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Graphene-based stretchable and flexible strain sensors are one of the promising “bridges”
to the biomedical realm. However, enhancing graphene-based wearable strain sensors to
meet the demand of high sensitivity, broad sensing range, and recoverable structure
deformation simultaneously is still a great challenge. In this work, through structural design,
we fabricated a simple Ecoflex/Overlapping Graphene/Ecoflex (EOGE) strain sensor by
encapsulating a graphene sensing element on polymer Ecoflex substrates using a drop-
casting method. The EOGE strain sensor can detect stretching with high sensitivity, a
maximum gauge factor of 715 with a wide strain range up to 57%, and adequate reliability
and stability over 1,000 cycles for stretching. Moreover, the EOGE strain sensor shows
recoverable structure deformation, and the sensor has a steady response in the frequency
disturbance test. The good property of the strain sensor is attributed to the resistance
variation induced by the overlap and crack structure of graphene by structural design. The
vibrations caused by sound and various body movements have been thoroughly detected,
which exhibited that the EOGE strain sensor is a promising candidate for wearable
biomedical electronic applications.
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INTRODUCTION

In recent years, flexible and stretchable sensors have become one of the most widely studied fields for
their potential application in next-generation bioelectronics, including electronic skin, in vitro
diagnostics, and human physiological motion detections (Ahn and Hong, 2014; Zhang et al., 2015;
Park C. W. et al., 2016; Song et al., 2016; Han et al., 2018; Liu R. et al., 2018; Tian et al., 2018; Wang S.
et al., 2018; Green Marques et al., 2019; Lee et al., 2019; Li et al., 2019). Owing to the ability to
transduce complex mechanical deformations to electrical feedback, wearable strain sensors received
a great deal of attention (Pang et al., 2012; Li et al., 2015; Qin et al., 2015; Roh et al., 2015; Park S.-
J. et al., 2016). Generally, the performance of the wearable strain sensors is evaluated by the flexibility,
stretchability, sensitivity, and durability (Park S.-J. et al., 2016). Although traditional strain sensors
based on metals and semiconductors have been well developed, their limited sensing range (<5%)
and rigidity hinder their applications in wearable electronics (Liu Q. et al., 2016; Liu Y. et al., 2016;
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Gao et al., 2018). Human activity monitoring includes not only
subtle human physiological signals such as wrist pulse and
heartbeat but also large-scale motions such as movements of
the finger, elbow, and knee. For example, the movement of elbow
bending can generate strains over 50%, which far exceeds the
sensing range of traditional technology (Li et al., 2017). Therefore,
for practical applications, wearable strain sensors are needed to
fulfill not only large stretchability for high strain but also high
sensitivity to small strain.

Currently, various approaches have been developed to
enhance the performance of flexible and stretchable strain
sensors based on different mechanisms, including
piezoresistance, capacitance, and piezoelectricity (Cai et al.,
2013; Park et al., 2014; Shin et al., 2014; Han et al., 2018).
Particularly, piezoresistance-type sensors have more
advantages due to their simple device structures and relatively
easy readout systems (Liao et al., 2017). A number of
nanomaterials, such as nanoparticles (Park et al., 2012; Lee
et al., 2014), nanowires (Gong et al., 2014), nanotubes (Park
S.-J. et al., 2016; Hao et al., 2018), and two-dimensional materials,
have been employed to prepare piezoresistance-type strain
sensors with the desired performance. Among them, graphene
with extraordinary electrical and mechanical properties has been
considered one of the most promising candidates to build
wearable strain sensors (Chen et al., 2011; Bae et al., 2013).
Recently, graphene-based piezoresistive strain sensors have
been widely studied (Kim et al., 2009; Liu Y. et al., 2016;
Wang Y. et al., 2018; Yan et al., 2018). Wang et al. showed a
graphene-based strain sensor, which had an ultrahigh sensitivity
(1,000 under 2–6% strains) but limited strain range up to 7%
(Wang et al., 2014). Yan et al. reported a highly stretchable strain
sensor based on graphene nanocellulose nanopaper which could
be stretched over 100% strain, but the sensitivity of the strain
sensor was only 7.1 (Yan et al., 2014). A broad sensing range
requires connections between the sensing layers when subjected
to large strains, while the achievement of high sensitivity needs
the generation of microstructure changes under small
deformation. Recently, a graphene foam–based strain sensor
was reported for its high sensitivity and a good stretchability
of 95% (Chen et al., 2011). However, the fabrication method
involved the high-cost chemical vapor deposition (CVD)
technology and complicated procedures. It remains a
significant demand to develop facile and low-cost techniques
to fabricate high-performance graphene strain sensors with a
wide detective range.

In our previous work, reduced graphene oxide (rGO) and
elastomer were used in the fabrication of wearable strain sensors
(Wang et al., 2016; Tao et al., 2017), which displayed relatively
large stretchability and high sensitivity properties due to the high-
density cracks. Here, we designed a highly flexible, stretchable,
sensitive, and reliable EOGE sandwich structure with low
resistance overlapping graphene as the sensitive material and
elastic polymer Ecoflex as the flexible matrix. The sensing
characteristics of the EOGE strain sensor including stretch
response to dynamically and statically applied strains,
stretchability, and durability performance have been
investigated, which exhibits a relatively broad sensing range

(up to 57%), moderate sensitivity (GF � 100–715), and good
cycling stability (∼1,000 stretching/releasing cycles). We also
detected the retention property, working frequency, and
vibrations caused by wrist pulse, real-time breathing, sound
and facial expression, movements by the knee and elbow
bending, etc. Our current work showed the simply fabricated,
low-cost, and high-performance sensing devices have potential
applications in wearable bioelectronics.

EXPERIMENTAL SECTION

Fabrication of the Strain Sensor
The EOGE sandwich structure strain sensor was prepared by using
the following procedures, as illustrated in Figure 1. First, the pre-
polymer and cross-linker of an Ecoflex silicone elastomer (Ecoflex
0,030; Smooth-On, Inc., United States) were mixed together in a
mass ratio of 1:1, mechanically stirred thoroughly, poured onto a
cleaned glass slide, and then cured at room temperature for 2 h.
The Ecoflex was selected as the flexible matrix material due to its
good stretchability, durability, and biocompatibility (Amjadi et al.,
2015). The commercially available polyimide (PI) tape (with a
rectangular pattern size of roughly 1 × 4 cm) was attached on the
cured Ecoflex substrate as a shadow mask. Graphene ink (a sheet
diameter of 1–3 μm, XFNANO Materials Tech CO. Ltd., Nanjing,
China) was subsequently drop-cast onto the patterned Ecoflex and
kept in the fuming cupboard in order to form a film. Next, the PI
tape was stripped away and copper wires were attached to the ends
of the graphene film that served as the electrodes. Silver paste was
used to eliminate the contact resistance by drying under an infrared
lamp at 60°C for 12 h. Then another liquid Ecoflex layer was cast on
top of the patterned graphene film to encapsulate the whole
structure. Finally, the complete sample was cured at room
temperature for another 2 h. The strategy of structural design of
the EOGE strain sensor has the advantages of a simple preparation
process, mild conditions, and low cost and is particularly suitable to
be used for mass production.

Characterization and Performance Testing
The morphologies and structures of the graphene film were
characterized by a field emission scanning electron microscope
(FE-SEM, Zeiss Merlin, and Germany). The film thickness was
analyzed using a 3D optical surface metrology systemmicroscope
((Leica DCM8, Leica, Germany). Raman spectroscopy was
employed using a laser of 532 nm wavelength (HORIBA Inc.).
The loading of tensile strain was performed with a universal
testing machine (SHIMADZU AGS-X), and the electrical signals
of the strain sensor were recorded by a digital multimeter
(GOGOL DM3068). The sensor was mounted on the wrist,
elbow, knee, neck, cheek, throat, and abdomen to monitor
human body motions in real time.

RESULTS AND DISCUSSION

The morphology of the overlapped graphene film was clearly
observed in the top view of SEM images (Figure 2A). The images
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illustrate that the compactly constructed and closely stacked
adjacent graphene flakes are bounded and stacked via π–π
interactions. Therefore, once the graphene flakes move along
with the substrate during stretching, the strain deformation will
reduce the overlap area between adjacent flakes, which eventually
leads to the detachment of the flakes and microcracks in the
sensing layer. The Raman spectra of the graphene film, illustrated
in Figure 2B, show three typical bands: a D-band at 1,352 cm−1, a
G-band at 1,581 cm−1, and a 2D-band at 2,707 cm−1. The D-band
is considered to attribute to the structural defects related to the
partially disordered structures or the attachment of functional
groups on the graphitic domains (Kato et al., 2019). The G-band
is associated with the sp2 carbon hybridization in the graphene
film. The ratio of peak intensities of the D band and G band (ID/
IG) was 0.28, indicating a low density of defects in the graphene
film (Wu et al., 2018; Kato et al., 2019). The 2D band has also been
observed, whose intensity and symmetry are the fingerprint
signals of graphene. With an I2D/IG ratio of 0.55, the film is
expected to be multilayered (Bayle et al., 2018).

In order to fully assess the strain sensing properties of the
sensor, real-time resistance with respect to strain was investigated

in detail. The electrical response is defined as the variation of
relative resistance, namely, ΔR⁄R0 � (R-R0)/R0, where R0 and R
correspond to the resistance of the sensor without and with
applied strain, respectively. The strain is defined as ε� (L-L0)/
L0, where L0 and L correspond to the length of the sensor without
and with applied strain, respectively.

To evaluate the strain sensing range and sensitivity of the
EOGE strain sensor, a simple strain test has been carried out. As
shown in Figure 3A, the electrical response exponentially
increased from original 0 to ultimate 407.6 when the applied
strain is increased from 0 to 57%. Gauge factor (GF) is a
characteristic parameter representing the sensitivity of the
strain sensor and is defined as follows:

GF � (ΔR/Ro)/ε
where ΔR is the variation of relative resistance, R0 is the
original resistance of the sensor, and ε stands for the
applied strain. The gradient of the curve in Figure 3A
reflects the GF of the sensor, and the GF values generally
increase with the increase in the strain (see Figure 3B). When
the applied strain is increased up to 57%, the GF values reach

FIGURE 1 | Schematic illustration for the preparation of the flexible graphene strain sensor.

FIGURE 2 | Characterization of the overlapped graphene film: (A) SEM image of the overlapped graphene film without strain; (B) Raman spectrum of the
graphene film.
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to a maximum of 715. The strain sensor exhibits a desirable
integration of high gauge factor and wide sensing range. The
maximum workable strain range and maximum gauge factor of
our EOGE strain sensor and other elastomer-based strain
sensors in literatures are summarized in Table 1. We could
find that previously reported strain sensors, including
graphene-based materials, usually have narrow sensing
ranges (<10%) and/or low sensitivities (Yan et al., 2014;
Gong et al., 2015; Jeong et al., 2015; Roh et al., 2015;
Amjadi et al., 2016; Liu Q. et al., 2016; Wang et al., 2016;
Tao et al., 2017; Liu C. et al., 2018; Xu et al., 2018).

The static-hold strains during the cycles of the
loading–unloading process have been measured to
demonstrate the retention property of our EOGE strain
sensor. The electrical response of the strain sensor has
systematically been recorded by applying cyclic strains from 0
to maximal values of 10, 15, 20, 25, 30, and 40%, and the
corresponding curve is plotted in Figure 3C. In the first cycle,
the strain was increased to maximal values and held for 10 s; then
it was released to 0% and held again for another 5 s. The electrical
response maintains a distinct plateau regime until the applied
strain is released, indicating well-behaved stability at various

FIGURE 3 | Electrical properties of the graphene strain sensor. (A) Relative resistance vibration of the sensor during stretching; (B) the gauge factor of the sensor
versus strain; (C) relative resistance vibration–time curve of the strain sensor under 10, 15, 20, 25, 30, and 40% strains with static-hold periods; (D) relative resistance
vibration under cyclic stretching/releasing at frequencies of 0.1, 0.15, 0.2, 0.25, and 0.3 Hz.

TABLE 1 | Comparison of sensing performance between other previously reported sensors and the sensor in this work.

Material Maximum stretchability (%) Maximum GF Reference

AuNWs/Ecoflex 350 9.9 Gong et al. (2015)
Carbon nanotubes/PDMS 100 62 Roh et al. (2015)
Graphene-ionic conductor/Ecoflex 300 25.2 Liu C. et al. (2018)
rGO/Ecoflex 400 31.6 Xu et al. (2018)
Graphene nanopaper 100 7.1 Yan et al. (2014)
Graphene film/elastic tape 82 150 Liu Q. et al. (2016)
Graphene foam/PDMS 70 29 Jeong et al. (2015)
Graphene/Ecoflex 50 522.6 Amjadi et al. (2016)
rGO/PDMS 7.5 402.5 Wang et al. (2016)
rGO/Ecoflex 35 457 Tao et al. (2017)
Graphene ink/Ecoflex 57 715 This work
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strain stages. In addition, the electrical responses upon stretching
to maximum strains of 10, 15, 20, 25, 30, and 40% were measured
to be about 10.34, 19.71, 29.34, 40.59, 54.82, and 111.05,
respectively, and the results are consistent with those in
Figure 3A.

Furthermore, working frequency is considered to be a major
characteristic of the strain sensor needed (Boland et al., 2014).
The cyclic stretching–releasing strain at a frequency range from
0.1 to 0.3 Hz was investigated. As shown in Figure 3D, the slope
of the response curve is relevant with the frequency for each cycle,
and it follows the rule that larger working frequency corresponds
to a steeper slope. The trend in the output electrical response can
keep pace with that of the input applied strain. The EOGE strain
sensor exhibits little rate dependence to the working frequency
within the range of applied frequency, indicating the fast and
reliable response of the sensor.

The reliability and mechanical durability are used to evaluate
the consistency of the results obtained from the repeated
measurements of each sample in a short time under the same
measurement condition. The reliability and mechanical
durability of our strain sensor have been evaluated by applying
strains of 15 and 40% to the strain sensor for 1,000 repeated
stretching/releasing cycles, and the results are shown in Figures
4A,C. During the cycling tests, the cyclic change in relative
resistance variations of around 20 and 111 with 15 and 40%
stretch is observed. When the applied strain is released, the
response can be restored to its original state. Figures 4B,D
represent several random stretching/releasing cycles extracted
from the multi-cycle tests of Figures 4A,C. Remarkably, no

significant decrease in the response has been observed over the
process of repeated stretching/releasing cycles, demonstrating
that the strain sensor is mechanically robust and reliable in
the multi-cycle tests, which is of critical importance for
applications.

In order to reveal the sensing mechanism of the strain sensor,
the microstructures of the strain sensor without upper side
Ecoflex before and after being stretched are investigated. As
shown in Figure 5A, before stretching, the graphene film
exhibits a rough but continuous morphology, without signs of
separating or splitting. When suffered a small range of strains, the
graphene film began to break (see Figure 5B). Several cracks
appeared on the surface of the graphene film, resulting in the
increase in resistance of the conductive film. As the strain was
increased gradually, more cracks on the graphene film appeared
and adjacent cracks connected to form a bigger crack, resulting in
a larger resistance change, which has also been observed in the
previous studies (Yan et al., 2014; Liu Q. et al., 2016; Liu Y. et al.,
2016; Xu et al., 2018).

During the stretching process, the resistance variation of the
sensing layer arose due to the change in the contact conditions.
This primarily includes two aspects: first, the widening of cracks
caused by the break of contacts upon stretching and second, the
contact area and spacing variations such as the reconnection and
overlapping of cracks (Li et al., 2012; Wang et al., 2014). Hence, a
simplified model based on the changing of graphene flakes in the
sensing layer with and without strain from the top view and side
view is presented in Figures 5D,E. According to this model, when
a strain is applied, some graphene flakes are separated and a

FIGURE 4 | (A) Multicycle operation of the strain sensor under 15% strain, (B) the magnified cycles of the stretching test results, (C) multicycle operation of the
strain sensor under 40% strain, and (D) the magnified cycles of the stretching test results.
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number of cracks generated, which lead to a remarkable increase
in the graphene-sensing layer along the stretching direction.
Cracks appear and become increasingly large with the
extension of the strain.

From the side view, for the pristine state, the stacked layers are
in contact with each other, creating perfect conductive pathways.
When strain is applied, it can generate separation between the
conductive layers perpendicular to the stretching direction. This
separation attributes to the decrease in conductive pathways,
leading to a slight increase in resistance.

For further details, to analyze the mechanism concretely, we
employ the finite-element method and set a model of a network of
randomly positioned graphene flakes to analyze the strain effect.
Resistance is calculated by Ohm’s law, R � V/I under the fixed
current. In the graphene flakes network, the voltage drop is not
uniform at current direction but depends on the electrical
conductivity distribution. Ohm’s law could be rewritten as
follows in two dimensions:

−∇(σ∇φ) � j

In the previous equation, σ is the electrical conductivity; j is the
current density flux into the plane, which is 0 in the area of strain
sensor; and φ is the electronic potential. The potential
distribution is computed by the finite-element method under
the electrical conductivity distribution and fixed current. The
strain effect is analyzed by modeling the percolation of current
through a network of randomly positioned circular flakes with a
uniform size distribution. As shown in Figure 6A, the electrical
conductivity distribution depends on the distribution of graphene

flakes, and it is higher in the overlap area of multi-layer graphene
flakes. The decrease in the overlap of graphene flakes changes the
electrical conductivity of the overlap area, which means the whole
resistance increases since the overlap area decreases when the
device is stretched. A few sub-circuits are even disconnected as
the graphene flakes move to non-overlapping positions. All these
effects increase the resistance of the device as the experimental
result. When stretched, the crack and overlap generate as
illustrated. Figure 6B shows the simulated curve of the strain
versus GF, where the simulated result well matched with the
experimental data.

Since our strain sensor has a good comprehensive
performance including biocompatibility, high flexibility,
stretchability, and sensitivity, it was employed to realize real-
time detection of multi-scale humanmotion as a wearable sensing
device, including human physiological signals and vigorous joint
movement. In terms of human physiological signals, the sensor
responds to pulse, breath, phonation, and expression. Because of
the flexibility of the sensor, it was simply attached to the curved
parts of the human body using medical tape to facilitate various
biosignal measurements. The pulse is a useful and valuable
physiological indicator for non-invasive medical diagnosis;
thus, it is of great importance to perceive pulse signals by
strain sensors. Figures 7A,B show a case in which the sensor
is tightly attached to the skin over the artery in a human wrist to
monitor the successive output subtle pulse signal. The obtained
pulse rate of the tester under normal conditions is 73 times min−1,
which is within the normal range of a healthy adult. Each signal
wave exhibits a regular and repeatable response curve. Important

FIGURE 5 | SEM images of the flexible graphene strain sensor (A) without strain, and (B, C) under a stretched state; schematic structure of the strain sensor with
and without strain from (D) the top view and (E) the side view.
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information about the arterial wall could be obtained from the
arterial waveform, including the stiffness of the aortic system as
well as the speed and pressure of the pulse. In Figure 7C, which is
a magnified view of a single pulse, three distinguishable
characteristic peaks can be observed, associating with the
percussion wave (P-wave), tidal wave (T-wave), and diastolic
wave (D-wave), respectively, which can provide meaningful
biomedical information for health-care diagnosis (Liu C. et al.,
2018). Therefore, the strain sensor is suitable as a non-invasive
diagnostic device for identifying tiny mechanical signals.

Figures 7D,E show a real-time trace revealing the repeated
abdominal movement of the tester while breathing. The
amplitude and frequency of breathing are monitored
simultaneously by a waist belt integrated with the strain
sensor. Briefly, two breathing modes, namely, deep breathing
and heavy breathing after exercise, can be identified from the

electrical response time curve. The upward and downward
slopes of the response signal pattern are correlated with
stretch during inhalation and release during exhalation,
respectively, and the shape of the electrical response is
associated with the different breathing modes. According to
the obtained results, for deep breathing, the intensity of the
relative resistance change is comparatively low, whereas heavy
breathing after exercise exhibits high amplitude of the relative
resistance change. Apart from tracing the amplitude of
breathing, the breathing frequency of the tester can also be
easily calculated based on the peak numbers at a certain time.
The deep breathing rate of the tester has been calculated
approximately to be 15 times per minute, whereas it has
been increased to 24 times per minute after exercise. The
strain sensor provides an efficient and simple method for
long-term respiration monitoring.

FIGURE 6 | (A) Randomly positioned graphene scales model without and with strain; (B) the simulation result of GF versus strain (the red dash dotted line) matches
well with the calculated result (the black line).

FIGURE 7 | Applications of the flexible graphene strain sensor for detecting various subtle human motions: (A, D, F, and I). Schematic illustrations of the sensor
attached to different parts for detecting subtle human motions; (B) The electrical response induced by the wrist pulse; (C) Magnified image of a single pulse, revealing
typical characteristics of the pulse; (E) Detecting of the respiration rate with different breath modes; (G) Electrical response towards different words pronounced by the
tester; (H) Electrical response towards different sound levels; (J) Electrical response of different facial expressions.
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Furthermore, the strain sensor is attached to the throat of a
person to monitor the delicate epidermis/muscle movements of
phonation of words (see Figure 7F). The sensor shows
distinguishable characteristic sensing signal patterns as the
tester spoke several different words, including “one,” “two,”
and “three” (Figure 7G), since each word resulted from
distinct motion of the vocal chords. The response has also
been observed to be associated with the volume of
pronunciation, as revealed in Figure 7H. Good phonation
recognition represents this sensor has promising applications
in human/machine interaction and phonation rehabilitation
exercise.

Besides, detection of facial expression has great importance in
monitoring the state of mind through emotions. Thus, the strain
sensor is attached to the cheek of the tester to effectively monitor
the muscles around the mouth of the tester (see Figure 7I). The
strain sensor is sensitive to the small movements of the muscle
and shows a clear response with relatively repeatable signal
patterns in different cases (see Figure 7J), whereas differences
in the degree of muscle movements of the mouth slightly alter the
response of the strain sensor.

Aside from detection for subtle human physiological signals,
the strain sensor is also used to monitor diverse relatively large
body motions of different human body parts. The sensor can be
used to monitor the habits that cause deformity, for example, in
the spinal cord. It can be attached on the neck of the tester to
monitor the sitting position and the response against time with
varying bending angles as the tester nods periodically (see

Figure 8A). In this way, the sensor may be useful for warning
for poor postures and preventing slouching.

The sensing signals of large body joints, including elbow, wrist,
and knee bending, were studied and are exhibited in Figures
8B–D. The increase in the bending angle results in larger
electrical response signals. Figure 8B demonstrates the ability
of the sensor to detect elbow bending. The strain sensor was
integrated with an elbowwrap and was then placed at the arm and
located at the outside of the elbow. When the elbow was bent at a
certain angle, the electrical response increased abruptly. In
bending cycles, the strain sensor showed a real-time response
to the elbow motion and favorable reproducibility. The sensor
produced signals with different intensities since larger bending
motions result in greater increment in the relative resistance
change. When the sensor was applied to the wrist, its bending
motions were also easily monitored (see Figure 8C). Once the
wrist was bent, the deformation of the wrist can be adopted by the
strain sensor. The sensor responds to the motion of the finger
bending fast and recovers to its pristine state at each
bending–releasing cycle, which exhibits a repeatable pattern.
Different wrist bending rates can be easily reflected by the
variations in the relative resistance of the sensor. To monitor
knee bending (see Figure 8D), the sensor was simply mounted
onto the knee pads worn on the knee by two laces and the bending
of knees can be easily detected by monitoring the relative
resistance variation during one-legged seated calf raises. The
resistance variation increases in a stepwise manner in real
time as the bending angle of knees increases. Therefore, it can

FIGURE 8 | Applications of the flexible graphene strain sensor for detecting various large human motions. Corresponding electrical response to (A) neck bending,
(B) elbow bending, (C) wrist bending, and (D) knee bending.
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be used to reflect movement state of the person and to develop
applications for wearable electronics.

CONCLUSION

In this work, we developed a facile and low-cost method to
fabricate a highly stretchable and sensitive strain sensor using
the patterned Ecoflex polymer elastic substrate and the
graphene ink sensing material. The fabricate process sensing
performance and working mechanism of the strain sensor have
been elaborated. The strain sensor exhibits high performance
with a relatively good stretchability of 57% strain with a GF of
715, which are higher than those of the conventional strain
sensors, and manifests itself in detecting both subtle and large
strains induced by vocal fold vibrations and body motions.
Moreover, it also showed good durability over 1,000 cycles
(for 15 and 40% strain, respectively) and stability for various
applied static strains and frequencies. A model has been
established to illuminate the sensor deformation behavior
during the stretching and releasing processes. The strain
changed the overlap area of the contacting and induced crack
to the film, leading to the increase in the resistance. Since the
strain release can cause the reconstruction of the contacting area
and film, the resistance of the sensing layer decreases. We
demonstrate that the sensor can be directly attached to the
human skin and generated distinguishable resistance
characteristics corresponding to diverse human activity

signals, including subtle physiological activities (e.g., wrist
pulse and respiration) and large-scale motions (e.g., knee
bending and wrist bending). Based on these demonstrations,
our study provides a practical and general strategy of fabricating
a highly stretchable and sensitive strain sensor and develops
promising applications in advanced wearable electronics, such
as human motion detection and health monitoring.
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