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Flexible tactile sensors with interlocking serrated
structures based on stretchable multiwalled carbon
nanotube/silver nanowire/silicone rubber
compositest
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Flexible tactile sensors have attracted significant interest because of their application scope in the fields of
biomedicine, motion detection, and human—-computer interaction. However, the development of tactile
sensors with high sensitivity and flexibility remains a critical challenge. This study develops a patterned,
stretchable, and fully elastomeric multiwalled carbon nanotube (MWCNT)/silver nanowire (Ag NW)/
silicone rubber (SR) composite. The addition of Ag NWs to MWCNTSs enhances the transmission path of
the conductive network, yielding a CNT/Ag NW/SR composite with a sensitivity coefficient of 40. This
characteristic renders it suitable for use as a piezoresistive sensing material. The interlocking sawtooth
structure can convert the mechanical stimuli of the sensor to the tensile strain of the composite, thereby
enhancing its sensitivity and flexibility. Experimental results indicate that the developed tactile sensor
exhibited a sensitivity of 2.82 N7t at 0-0.5 N and 1.51 N! at 0.5-2 N. These haptic sensors also
demonstrate good dynamic response, repeatability, and long life. Furthermore, experimental results
show that these haptic sensors exhibit high reproducibility, fast dynamic response, and good mechanical
and electrical stability. Because of these exceptional properties, the as-prepared sensor can be applied in
the development of smart robots, prosthetics, and wearable devices.
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1 Introduction

With recent advancements in flexible and wearable electronic
materials, the next generation of skin-mountable and
implantable smart devices has extensive potential application
scope in lifestyle modification, including personalized health
monitoring,"* human-machine interfaces,*® soft robots,””® and
implantable biomedical devices.” In recent decades, wearable
sensors have showcased attractive features such as miniaturi-
zation, multifunctionality, and smart integration, as well as
wearable properties such as lightweightness, flexibility,
stretchability, and conformability. In order to adapt the irreg-
ular surfaces of humans and robots, there has been significant
effort to improve the flexibility and stretchability of the wear-
able electronic devices. Therefore, polymers based on elastic
silicone rubber (SR) such as polydimethylsiloxane (PDMS),*
hydrogels," and copolyester (Ecoflex)**** have been employed
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as flexible substrates to enhance sensor flexibility. However, the
tradeoff between high flexibility and sensitivity remains a key
challenge in the development of tactile sensors.

Various sensing systems, such as capacitive,”®
piezoresistive,'*" piezoelectric,” and triboelectric,”* have been
used in flexible tactile sensors. Piezoresistive sensors, which
converts strain and stress to resistance, have attracted consid-
erable attention owing to their simple structure, high sensi-
tivity, wide dynamic measurement range, and convenient signal
acquisition.*?* Nowadays, the one-dimensional nanomaterials,
such as carbon nanotubes (CNTs),>*** silver nanowires (Ag
NWs),?**” and two-dimensional nanomaterial, such as gra-
phene®® and MXene,* have been used as the sensitive material
to fabricate tactile sensor. MXene and graphene have excellent
theoretical electrical conductivity and mechanical properties,
thus the strain sensors exhibit high sensitivity. However, these
materials always result in a small strain range and limited
flexibility, making them unsuitable for monitoring full-range
human body movements.** One-dimensional carbon nano-
tubes have significant advantages in enhancing the stability and
flexibility of tactile sensors due to their tubular structure, which
provides high electrical conductivity, chemical stability, and
flexibility. Unfortunately, current research indicates that strain
sensors based on pure carbon nanotubes suffer from low
sensitivity, nonlinearity, and poor recoverability.*"** Therefore,
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it is of great significance to develop sensitive materials with
excellent sensitivity and flexibility for the further development
of tactile sensors.

Structural design of the sensor is also essential to develop
tactile sensors with high sensitivity and flexibility. Various
researchers have applied two-dimensional (2D) structures,
including helix*® and serpentine modes,**** and three-
dimensional (3D) structures, such as micro-pyramids,*® micro-
pillars*” and micro-domes®*?® to maintain high electrical
conductivity of electrodes under tensile conditions. However,
most of the reported microstructures of flexible pressure
sensors have been fabricated through photolithography, which
involves the use of expensive equipment, complicated proce-
dures, and time-consuming processes that are difficult to
perform over large areas. Therefore, to develop a facile approach
to improve the structure feature of sensor is also an important
issue for the development of tactile sensor.

In this work, we proposed a novel, highly flexible and
sensitive tactile sensor based on the stretchable sensitive
material composed of multiwalled CNTs, Ag NWs, and SR, and
an interlocked sawtooth structure was used to convert the
external pressure applied on the sensor to the strain of the
sensing composite. Mixing two or more conductive materials is
beneficial to compensate the shortcomings of each component
while maintaining the advantages of both, thereby improving
the performance of the composite material.**** Jheng et al*
reported that when CNTs fill the space of the Ag NWs network,
a multiscale electron transport path is formed thus the CNT/
AgNWs hybrid conductors have better mechanical compliance
and conductivity than CNT conductors. However, research on
the application of such materials in tactile sensors is still
limited. In this work, the content of the nanofiller in this
composite was adjusted to achieve a desired properties
including excellent stretchability (80%), high conductivity (100
S m™'), and an exceptionally high gauge factor (40). Then this
composite was encapsulated in a ductile self-locking structure
to construct a tactile sensor. When the sensor is subjected to an
external force, the top part of the self-locking structure
compresses the sensitive material, creating stress concentration
and leading to an amplified change in the local structure of the
material, thus enhancing its resistance variation. The proposed
flexible tactile sensor exhibited excellent performance in terms
of detection range (0-2 N), response time (200 ms), recovery
time (500 ms), and repeatability (200 cycles). The sensitivity was
2.82 N"! at 0-0.5 N and 1.51 N ' at 0.5-2 N. These results
indicate that the sensor exhibited high electromechanical
stability, repeatability, and fast dynamic response. Further-
more, human-wearing experiments were conducted to verify the
applicability of the proposed tactile sensor in the accurate
monitoring of human motion.

2 Experimental
2.1 Materials

All chemical reagents were of analytical grade and used without
further purification. These include silver nitrate (AgNOs,
=99.8%, Sinopharm), EG (EG, =99.0%, Sinopharm), acetone
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(C3HO, =99.5%, Sinopharm), PVP (MW = 1300 000, Aldrich),
ferric chloride hexahydrate (FeCl;-6H,0, =99.5%, Sinopharm),
copper chloride dihydrate (CuCl,-2H,0, =99.5%, Sinopharm),
sodium bromide (NaBr, =99.5%, Sinopharm), and ethanol
(C,H50H, =99.0%, Xilong Chemicals). MWCNTs with lengths
of 10-20 pm, outer diameters of 4-6 nm, specific surface areas
of 500-700 m”> g', and purities of >98% (China Organic
Chemical Co., Ltd, Chinese Academy of Sciences, Chengdu,
China) were used. SR (GD401, elongation 100%, tensile strength
1.0 MPa) was obtained from Zhonghao Chenguang Research
Institute of Chemical Industry. It is one-component room-
temperature vulcanized (RTV) SR with a base elastomer and
a curing agent inside, and it can be cured when heated and
exposed to air. Tetrahydrofuran (THF, Sinopharm Chemical
Reagent Co., Ltd) was selected as the solvent because of its high
polarity, making it suitable for nanomaterial dispersion.

2.2 Synthesis of Ag NWs

Ultra-long Ag NWs were synthesized via a one-step chemical
reaction. First, 1.2 g of PVP (MW = 1 300 000) was dissolved in
50 mL of EG. The solution was then heated and continuously
stirred at 170 °C for 1 h. Subsequently, 1 mL of CuCl,-2H,0 (9.8
mM) and 1 mL FeCl;-6H,0 (3.9 mM) and 10 mL of NaBr solu-
tion (1.05 mM) was added to the mixture and stirred for 15 min
at 170 °C. Finally, 10 mL of AgNO; (0.6 M) was added to the
mixed solution, which was stirred at 170 °C for 45 min and
cooled down to room temperature.

2.3 Preparation of CNT/Ag NW/SR composites

First, using an ultrasonic processor (FS-300N, Shanghai Songxi
Ultrasonic Instrumentation Co.), different mass fractions of
CNTs were dispersed in THF for 1 h at a power of 100 W;
subsequently, different mass fractions of Ag NWs were added to
the dispersion and magnetically stirred for 15 min to and
ultrasound for 10 min homogeneously disperse the Ag NWs in
the solution. SR was also added to the dispersion and
magnetically stirred for 15 min. Finally, the homogeneous
suspension was warmed up to 80 °C under magnetic stirring to
remove excess solvent, and a high-viscosity CNT/Ag NW/SR
composite mixture was obtained. A high-viscosity mixture was
formed upon continuous stirring, ensuring that the composites
did not undergo severe agglomeration in SR.

3 Results and discussion

The proposed flexible tactile sensor was fabricated using
a multistep process, as shown in Fig. 1a. Step 1: a glass wafer
covered with a thin PI film was prepared, and a 100 mm layer of
polydimethylsiloxane (PDMS) was rotationally coated on the PI
film and cured. Step 2: the steel mold with patterned hollow
grooves was securely placed over the substrate. A paste mixture
of CNT/Ag NW/SR composites was applied to the mask using
a squeegee, and the residual mixture was wiped away. After the
mask was removed, the CNT/Ag NW/SR composite maintained
its designated pattern on the PDMS substrate. Step 3: a serrated
layer with upper and lower interlocking was fabricated using the
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mold-casting method (Fig. 1b). Plastic molds with the designed
recesses were prepared and cleaned with ethanol in an ultra-
sonic bath. PDMS was poured over the mold, degassed, and
heated to cure. The cured serrated layer was then peeled off.
Step 4: the prepared composite patterned layer was aligned with
the serrated layer, and a thin layer of PDMS was applied to the
edges and heat-cured to allow them to assemble together
(Fig. 1d). Fig. 1c shows the cross-section of the sensor,
a composite pattern with a thin-film backing was sandwiched
between the top and bottom sawtooth structures. When the
external pressure was applied on the cell, the top serration
compresses the composite pattern into the gap between the
serrations. This created an interlocking structure that stretches
the composite pattern and produces a significant change in
resistance. When the compression pressure was removed, the
film substrate supports the composite pattern, returning to its
original state.

We first investigated the morphologies of the CNT/SR and
CNT/Ag NW/SR composites through SEM (Helios 5 CX, USA).
Fig. 2a, c and e show the cross-sectional SEM images of the
CNT/SR composites. Fig. 2b, d and f show the cross-sectional
images of the CNT/Ag NW/SR composites. Fig. 2a and b show
that the smooth PDMS substrate and nanocomposites could be
easily divided into two layers, with almost no delamination
boundary between the two layers. This shows that the
composite material was closely combined with the PDMS
substrate, thereby improving the strength and reliability of the
composite material. Fig. 2c and e show the cross-sectional SEM
images of the CNT/SR composites at x10000 and %20 000
magnifications, respectively. The CNTs were uniformly
dispersed and enveloped by SR, with no significant number of
neat planar substrates observed, indicating a more continuous
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and uniform conductive network. Fig. 2d and f show the
morphology of the CNT/Ag NW/SR composites. The nanofillers
were uniformly dispersed in the SR matrix. The addition of Ag
NWs also produces denser conductive paths. Because Ag NWs
have been proven to have excellent intrinsic conductivity, the
conductivity of the CNT/SR composites will be significantly
improved. The SEM images of CNT/Ag NW/SR composite
surface under different tensile strains are shown in Fig. S1.7 The
microstructures indicate that the silver nanowires and carbon
nanotubes within the composite present uniform deformability
along with the elastic deformation of SR.

The effects of nanofillers on electromechanical properties of
the composites were then investigated. Fig. 3a shows the elec-
trical conductivity of the CNT/SR composites with CNT mass
fractions of 4, 5, 6, 7, 8, and 10 wt%. The electrical conductivity
of the CNT/SR composites monotonically increased with an
increase in the CNT mass fraction. This indicates that a higher
CNT content leads to the formation of a denser and more
uniformly conductive network. In addition, a sharp increase in
conductivity was observed between 7 and 10 wt%, suggesting
that the most sensitive specimens had a CNT content between 7
and 10 wt%.

Fig. 3b shows the relative resistance change (AR/R,) of the
CNT/SR composites under different tensile strains. The
maximum value of 3 was obtained when the CNT/SR composite
contains 8% CNT was stretched by 100%. The strain sensitivity
of the composite was reduced to 1.5 when the mass fraction of
CNT was increased to 10%. A higher CNT content led to
a denser conductive network inside the composite. Conse-
quently, the number of conductive paths changed more slowly
when tensile strain was applied. Multicycle tests were con-
ducted on the CNT composites with varying CNT mass fractions

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of the CNT/SR and CNT/Ag NW/SR composites. Cross-sectional images of the CNT/SR composites under different
maghnifications: (a) x2 000, (c) x10000, and (e) x20000. The cross-sectional image of the CNT/Ag NW/SR composites under different

maghnifications: (b) x2 000, (d) x10 000, and (f) x20 000.

and strains. The results show that the variation in the magni-
tude of AR/R, is closely related to the cyclic tensile strain. As
shown in Fig. 3c, at a strain of 20%, the relative resistance
change was approximately 0.6; at a strain of 60%, it was
approximately 1.7; and at a strain of 100%, it was approximately
3.2.

The incorporation of Ag NWs into the CNT/SR composites
enabled the formation of a composite with two conductive
compositions. This approach was employed to overcome the
drawbacks of each component, while maintaining their corre-
sponding advantages. Because the inherent tensile properties of
SR materials can reach up to 100%, increasing the amount of Ag
NWs does not affect the tensile properties of the composites.
However, owing to the excellent intrinsic conductivity of Ag
NWs, their incorporation results in denser electrical paths,
thereby achieving enhanced conductivity within the mixed

© 2024 The Author(s). Published by the Royal Society of Chemistry

system. To further explore the influence of Ag NWs on the
composites, we examined the electromechanical properties of
CNT/Ag NW/SR composites which contain different mass frac-
tion of CNTs and Ag NWs. The mass fractions of CNTs were
selected as 7, 8, and 9 wt%, and Ag NWs with different mass
fraction were added to the composites. Fig. 4a shows that the
conductivity increased monotonically as the mass fraction of
the Ag NWs increased from 0 to 6 wt%. This indicates that the
higher the Ag NWs mass fraction, the denser and more uniform
the conductive network.

Fig. 4b shows the change of relative resistance of the CNT/Ag
NW/SR composites under different composition and tensile
strains. It can be found that the AR/R, curve becomes smooth
and monotonous as the CNT/Ag NW/SR composites are
stretched. However, when 4 or 6 wt% Ag NWs are added, AR/R,
becomes unstable and fluctuates. This indicates that the Ag

RSC Adv, 2024, 14,13934-13943 | 13937
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NWs were not uniformly and stably dispersed in the SR matrix.
Therefore, we can infer that the addition of excess Ag NWs
hindered the dispersion uniformity and stability of the nano-
composites. Table S17 lists the detailed value of AR/R, of the
composite with different mass fraction of CNTs and Ag NWs.
When SR composited with 8 wt% CNTs and 4 wt% Ag NWs, the
composites had a conductivity of 100 S m™*, an elongation of
80%, and a sensitivity coefficient of nearly 40. This value of
sensitivity coefficient is far exceeding the composite prepared
using carbon nanotubes and silicone rubber as reported in the
literature."**® Thus the result indicates that this CNT/Ag NW/SR
composite can be used as sensitive element with high sensitivity
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and good tensile properties. Fig. 4c shows the composites tested
for multiple cycles under different strains. The change in the
magnitude of AR/R, is closely related to the cyclic tensile strain.
At a strain of 10%, AR/R, was approximately 1.5; at a strain of
20%, it was approximately 3.5; and at a strain of 30%, it was
approximately 6.

Fig. 5 shows the force-sensing performance of the developed
flexible tactile sensor. As the applied force increased from 0 to
2 N, the measured resistance increased almost linearly (Fig. 5a),
exhibited high linear sensitivity in this range. For the smaller
force range (0-0.5 N), the sensor exhibited a sensitivity of 2.82
N~ (0-6.4 kPa), while for the larger force range (0.5-2 N), the
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Fig. 5 Characterization results of the tactile sensor. (a) Force-sensing sensitivity characterization. (b) AR/Rq of the sensor under different cyclic
loading forces. (c) AR/Rq of the sensor under different loading frequencies. (d) 200 cyclic loading and unloading tests, (e) hysteresis, and (f)
response time of the sensor. (g) Cross-section of the final fabricated tactile sensor.
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sensitivity was 1.51 N~ (6.4-25.6 kPa). This result is superior to
the recently reported value that a composite contains carbon
nanotubes, graphene, and silicone rubber was used as the
sensitive material,*” indicates that our sensor has well capable
of perceiving minute strains. To investigate the power-sensing
performance, cyclic loading and unloading tests were con-
ducted at different loading forces and frequencies; the results
are shown in Fig. 5(b) and (c). As shown in Fig. 5(b), a change in
the relative resistance of the sensor was observed over a wide
range of forces. Five repetitive loading/unloading cycles with
different applied forces were performed at constant loading
rates. The relative resistance was 1.25 at a 0.4 N loading force,
1.6 at a 0.6 N loading force, 2 at a 0.8 N loading force, and 2.5 at
a 1 N loading force. This indicates that the sensing unit
generally exhibits a good resistive response to different applied
forces. As shown in Fig. 5(c), the test tactile sensor exhibited
a detection force of 1 N. The loading frequency ranged from 0.08

Paper

to 0.2 Hz, and each set was repeated for five cycles. As the
loading frequency increased, the cyclic changes in voltage
became more frequent. The peak values of all the cycles were
similar, indicating a good dynamic response and stability.

To further demonstrate its durability and repeatability, 200
loading/unloading cycles were performed at a constant loading
rate of 0.18 mm s~ ' at a normal force of 1 N, the result was
shown in Fig. 5(d). The black dashed boxes on the left and right
show several cyclic loading-unloading profiles throughout the
cyclic test. A slight decrease occurred initially, and the relative
resistance of the sensing unit stabilized as the number of cycles
increased. These results indicate that our tactile sensor can
serve as a reliable long-term force-sensing sensor. As shown in
Fig. 5(e), during the loading and unloading of 1 N at a loading
speed of 0.18 mm s ', the sensor exhibited high elastic
performance with a resistance hysteresis of 10.1%. For further
applications, the response time of the sensor was considered. A

Time(S)

\ &

90°

Time(S)

Fig. 6 Application of the flexible haptic sensors. (a) Images of the flexible haptic sensors subjected to bending, twisting, and stretching. (b)
Experiments of wearing the sensor on the wrist in different motion states: stretching, bending to 45°, and bending to 90°. Haptic sensing results

during bending the wrist at different angles, (c) 45°, (d) 90°.
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stepping force input of 1 N was applied to the sensing unit, and
the loading time was maintained at 1.5 s. Fig. 5f shows that the
sensing unit had a relatively fast response time of 180 ms and
a recovery time of 500 ms. When the loading force was
completely released, the relative resistance of the output
changed by 10.4%. The output of the sensing unit did not return
to its original value within a short time, and the unloading time
was slightly longer than that of the loading process. This can
potentially be attributed to the hysteresis of the nano-
composites. When the composite pattern is stretched and
released, the composite material in SR may change slightly,
resulting in a new conductive network; thus, the sensing unit
does not return to its original state. Fig. 5g shows the cross-
section of the final fabricated tactile sensor. When the force is
applied initially, the composite pattern can be easily extruded
and the deformation occurs immediately. With the increase of
the applied force, the contact surface between composite and
the serrations increase, thus the deformation of the pattern
becomes smaller. Finally, the composite layer reaches the
bottom of the gap and no further deformation occurs.

Fig. S27 shows the changes in the performance of the tactile
sensor after being placed at room temperature for a long time. It
can be found that the sensitivity and cycle stability of the sensor
have not significantly degraded after being placed at room
temperature for three months, indicates that the sensor has
good long-term stability. In this study, the CNTs and Ag NWs are
completely embedded within the silicone rubber, which
prevents oxidation of the silver nanowires and carbon nano-
tubes. Additionally, silicone rubber also possesses excellent
room-temperature stability, thus the sensor's sensitivity
performance is well safeguarded. Fig. S31 shows the fatigue
characteristics of the sensitive composite within sensor under
different service environments. When the sensor was cycled 200
times per day at its maximum compressive volume (actual
deformation of the sensitive material is up to 20%), after 30
days of continuous operation, no cracks are observed on surface
of the sensitive material, as shown in Fig. S3a,} indicating that
the sensor has good fatigue resistance under this strain condi-
tions. However, when the sensor is continuously cycled at
a tensile deformation of 80% for 200 cycles, cracks appear on
surface of the sensitive material, as shown in fig. S3b,f indi-
cating that excessive tensile strain can damage the fatigue
performance of the sensor. In practical applications, there are
many factors affecting the fatigue performance of sensors,
including the composition of sensitive material, structure of the
sensor, direction and magnitude of cyclic strain, and environ-
mental temperature, etc. In the next step, it is necessary to
systematically design experiments to study the fatigue perfor-
mance of the sensor thus to further enhance the stability and
fatigue performance of the sensor.

To verify the flexibility and stretchability of the fabricated
tactile sensors, the haptic sensor was subjected to bending,
stretching, and twisting; the images are shown in Fig. 6a.
Almost no delamination or disconnection of the sensor was
observed during these deformation processes. The tactile
sensor with the multilayer structure, including the composite
pattern, and top and bottom serrated layers, exhibited high

© 2024 The Author(s). Published by the Royal Society of Chemistry
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flexibility and stability owing to the presence of the PDMS
substrate. To further demonstrate the applicability of haptic
sensors, we conducted wearable experiments for human motion
monitoring. The haptic sensor was mounted on the wrist using
an adhesive tape. Subsequently, the wrist was repeatedly bent to
45° and 90° and then returned to a stretched state, as shown in
Fig. 6b. Finally, the resistance signals during movement were
recorded by the measurement circuit; the results are plotted in
Fig. 6¢c and d. The changes in the signals of the haptic sensors
were nearly synchronized with the movement of the wrist. When
the wrist was flexed at 45°, the sensor produced a response of
2.3 (Fig. 6¢). This indicates that the cells in the sensor were
partially deformed owing to wrist flexion. In this case, the
deformation of the units was not completely uniform. When the
wrist was bent to 90°, the response of the units in the sensor
increased to 4.5 (Fig. 6d). These results confirmed that the CNT/
Ag NW/SR composite haptic sensors exhibit good repeatability
and stability in human motion monitoring and have great
potential for applications in health monitoring and develop-
ment of wearable devices and smart products.

4 Conclusions

In this study, we developed a flexible tactile sensor that uses an
interlocking serrated structure to enhance force-sensing sensi-
tivity and detection range. Because of its structure, the sensor
could effectively convert external forces and pressures to tensile
strains within the sensing material. Tactile sensors were
successfully prepared using the proposed cost-effective fabri-
cation method and procedures. CNT/Ag NW/SR composites
were prepared with an extremely high specification factor of 40
and a conductivity of 100 S m~". The overall structure of the
sensor is flexible and can withstand significant bending on
curved surfaces. The characterization results confirmed that the
developed tactile sensor exhibited high linear sensitivity in the
sensing range of 0-2 N. Specifically, it showcased a sensitivity of
2.82 N for the small force range (0-0.5 N) and 1.51 N~ * for the
large force range (0.5-2 N). Cyclic loading and unloading test
results revealed that the tactile sensor exhibited good resistive
responsiveness, recovery, and repeatability. The results of
preliminary human posture monitoring experiments indicated
that the developed haptic sensor could accurately measure the
signals. Therefore, this highly sensitive and flexible tactile
sensor can be readily applied in the development of wearable
electronics for smart robotics and smart prosthetics and in
healthcare monitoring.
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