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Abstract

Materials selection and microstructural design of the sensing part of flexible pressure sensors are of great
significance in improving their performance. However, achieving synergy between the sensing material and the
microstructure of the flexible sensors remains a challenge. Herein, compressible and stretchable sensors based on
a carbon nanofiber/poly(styrene-butadiene-styrene) (CNF/SBS) compound are demonstrated with a template-
stripped method for detecting various human motions, including pulses, finger bending and pressure distributions.
Benefiting from the adjustable fingerprint microstructure and mass fraction of CNFs, the as-designed flexible
pressure sensor dramatically achieves a high sensitivity of 769.2 kPa”, a low detection limit of 5 Pa and high
reliability of over 1000 cycles. Moreover, the flexible sensor based on CNF/SBS can be stretched due to the
outstanding tensile properties of SBS. The enhanced stretchable sensor remarkably possesses a high gauge factor
of 105.6 with a stretch range of 0%-300% and up to 600% elongation. Importantly, the proposed pressure and
tension strain sensors are investigated to monitor vigorous human motion, revealing their tremendous potential for
applications in flexible compressible and stretchable wearable electronics.
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INTRODUCTION

Flexible electronics, which imitate the sensing function of human skin, have been attracting intensive
interest as fundamental components of flexible displays, prostheses and wearable medical devices"”. As
wearable electric devices, flexible sensors should possess a low modulus and wide working range from subtle
vibrations (e.g., pulses, < 1%) to large strains (e.g., joint movements, > 55%), similar to human skin. One of
the major requirements is the ability to simultaneously receive and differentiate multiple pressure stimuli
for skin-like flexible sensors. To accurately mimic sensing functions, four types of flexible sensors based on
different signal transduction modes have been explored and applied, namely, piezoresistive, capacitive,
piezoelectric and triboelectric sensors™***'*.. Due to their simple device structure and high stability,
piezoresistive sensors, which convert mechanical deformation into electrical resistance or current change,

16-21]

are commonly applied as sensing components"**".

The sensing performance is closely associated with the microstructural (e.g., shape, size and distribution)
and material properties (e.g., thickness, Young’s modulus and Poisson’s ratio). Recently, significant efforts
have been devoted to enhancing the sensitivity, linear detection range, efc., through materials optimization
and structural design. Notably, it has been illustrated that various microstructural designs, including
pillar®?*, convex”***”), pyramid”**’, wave"”"** and three-dimensional network structures" ", are effective
strategies to acquire highly sensitive flexible piezoresistive sensors. For example, Cao et al. reported a
flexible tactile sensor based on single-walled carbon nanotubes/Polydimethylsiloxane (CNTs/PDMS) with
micropyramid arrays by templating from a Si mold”". The sensor showed a high-pressure sensitivity of 3.26
kPa" at 300 Pa and could detect the shear force changes induced by the dynamic interaction between the
sensor and the tested material surface. Pang et al. prepared a pressure sensor based on rGO/PMDS with the
use of sandpaper as a template and a thermal reduction method”. The randomly distributed bulge enabled
the sensitivity of the pressure sensor to reach 25.1 kPa™ with a linearity range of up to 2.6 kPa. Wang et al.
fabricated a pressure sensor based on a hemisphere array via an inversely templating concave structure
derived from the breath figure method””. The interlocked subtle microstructure endowed a sensitivity as
high as 196 kPa™ with a linearity range up to 10 kPa.

r[22-24]

However, the flexible substrates of most pressure sensors are made of microstructured PDMS, and flexible
electrodes are constructed by adsorbing the conductive layer on the surface of the PMDS. These pressure
sensors exhibit narrow strain properties. Moreover, conductive polymer composites combining the
electrical conductivity of fillers and flexible polymers are widely used to fabricate flexible stretch sensors.
Typically, the conductivity of elastomeric composites is significantly enhanced by the mass fraction of
conductive fillers, such as carbon nanotubes, carbon nanofibers (CNFs) and silver nanowires. For example,
Hu et al. fabricated a conductive elastic composite of PS@Ag/PDMS, which exhibited a large workable
strain range (> 80%) and high sensitivity gauge factors (GFs) of 17.5 at a strain of 10%, 6 at a strain of
10%-60% and 78.6 at a strain of 60%-80%"". Lai et al. fabricated ion gels consisting of a poly(acrylic acid)
network and 1-ethyl-3-methylimidazolium dicyanamide®®. The ion gel-based strain sensors exhibited high
sensitivity (GF = 0.73) with a wide strain-sensing range (0%-750%) and excellent durability (1400 cycles).
Therefore, conductive polymers provide a design for making flexible sensors that are both compressible and
stretchable.

As one of the most important factors in protecting the body and perceiving external environments,
especially the perception of pressure and temperature, the epidermis provides a bionic structural strategy
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with its unique surface structure. Herein, a simple strategy to fabricate both compressible and stretchable
sensing layers based on CNFs mixed with flexible styrene-block-butadiene-block-styrene (SBS) is presented.
Inspired by the epidermis structure of human skin, a film based on CNF/SBS with randomly distributed
ravine surfaces is fabricated by employing sandpaper as a template. Two layers of microstructured film are
stacked face-to-face to design a flexible pressure sensor. Due to the efficient transition from the weak
conductive to the conductive state via intersecting the CNF network of the electrical microstructured
surface, the optimized pressure sensor exhibits ultrahigh sensitivity (769 kPa™ at 0-2 kPa), a fast response
time (0.1 s) and good stability (1000 compressive cycles). Such a highly sensitive pressure sensor can detect
subtle physiological real-time pulses and pressure distributions. Moreover, due to the outstanding tensile
properties of SBS, the sensing layer based on CNF/SBS can also be used as a tensile sensor. Inspired by the
“crack” structure of spider joints, Ag NPs are reduced in situ to form a similar “crack” structure on the
CNEF/SBS surface. The composite of Ag/CNF/SBS simultaneously exhibits a large strain range (600%), high
sensitivity (GF = 105 at 0%-250% and 4646 at 500%-600%) and high stability (1000 cycles). The sensitivity
and stretchability can be tuned by tailoring the mass fraction of CNFs and Ag. Based on this outstanding
performance, the potential applications of the sensors in monitoring human movements and pressure
distributions are further demonstrated.

EXPERIMENTAL

Materials

CNFs were purchased from Sigma (719781), SBS (CB20C) was obtained from Shenzhen Plastic Source
Industrial Co., Ltd. and silver trifluoroacetate was purchased from Aladdin (S109509). The sandpaper and
Ag wires were commercially available, and ethyl acetate (CH,COOC,H, > 99%) and ethanol (C,H,OH,
> 70%) were supplied by Sinotharm Chemical Reagent Co., Ltd. (Shanghai, China) and used as soon as
received. Ultrapure water (>18 MQ cm™") was used for all experiments.

Preparation of microstructured CNF/SBS films

Different commercial sandpapers (#400, #600, #1000 and #2000) were cleaned with ethanol and then dried
for later use. The SBS particulates were completely dissolved into an ethyl acetate solution under magnetic
stirring at 500 r/min. The CNFs were dispersed in another ethyl acetate solution by sonication for 30 min,
and then the SBS solution (20 wt.%) was mixed with the CNF dispersed solution (5 wt.%) in different ratios
to prepare CNF/SBS solutions with mass fractions of 2%, 3%, 4%, 5%, 7%, 10%, 15% and 20%, respectively.
Finally, the prepared CNF/SBS solution was poured on the precleaned sandpaper and put into a vacuum
desiccator to remove bubbles at room temperature. After complete evaporation of the ethyl acetate, the
CNF/SBS film with microstructures was carefully peeled off from sandpaper and cut into dimensions of
1.5 cm x 1 cm for making pressure sensors.

Preparation of flat CNF/SBS and Ag/CNF/SBS films

The as-prepared CNF/SBS solution (5 mL) was poured onto a smooth glass dish (5 cm x 5 cm) and then put
into a vacuum desiccator to remove the bubbles at room temperature. After the ethyl acetate was completely
evaporated, the CNF/SBS film was carefully peeled off from a smooth glass dish and cut into dimensions of
1.5 cm x 1 cm for stretch sensor use. The Ag/CNF/SBS film was fabricated by the in situ reduction of silver
particles on the surface of the CNF/SBS film. The as-prepared CNF/SBS film was immersed into a silver
trifluoroacetate/ethanol solution (15 wt.%) for 30 min and air dried for 3 h. It was then immersed into a
hydrazine hydrate solution (50 wt.%) for 30 min. After being cleaned with deionized water and dried at
50 °C, the prepared Ag/CNF/SBS film was cut into dimensions of 1.5 cm x 1 cm for stretch sensor use.
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Figure 1. Fabrication of pressure and strain sensors. (A) Preparation of CNF/SBS dispersion solution; (B) structure of human skin and
schematics for the preparation of pressure sensor composited with surface microstructured CNF/SBS; (C) preparation of high
stretchable strain sensor with Ag/CNF/SBS composites.

Fabrication of pressure and stretch sensors

The pressure sensors consisting of two microstructured CNE/SBS films (1 cm x 1 cm) were assembled with
commercial flexible Ag wire electrodes, followed by sealing with scotch tape. The stretch sensors consisted
of a single flat CNF/SBS film (1 cm x 1 cm) or flat Ag/CNF/SBS film (1 cm x 1 cm) with commercial flexible
Ag wire electrodes.

Characterization

The morphologies were characterized by field-emission scanning electron microscopy (FE-SEM, FEI Nano
SEM 450). The resistance was measured by an Agilent 34401 A multimeter. The applied pressure was
determined using an electronic universal testing machine (Shimadzu AG-X Plus, 100 N). The current was
measured by an electrochemical workstation (CHI 760e). The current-voltage characteristics of the sensors
were detected by a semiconductor analyzer (Keithley, 4200-SCS).

RESULTS AND DISCUSSION

Both the microstructured and flat CNF/SBS films were prepared using a template-stripped method with
SBS/CNEF solutions. A schematic for the fabrication of the SBS/CNF solutions is illustrated in Figure 1A. In
order to acquire a uniform CNF/SBS dispersion, the CNF/ethyl acetate solution and silane stabilizer
(KH550) were blended under ultrasonic conditions for 30 min. The SBS/ethyl acetate solution was then
added and the blended solution was magnetically stirred for 1 h (the beaker should be sealed when stirring
due to the volatilization of ethyl acetate). Inspired by the structure of human epidermis tissue [Figure 1B],
microstructures were introduced to the surface of the CNF/SBS film with sandpaper as a template. The as-
prepared CNF/SBS mixture solution was dipped on the sandpaper and heated at 60 °C for 1 h. After the
ethyl acetate was volatilized completely, we could obtain the microstructured CNF/SBS film when it was
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Figure 2. (A) SEM images of different size sandpapers, including 400#, 500#, 1000# and 2000#; (B) corresponding size of
microstructural distribution of different sandpapers; (C) sample of CNF/SBS films fabricated with 400#, 5004, 1000# and 2000#
sandpapers as templates; (D) SEM images of CNFs and CNF/SBS with mass fractions of 3%, 5% and 10%, respectively.

carefully peeled off from the sandpaper. The morphology of the microstructure can be tuned by applying
sandpaper with different roughnesses (20004, 1000#, 500# and 400#) as templates. Based on the CNF/SBS
solutions, the Ag/CNF/SBS-based tension sensor can also be fabricated with a flat silicon wafer as a
template. As shown in Figure 1C, similar to the fabrication process of microstructured CNF/SBS films, the
flat CNF/SBS film can be obtained by using a flat silicon wafer instead of sandpaper as a template. The
resulting Ag/CNF/SBS film can be easily bent and twisted, which demonstrates its excellent flexibility and
stretchability.

To further investigate the relationship between the morphology and sensor performance, the surface
roughness of the microstructured CNF/SBS film was controlled by using sandpaper with different grit
numbers (400#, 500#, 1000# and 2000#, respectively). For the template-stripped method, the surface
roughness of the template is closely related to the surface morphology of the as-prepared microstructured
CNE/SBS film. As shown in Figure 2A, the surface morphology of the sandpaper with different grit
numbers was characterized by SEM. Moreover, the particle sizes of the microstructures were counted and
analyzed [Figure 2B]. As the grit numbers of sandpaper increased from 400# to 2000#, the average size of
the microstructure gradually decreased from ~50 to ~8 pm. The CNF/SBS film samples with
microstructures fabricated by different sandpapers are shown in Figure 2C. Correspondingly, the average
size of the microstructure of the CNF/SBS film decreases gradually as the average size of the microstructure
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Figure 3. (A) Relational graph of volumetric conductivity and CNF mass fraction; (B) schematic of structure of microstructured
CNF/SBS-based pressure sensor; (C) resistance variation of microstructured CNF/SBS-based pressure sensor with different CNF
contents; (D) resistance variation of microstructured CNF/SBS-based pressure sensor with different microstructures; (E) working
principle of microstructured CNF/SBS-based pressure sensor.

of the template used decreases. In addition, the average heights of the microstructure of the CNF/SBS films
were 10, 25, 40 and 55 um when 2000#, 1000#, 500# and 400# sandpapers were used as templates,
respectively [Supplementary Figure 1]. These results reveal that the microstructures of the CNF/SBS films
can be easily controlled with templates with different grit numbers. This is, therefore, a facile, highly
efficient and low-cost approach for constructing the microstructures of sensors.

Microstructural construction and materials selection are commonly applied to enhance the sensing
performance of sensors. In addition to constructing microstructures using a template-stripped method, we
further modified the electrical properties of the elastic SBS polymer matrix with conductive CNFs. Due to
their high aspect ratio and conductivity [left of Figure 2D], CNFs are some of the most frequently used
conductive fillers for piezoresistive-sensing materials. During deformation, CNFs with high aspect ratios
can be interconnected with each other more easily, and therefore CNF-based polymers have greater
variation in resistance. As the CNF content increases [right of Figure 2D], their distribution density in the
SBS matrix increases significantly, which also improves the electrical interconnection between them.

To investigate the influence of CNF/SBS conductivity on pressure sensors, different resistances of CNF/SBS
layers were fabricated by regulating the mass fraction of CNFs for comparison. Consequently, the
conductivity of the CNF/SBS film demonstrated a positive relationship between the mass loading of CNFs
with their conductivity. Typically, the conductivity of the CNF/SBS film increased with increasing CNF
mass fraction due to the more interlaced conductive network formed. In particular, the conductivity of
CNF/SBS changed significantly with a 3%-7% mass fraction of CNFs. As shown in Figure 3A, the
conductivity of CNF/SBS was less than 0.0008 S/m when the CNF content was 1% and increased by more
than 10,000 times to ~40 S/m when the CNF content was raised to 20%. In conclusion, the piezoresistive
properties of CNF/SBS can be controllably modulated by changing the CNF content. Figure 3B shows the
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microstructured CNF/SBS-based pressure sensor assembled with two microstructured CNF/SBS films. It is
noteworthy that the surfaces with microstructures were laminated to each other during the assembly
process.

The CNF content significantly affected the resistance variation properties during deformation. Figure 3C
shows the effect of different CNF mass fractions on the curve of current change rate-pressure. Interestingly,
it demonstrates that the sensitivity of the sensor increases successively when the mass fractions of CNFs
increase from 3% to 5%. However, when the mass fraction of CNFs continues to increase to 7%, the
sensitivity of the sensor gradually decreases. This is because the CNF/SBS exhibited an obvious percolation
threshold effect when the CNF content was higher than 5%. The sensitivity, which can be expressed as
(I-1,)/(I,P), is used to access the performance of a flexible sensor, where I and I, are the current and initial
current, respectively, and P is the applied pressure. Therefore, the sensor has a very high sensitivity when
the mass fraction of CNFs is 5%, which is mainly because the conductivity has a significant impact on the
sensitivity of the sensor. When the mass fraction of CNFs is less than 5%, the conductive network of the
CNF/SBS sensor layer has many defects, which reduce the relationship between the conductivity and the
change of contact area of the microstructure. Therefore, the sensitivity of the sensor increases with the
improvement of the conductivity. When the mass fraction of CNFs exceeds 5%, due to the good conductive
network of the sensor, the sensitivity is mainly controlled by the change of the contact area of the
microstructure and conductivity contribute less to the sensitivity of the sensor. The increased conductivity
of the sensing layer increases the initial current, which leads to the decrease of the sensitivity as the mass
fraction of CNFs increases.

In addition, to investigate the significant influence of conductivity on sensitivity, a layer of highly
conductive silver nanoparticles was reduced on the surface of the microstructured CNF/SBS film (with a
CNF content of 5%) to obtain Ag/CNF/SBS comparison samples with high conductivity. Although the
conductivity could be improved to 10 S/m, the sensitivity of the sensor was ~1.7 kPa™, which reveals that the
sensitivity can be greatly improved by reducing the initial contact current. For the sensor prepared with
2000# sandpaper, the calculated sensitivity was 769.2 kPa™ in the range of 0-2 kPa, while it has a value of
16.7 kPa™ in the high-pressure range of 2-18 kPa. In conclusion, CNF/SBS films with a 5% CNF content
have optimized electrical properties of CNF/SBS pressure sensors under our experimental conditions.

Due to the limited capability of the SBS/CNF composite to change the resistance, it is difficult to improve
the sensitivity to a greater extent by adjusting the intrinsic conductivity of the material. Based on the
intrinsic conductive properties of the material, the sensitivity of the sensor is further improved by
introducing the surface microstructure of the sensing layer. To further explore the effect of the
microstructures of the CNF/SBS film on sensor sensitivity, sandpapers with different grit numbers were
used as templates to prepare microstructures of different sizes by the template-stripped method. Figure 3D
clearly shows the effect of microstructure on the sensitivity of the CNF/SBS pressure sensors, revealing that
the sensitivity of the sensor decreases with decreasing sandpaper grit numbers. This is mainly because the
size of the microstructure depends on the mesh size of the sandpaper. Compared with other different
meshes, the 400# mesh of the sandpaper corresponds to the microstructure of the largest size. Under the
same pressure load on the sensor, the large size microstructure has fewer contact points than the small size
microstructure. Therefore, the pressure is more concentrated in the contact area of the large size
microstructure, which will make deformation more likely to occur. Furthermore, sensors with a larger
microstructure have a lower contact current in the initial state, which may be responsible for the increase in
sensitivity with increasing microstructure.
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Figure 4. (A) I-V behavior of microstructured CNF/SBS film with different pressures; (B) pressure response of microstructure
CNF/SBS-based pressure sensor for periodic lowest pressure; (C) response time of microstructure CNF/SBS-based pressure sensor;
(D) current variation of microstructure CNF/SBS-based pressure sensor with an applied pressure ranging from 154 Pa to 3.2 kPa; (E)
performance of microstructure CNF/SBS-based pressure sensor with cyclic pressure up to 1000 cycles.

In summary, the synergistic effect of material conductivity and surface microstructure can greatly improve
the sensitivity and operating range of the sensor. Figure 3E demonstrates the synergistic process of intrinsic
conductivity and microstructure on the resistance change during the deformation process. As the pressure
increases, the contact state of the sensor gradually changes from point contact to surface contact. In
addition, the contact points of CNF in the SBS matrix gradually increase. Therefore, this synergistic effect of
material properties and microstructure leads to the formation of more conductive pathways during
compression, thus explaining the effect of pressure on sensitivity.

The additional sensing performance (such as response time, durability and stability) of the highest
sensitivity sensor was further evaluated with an electronic universal testing machine and electrochemical
workstation. The current-voltage (I-V) curve of the pressure sensor under different pressures is presented in
Figure 4A. The applied pressure on the surface of the sensor was constant when the voltage swept from -0.5
to 0.5 V. As the applied pressure increases from 147 Pa to 984 Pa, the slope of the I-V curve increases,
meaning that the resistance decreases with increasing pressure and therefore the current also increases. In
addition, the linear character of the I-V curves indicated the stability of the sensor resistance, which obeyed
Ohm’s law. Figure 4B demonstrates the real-time resistance change of the sensor under loading and
unloading pressure, which was achieved by placing and removing a 5 g standard weight (corresponding to a
minute pressure of 5 Pa). Repeatable current peaks indicated that the sensor has excellent sensing
capabilities for detecting subtle pressures. Response time is also an important performance parameter of
pressure sensors. Theoretically, the shorter the response time of a sensor, the weaker the signal hysteresis
effect of the sensor. The response and recovery times of the sensor were examined at a cyclic pressure of 1
kPa, as shown in Figure 4C, where the inset shows a sensor response/recovery time of 100 ms.
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Figure 5. (A) SEM image of Ag/CNF/SBS surface; (B) SEM image of Ag/CNF/SBS cross section; (C) characterization of silver particle
distribution in CNF/SBS matrix by SEM and EDS; (D) High Magnification SEM image and corresponding EDS mapping image of silver
particles in CNF/SBS matrix; (E) Schematic of Ag/CNF/SBS hybrid film structure; (F) thermogravimetric analysis of three samples: SBS;
CNF/SBS; Ag/CNF/SBS; (G) XRD patterns of CNF, SBS, CNF/SBS and Ag/SNF/SBS.

A further dynamic response test was conducted by applying stepped pressures on the pressure senor,
leading to the corresponding resistance responses, demonstrating its outstanding pressure identifiability, as
shown in Figure 4D. Moreover, the long-term stability of the microstructured CNF/SBS-based pressure
sensor was evaluated by cyclic compression for 1000 cycles [Figure 4E]. When the pressure was applied on
the surface of the sensor, the contact resistance was ~13 kQ and there was almost no change during 1000
cycles, which fully demonstrated the stability of the sensor during the loading pressure cycle test. During the
process of unloading pressure, the initial contact resistance of the sensor is gradually reduced, which may be
due to the lower Young's modulus of SBS and the relaxation effect. For testing the spatial pressure
resolution, both 2 x 2 and 6 x 6 ANF/SBS sensor arrays were fabricated [Supplementary Figures 2 and 3A].
Three weights (10 g, 20 g, and 100 g) were respectively placed on a 6 x 6 sensor array, as shown in
Supplementary Figure 3B. The three-dimensional distribution graph in Supplementary Figure 3C clarifies
that the highest current response was located at the corresponding sites.

Due to the good stretchability of the SBS matrix, a stretching sensor based on a flat CNF/SBS film was
designed. When the CNF/SBS-based film is stretched, the conductive network is also stretched, the
contacting points of the CNFs decrease and the network within the CNFs is broken, which increases the
resistance of the CNF/SBS-based film. Furthermore, in order to further increase the rate of change of
resistance of the CNF/SBS-based stretching sensor, Ag NPs were introduced into the shallow surface of the
CNEF/SBS film by using in situ reduction to make the composite material with high conductivity and

[39]

stretching ability

Figure 5A shows that the Ag NPs are uniformly reduced and tightly coated on the surface of the CNF/SBS
film. It is noteworthy that, unlike conventional chemical plating, the in situ reduction method can not only
metalize the film surface but also embed Ag nanoparticles inside the CNF/SBS matrix [Figure 5B and CJ.
Furthermore, the energy-dispersive X-ray spectroscopy (EDS) result [Figure 5D], Supplementary Figure 4
and Supplementary Table 1 indicates that the Ag NPs were completely embedded in the CNF/SBS matrix.
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As demonstrated in Figure 5E, this unique Ag NP-embedded structure can effectively build the conductive
contact point of Ag NPs and CNFs to improve the resistance change during stretching, which can improve
the sensitivity of the stretch sensor.

Furthermore, thermogravimetric analysis was performed on SBS, CNF/SBS and Ag/CNF/SBS. As shown in
Figure 5F, the results showed that all samples had a significant weight loss at ~200 °C, which was due to the
oxidation of SBS in air. In addition, the SBS in all samples has been completely oxidized as the temperature
was increased to 485 °C. Based on the mass of the remaining residuals, the weight ratios of CNF and Ag NPs
in the Ag/CNF/SBS conductive composites can be calculated to be ~5% and ~7%, respectively.

Moreover, the SBS, CNF, CNF/SBS and Ag/CNF/SBS were further studied by X-ray diffraction (XRD) to
characterize the material components. The obtained XRD patterns are shown in Figure 5G. The diffraction
peak at 20 = 17.9° corresponds to the amorphous region of SBS. The diffraction peak at 26 = 26.4°
corresponds to the crystal plane of CNFs. The other four diffraction peaks appearing at 26 = 38.6°, 44.9°,
64.9° and 77.9° are attributed to the (111), (200), (220) and (311) crystal planes of the face-centered cubic
structure of the Ag NPs, respectively.

In order to investigate the performance of the CNF/SBS-based stretching sensors, the tensile mechanical
properties [Figure 6A], resistance-strain characteristics and cyclic stability performance of CNF/SBS and
Ag/CNF/SBS were systematically investigated. As shown in Supplementary Figure 5, the Ag/CNF/SBS film
was stretched to 400%, which demonstrated its outstanding stretchability and the fact that it holds
significant potential as a stretchable sensor. Figure 6B shows the stress-strain curves of the CNF/SBS film
with different mass fractions. As the mass ratio of the CNFs increased from 3% to 5%, the fracture strength
of the CNF/SBS composite film gradually increased, but the fracture strain remained greater than 300%
[Figure 6B]. This indicates that modulating the mass ratio of CNFs did not significantly weaken the tensile
properties of CNF/SBS. Interestingly, the tensile properties of the Ag/CNF/SBS composite films were
significantly improved. Compared with CNF/SBS films, the breaking strength and elongation of
Ag/CNF/SBS composite films were doubled to 1.8 MPa and 600%, respectively [Figure 6C]. This is due to
the embedded Ag NPs that not only improve the electrical conductivity of Ag/CNF/SBS by providing more
electrical contact points but also greatly enhance the tensile properties of the composite.

Tensile sensitivity is a key parameter of tensile sensors and the effects of CNF mass fraction and Ag NPs on
the sensitivity of the CNF/SBS base were studied. Here, the strain is defined as ¢ = (L - L,)/L,, where L, is the
initial length and L is the length at different elongations and the GF can be calculated by GF = (AR/R,)/s,
where AR, R and ¢ are the resistance change, initial resistance and applied strain, respectively. Although the
CNF content had little effect on the tensile mechanical properties of CNF/SBS, it had a significant effect on
the resistance-strain properties of CNF/SBS [Figure 6D]. Since the increase in CNF content can significantly
improve the conductive pathway of CNF/SBS, it can effectively enhance the working range of CNF/SBS
(> 300%). As a result, the CNF/SBS sensor (with a CNF content of 5%) shows a high GF value of 20.6 over a
wide working range of 0%-200%, while the GF value was elevated to 6860.9 when the strain was 340%-360%.
As mentioned above, both the tensile strength and elongation of the Ag/CNF/SBS composite films were
significantly improved after the introduction of Ag NPs. In addition, the GF value (0%-300%) of the
Ag/CNF/SBS composite film was also dramatically improved to 105.6, which is five times higher than that
of the CNF/SBS film [Figure 6E]. The Ag/CNF/SBS composite film exhibited an ultrahigh GF of 4646.5 in
the higher operating range (500%-600%). As shown in Figure 6F, the Ag NPs distributed on the CNF/SBS
surface and in the matrix not only effectively reduce the initial resistance of the stretched sensor but also
provide more conductive pathways. Since the CNFs and Ag NPs build a conductive pathway with multiple
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Figure 6. (A) Schematic of Ag/CNF/SBS film during stretching and releasing; (B) stress-strain curves of CNF/SBS with different mass
fractions; (C) stress-strain curves of CNF/SBS and Ag/CNF/SBS; (D) stress-resistance curve of CNF/SBS tensile sensors of different
mass fractions; (E) stress-resistance curve of CNF/SBS and Ag/CNF/SBS; (F) mechanisms of resistance change in Ag/CNF/SBS films
during tensile deformation; (G) stretching cycles at different strain rates; (H) strain-dependent normalized resistance of Ag/CNF/SBS
under repeated stretching test; (1) cyclic tensile testing of Ag/CNF/SBS-based stretching sensor with a tension strain of 20% for 1000
cycles.

contact points, as the sensor is stretched, the conductive paths constructed by the Ag NPs and CNFs are
easily disrupted, the distance between the conductive materials increases and the contact points of CNF and
Ag NPs decrease. As a result, the resistance of Ag/CNF/SBS increases significantly due to the disruption of
the conductive network and the reduction of the electrical contact points.

The dynamic response of the Ag/CNF/SBS-based strain sensors under stretch/release cycles for 30 cycles
with different applied strains (15%, 20% and 30%) is shown in Figure 6G. These stable performances
demonstrate that the strain sensors have high reliability and the resistance change is reversible. Figure 6H
shows the AR/R,-strain curve for each stretching cycle of the Ag/ANF/SBS strain sensor at a strain of 20%.
The cyclic response curve of each cycle in the figure almost overlap, which indicates that the Ag/ANF/SBS
strain sensor has good cycling stability. Furthermore, the cyclic stability of the Ag/CNF/SBS film can be up
to 1000 under a strain of 20%, as shown in Figure 61, which indicates the good stability as the strain sensor
attached to the human body or robot in monitoring moving signals [Supplementary Figure 6].

CONCLUSION

In summary, we fabricated compressible and stretchable sensors based on CNF/SBS. The sensitivity of the
flexible pressure sensor (769.2 kPa™) was greatly enhanced because of the synergistic effect of the surface
microstructure and the intrinsic conductivity of the material. The designed flexible pressure sensor not only
exhibited a low-pressure detection limit (< 5 Pa) and high reliability (> 1000 cycles of compression) but also
enabled micro-pressure sensing, such as the detection of pulses and finger flexion. In addition, due to the
excellent tensile properties of SBS, the CNF/SBS-based flexible sensor had a total operating range of up to
600% and a maximum linear region GF of 4646.5. Such compressible and stretchable sensors have
promising applications in smart and flexible electronic devices for wearable healthcare monitoring
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equipment, intelligent robotics and human-machine interfaces.
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