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Hierarchical Synergistic Structure for High Resolution Strain

Sensor with Wide Working Range

Runhui Zhou, Yufei Zhang, Fan Xu, Zhuoyu Song, Jiaoya Huang, Zemin Li, Chen Gao,

Jiang He,* Wenchao Gao,* and Caofeng Pan*

Strain sensors have been attracting tremendous attention for the promising
application of wearable devices in recent years. However, the trade-off
between high resolution, high sensitivity, and broad detection range is a great
challenge for the application of strain sensors. Herein, a novel design of
hierarchical synergistic structure (HSS) of Au micro cracks and carbon black
(CB) nanoparticles is reported to overcome this challenge. The strain sensor
based on the designed HSS exhibit high sensitivity (GF > 2400), high strain
resolution (0.2%) even under large loading strain, broad detection range

induced by human posture, activity, and
various biosignals that can be detected
by strain sensors for the application of
health monitoring. Hence, high sensitiv-
ity was required to detect tiny motions in-
cluding heartbeat, phonation, and respira-
tion. While in actual application, the tiny
strain signals of health monitoring are nor-
mally accompanied by large strain induced
by body movements, which request broad

(>40%), outstanding stability (>12000 cycles), and fast response speed
simultaneously. Further, the experiments and simulation results demonstrate
that the carbon black layer greatly changed the morphology of Au
micro-cracks, forming a hierarchical structure of micro-scale Au cracks and
nano-scale carbon black particles, thus enabling synergistic effect and the
double conductive network of Au micro-cracks and CB nanopatrticles. Based
on the excellent performance, the sensor is successfully applied to monitoring
tiny signals of the carotid pulse during body movement, which illustrates the
great potential in the application of health monitoring, human-machine

interface, human motion detection, and electronic skin.

1. Introduction

With the development of technology, wearable devices for per-
sonal healthcare, human-machine interface, and robotics pos-
sess enormous prospects.l!3! Strain sensors with excellent per-
formance in sensing mechanical stimuli, as a vital component
of wearable devices, have attracted tremendous attention in re-
cent years. The human body provides abundant strain signals

detection range, high sensitivity, and high
strain resolution to ensure intact function-
ality under different strain levels. However,
the present strain sensors generally pos-
sess only one feature mentioned above, ei-
ther high sensitivity with a narrow detec-
tion range or broad detection range with
low sensitivity, meanwhile, high strain res-
olution was rarely studied in flexible strain
sensors.

The high sensitivity of strain sensors is
normally related to large structural changes
under strain causing drastic conductance
change, such as crack based strain sensors.
Conventional highly sensitive crack based strain sensors were
mostly based on brittle metal films which intended to gener-
ate cracks under strain to release energy.[* The sensing mech-
anism of crack-based strain sensors is based on reversible sep-
aration and connection of cracks, which causes dramatic re-
sistance change under strain, enabling the crack-based strain
sensors with high sensitivity but narrow detection range nor-
mally below 5% strain. As one of the most influential works of
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Figure 1. Illustration of Au and CB double conductive network hierarchical synergistic structure based strain sensor design concept and fabrication. The

scale bar is 500 nm.

crack-based strain sensors, Daeshik et. al. reported a spider-like
crack-based strain sensor, which was prepared by depositing plat-
inum on PUA substrate.’] The spider-like strain sensor pos-
sessed a high gauge factor of 2000 and a sensing range of 2%.
Further, the gauge factor of the crack-based sensor was improved
to 16 000 by modulating crack depth.l®! Despite the high sensi-
tivity of crack-based strain sensors, the narrow detection range
greatly limits the applications. Hence many efforts have been
made in modifying the materials!®”’! and structures!® of sensing
films and engineering crack structures such as crack density,"®’
crack depth,[®] crack connection,'®!!] and crack distribution!!?!
to enhance the sensing performance.

As for the broad detection range, in contrast, expanding the de-
tection range requires small structure changes under strain to en-
sure the robustness of conductive paths. The strain sensors with
broad detection range were normally prepared by mixing con-
ductive fillers into polymer matrix to form a composite structure.
Thus varied sensing materials have been reported including,
metal nanomaterials (e.g., nanowires,['13] nanoflakes,™ and
nanoparticles!®>%)), carbon-based materials (e.g., carbon black
(CB),I"7-¥] carbon nanotube (CNT)?*-2*l and graphene (Gr),2+2°!
MXenes,!?”8] ionic liquid,?*3% liquid metal,3!] and conductive
polymers.?234 Such structure maintain the robustness of con-
ductive paths under large strain by diluting applied strain into
tiny distance changes of conductive fillers, thus obtaining a broad
detection range. Therefore, it normally exhibits low sensitivity.
Accordingly, it is hard for a single structure to simultaneously
meet the requirements of high strain resolution, high sensitiv-
ity, and broad detection range. The key point of simultaneously
realizing the above-mentioned properties is to solve the contra-
diction between the need for large structural change and the need
for small structural change under a large strain range.

Herein we designed a hierarchical synergistic structure of
Au micro cracks and CB nanoparticles to surmount this obsta-
cle (Figure 1). In order to combine these two microscales and
nanoscale structures, we first prepared a highly uniform Lang-
muir monolayer film of CB through the interface self-assembly
method. Then a thin layer of Au film was deposited on the CB
film to construct a hierarchical synergistic structure with the dou-
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ble conductive network. The introduction of CB greatly changed
the propagation of Au cracks and formed synergistic effect. The
dense and twisty cracks of Au films induced by CB particles in-
tended to separate under small strain, causing obvious resistance
change. Additionally, the distance between CB nanoparticles fur-
ther increased under large strain to alter conductive paths, en-
abling large detection range. Based on the synergistic effect of the
hierarchical structure of Au micro cracks and CB nanoparticles,
the resulting strain sensor obtained high gauge factor of 2420,
high strain resolution (0.2%) even under large loading strain, and
broad detection range of 45%. We further performed sound de-
tection and long-term pulse monitoring based on our strain sen-
sor, which illustrates the enormous potential in the application
of healthcare and human-machine interfaces.

2. Results and Discussion

2.1. Fabrication and Characterization of HSS

The schematic illustration of the design concept of hierarchical
synergistic structure (HSS) was shown in Figure 1, the main pur-
pose was to form hierarchical synergistic effect by combining
microscale crack structures with high sensitivity and nanoscale
nanoparticle structures with large sensing ranges. Our method
was coalescing Au film and CB film into a hierarchical syner-
gistic structure. The hierarchical combination of microscale Au
cracks and nanoscale CB particles with synergistic effect and dou-
ble conductive network introduced by CB particles in the mean-
time enable the simultaneous realization of high sensitivity, large
sensing range, and high strain resolution.

The fabrication process was illustrated in Figure 2a. The as-
prepared CB dispersion was sprayed onto the surface of the water.
With the increasing amount of CB dispersion sprayed onto the
surface of the water, a highly uniform Langmuir monolayer film
of loosely packed CB particles was formed under the Marangoni
forces and airflow. Then a sponge was placed at the edge of the
container to quickly siphon water. Subsequently, the highly uni-
form Langmuir monolayer become closely packed toward the
opposite direction of the siphon direction. The photographs of
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Figure 2. Fabrication and characterization of the HSS. a) The fabrication process of hierarchical synergistic structure of Au and CB. b) Photograph of
the CB film after coating Au c) SEM imagines of CB-Au film under strain. d) size distribution of CB particles. e) Photograph of a single layer of self-
assembled CB film transferred onto glass. f) SEM images of self-assembled CB film transferred onto silicon wafer. g) Photographs of different layers of

self-assembled CB film.

different stages of fabrication of highly uniform monolayer CB
films were shown in Figure S1 (Supporting Information). Then
the closely packed highly uniform monolayer CB films were
transferred to a polystyrene substrate or glass sheet. Next, PDMS
was spin-coated on the CB films. After PDMS was cured, the
PDMS-CB composite film was peeled off from the polystyrene
substrate. Finally, a thin layer of gold was magnetron sputtered
on the PDMS- CB composite film. The photograph of CB-Au
composite films was shown in Figure 2b, and the SEM image
was shown in Figure 2c suggesting the successful construction
of a double conductive network hierarchical synergistic structure.
In addition, the single layer of CB film transferred on the glass
sheet was transparent and highly uniform as shown in Figure 2e.
The SEM images in Figure 2f and Figure S2 (Supporting Infor-
mation) suggest that the CB particles were uniformly dispersed
without agglomeration. And the size distribution of CB particles
was shown in Figure 2d, which was narrowly concentrated at 20—
30 nm. Then multiple layers of CB films by repeating transfer-
ring process were prepared. Moreover, the uniformity of multi-
layer CB films was maintained after multiple transfer processes,
as shown in Figure 2g and Figure S2 (Supporting Information).
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As the number of CB layers increases, the transparency of CB
films decreases. The single layer of CB film possesses the high-
est transparency in these CB films of about 80% transmittance
(Figure S3a, Supporting Information). Moreover, the resistance
of CB film decreases with increasing CB layers, the average sheet
resistance decreases from 182.9 + 5.9 kQ sq7! to 29.9 + 0.27
kQ sq~ when the number of layers increases from one to five
layers (Figure S3b, Supporting Information). When the second
layer of CB was transferred, the sheet resistance dropped rapidly
because the voids of the first CB layer were mostly covered by
the second CB layer. As shown in Figure S2 (Supporting Infor-
mation), the voids were rare after more than two layers of CB
particles.

2.2. Sensing Performance of HSS Based Strain Sensor
Then the self-assembled CB films with different layers were
peeled off by PDMS and cut into the appropriate size to prepare

into strain sensors. Then, the performance of the prepared strain
sensor was tested. As the key parameters of strain sensors, the
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Figure 3. Sensing performance of the HSS based strain sensors. a) Relative resistance changes of strain sensors based on different layers of CB film
under different strains. b) Relative resistance changes of strain sensors composed of two layers of CB film coated with Au by sputtering at different
times under different strains. c) The response time and recovery time of the HSS based strain sensors. d) Long-term stability over 12 000 cycles. €)

Comparison of sensing range and gauge factor with other papers.

sensitivity and detection range are vital properties of the sensors
in actual applications. The sensitivity is normally evaluated by
gauge factor (GF), which is defined as GF = (AR/R;)/¢, where
R, is the initial resistance of the strain sensor under a normal
state, and AR is the change in resistance under applied strain e.
In order to optimize the performance of the strain sensor, the in-
fluence of the materials of the sensing layer was studied. First,
the sensing performance of strain sensors based on different
CB layers was studied. The experiment results manifested that
the sensitivity decreases with increased numbers of CB layers
(Figure 3a). The strain sensors based on double layers CB films
exhibited the highest sensitivity, which possessed GF of 109 (at
strain range of 80-100%). The sheet resistance of single-layer CB
film after being peeled off by PDMS was too large to be applied
in strain sensing, which was mainly attributed to the penetra-
tion of PDMS into the voids in the single CB layer. Subsequently,
in order to balance sensitivity and sensing range, we propose a
hierarchical synergistic structure by combining Au micro-crack
layer and CB nanoparticles layer. Therefore, a thin layer of Au was
magnetron sputtered on the double-layer CB films. In order to in-
vestigate the effect of the thickness of Au layer, the time of mag-
netron sputtering was precisely controlled. The CB-Au composite
films with a sputtering time of 45s possessed the highest sensi-
tivity (GF of 2420 at strain range of 30—45%) (Figure 3b), which
might be due to that Au formed continuous film at a sputtering
time of 45s (Figure S4, Supporting Information). Further, to con-
firm the required time of forming a continuous film of Au by
sputtering, Au film with different times of magnetron sputtering
was fabricated on a silicon wafer, and the Sputtered Au become
a continuous film at a time of 45s (Figure S5, Supporting Infor-
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mation). Furthermore, our HSS based sensors exhibited fast re-
sponse speed and excellent stability. Then, the response time and
recovery time were measured (Figure 3c). The response time and
recovery time were 17.5 ms and 22.5 ms, separately, and the fast
response capability could enable high frequency detection. Next,
the stability under different strains and different frequencies was
studied, as shown in Figure S6a,b (Supporting Information). The
multiple responses to different strains were nearly the same and
the response barely changed with different frequencies. As in the
actual application of human motion detection, thin features and
long-term stability are vital parts. Therefore, the PDMS substrate
with a thickness of 50 um was prepared and used to peel off CB
films. The long-term cyclic test was implemented based on HSS
based sensors with 50 um PDMS under 10% strain. The result
in Figure 3d indicated excellent stability of our HSS based sen-
sors that no obvious performance degradation was observed after
over 12 000 cycles of stretching. In addition, the comprehensive
performance was the state of art after comparison with other re-
ported works (Figure 3e),57:10.11333545] and the details of com-
parison were listed in the Table S1 and Note S1 (Supporting In-
formation).

2.3. Sensing Mechanism Analysis of HSS Based Strain Sensor

In recent reports, the high sensitivity strain sensors were mostly
based on the crack propagation mechanism which could achieve
a sensitivity of over 10 000, while the sensing range was nor-
mally below 5% strain. Additionally, the strain sensors with a
wide range were mainly based on the percolation theory that
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distance changes between nano or micro conductive fillers in-
duced by strain affect resistance. The vast amounts of nano or mi-
cro conductive fillers distribute strain which ensures the robust-
ness of conductive paths, thus obtaining a wide sensing range.
Meanwhile, high strain resolution was rarely studied in flexible
strain sensors. The high strain resolution normally requires ob-
vious structure changes under different strain levels. Therefore,
the trade-off among sensitivity, strain resolution, and sensing
range was difficult to overcome.

While the balance among sensitivity, strain resolution and
sensing range were realized by the construction of the hierar-
chical structure and synergistic effect of Au micro crack and CB
nanoparticles. The sensing mechanism was extensively studied.
Firstly, the micro-morphology of Au film and CB-Au compos-
ite film with and without strain was investigated. A compari-
son of SEM images of gold film and CB-Au composite film was
shown in Figure 4a,b. The results indicated that longer cracks
were formed perpendicular to the stretching direction in Au
films under a small strain of 5% resulting in a rapid increase
in resistance, which was supported by previously reported strain
sensors based on metal films including gold,*®! silver,l”] and
platinum.>®] While the introduction of CB layers greatly changed
the micro-morphology of cracks, that much shorter and denser
twisty cracks were observed in CB-Au composite films under the
same strain, as shown in Figure 4b. Moreover, the statistical anal-
ysis result of the crack length of the Au film and the CB-Au com-
posite film was obtained that crack lengths were 56.35 pm and
8.12 pm, respectively, which signified that the crack length of
the CB-Au composite film was much smaller than that of the Au
film under the same strain (Figure 4e). These longer cracks in
Au films normally cause greater resistance change.[*?! In order
to investigate the effect of the micro-morphology of cracks on
electrical conductivity, we simulated the potential distribution of
the SEM images by finite element analysis, according to the pre-
vious report.l*”l The SEM images were imported into COMSOL
after being turned into binary images, and the simulation was
performed by applying a voltage across both sides. Figure 4c,d
demonstrated that the potential distribution of CB-Au composite
film dropped slower than that of the Au film, indicating larger
strain tolerance in the CB-Au composite film. Furthermore, due
to the vast amount of CB nanoparticles, the applied strain would
be converted to the uniform displacement of CB nanoparticles as
shown in Figure S8 (Supporting Information). The introduction
of CB layers greatly changed the morphology and stress distribu-
tion on the surface. To understand the mechanism of the micro-
morphology of CB-Au composite film under strain, we simu-
lated the stress distribution of substrates with and without the CB
layer. The simulation result, shown in Figure 4f, verified that the
introduction of the CB layer enormously changed the stress dis-
tribution. The corresponding stress distribution map of PDMS
with the CB layer showed that local stress near CB particles was
obviously larger than other regions, in other words, the stress
was substantially enhanced near CB particle regions. However,
the stress distribution map of bare PDMS film showed that only
a small region at the edge possessed larger stress, while the stress
distribution in the central region is uniform. Moreover, we also
conducted stress distribution simulations of 1D materials with
different aspect ratios. As shown in Figure S9 (Supporting In-
formation), the stress concentration was obviously enhanced as
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the aspect ratios decreased, indicating that the zero-dimensional
materials like CB nanoparticles could better enhance the stress
concentration (More details could refer to Note S2, Supporting
Information). Additionally, the adhesion strength between gold
and PDMS film was qualitatively investigated (More experiment
details could refer to Movies S1 and S2, Supporting Informa-
tion). Figures S10 and S11 (Supporting Information) demon-
strated that the introduction of the CB layer considerably en-
hanced the adhesion strength between gold and CB-PDMS film,
importantly, the interface toughness and the stress conduction to
the metal film largely affect the morphology of cracks.[**”) Conse-
quently, the vastamount of CB particles introduced a vast amount
of stress concentration site, meanwhile, Au as the intrinsic un-
stretchable material tends to form cracks under strain to release
strain energy.[*] Thus, the dense short cracks were intended to
propagate in CB-Au composite film. Furthermore, to better un-
derstand the interaction between the CB particles and Au film,
the cracks generation of CB-Au hierarchical synergistic struc-
ture and Au film was simulated through finite element analysis
(Figure S12, Movies S3 and Movie S4, Supporting Information),
which revealed that cracks in the hierarchical synergistic struc-
ture possessed higher numbers and smaller lengths. Addition-
ally, the CB particles generated significant stress concentration
and the cracks in the CB-Au basically followed the stress concen-
tration points created by CB particles, as shown in Figure S13
(Supporting Information) (More details could refer to Note S3,
Supporting Information).

Further investigation of the micro-morphology of cracks in CB-
Au composite revealed that CB particles were distributed between
Au cracks, which suggests CB provided more effect than altering
the micro-morphology of Au films. As shown in Figure 4g and
Figure S14 (Supporting Information), under 50% strain CB par-
ticles were clearly observed between cracks, which suggests that
CB particles could bridge Au cracks and provide robust conduc-
tive paths to realize a larger sensing range. Detail illustration of
the mechanism was shown in Figure 4h. The changes in conduc-
tive paths of CB-Au composites and Au film under small strain
and larger strains were illustrated. Under small strain, cracks
of both CB-Au composites and Au film were intended to sepa-
rate, causing great resistance change. With the increase of strain,
longer cracks were formed in the Au film thus obstructing the
conductive paths. However, the CB particles in CB-Au compos-
ites could bridge Au cracks to obtain extra conductive paths to
possess a large sensing range, and due to the small amount of CB
nanoparticles between cracks and the relatively poor conductivity
of CB nanoparticles, the increase of strain can continue to change
the distance between CB nanoparticles causing great resistance
change under large strain level. Hence, the high sensitivity and
high strain resolution were remained with large detection range.

2.4. Representative Applications for Small and High Frequency
Vibration Detection

In order to simultaneously realize large human motion detec-
tion and small physiological signals monitoring, a large sensing
range, and high sensitivity are required. Due to the excellent per-
formance of our HSS based sensors, large signals of body move-
ments and small biosignals of vibration induced by sound and
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Figure 4. Crack morphology and strain distribution of strain sensor built from CB-Au film and gold film. a) SEM images of crack morphology of the gold
film. b) SEM images of crack morphology of CB-Au film. c,d) Voltage distribution simulation based on SEM images of (a) and (b). e) Comparison of
crack length of CB-Au film and gold film under the same strain. f) Strain distribution simulation of CB combined PDMS and flat PDMS. g) SEM images
of crack morphology of CB-Au film under 50% strain. h) Schematic diagram of conductive path changes of HSS and Au film under small strain and large

strain.

heartbeats were precisely detected simultaneously. Firstly, the
application of HSS based sensors in small biosignal detection
was performed. In order to ensure firmly conformal contact be-
tween sensors and human skin, the sensors were prepared based
on the 50 ym PDMS and attached to a thin PU adhesive. Then our
sensors were attached to the throat and the movement of mus-
cles in the throat was accurately recorded, as shown in Figure 5a.
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Next, to exhibit the application of our sensors in high frequency
small vibration detection scenarios, the response of our sensors
to sound was tested by playing recordings of “BINN” and “sen-
sor” through the speaker of a smartphone, and the responding
data of our sensor was recorded by oscilloscope. The responding
data was shown in the upper part of Figure 5b, and the spectral
information was extracted through the STFT method and shown
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Figure 5. Application of strain sensor built from CB-Au film in small physiological signal detection. a) Resistance response to throat muscles movement
when speaking. b) HSS based strain sensor response to Sound vibration and frequency spectrogram. c) Wrist pulse monitoring. d) Details of wrist pulse

response curve.

in the lower part of Figure 5b, which illustrates potential applica-
tions in monitoring small vibrations related to human biosignals.
Additionally, heartbeat is a weak signal and an important indica-
tor of health status, which is an integral part of health monitor-
ing. For the demonstration of the application of our HSS based
sensors in health monitoring, a human pulse monitoring test
was performed by attaching our sensor to the wrist and neck,
which was shown in Figure 5c. The signals of wrist pulse were
accurately and stably recorded, which provided vital information
about heart condition. Importantly, three characteristic peaks of
the human pulse waveform were clearly shown in Figure 5d,
which contained the percussion wave (P-Wave), the tidal wave (T-
Wave), and the diastolic wave (D-Wave).

2.5. High Strain Resolution Performance and Long-Term Health
Monitoring

Additionally, apart from sensitivity and detection range, another
key parameter of the strain sensor is strain resolution. The ideal
strain sensor should be able to detect tiny strain signals under
both small and large strain levels, as illustrated in Figure 6a. In
actual applications, the tiny strain signals are usually accompa-
nied by large strain induced by body movements of tested po-
sition, hence the high strain resolution under both small and
large strains is essential. Therefore, the sensing performance of
our HSS based sensors to tiny strain under large strain levels
was tested. During the test, the strain of 5% was first applied
to our strain sensor at the consecutive step of strain of 1%. Af-
ter the strain level reached 5%, the successive step of strain of
0.2% was applied. Then, the same procedures were performed

Small 2023, 2301544

2301544 (7 of 10)

at strain levels of 10% and 15%. The corresponding current
changes of our device under constant potential were measured
throughout the testing process and presented in Figure 6b. The
result showed that each strain increment successfully leads to the
stepped decrement of current with a swift and steady response,
which demonstrated the excellent strain resolution of our HSS
based sensors. In order to further quantitative analysis of the
strain resolution of our device, the relative current changes of
each strain step of 0.2% under different strain levels were ob-
tained and the statistical analysis result was shown in Figure 6c.
The response data of relative current changes of each strain step
were all distributed in a very concentrated range, additionally, the
response data of each strain step could be evidently distinguished
from each other, all of which demonstrated the prominent strain
resolution of our device. Furthermore, to quantify the concentra-
tion of the response data of each strain step, we calculated the
coefficient of variation of the response data, which was used to
differentiate the measures of dispersion of data. The coefficient
of variation is defined as CV = o /u, where CV is the coefficient of
variation, o is the standard deviation, and u is the average value.
As shown in Figure S7 (Supporting Information), the coefficient
of variation was all around 0.04, with only one data group at strain
level of 15%, ~0.15 which was also small.

For long-term health monitoring, it is uncomfortable and dif-
ficult to let monitored person remain stationary for a long pe-
riod. Hence, the tiny strain signals induced by physiological sig-
nals like pulse would be easily immersed in large body move-
ment signals. However, normal strain sensors with highly sen-
sitive or broad sensing range often suffer from small sensing
or low sensitivity respectively, which cannot satisfy the require-
ments of measuring tiny strain and large strain signals at the

© 2023 Wiley-VCH GmbH
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Figure 6. High resolution sensing performance of HSS based strain sensors. a) Schematic illustration of the response of the HSS based strain sensor to
large and large, and simultaneous detection of small strain and large strain. b) Detection of tiny strain under different levels of loading strain. c) Statistic
of the response of HSS based strain sensor to small strain under different levels of loading strain. d) Long-term carotid pulse monitoring during neck

movement.

same time. The strain sensor based on our designed double
conductive network hierarchical synergistic structure simultane-
ously possesses high sensitivity, broad sensing range, and high
strain resolution, which is ideal for long-term health monitor-
ing. Furthermore, to illustrate the ability of our HSS based sen-
sors to simultaneously detect small pulse signals and large body
movement signals, our sensor was attached to the volunteer’s
neck. The carotid pulse of the volunteer was stably and pre-
cisely recorded during neck movement for over ten minutes
(Figure 6e). The three peaks of a typical human pulse wave-
form were stably recorded under different statuses, as shown in
the lower part of Figure 6Ge. The above result demonstrates the
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potential application of our HSS based sensors in daily health
monitoring.

3. Conclusion

In this work, we designed a hierarchical structure of Au mi-
cro cracks and CB nanoparticles which could enable synergis-
tic effect and double conductive network. The synergistic de-
formation of the hierarchical structure of Au micro cracks and
CB nanoparticles and the construction of double conductive net-
work endowed the HSS based strain sensor with high sensitivity
(GF = 2420), high strain resolution (0.2%), and broad detection
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range of 45% strain. Further, we applied the HSS based strain
sensor to monitor biosignals and body motions, which demon-
strated the highly attractive potential for the application of per-
sonal healthcare, human-machine interfaces, and robotics. Our
design of Au and CB hierarchical synergistic structure for strain
sensors is a solid step toward the utilization of wearable systems.

4. Experimental Section

Fabrication of Self-Assembled CB Film: The CB nanoparticles (Chengdu
Organic Chemistry Co., Ltd) were dispersed in ethanol with a concentra-
tion of 0.2 mg mL~" by sonicating for 4 h. Then, the prepared CB dis-
persion was sprayed onto the surface of the water to form a highly uni-
form Langmuir monolayer film of loosely packed CB particles under the
Marangoni forces and airflow. Subsequently, a sponge was placed at the
edge of the container to quickly siphon water. Subsequently, the highly
uniform Langmuir monolayer become closely packed toward the oppo-
site direction of the siphon direction. Then the closely packed highly uni-
form monolayer CB films were transferred to a polystyrene substrate. Next,
PDMS (Sylgard 184, Dow Corning) was stirred with the base and cure
agent ratio of 10:1 and then spin-coated on the CB films. After PDMS was
cured, the PDMS-CB was peeled off from the polystyrene substrate.

Fabrication of Strain Sensor: Then the PDMS-CB composite was cut
into suitable sizes. Finally, a thin layer of gold was magnetron sputtered
(PVD75 Kurt J. Lesker, Ar, 4 mTorr, 70 W) on the CB-PDMS film with dif-
ferent times. After that silver paste was used to connect copper wire and
sensor for testing.

Measurements of Small Strain:  After gold was magnetron sputtered,
the Au-CB composite film was attached to commercial medical PU
tape (Cofoe Medical Technology Co., Ltd) by soft silicone adhesive
(JJAOSHUILAO, Guangdong Zhanlida novel materials Co., Ltd). After the
silicone adhesive was cured, the strain sensor was attached to the vol-
unteer’s skin for muscle movement detection and pulse monitoring. The
electrical response of strain sensors was recorded by Electrochemical
workstation (Autolab PGSTAT302N Metrohm).

Characterization: The morphologies of Au film, CB film, and Au-CB
composite were characterized using field-emission scanning electron mi-
croscopy (SU8020 Hitachi). The UV-Visible Spectrophotometer (UV-3600
SHIMADZU) was used to characterize the transmittance of CB films. The
sensing performance and pulse monitor were tested using Electrochemi-
cal workstation (Autolab PGSTAT302N Metrohm) and home-made linear
motor. The sound detection test was performed using oscilloscope (Infini-
iVision MSOX4154A KEYSIGHT), and the STFT of the frequency spectrum
was performed using Origin software.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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