000 cycles without sacrificing its piezoresistive performance. Additionally, the piezoresistive sensor showed great
thermal stability up to 250 °C for more than 7 days and sufficient flame-retardant performance for at least 20 s. This lightweight,
superelastic, and flame-retardant spongy conductor reveals tremendous potential in human motion detection against a harsh high-
temperature environment.
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1. INTRODUCTION

Flexible electronics are an emerging research field of electronics
by combining active electronic materials with flexible materials
to obtain excellent flexibility and stretchability of devices, which
have attracted intense interest in the fields of smart life,
healthcare, and motion detection during the past decade.1−4

Wearable piezoresistive sensors with features of lightweight and
high compressibility are capable of realizing real-time and rapid
monitoring of physical stimuli by emulating human skin,
showing high potentials in practical demands of human−
machine interfaces, soft robotics, biomedicines, and so
forth.5−17 Conductive percolation theory of conductive polymer
composites has provided a theoretical basis for the development
of high-performance piezoresistive sensors in recent years,
mainly focusing on the innovation of new-type of conductive
structures in piezoresistive sensors. The construction of the
spongy structure of sensitive materials and the surface
microstructure of sensitive layers are two important innovations
for piezoresistive sensors.18−20 The piezoresistive sensing
mechanism mainly depends on a reversible evolution in
conductive networks, that is, the variation of electrical resistance
derived from the deformation to external stimuli. Piezoresistive
sensors usually exhibit advantages of high sensitivity, fast
response time, simple manufacturing, and low energy con-

sumption. However, the lack of good ductility and high cycling
stability limits their portable and wearable applications. Apart
from meeting the demands in daily wearable applications,21

sometimes, piezoresistive sensors are also employed in harsh and
high-temperature environments such as flaming, welding, and
forging conditions.22,23 However, the state-of-the-art piezor-
esistive sensors, which can tolerant extremely high-temper-
atures, are still in their infancy.
Conductive porous sponges are regarded as alternatives for

piezoresistive sensors because of their feasible preparation, low
cost, and high elasticity.24−27 Nanocarbon materials are
promising conductive nano-additives because of their low cost,
diverse forms, and excellent conductivity.28−30 However, the
wide applications of conductive polymer composites have been
seriously affected by the easy-aggregation and difficult-
controlled network structure of conductive nanocarbon.31−34
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In recent years, the conductive porous sponges with high
conductivity and excellent elasticity have been fabricated by the
integration of highly elastic polymeric sponge and conductive
nanoparticles.18,35−45 The inherent agglomeration of conductive
nanoparticles among conductive porous sponges normally
affects the stability and reliability of the conductive network,
and thus, inevitably reduces the mechanical elasticity and
durability of as-fabricated piezoresistive sensors. Besides, heat-
labile and flammable polymer sponges are usually used as the
structural substrates, which hinder their applications in high-
temperature and combustion environments. Therefore, the
development of emerging spongy conductors with high
elasticity, excellent flame retardancy, and high piezoresistive
sensitivity is highly demanded yet challenging.
Herein, a sponge-constrained network assembly strategy is

presented for fabricating a lightweight, superelastic, and fatigue-
resistant spongy conductor. Highly conductive graphene (Gr)
and flame-retardant montmorillonite (MMT) were alternately
assembled onto a three-dimensional (3D) melamine scaffold.
Compared with the traditional compounding methods, the
sponge-constrained network assembly strategy is capable of
accurately controlling the ratios and contents of desirable
components among the resultant composites. The spongy
conductor inherited the combined superelastic, highly con-
ductive, and flame-retardant performances from the ternary
ingredients. The as-obtained spongy conductor exhibited a
highly deformation-tolerant conductivity up to an 80% strain
and excellent fatigue resistance of 10,000 cycles at a 70% strain,
owing to the achievement of efficient stress dissipations from the
3D spongy scaffold to the high-modulus MMT/G coatings. The
resultant spongy conductor inherited the combined superelastic,
highly conductive, and flame-retardant performances from the
ternary ingredients. As a proof-of-concept, a wearable

piezoresistive sensor using the spongy conductor has been
demonstrated, exhibiting high sensitivity, excellent cycling
stability, high thermal stability, and flame retardancy. The stable
piezoresistive signal output can be maintained at 250 °C for 7
days and under combustion for 20 s. Therefore, the sponge-
constrained network assembly strategy provides new ideas for
the construction of lightweight, superelastic, and function-
tailored spongy conductors for wearable piezoresistive sensors
with high sensitivity, wide detecting range, and excellent fatigue
resistance in extremely high-temperature and flaming environ-
ments.

2. EXPERIMENTAL SECTION
2.1. Materials. MS was obtained from FoamTech Nano Materials

Co., Ltd., P. R. China. Natural graphite powder (325 meshes) was
obtained fromAlfa Aesar. Polyetherimide (PEI) solution (Mw = 70,000,
50 wt % in water) was obtained from Aladdin Chemicals. MMT
(Cloisite Na+) was obtained from Southern Clay Products. Deionized
water was used throughout the experiments. All other reagents were
provided by Sinopharm Chemicals and without further purifications.
Graphene oxide (GO) was prepared according to a Hummers’method.

2.2. Fabrication of the MS-(MMT/G)n, MS-MMT3, and MS-G3.
The MS-(MMT/GO)n refers to the melamine sponge (MS) coated
with alternating MMT/GO layers, where “n” is the number of
deposition cycles during the sponge-constrained network assembly.
Aqueous dispersion of MMT (1 mg mL−1) was prepared by vigorously
stirring 1.0 g of MMT in 1 L of water for 24 h. The as-obtained
dispersion was settled to remove impurities for subsequent use.
Aqueous dispersion of GO (1mgmL−1) was prepared by sonicating 1.0
g of GO in 1 L of water for 30 min. For 1 cycle in the sponge-
constrained network assembly strategy, the MS was immersed in a
cationic solution (PEI, 1 mg mL−1), anionic dispersion (MMT),
cationic solution (PEI, 1 mg mL−1), and anionic dispersion (GO) for 1
min in sequence, and each adsorption step was followed by water
washing and nitrogen gas drying. Cycled assemblies were repeated to

Figure 1. (a) Schematic of the preparation procedure of MS-(MMT/G)n via a sponge-constrained network assembly. Surface and cross-section SEM
images of MS-(MMT/G)n with various numbers of deposition cycles: (b,c) pristine MS, (d,e) MS-(MMT/G)2, (f,g) MS-(MMT/G)3, and (h,i) MS-
(MMT/G)4. Insets are magnified images.
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achieve the desired number of MMT/GO layers on the MS. The MS-
(MMT/G)n was then prepared by immersing the MS-(MMT/GO)n in
a 50% hydrazine hydrate solution at 90 °C for 1 h, followed by washing
with water, and dried in vacuum at 50 °C for 12 h. For comparison, the
MS-MMT3 and MS-GO3 refer to the MS coated with 3 cycles of MMT
and GO layers, respectively. The MS-G3 was then prepared using a
similar reduction method of converting MS-(MMT/GO)3 into MS-
(MMT/G)3.
2.3. Measurements of the Piezoresistive Sensor. The top and

bottom sides of the as-fabricated spongy conductor (30 × 30 × 30
mm3) were connected to copper foil with silver pastes. The
piezoresistive sensing performance of the spongy conductor was
measured on a digital source meter (Keithley 2400) and loadings of
compressive strains were performed by a universal testing machine
(UTM2000, SUNS). All graphics are entirely author created and
owned. Typically, the graphic in Figure 1a is designed and created by
the first author (Mr. Zhichong Liu). All wearable piezoresistive sensing
experiments were conducted with the volunteer (the third author), and
corresponding graphics were taken by the first author with a digital
camera.
2.4. Computational Models and Methods. Finite element

modeling (FEM) was performed by using Abaqus. The FEM was
conducted in the linear elastic region of the materials to simplify the
calculation. The respective material properties of MS and MS-(MMT/
G)n, such as Young’s modulus and Poisson’s ratio, are listed in Table S1.
The sizes of MS and MS-(MMT/G)n were assigned at a length and
width of 10 and 3.4 μm, respectively. The model of MS was composed
of a C3D4 element type using 127,446 elements and 192,952 nodes.
The inner substrate and outer coating of MS-(MMT/G)n were
partitioned. The inner substrate was composed of C3D4 element types
like that of MS. The thickness of the MMT/G layer among the MS-
(MMT/G)n was assigned as 100 nm. The model of MS-(MMT/G)n
was composed of a C3D4 element type using 286,335 elements and
298,391 nodes. The loading was applied from both ends to the middle,
and the load force was set as 9 × 10−5 N.

3. RESULTS AND DISCUSSION

The fabrication procedure for a spongy conductor of the MS-
(MMT/G)n through a sponge-constrained network assembly
strategy is illustrated in Figure 1a. The fabricating principle is the
achievement of alternating depositions of oppositely charged
polyelectrolytes (polyethyleneimine, PEI) and two-dimensional
(2D) nanoparticles of Gr and MMT on a 3D porous scaffold of
MS. Upon the sponge-constrained network assembly, a highly
conductive spongy conductor was achieved by chemically
reducing GO into Gr within the MS-(MMT/G)n. The “n” in
the MS-(MMT/G)n refers to the number of deposition cycles of
MMT/G layers on the MS scaffold. Under the constant
adsorption time of each layer, the thickness of the assembled
multilayers can be precisely controlled by tailoring the number
of deposition cycles. Among the MS-(MMT/G)n, the 3D MS
substrate provides an excellent compression resilience depend-
ing on its 3D porous scaffold structure.Meanwhile, theMMT/G
layers endow the resultant MS-(MMT/G)n with excellent
electrical conductivity and thermal stability.
The microstructures of MS-(MMT/G)n were accurately

controlled by tailoring the deposition numbers. Looking at the
morphology of the pristine MS, a 3D open-cell scaffold structure
within the MS (Figure 1b,c) accelerated the penetration of the
aqueous dispersion through macropores during the assembly.46

With an increased assembly number of MMT/G layers,
wrinkled structures on the surface gradually came up, while
the open-pore structure was maintained (Figure 1d,f,h). It is
worth mentioning, the microstructure of the spongy substrate
and assembled layers were well maintained after the chemical
reduction (Figures S1 and S2). Meanwhile, no aggregation can
be observed on the surface of the scaffolds, even in the MS-
(MMT/G)4. This indicates that the MMT and Gr ultrathin
layers are well assembled on the spongy substrate according to
an electrostatic force-driving assembly. According to Figure
1e,g,i, the thicknesses of MMT/G layers grew linearly with an

Figure 2. (a) UV−vis spectra for quartz-supported MMT/G ultrathin films. Inset of (a) showing absorbance at 229 nm plotted against the deposition
number. (b) Raman spectra of MS,MS-(MMT/GO)3, andMS-(MMT/G)3. (c) Densities of MS andMS-(MMT/G)n. (d) Electrical conductivities of
MS-(MMT/G)n. (e) Current−voltage curves of MS-(MMT/G)n. (f) Electrical conductivities of MS-(MMT/G)3 under compressive loading and
unloading at 80% strain (voltage: 3 V, compression rate: 50 mm min−1).
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increased number of assembly layers, which were ∼48, 73, and
98 nm for MS-(MMT/G)2, MS-(MMT/G)3, and MS-(MMT/
G)4, respectively.
Ultrathin films of GO, MMT, and MMT/GO were deposited

on quartz substrates to investigate the structural evolution of
assembled layers on the MS through electrostatic interactions.
Figure S3 shows the UV−vis spectra of GO and MMT ultrathin
films with increased assembly numbers, respectively. The GO
ultrathin film exhibited a strong absorption peak at ∼230 nm
(Figure S3a), corresponding to an orbital transition from π to π*
of CC bonds within the benzene ring of GO.47,48 The MMT
ultrathin film showed a strong absorption peak at ∼227 nm
(Figure S3b), corresponding to the characteristic band of MMT
related to the transition caused by charge transfer of metal
cations.49 The MMT/GO ultrathin film showed a strong
absorption peak at∼229 nm (Figure 2a), which was the synergy
effect of the stacked GO and MMT layers, that is, ∼230 nm for
the benzene ring of GO and 227 nm for MMT. The inset of
Figure 2a shows that the intensities of the strong absorption
bands increased linearly (residual sums of squares close to 1)
with an increasing number of assembly layers. This proves that
the thickness and content of alternating layers on the surface of

the MS can be easily controlled by the sponge-constrained
network assembly.
The MS-(MMT/G)n was achieved by the chemical reduction

of the MS-(MMT/GO)n. Raman spectra show that the π-
conjugated network within GO nanosheets is gradually
recovered during the reduction process (Figure 2b). The MS-
(MMT/GO)n and MS-(MMT/G)n showed two typical Raman
peaks at 1340 and 1590 cm−1, corresponding to the D-band of
disordered carbon and G-bands of sp2 carbon.50−52 The
intensity ratio of the D-band to G-band (ID/IG) reflects the
disorder degree of carbon structures.53−55 The ID/IG of MS-
(MMT/G)3 was 1.28, significantly higher than that of MS-
(MMT/GO)3 (1.09). The higher ID/IG value reflected that the
average size of the sp2 domains decreased by the reduction of
GO nanosheets, along with the formation of more numerous
graphitic domains.
The assembly of the MMT/G layers on scaffolds maintained

the advantages of lightweight and good air permeability of
sponge porous scaffolds. The apparent densities of the MS-
(MMT/G)5 increased slightly to 10.75 × 10−3 g cm−3 from 7.53
× 10−3 for pristine MS (Figure 2c). Meanwhile, the electrical
conductivity of MS-(MMT/G)n was strongly dependent on the
number of MMT/G layers. The increasing trend with the

Figure 3. (a) Stress−strain curves of MS-(MMT/G)3 at various compressive strains. Inset of (a) showing compression work at various strains. (b)
Stress−strain curves of MS-(MMT/G)3 under cyclic compressive loading. Inset of (b) showing its reversible compression behaviors. (c) Cycle-
dependent energy loss and energy loss coefficient forMS-(MMT/G)3. Cycle-dependent (d) retention of height and (e) normalizedmaximum stress of
MS, MS-G3, MS-MMT3, and MS-(MMT/G)3 at 70% strain. (f) Comparison of plastic deformation and reduction of stress of MS-(MMT/G)3 with
other conductive sponges in the literature. (g) FEM analysis for MS and MS-(MMT/G)n under compression.
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number of assembly layers (Figure 2d) exhibited a big jump
from 0.35 × 10−6 to 2.66 × 10−6 S cm−1 with MMT/G layers
increased from 2 to 3. This is attributed to a continuous
percolating conductive network being formed within the MS-
(MMT/G)3. The conductive network of MS-(MMT/G)3
reached a stable percolation structure when the electrical
conductivity tended to be stable from MS-(MMT/G)4. The
linear characteristics of the I−V curves (Figure 2e) showed the
resistances of MS-(MMT/G)n were stable in a wide voltage
range of 0−5 V. Under compressive loading and unloading at
80% strain, the MS-(MMT/G)3 exhibited a stable piezoresistive
response under various compressive strains (Figure 2f). The
electrical conductivity of theMS-(MMT/G)3 increased with the
increase of compressive strain and completely recovered with
unloading. This stable real-time response under various voltages
and strains indicated the great potentials of MS-(MMT/G)3 in
applications of piezoresistive sensors.
Mechanical properties and fatigue resistance are important

parameters for the development of high-performance piezor-
esistive materials. Especially, when piezoresistive materials are
applied as wearable electronics, the ability to withstand large and
complex deformations is necessary.56−59 The as-fabricated MS-
(MMT/G)3 revealed excellent mechanical resilience at a strain
of 80% and a compressive rate of 200 mm min−1 (Movie S1).
Figure 3a exhibits typical stress−strain curves of the MS-
(MMT/G)3 with various compressive strains under cyclic
loading and unloading. Three typical regions among the stress−
strain curves were observed in the MS-(MMT/G)3. When the
compressive strain was less than 10%, the stress increased rapidly
in a linear elastic region. The further increase of compressive
strain into 60% caused a plateau region with the slowly increased
stress of the MS-(MMT/G)3. When the compressive strain
further increased to 80%, a compact region with sharply rising
stress was observed. After being unloaded, no residual strain of
the released MS-(MMT/G)3 indicated its high mechanical

resilience. The introduction of rigid MMT/Gmultilayers on the
surface of the MS skeleton enhanced the compression modulus
of MS-(MMT/G)3 compared to MS but kept the similar shapes
of stress−strain curves (Figure S4a).60,61 The compression work
of the MS-(MMT/G)3, as shown in inseted figure of Figure 3a,
shows that an energy loss is more significant at 80% strain. To
understand the fatigue resistance of MS-(MMT/G)3, stress−
strain curves of theMS-(MMT/G)3 andMS have been recorded
during 10,000 compressive cycles at 70% strain (Figures 3b and
S4b). The reduction of stress (14.7%) and plastic deformation
(16.1%) for the MS-(MMT/G)3 were significantly lower than
those of MS (reduction of stress rate: 23.4%, plastic deformation
rate: 17.7%). This excellent elastic- and fatigue-resistant
performance was attributed to MMT/G multilayers on the
MS skeleton being in favor of efficient energy dissipations. The
energy loss coefficient (η) of MS-(MMT/G)3 under various
compression cycles was calculated by eq 1

η = ΔU
U (1)

where U is the compression work and ΔU refers to energy loss.
Taking the first compression cycle of MS-(MMT/G)3 as an
example, the U was 74.1 mJ. When the pressure was unloaded,
the ΔU was measured as 30.3 mJ. In the first cycle, the energy
loss of MS-(MMT/G)3 was 0.41, which mainly came from its
plastic deformation, extensive damage of the MS structure, and
friction between adjacent skeletons. After 5000 compressive
cycles, the energy loss and energy loss coefficient ofMS-(MMT/
G)3 remained at 14.7−15.4 mJ and 0.34, respectively (Figure
3c). The near-constant energy loss and energy loss coefficient
verified the excellent elastic- and fatigue-resistant properties of
MS-(MMT/G)3. The retention of height and normalized
maximum stress of the MS-G3, MS-MMT3, MS-(MMT/G)3,
and MS were measured at 70% strain for 10,000 compressive
cycles (Figure 3d,e). Compared to MS, with a flat downward

Figure 4. Piezoresistive responses of MS-(MMT/G)3. (a) Relative resistance change as a function of compressive strains. (b) Relative resistance
change at strains of 20, 40, 60, and 80% under a constant compression rate of 10mmmin−1. (c) Relative resistance change with a constant strain of 60%
under compressive speeds of 50, 100, 250, and 500mmmin−1. (d) Relative resistance change showing the response time during loading and unloading.
(e) Durability test for 10,000 cycles at a 60% strain.
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trend on both retention of height and normalized maximum
stress with the number of cycles, the MS-(MMT/G)3 showed
better fatigue-resistant properties. This is attributed to its
efficient stress dissipations upon deformation. The downward
trend of the cyclic curve of MS-MMT3 was greater than that of
MS-G because of the elastic mismatching between the MMT
multilayer and spongy skeleton. In constant, the introduction of
additional Gr layers among the MS-(MMT/G)3 improved this.
Young’s moduli of MS and MS-(MMT/G)3 were measured
during the cyclic compression tests (Figure S5). After 10,000
cycles, the modulus retention of MS (23.8%) was much lower
than that of MS-(MMT/G)3 (56.4%). The presence of MMT/
G layers was beneficial to the stress dissipation with largely
improved stability of spongy structures. Compared to
conductive aerogel and sponge samples in the literature, the
MS-(MMT/G)3 showed a smaller plastic deformation as well as
a lower rate of stress reduction (Figure 3f).62−71 The FEM
analysis for the MS and MS-(MMT/G)n under deformation has
been used to further understand the high fatigue resistance of
MS-(MMT/G)n. The deformation of the model spline was used
to simulate foam materials during deformation. Different from
the stress distribution on the surface of the MS spline which was
relatively concentrated, the overall deformation of the MS-
(MMT/G)n spline was much smaller and the stress distribution
was largely dissipated. The MMT/G multilayer could dissipate

efficient stress during deformation for achieving high fatigue
resistance of MS-(MMT/G)n.
Figure 4 shows the piezoresistive sensing performance of the

MS-(MMT/G)3. Figure 4a shows the relative resistance changes
(ΔR/R0, the R0, and ΔR represent the initial resistance and
resistance change) of the MS-(MMT/G)3 with various
compressive strains (ε) from 0 to 80%. The gauge factor (GF)
is the slope of the linear region of the curve, calculated as follows

ε
=

ΔR R
GF

/ 0
(2)

The ΔR/R0 of the MS-(MMT/G)3 sensor decreased
monotonically with an increasing compressive strain. The
conductive network of MS-(MMT/G)3 was gradually densified
with the increase of the contact area of the skeleton, leading to an
improvement of the conductivity. The sensitivity of MS-
(MMT/G)3 increased in three stages during the strain range
of 0−80%. In the strain region of 60−80%, the MS-(MMT/G)3
showed the highest GF value of 2.3. This was explained by the
most evident bending deformation of the 3D skeleton structure
within the MS-(MMT/G)3 under a large strain. The linearity of
the three stages was calculated to be 0.72, 0.98, and 0.99,
respectively. The resistance changes of MS-(MMT/G)3 under a
low strain were mainly determined by the tunnel effect between

Figure 5.Human motion detection using the MS-(MMT/G)3 piezoresistive sensor. Relative resistance changes in monitoring (a) finger bending, (b)
wrist bending, (c) knee bending, and (d) stamping. (e) Relative resistance changes under 60% strain at temperatures ranging from −60 to 100 °C.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c20852
ACS Appl. Mater. Interfaces 2021, 13, 7580−7591

7585

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20852/suppl_file/am0c20852_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c20852?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c20852?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c20852?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c20852?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c20852?ref=pdf


the adjacent conductive nanoparticles. The nonlinear growth
index of resistance was caused by the tunnel effect and imperfect
conductive path. The resistance changes caused by the contact
of conductive layers were the main mechanism at a relatively
large strain, and more contribution of the contact of conductive
paths for resistance changes was capable of realizing better
linearity. Compared to other conductive sponges in the
literature,63,65,72−79 the MS-(MMT/G)3 showed higher sensi-
tivity in a relatively large strain range (Figure S6). Several
conductive sponges impregnated with an elastomer matrix
might exhibit a high gauge factor but their applications were
largely limited at a small compressive strain. The resistance
responses of the MS-(MMT/G)3 sensor at the strains of 20, 40,
60, and 80% are shown in Figure 4b. With an increased strain,
the MS-(MMT/G)3 sensor showed a fast and synchronous
increasing resistance change. The stable resistance responses
under different strains indicate the wide working range of the
MS-(MMT/G)3 sensor. The MS-(MMT/G)3 sensor also
exhibited the potential for the application of high-frequency
and real-time human motion detection.80 The resistance
responses, as shown in Figure 4c, exhibit stable signal peaks at
various compressive rates as well as constant signals at the same
compression rate. MS-(MMT/G)3 also showed a fast response
property which ensured the synchronic monitoring for various
external stimuli. The response time and recovery time of theMS-
(MMT/G)3 sensor at 80% strain were 70 and 130 ms,
respectively (Figure 4d). Durability and stability of the MS-

(MMT/G)3 sensor at a strain of 60% for 10,000 continuous
cycles are shown in Figure 4e. After 10,000 cycles of applied
pressure, only 4.1% resistance response of the MS-(MMT/G)3
sensor has been changed. The slight decrease of response signal
peaks was caused by the inevitable plastic deformation of the 3D
skeleton structure during compression. The MMT/G layer was
tightly attached to the skeleton after the durability test. The MS-
(MMT/G)3 kept the whole intact morphology, showing its
excellent structural stability (Figure S7). MS-G3 was also
assembled for piezoresistive sensing performance. It is worth
mentioning that the introduction of the MMT layer has no
obvious negative impacts on the MS-(MMT/G)3, as the MS-G3
sensor showed similar response signals as the MS-(MMT/G)3
sensor (Figure S8).
Figure 5 demonstrates the applications of the MS-(MMT/

G)3 sensor for human motion detection. For finger bending
detection, the MS-(MMT/G)3 sensor was attached to the finger
joints using a medical tape (Figure 5a). The relative resistance of
the MS-(MMT/G)3 sensor decreased with the bending of the
finger and increased with the extension of the finger. The peak
value of the resistance response corresponded to the bending
angle of the finger (30, 60, and 90°), indicating that the MS-
(MMT/G)3 sensor possessed the potential in detecting
common joint bending motions. The MS-(MMT/G)3 sensor
was also attached to the wrist and knee for large body motion
detection (Figure 5b,c). The MS-(MMT/G)3 sensor showed
stable and repeatable relative resistance responses according to

Figure 6. Thermal stability and flame retardancy of MS-(MMT/G)3 and piezoresistive sensor. Vertical flammability tests for (a) MS and (b) MS-
(MMT/G)3 with an alcohol burner for 30 s. SEM images of (c,d) MS and (e,f) MS-(MMT/G)3 after flammability tests. Insets are magnified images.
(g) Relative resistance change of the sensor before and after heat treatment at various high temperatures for 1 day. (h) Relative resistance change under
various compressive strains before and after heat treatment at 250 °C for 7 days. (i) Durability test of the sensor under combustion. Insets of (i)
showing optical and infrared images of the sensor burned by a cigarette lighter after 10 s.
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the bending and recovery of the wrist and knee. The MS-
(MMT/G)3 sensor was also attached to the sole of the shoe for
stamping motion detection (Figure 5d). The MS-(MMT/G)3
sensor showed stable and repeatable relative resistance
responses at different stamping speeds. The relative resistances
of the MS-(MMT/G)3 sensor increased when the shoe fell on
the ground and decreased when the shoe lifted. The MS-
(MMT/G)3 sensor exhibited periodically relative resistance
responses under slow and fast walking conditions. The peak
value of the resistance response was stable and repeatable,
showing a stable resistance response property of the MS-
(MMT/G)3 sensor. Considering that there is little change in the
walking distance for an adult, the walking speed and distance
could be calculated by the average value and the total number of
the peak value. These examples indicate that the MS-(MMT/
G)3 sensor possesses great potential in human health and sports
monitoring.
Wearable sensors are subject to the constant changes of

external temperatures in daily use, and therefore, it is particularly
important for wearable sensors to stably detect human motions
at various external temperatures. The electrical conductivity of
the MS-(MMT/G)3 exhibited a nearly linear increasing
relationship with the external temperature in the range of −60
to 100 °C (Figure S9a), which was consistent with that of
graphenematerials in the literature.81 Besides, the conductivities
were stably maintained at different temperatures (−40, 0, 40,
and 80 °C) over 1000 s (Figure S9b). The high applicability in a
wide temperature range has been further proved by performing
theMS-(MMT/G)3 sensor at various temperatures (Figure 5e).
The stable and repeatable relative resistance changing at a strain
of 60% under different temperatures from −60 to 100 °C
indicated the excellent compressive resilience and resistance
stability of the MS-(MMT/G)3 sensor over a wide temperature
range.
Figure 6 shows the thermal stability and flame-retardant

performance of the MS-(MMT/G)3 sensor. MS and MS-
(MMT/G)3 has different flame retardancy under the 30 s
vertical combustion. The flame propagation speed of the MS-
(MMT/G)3 was much slower than that of MS (Figure 6a). The
MS kept burning for 15 s and was quickly ignited again when it
was exposed to flame for another 15 s. MS further collapsed after
combustion while the MS-(MMT/G)3 maintained the integrity
of the macrostructure after combustion (Figure 6b). The
microstructures of the MS and MS-(MMT/G)3 after vertical
combustion tests were characterized. Scanning electron
microscopy (SEM) images of the MS after combustion (Figure
6c,d) showed that more voids were formed between the adjacent
skeleton structures. The reason for the 3D structure of the MS
collapses is the degradation and carbonization at high
temperatures. The MS-(MMT/G)3 maintained the good
integrity of microstructure and tightly attached MMT/G layers
after combustion (Figure 6e,f). Wrinkled structures formed on
the surface of the spongy skeleton amongMS-(MMT/G)3 is the
result of MMT/G layers shrinkage during combustion. Ethanol
combustion tests were also performed on the MS and MS-
(MMT/G)3 (Figure S10a,b). The MS-(MMT/G)3 maintained
the integrity of the macrostructure with a higher mass residual
(35.4%) than that of MS (25.1%). Both vertical combustion and
ethanol combustion tests show that the flame retardancy of MS-
(MMT/G)3 is largely improved by the introduction of the
MMT/G layer.
Figure 6g shows the relative resistance response of the MS-

(MMT/G)3 sensor before and after heat treatment. The stable

and repeatable resistance responses of MS-(MMT/G)3 sensor
can be kept under 1-day treatments at 300 °C. After being heat
treated for 7 days, the stability can be maintained under 250 °C
(Figure S11). For 1-day treatment, the initial relative resistance
value of the MS-(MMT/G)3 sensor showed a significant
decrease at 350 °C. This was because a certain degree of plastic
deformation had taken place amongMS-(MMT/G)3 during the
high-temperature treatment. Figure 6h shows the relative
resistance response of the MS-(MMT/G)3 sensor under various
strains after heat treatment at 250 °C for 7 days, and the relative
resistance changes before and after high-temperature treatment
are represented by scattered points and straight lines. The high
coincidence of the scattered points and straight lines indicated
that the MS-(MMT/G)3 sensor had excellent mechanical
properties and thermal stability, with long-term high-temper-
ature stability under 250 °C. Furthermore, the sensing
properties of the MS-(MMT/G)3 sensor under combustion
were also measured. The MS-(MMT/G)3 sensor maintained
excellent mechanical properties and stable piezoresistive sensing
signals under combustion over 20 s (Figure 6i, Movie S2). The
initial value of the relative resistance of the MS-(MMT/G)3
sensor decreased after the fourth cycle, which was because of the
damage of the superelastic skeleton structure among the MS-
(MMT/G)3 under combustion after 20 s. The MS-(MMT/G)3
sensor lost its resilience after complete combustion at 100 s.
Resistance changes of the MS-(MMT/G)3 sensor without
loading stress under combustion were also measured (Figure
S12). The resistance change curve showed a slight decrease after
10 s, which is because of the decrease of resistance caused by an
increase in environmental temperatures. The curve rose sharply
at 47 s, which is because of the burning of the sponge resulting in
an open circuit. The high thermal stability of MS-(MMT/G)3
compared with that of MS was also convinced by thermogravi-
metric analysis (TGA) results (Figure S13). Neat MS began to
decompose from 100 °C, and carbonization and dehydrogen-
ation of the spongy substrates occurred after 400 °C. However,
the decomposition rate of the spongy substrates increased
significantly, and the MS-(MMT/G)3 showed a higher 5%
weight loss temperature (120 °C) and mass residual (12%) than
those of MS (115 °C, 8%) because the MMT layer significantly
improved the thermal stability of the MS-(MMT/G)3. The
thermal conductivity of MS-(MMT/G)3 is 26.5 mWm−1 K−1 at
room temperature, which is close to that of air. TheMS-(MMT/
G)3 had a similar thermal conductivity to the aerogel insulation
materials reported in other literature studies (Table S2),82−85

and therefore showed high potential as an intelligent thermal
insulation material.

4. CONCLUSIONS
In summary, a sponge-constrained network assembly strategy is
presented for assembling the MMT and Gr nanosheets on the
3D porous scaffolds of MS. The sponge-constrained network
assembly strategy is capable of accurately controlling the
microstructure and physical properties of MS-(MMT/G)n by
tailoring the assembly numbers of MMT/G layers on the
sponge. The resultant MS-(MMT/G)n exhibited unique
features of lightweight, good elasticity, high conductivity, and
excellent fatigue resistance, owing to the achievement of efficient
stress dissipation from the 3D spongy scaffold to the high-
modulus MMT/G coatings. The as-obtained MS-(MMT/G)3
showed low reduction of stress and plastic deformation of 14.7
and 16.1%, respectively, after 10,000 compressive cycles at a
strain of 70%. The piezoresistive MS-(MMT/G)3 sensor
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demonstrated a stable piezoresistive sensing response over a
wide strain range up to 80%. The MS-(MMT/G)3 can readily
work as a wearable sensor by monitoring large-strain human
motions in real-time, such as finger/wrist/knee bending and
stamping movements. More importantly, the MS-(MMT/G)3
sensor exhibited excellent thermal stability and flame retardancy,
showing stable and real-time human motion detection in a wide
temperature range from −60 to 250 °C and even under a
combustion condition for at least 20 s. This work, therefore,
provides new ideas for the construction of spongy conductors
with high piezoresistive sensitivity and durability for human
motion detection under extremely harsh high-temperature and
flaming conditions.
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■ NOTE ADDED AFTER ASAP PUBLICATION
This article originally published with errors in Figure 6. The
corrected Figure 6 published February 5, 2021.
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