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Abstract

In this work, flexible and high-performance piezoresistive strain sensors were fabricated by simple
layer-by-layer electrostatic self-assembly of carbon nanoparticles on commercial polyurethane (PU)
sponges. It was shown that the sponge-based strain sensors exhibited obviously positive and negative
piezoresistive characteristics under tensile and compressive strains, respectively. The alternate
assembly of carbon nanotubes (CNTs) and graphene nanoplatelets (GNPs) contributed to the
construction of a more complete conductive network and significantly improved the sensing
performance of the sensor due to the synergistic effect between CNTs and GNPs. Compared with the
CNT@PU and CNT/GNP@PU sponge strain sensors, the CNT/GNP/CNT@PU sensor had a larger
strain detection range and higher linearity. Besides, the CNT/GNP/CNT@PU sponge strain sensor
showed high sensitivity (GF = 43,000 at 60% tensile strain and GF = —1.1 at 50% compressive
strain), responsive capability to very small strain (0.05%) and outstanding stability during 3000
loading cycles. Due to its excellent sensing performance, the CNT/GNP/CNT@PU sensor enabled
monitoring of various physiological activities, including finger movements, wrist bending and
walking etc. In addition, a 5 X 5 sensor array based on the sponge-based strain sensor was prepared
to achieve accurate identification of weight distribution. This study provides valuable information for

the development of flexible strain sensors with high-performance and low-cost.
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1 Introduction

In the past decade, flexible strain sensors have been increasingly used in health monitoring [1], human-computer
interaction [2], wearable electronic devices [3], smart home appliances and soft robots [4]. Compared with
traditional metal or semiconductor strain sensors, flexible strain sensors have attracted more attention due to their
high stretchability, large strain response range, and high sensitivity. These flexible strain sensors are mainly
composed of flexible substrate and conductive nanofillers. The flexible substrates include polyurethane (PU) [5],
polydimethylsiloxane (PDMS) [6], natural rubber (NR) [7], styrene-butadiene-styrene block copolymer (SBS) [8
] etc. Conductive nanofillers usually include carbon nanomaterials [9-12] (carbon black, carbon nanotubes [13],
graphene nanoplatelets [14]), metal nanomaterials (silver nanowires [1], silver nanoparticles [15], gold
nanoparticles) and intrinsically conductive polymers (polyaniline [16], polypyrrole [17], polythiothene). Carbon
nanomaterials are more widely used in the preparation of flexible strain sensors due to their low cost, excellent
electrical conductivity and good processability. Carbon nanotubes (CNTs) have large aspect ratios and high
electrical conductivity making them very suitable for use as the conductive nanofillers in flexible strain sensors [
18]. However, CNTs are difficult to uniformly disperse in a polymer matrix due to surface inertness, which limits
the sensitivity of the sensor [19]. By contrast, GNPs are apt to slip during deformation due to their special two-

dimensional structure, which improves the sensitivity of the sensor and reduces the strain response range [13].

Excellent strain sensors typically demand high sensitivity, large strain response range, good stability and the
ability to accurately identify different strains. Recent studies have reported various flexible strain sensors with
relatively high sensitivity and large strain ranges. Chen et al. [18] prepared a stretchable flexible strain sensor
with high sensitivity (Gauge factor/GF = 1665.9 at the strain of 100%) using CNTs coated spandex fibers.
Furthermore, the use of 1-pyridinecarboxylic acid (PCA) improved the dispersability of the carbon nanotubes
and the interfacial adhesion between the polymer and nanofillers via non-covalent interactions, which enhanced
the sensitivity of strain sensor (GF = 14191.5) and resulted in a larger strain monitoring range (>200% strain) [19
]. Gong et al. [20] prepared a high-performance strain sensor by doping polystyrene (PS) nanoparticles into
reduced graphene oxide (rGO) film. The nanoparticles functioned as insulators that separated the stacked rGO
sheets and created partially connected conducting channels, thus significantly modified the resistance-changing
behavior. Wang et al. [21] prepared a strain sensor with ultra-stretchability (920% strain) and high sensitivity
(GF = 129 under the strain of 780-920%) by embedding CNTs into electronic bandages using a swelling-
ultrasonication treatment. Ryu et al. [22] prepared a highly stretchable (900% strain) and durable strain sensor
based on a CNT decorated thermoplastic polyurethane fibrous network with aligned structure. Although these
reported sensors have high sensitivity at large strains and good flexibility, generally they can only effectively
identify tensile strain and have relatively low sensitivity at small strains. Therefore, the application of these strain

sensors in real life is limited [23].

Foam or sponge-based strain sensors have a better ability to identify strains in different ways [24]. Very recently,
Wang et al. [25] developed an elastic and versatile piezoresistive strain sensor by encapsulating carbonized
phenolic foam (PFF) with polydimethylsiloxane (PDMS). The strain sensor could detect various strains
(stretching, compression and three-point bending), but it was difficult to effectively monitor large strains due to
limitations in flexibility. Wu et al. [26] prepared a carbon black/polyurethane sponge strain sensor with a micro-
crack mechanism using electrostatic assembly. Although the strain sensor exhibited good stability (>5000
cycles), it could only effectively monitor compressive strains. Qin et al. [27] reported a method to prepare a rGO
aerogel-based sensor by introducing water-soluble polyimide (PI). The synergy between the PI and rGO
endowed the elastomer with excellent stretchability, electrical conductivity, compression sensitivity and

durability. Zeng et al. [24] prepared a nanocomposite strain sensor with a wide linear sensing region based on



anisotropic GO foam and PDMS by unidirectional freeze-drying. The most commonly reported preparation
method to date for foam or sponge-based strain sensors is freeze-drying. However, due to the high cost and

complex processes, freeze-drying technology is difficult for large-scale manufacturing of sensors.

In this work, we are aiming to develop a simple strategy to fabricate a high-performance flexible strain sensor
based on carbon nanoparticles (CNTs and GNPs) and commercial PU sponges. The oppositely charged CNTs
and GNPs were alternately deposited on the surface of the sponge backbones via a layer-by-layer electrostatic
self-assembly method. The synergistic effect between CNTs and GNPs on the electrical and sensing
performance of the strain sensors were systematically investigated. It was shown that the CNT/GNP/CNT@PU
sensor prepared in this work exhibited a better comprehensive sensing performance with the advantages of

simplicity, low cost and ease of production, compared to the recently reported sensors.

2 Material and methods
2.1 Materials

CNTs (NC7000) with an average diameter around 9.5 nm and a length of 1.5 um were obtained from Nanocyl
S.A (Belgium) [28]. The purity and density of CNTs are 90% and 1.85 g/cm?, respectively. GNPs with a
lamellar size of 10 um and a mean thickness of 3 nm were supplied by Deyang carbonene Technology Co. Ltd
(China). The purity and density of GNPs are 99.5% and 2.0 g/cm?, respectively. Polyvinyl Pyrrolidone (PVP,
KH-16), sodiumdodecylbenzenesulfonate (SDBS) were obtained from Chengdu Cologne Chemical Reagent
Company. Polyurethane (PU) sponge (Bayer 302) was purchased from Jiangsu Yiruilong Co. Ltd. The N, N-di
(2-aminoethyl)-perylene-3,4,9,10-tetracarboxylicdiimide (AE-PTDI) was supplied by Shanghai Aladdin Bio-
Chem Technology Co. Ltd.

2.2 Preparation of sponge-based strain sensors

As shown in Fig. 1la, CNTs, AE-PTDI, PVP were first dispersed in deionized water via ultra-sonication at
100 W and 40 kHz for 1 h at room temperature to obtain a CNT suspension [29]. AE-PTDI performs non-
covalent bond modification of CNTs by 7t-m stacking with CNTs [30], which helps to positively charge CNTs
without destroying the CNT structure and conductivity. Non-ionic PVP can further improve the dispersability of
carbon nanoparticles by acting as a surfactant, and it facilitates the deposition of nanoparticles onto the sponge as
a thickening agent. Fig. 1b shows the electronegativity changes of nanoparticles/PVP suspension tested by a
Zeta potentiometer (Zeta PALS 190 Plus). The Zeta potential (¢) of the CNT/PVP suspension after AE-PTDI
modification increased from —2.9 mV to +34.2 mV. The PU sponge was soaked in the CNT suspension at room
temperature for 6 h, and then dried to obtain the CNT@PU. GNPs, SDBS, PVP were also dispersed in
deionized water via ultra-sonication at 100 W and 40 kHz for 1 h at room temperature to obtain a GNP
suspension. As an anionic surfactant, SDBS can be coated on the surface of GNPs to form a negatively charged
layer [31]. The ¢ of the GNP/PVP suspension after SDBS modification decreased from —11.7 mV to —41.6 mV
(Fig. 1b). The negatively charged GNPs could be fixed on the positively charged CNT@PU by electrostatic
self-assembly. Therefore, the CNT@PU was soaked in the GNP suspension at room temperature for another
6 h, and then dried to obtain the CNT/GNP@PU. Then the CNT/GNP@PU was soaked in the CNT suspension
at room temperature for 6 h again, and then dried to obtain the CNT/GNP/CNT@PU. The resulting PU sponges
were connected to two silver wire electrodes with a distance of 15 mm using silver paste, and their top and
bottom surfaces were encapsulated by PDMS (thickness =~ 0.5 mm) at 80 °C for 1 h to prepare the strain sensors,

as shown in Fig. lc.
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Schematic diagram for the preparation of the PU sponge-based strain sensors: (a) layer-by-layer electrostatic self-assembly, (b)

Zeta potential of the nanoparticles/PVP suspension, (c) PDMS encapsulation.

2.3 Characterization

Morphology and structure: The surface morphology of the treated PU sponges was studied using a FEI Quanta
650 FEG field emission scanning electron microscope (FESEM) at 30 kV accelerating voltage. Apart from the
pristine PU sponge, the samples were not gold sputtered before observation. Fourier-transform infrared
spectroscopy (FTIR) was conducted using a WQF-520 FTIR spectrometer with a wavenumber range from 500
to 4000 cm™~!. X-ray diffraction (XRD) analysis was conducted using a D8-Adcance instrument (Germany) and

Cu-Ka radiation with a scanning speed of 1°/min.

Electrical conductivity: The conductivity (o) of the sponge-based sensors was measured using a two-point
method combined with a DC digital source meter (Tektronix PWS4323) and picoamp-meter (Keithley 6485) at
3 V. The conductivity of the samples was calculated using Eq. (1):

S~
X
Ll

(1

where I and U are the current and voltage of the sample, L and S are the electrode distance and cross-sectional

area of the sample, respectively.

Sensing performance: The sensing performance of the sponge-based strain sensors was studied by combining a
universal tester (MTS CMT4104) and the above mentioned DC digital source meter and picoamp-meter at 3 V.
In order to more accurately characterize the relationship between strain and relative resistance change (AR/R ),
the same size samples (50 mm X 10 mm X 5 mm) were subjected to tensile and compression tests. The sensitivity

of the sensor is usually expressed by a gauge factor (GF) calculated using Eq. (2):



AR

GF =
ROXE

@)

where €, AR and R, represent the applied strain, resistance change under strain and initial resistance,

respectively [30].

3 Results and discussion
3.1 Morphology and structure

A photograph of the CNT/GNP/CNT@PU sponge is shown in Fig. 2a. The pristine PU sponge has a smoother
surface with a pore size of about 1 mm (Fig. 2b), compared with the treated PU sponge shown in Fig. 2c. The
pristine PU sponge was alternately dipped into oppositely charged CNT/PVP and GNP/PVP suspensions,
resulting in the electrostatic deposition of nanoparticles on the surface of sponge backbones (Fig. 2¢). After the
first electrostatic self-assembly, many positively charged CNTs were immobilized on the surface of the PU to
form conductive paths (Fig. 2d). After the second electrostatic deposition process, a large number of negatively
charged GNPs were successfully assembled on the CNT layer of the CNT@PU (from Fig. 2e) to enable long-
distance electron transmission [32]. From Fig. 2f, the CNT/GNP/CNT@PU was obtained by another
electrostatic self-assembly of CNTs on the surface of the CNT/GNP@PU. The 1-dimensional CNTs bridged the
gaps between the sheet-like GNPs, further enhancing the conductive network on the sponge surface. More
SEMSEM-images of the PHPU-sponge-based strain sensors are shown in Fig. S1 in Supporting Information.

alt-text: Fig. 2
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(a) Photograph of the CNT/GNP/CNT@PU sponge; SEM images of the pristine and treated PU sponges: (b) pristine PU
sponge, (c, f) CNT/GNP/CNT@PU, (d) CNT@PU, (e) CNT/GNP@PU; (g) FTIR and (h) XRD spectra of the PU sponge,
CNT@PU, CNT/GNP@PU and CNT/GNP/CNT@PU.

FTIR was performed to further verify that the nanoparticles were deposited on the PU sponge by electrostatic
self-assembly [26], as shown in Fig. 2g. The peaks at 3438 cm™! and 2960 cm™! are attributed to the N-H and
-C-H stretching vibration bands of PU [21]. The absorption peaks of the -H-N-COO- group are located at
1727 cm~! and 1530 cm~!. The peak at 1083 cm™! represents the stretching vibration of the C—-O-C group [33
]. For the CNT@PU, the absorption peak at 1662 cm™! is assigned to the C==0 stretching vibration of PVP,
and the absorption peak at 1290 cm~! is assigned to the C-N stretching vibration of AE-PTDI, indicating that
the modified CNTs were deposited on the PU sponge. For the CNT/GNP@PU, the absorption peaks at
1174 cm™! and 670 cm™! represent the stretching vibration peaks of S==0 and S-O in SDBS, respectively,



I and

revealing the immobilization of modified GNPs on the sponges. In addition, the peaks at 1174 cm™
670 cm™~! can be still observed for the CNT/GNP/CNT@PU, indicating that the subsequent electrostatic self-

assembly process of CNTs did not destroy the previously deposited GNPs.

The XRD results of the sponge-based strain sensors also showed that the nanoparticles were deposited on the
surface of the PU sponge, as shown in Fig. 2h. The PU sponge exhibited a broad diffraction peak around 21.6°,
which was resulted from the irregular crystalline region of the hard segment of PU [32,34]. Generally, CNTs
have a broad diffraction peak around 26°, but the addition of PVP makes it more difficult to observe the
diffraction peaks of CNTs for the CNT@PU [26,27]. It is seen that the peak intensity of the diffraction peak for
the CNT@PU is slightly stronger than that of the PU sponge. The rearrangement and crystallization of the
molecular segment of the PVP on the PU sponge surface may result in this phenomenon [21]. Due to the special
graphite sheet structure of GNPs, the GNPs have a clear diffraction peak at 26.5° [15]. The CNT/GNP@PU
exhibited a characteristic diffraction peak of GNPs, demonstrating that GNPs were successfully deposited on the
surface of the PU sponge. The XRD diffraction peak of the CNT/GNP/CNT@PU at 26.5° still existed,
indicating that the subsequent electrostatic self-assembly process of CNTs did not remove the GNPs as stated

earlier.
3.2 Electrical properties

The number of electrostatic self-assembly layers has a significant effect on the electrical conductivity of the
sponge. As shown in Fig. 3a, the conductivity of the CNT/GNP/CNT@PU is 76% and 663% higher than that
of the CNT/GNP@PU and CNT@PU, respectively. As illustrated in Fig. 3e, the increased number of layers
facilitates the building of a more complete conductive network, which greatly reduces the resistance of the
sponge. It can be clearly observed in Fig. 3b that the current of sensors increases linearly with increasing voltage,
which agrees well with Ohm's law. From Fig. S2, the conductivity of sponge-based sensors was not significantly
changed within the temperature range of 20-60 °C, indicating that it was independent of temperature. From Fig.
3c, the current of sensors decreases with increasing tensile strain, showing a positive piezoresistive effect.
However, the current increased when the sponge sensor was compressed, showing a negative piezoresistive
effect (Fig. 3d). During the deformation process of the sponge-based strain sensor, the “destruction” and
“reconstruction” of the conductive paths proceed simultaneously (Fig. 3f). In the tensile process, the destruction
of the conductive network was dominated, increasing the tunneling distance between adjacent conductive
nanoparticles [33,34]. When the sensors were compressed, more conductive paths were reconstructed, resulting

in the increase of conductivity [35,36].

alt-text: Fig. 3



(a) (b)

1210 P [ e
mw'mh"ﬁwu e N TIGNPICNTE U
5 9.0x10? 7 °1
£ 2 .
E 600107 E
2 2
3.0x107
BUE
[ v T T Y Y v v
CNTEFU CNTIGNPEPU  CNTIGNPIONTEPY =30 =20 =10 1] [{1] 20 30
Valtage (V)
(E} 6 —=— utrnin=0%, (d) 9 —=—alrain=0"% ' NT
? e CNT/GNP/CNT@PU E Lt CNT/GNF/CNT@PU
A soura-~y B S =N
‘E —r— strnin=2% ‘E‘ ——yirnin=2%
E 24 T urain=5% @ 34 o strain=5% >
s E
o 0 o0
1.8 3
e in=0%
T i CNT/GNP@PU €
E 1.2 g 2
g 06 5 1
: :
U 0.0 O 0
0.03
_ == CNT@PU —— strain0% .
ol o | 200a) =i, -
—1 ——alFa b pm— in=2
EU,OI —— straln=8t% E'D.DE Sl =
L = cEEH
= 3
“ o000 < 0.00
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Voltage (V) Voltage (V)

(a) Conductivity of the strain sensors versus the number of electrostatic self-assembly layers, (b) current-voltage curves of the
strain sensors at different voltages; current-voltage curves of the strain sensors under different strains: (c) tensile strains (0,
0.1%, 0.5%, 1%, 2%, 5%), (d) compressive strains (0, 0.1%, 0.5%, 1%, 2%, 5%); schematic diagram for the evolution of
conductive paths in the strain sensors: (¢) with different number of self-assembly layers, (f) under different strains.

3.3 Sensing performance for tensile strain



As shown in Fig. 4a and b, the CNT@PU sensor exhibited a relatively high sensitivity (GF = 7006 at 25% strain
and GF = 54,000 at 40% strain) according to the AR/R (-strain curve, but its strain range was limited (0~40%).
As the number of electrostatic self-assembly layers increased, the sensitivity (GF = 2393 at 25% strain and
GF =43,000 at 60% strain) of CNT/GNP/CNT@PU sensor reduced compared with that of the CNT@PU, but
the workable strain range increased from 40% to 60%. This can be attributed to the improvement of the
conductive network on the sponge surface, which greatly enhances the ability of the conductive network to resist
deformation. Although all the sponge-based strain sensors have high linearity (R? > 0.9) under low tensile strain
(0~25%), the linearity (R? = 0.98) of CNT/GNP/CNT@PU sensors with more robust conductive network is
higher than that of CNT@PU (R? = 0.93) and CNT/GNP@PU (R? = 0.95). The linearity of the sponge-based
strain sensors decreases with increasing strain (¢ > 25%), while the linearity of the CNT/GNP/CNT@PU sensor
(R? = 0.83) is still higher than that of CNT@PU (R? = 0.78) and CNT/GNP@PU (R? = 0.81). Due to the
multi-layer conductive network structure constructed by the CNTs and GNPs, the CNT/GNP/CNT@PU strain
sensor exhibited high sensitivity and large strain range [37]. On one hand, the two-dimensional sheet-like GNPs
could quickly slip to provide high sensitivity for the sensor when it was stretched [38]. On the other hand, the
easily entangled one-dimensional CNTs connected the GNPs to ensure the stability of the conductive network
structure under large tensile strains [39]. As is shown in Fig. 4c, the strain detection range and sensitivity of the
CNT/GNP/CNT@PU are much higher compared with a series of piezoresistive sensors in recently reported
literature [1-3,6,7,14,15,18,22]. Additionally, the CNT/GNP/CNT@PU strain sensor exhibited excellent
sensitivity at a low strain (GF = 762 at 5% strain), which is far superior to many reported studies [10,11]. From
Fig. 4d and Fig. S3, the sponge-based strain sensors can also respond to different frequencies (0.01~1 Hz). The
AR/R, of the sensors at the same strain of 10% increased with increasing tensile speed, showing a frequency
dependence. A decrease in molecular mobility at high frequencies leads to mechanical response stiffness, which
may be the main reason of frequency dependence [21]. All the sponge-based strain sensors can be used to
identify different tensile strains (from 0.05 to 30%), as shown in Fig. 4e. Due to its more complete conductive
network, the CNT/GNP/CNT@PU sensor has better repeatability during cyclic stretching, even under a large
strain (30%). In addition, it is shown in Fig. 4f that the CNT/GNP/CNT@PU strain sensor has a lower response
time (t = 37 ms) at 10% strain compared with the CNT@PU (t = 56 ms) and CNT/GNP@PU (t = 42 ms).

alt-text: Fig. 4
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Sensing performance for tensile strain: (a) AR/R -strain curves for the sponge-based sensors, (b) linearity and sensitivity of
the sensors (€25%), (¢) GF value and workable strain-sensing range of the CNT/GNP/CNT@TPU strain sensor compared with
those recently reported in literature, (d) AR/R o-frequency curves for the sponge-based sensors at the same strain (€ = 10%), (e)
AR/R(y of the strain sensors under cyclic loading at different strains (0.05%, 1%, 10%, 30%) and a frequency of 0.1 Hz, (f)
response time at 10% strain.

To verify the stability of the sponge-based sensors under tensile strain, they were cyclically stretched/released for
3000 times at a strain of 30% and a frequency of 0.1 Hz (Fig. 5a-c). The conductive nanoparticles in the sensors
would be reoriented along the stretching direction, leading to simutaneous destruction and reconstruction of the
conductive network [40,41]. The resistance of the CNT@PU and CNT/GNP@PU strain sensors increased
significantly during the loading cycles. This indicates that the destruction of conductive network dominated the
repeated stretching/releasing process, and the conductive network was irreversibly damaged. However, the
CNT/GNP/CNT@PU showed much better stability during cyclic loading due to the more robust conductive
network [42,43].
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3.4 Sensing performance for compressive strain

As is shown in Fig. 6a, the sponge-based strain sensors can be also used to monitor compressive strains from 0
to 50%. The CNT@PU exhibited excellent sensitivity (GF = —2.1 at 20% strain and GF = —1.3 at 50% strain)
and moderate linearity (R = 0.95 at 0~20% strain and R? = 0.84 at 20~50% strain), as shown in Fig. 6b. Re-
electrostatic assembly improved the conductive network on the surface of sponge and enhanced its ability to
resist deformation. Although the sensitivity (GF = —1.8 at 20% strain and GF = —1.1 at 50% strain) of the
CNT/GNP/CNT@PU sensor was slightly reduced compared with the CNT@PU, it showed higher linearity
(R? =0.98 at 0~20% strain and R? = 0.93 at 20~ 50% strain). In general, all the sponge-based strain sensors
have good linearity during compression, but the linearity of the CNT/GNP/CNT@PU is still higher than that of
CNT@PU and CNT/GNP@PU. From Fig. 6¢c, the strain detection range and sensitivity of
CNT/GNP/CNT@PU under compression are also much higher compared with a series of piezoresistive sensors
recently reported in the literature {5:8;36;24-2FH1H9[5,8,16,24-27,17,19].  Additionally, the
CNT/GNP/CNT@PU strain sensor exhibited ultra-high sensitivity at very low strain (GF = —12 at 0.05%
strain), which is far superior to those reported in current literature [23-26]. From Fig. 6d and Fig. S4, the
sponge-based strain sensors can also respond to different frequencies (0.01 ~ 1 Hz). The relative resistance
changes of the sensors at the same strain of 10% increased with increasing compression speed, showing a
frequency dependence. All the sponge-based strain sensors can be used to identify different compressive strains
(from 0.05 to 30%), as shown in Fig. 6e. The double peak in the AR/R, curves during cyclic loading may be
attributed to mechanical hysteresis during compression (Fig. S5) [18]. In addition, it can be observed in Fig. 6f
that the CNT/GNP/CNT@PU strain sensor has a lower response time (t = 31 ms) at 10% strain compared to the
CNT/GNP@PU (=36 ms) and CNT@PU (t =47 ms).

alt-text: Fig. 6
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Sensing performance for compressive strain: (a) AR/R -strain curves for the sponge-based sensors, (b) linearity and sensitivity
of the sensors (€>20%), (c¢) GF value and workable strain-sensing range of the CNT/GNP/CNT@TPU strain sensor compared
with those recently reported in literature, (d) AR/R(-frequency curves for the sponge-based sensors at the same strain
(e=10%), (e) AR/R of the strain sensors under cyclic loading at different strains (0.05%, 1%, 10%, 30%) and a frequency of
0.1 Hz, (f) response time at 10% strain.

To verify the stability of the sponge-based sensors under compressive strain, they were cyclically
compressed/released for 3000 times at a strain of 30% and a frequency of 0.1 Hz (Fig. 5d-f). All the sponge-
based strain sensors exhibited good stability and repeatability during the compression cycles. In particular, the
AR/R of CNT/GNP/CNT@PU is more stable than that of CNT@PU and CNT/GNP@PU from Fig. 5d-f,
indicating that the conductive network of the CNT/GNP/CNT@PU has higher resistance to destruction during

the compression cycles.
3.5 Applications

Due to the high sensitivity and ability to recognize different strains such as stretching and compression, the
CNT/GNP/CNT@PU sensor can be used to monitor different physiological activities of human body (Fig. 7).
From Fig. 7a, when it was attached to the index finger using a medical tape, the AR/R of the strain sensor
changed corresponding to the different bending angles of finger. Attaching the sensor to the wrist, the resistance
of the sensor increased as the wrist was bent and quickly recovered after the wrist was straightened (Fig. 7b). It
can also be used to identify the changes in the weight of water in a measuring cylinder when attached to a glove
(Fig. 7¢). The pressure on the finger increased with the increasing mass of water, and the resistance of the
sponge-based strain sensor decreased. When the sensor was attached on the fingertip, it could also be used for
Morse code compilation by detecting the touching and tapping signals. As shown in Fig. 7d, when the finger
tapped the Morse codes of specific characters (i.e., “UKR.*), the real-time recorded signals could be used for
information delivery after decryption by a code translator. When the sensor was fixed on the sole, it can be seen
in Fig. 7e that it exhibited good signal responses to the feet movements. When the foot touched the ground, the
resistance of the sensor reduced due to compression. After lifting the foot, the resistance of the sensor returned to

the initial value (R ) immediately.
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Electromechanical responses of the sensor to (a) finger bending, (b) wrist bending, (¢) holding a container, (d) signal output
for Morse codes “UKR”and (e) walking; (f-h) a sensor array based on the CNT/GNP/CNT@PU sensors for accurate location
identification of'an object.

The highly sensitive sponge-based strain sensor can be also used to prepare a sensor array to monitor the location
of an object [32]. A 5 X 5 sensor array made of the CNT/GNP/CNT@PU sensors (10 mm X 10 mm) with a
distance of 10 mm was embedded in a foam substrate. A small yellow duck of 5.62 g was placed in different
locations of the array (Fig. 7f-h). Due to the changes in location of the duck, the resistance of the sponge-based
strain sensor also changed. The resistance of some sensors decreased due to compression (the largest decrease in
resistance exactly occurred at the location of yellow duck), while the resistance of sensors in other areas was

almost constant, demonstrating the ability of the sensor array to identify pressure magnitude and position.

4 Conclusions

In this work, we prepared a flexible and high-performance strain sensor by simple layer-by-layer electrostatic
self-assembly of carbon nanoparticles on commercial polyurethane (PU) sponges. The synergistic effect between
the CNTs and GNPs contributes to the construction of a more complete conductive network, which improves the

electrical conductivity of the modified sponges. The more complete conductive network helps to improve the



ability of sponge-based strain sensors to resist destruction, which gives the CNT/GNP/CNT@PU sensor a
higher linearity and repeatability compared with the CNT@PU and CNT@PU sensors. The
CNT/GNP/CNT@PU strain sensor exhibited excellent piezoresistive behavior under both compressive and
tensile strains with high sensitivity (GF = 43,000 at 60% tensile strain and GF = —1.1 at 50% compressive
strain), high linearity (R? = 0.83 at tensile strain over 25%, R? = 0.93 at compressive strain over 20%) and
outstanding stability under cyclic loading (>3000 cycles). Additionally, the CNT/GNP/CNT@PU strain sensor
has the ability to monitor different frequencies (0.01~1 Hz) and low response time (t = 37 ms at 10% tensile
strain and T = 31 ms at 10% compressive strain). Thanks to its excellent performance, the sponge-based strain
sensor can be used to monitor the physiological activities of human body, including finger movements, wrist
bending and walking. In addition, a 5 X 5 sensor array using the sponge-based strain sensors was prepared for
accurate location identification of an object. This work provides a simple strategy to prepare high-performance,
multi-purpose sponge-based strain sensors with potential applications in intelligent robots, prosthetics and

wearable devices.
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