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ABSTRACT

Flexible, highly sensitive strain sensors operating at small strains have shown significant potential in applications
such as pulsebeat detection and sound signal acquisition. In this study, we introduce ultrasensitive piezoresistive
strain sensors designed to function effectively at small strains using a Te nanomesh. A large-area Te nanomesh is
deposited onto a flexible polyimide substrate through physical vapor deposition, facilitating the on-site fabri-
cation of strain sensors. The unique mesh structure imparts exceptional sensitivity to strain, achieving a
remarkable gauge factor of up to 9.93 x 10% By coating the strain sensors with a thin layer of poly-
dimethylsiloxane, we significantly enhance their stability, with minimal degradation observed even after 1000
loading-releasing cycles. The performance of these strain sensors is contingent on the mesh’s density, which can
be precisely controlled by adjusting the growth time of the Te nanomesh. Furthermore, our strain sensor exhibits
a rapid response time of less than 4 ms, indicating its swift responsiveness. To demonstrate the superior per-
formance of these strain sensors, we showcase their efficacy in monitoring finger bending, ruler vibrations, and
sphygmus. Our findings introduce a novel design concept for flexible strain sensors and represent a significant

advancement in wearable electronics and human-machine interaction technologies.

1. Introduction

Strain sensors are critical devices that convert mechanical strains
into measurable electrical signals. With the rapid advancements in
artificial intelligence and the Internet of Things, there is an increasing
focus on developing wearable, flexible strain sensors. These sensors have
potential applications in body movement tracking, medical diagnostics,
human-machine interfaces, and soft robotics [1-6]. Among flexible
strain sensors, various types exist, including piezoresistive, capacitive,
voltage-based, and optical fiber Bragg grating sensors [7,8]. Piezor-
esistive strain sensors, which change resistance in response to strain,
have become particularly popular for wearable healthcare diagnostics
and human-machine interfaces due to their straightforward readout
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mechanisms and fabrication processes [9-14].

The fabrication of flexible piezoresistive strain sensors involves
depositing conductive materials onto flexible substrates, such as metal
thin films, metal nanowires, carbon nanotubes, and graphene. For
example, Tu et al. successfully synthesized aligned Ag nanowires/
polymer composite films, arranging two films perpendicularly to create
a piezoresistive strain sensor with high sensitivity, achieving a gauge
factor (GF) of up to 2.98 x 10% and a working range of 200 % [15].
Building on innovative design paradigms, Bai et al. drew inspiration
from bamboo slip structures to create piezoresistive strain sensors using
liquid metal to modulate electrical pathways within a cracked Pt fabric
electrode [16]. Their sensor exhibited remarkable attributes, including a
GF exceeding 10® and a strain range surpassing 100 %. The impressive
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performance of piezoresistive strain sensors highlights their potential
across various applications and disciplines.

Despite significant advancements, traditional piezoresistive strain
sensors have primarily focused on achieving high stretchability and
sensitivity under extensive strains. However, high sensitivity to small
strains, such as those below 1.5 %, is particularly valuable for applica-
tions like tiny skin motion detection and personal healthcare moni-
toring, including respiration and heartbeat [3,17]. For instance, by
leveraging the intrinsic piezoresistive effect of PdSey, we developed a
strain sensor capable of delivering linear responses to both compressive
(—0.79 % to 0 %) and tensile (0 % to 0.79 %) strains, with GFs of 315
and — 75, respectively [18]. Chen et al. introduced a cracking-assisted
piezoresistive sensor using Ag nanowires/graphene hybrid particles,
achieving a GF of up to 4000 within a strain range of 0.8 % to 1 % [19].
Moreover, Gao et al. designed piezoresistive strain sensors with a unique
quasi-one-dimensional conductive network, showcasing high sensitivity
with a GF reaching 8.6 x 10° at a strain of 1 % [20]. While these
achievements are commendable, the performance of strain sensors
operating within small strain regimes remains relatively constrained
compared to those under large strains. Further research is needed to
enhance the capabilities of piezoresistive strain sensors in detecting and
responding effectively to small-scale strains.
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Piezoresistive strain sensors based on conductive networks consis-
tently demonstrate commendable performance. For example, Amjadi
et al. illustrated that a piezoresistive strain sensor, structured as a
sandwich composite of an Ag nanowire network and poly-
dimethylsiloxane (PDMS) elastomer, exhibited exceptional strain
response [21]. Wang et al. employed a nano-engineered bilayer
composed of a cracked carbon nanotube (CNT) network and an
elastomer-infiltrated CNT composite to create a strain sensor with high
resistance sensitivity (GF: 8-207) and a broad strain range (>50 %)
[22]. However, strain sensors relying on conducting networks often
display reduced sensitivity to minor strains, potentially due to the high
density of the conducting network.

In previous studies, we reported the synthesis of Te nanomesh using a
simple physical vapor deposition (PVD) method [23,24]. The mesh
structure with controlled density may endow the structure with excel-
lent strain-sensitive response. Consequently, we fabricated piezor-
esistive strain sensors based on Te nanomesh and studied their strain
responses. These sensors exhibited an extraordinarily high GF of up to
9.93 x 10°® at a slight strain of 1.4 %. The durability of the strain sensor
can be significantly improved by coating it with a thin layer of PDMS.
The performance of the strain sensors hinges on the mesh density, which
can be finely adjusted by manipulating the growth time of the Te

Fig. 1. Synthesis and characterization of Te nanomesh. (a) Schematic diagram of the setup for the synthesis of Te nanomesh. (b) Low magnification SEM image. (c)
High magnification SEM image. (d) AFM image. (e) TEM image. (f) HRTEM image. Inset: SAED image. (g) Raman spectrum.
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nanomesh. Also, the strain sensor showcases a rapid response time of
less than 4 ms. Its effectiveness in monitoring finger bending, ruler vi-
brations, and sphygmus has been successfully demonstrated. These
findings not only introduce a fresh design concept for flexible strain
sensors but also signify a significant advancement in wearable elec-
tronics and human-machine interaction technologies.

2. Results and Discussion
2.1. Characterization

The Te nanomesh were synthesized on polyimide (PI) substrates via
PVD at 100 °C, as schematically shown in Fig. 1a. Detailed information
is provided in the experimental section. Scanning electron microscopy
(SEM) images were acquired to characterize the morphology of the
product using a scanning electron microscope. A typical SEM image is
shown in Fig. 1b, revealing a mesh-like morphology. A high-
magnification SEM image is depicted in Fig. 1c, showcasing the Te
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nanowires interconnecting to form a nanomesh structure. The
morphology of the Te nanomesh was further analyzed using atomic
force microscopy (AFM), with a representative AFM image shown in
Fig. 1d, confirming a mesh-like structure consistent with SEM observa-
tions. Crystallinity assessment of the Te nanomesh was conducted using
a transmission electron microscope. Fig. le exhibits a typical trans-
mission electron microscopy (TEM) image of a single Te nanowire,
indicating a diameter of 100 nm. The mean diameter of the nanowires
within the nanomesh is 125 nm (Fig. S1, supplementary information). A
high-resolution TEM (HRTEM) image in Fig. 1f reveals clear lattice
fringes, indicating the excellent crystallinity of the Te nanowire. Lattice
spacings of 0.59 and 0.38 nm corresponding to the (0001) and (1000)
planes, respectively, were determined, establishing the growth direction
of the Te nanowire as [0001], originating from its intrinsic quasi-1D
crystal structure. To further validate the high crystallinity, a selected
area electron diffraction (SAED) pattern of the Te nanowire is depicted
in the inset of Fig. 1f. Sharp diffraction spots are found, demonstrating
the good crystallinity of the nanowire. Raman spectrum analysis in

Fig. 2. Characterization of the strain sensor based on Te nanomesh. (a) Current-voltage curves of the sensor under various strains. Inset: Schematic of the device. (b)
AR/Ry as a function of strain. Inset: Corresponding semi-log plot. (c) Loading-releasing behavior of the sensor with the maximum strain of 1.12%. Inset: Enlarged part
with lower strain levels. (d) Loading-releasing behavior of the sensor with the maximum strain of 1.3%. Inset: Loading-releasing behavior with the maximum strain of
1.34%. (e) AR/Rq on loading-releasing cycles under a constant strain of 0.72%. Inset: Enlarged part of the stable part. (f) AR/Ry as a function of strain of the sensor
coated with a layer of PDMS. Insets: Loading-releasing behavior with a maximum strain of 1.3%. Left — without PDMS coating, right — with PDMS coating. (g)
Loading-releasing cycles under various strains. Inset: Enlarged part under small strains. (h) AR/R on Loading-releasing cycles under a constant strain of 0.72%. Inset:
Enlarged part of the curve. (i) Comparison of GF with that reported in the literature [15,16,20,25-30].
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Fig. 1g displays peaks at 91, 120, and 140 cm ! corresponding to the E1,
Al, and E2 modes of Te, respectively, affirming that the nanomesh is
composed of Te. Energy dispersive X-ray spectrum (EDS) mapping,
illustrated in Fig. S2 of the supplementary information, further confirms
the elementary composition of the nanomesh as Te.

2.2. Te nanomesh-based strain sensors

The strain sensors can be easily fabricated using a metal wire with a
diameter of 0.6 mm as a shadow mask and depositing Ti (2.5 nm)/Au
(100 nm) to serve as electrodes, creating two-terminal piezoresistive
strain sensors. Detailed fabrication procedures for devices are outlined
in the experimental section. An illustration of the device is provided in
the inset of Fig. 2a, with a digital photo of a strain sensor presented in
Fig. S3a of the supplementary information. The typical current-voltage
curves of a strain sensor are displayed in Fig. 2a, where the linear
relationship between current and applied voltage indicates an ohmic-
like contact between the Te nanomesh and the electrode. Further-
more, the current gradually diminishes with increased strain, demon-
strating its sensitivity. Typically, the relative change in resistance
denoted as AR/Ry, where AR is the resistance change under strain and
Ry is the initial resistance of the device without strain, is utilized to
characterize piezoresistive strain sensors. The relative change in resis-
tance as a function of strain is depicted in Fig. 2b, showcasing a sig-
nificant increase in AR/Ry when the strain exceeds ~ 1.3 %. A semi-log
plot of this curve is shown in the inset of Fig. 2b, clearly illustrating the
noticeable resistance change in response to strain in the measured range.
Typically, GF is utilized to assess the performance of the piezoresistive
strain sensor, defined as

_ AR/Ry
n &

GF (@D)]
where € represents the strain. Equation (1) is suitable for cases with a
linear change in AR/R with strain. In situations where the relationship
is nonlinear, the GF can be defined as

_ 1 d(aR)
- Ro de

GF 2

According to equation (2), the strain sensor demonstrates a remarkable
GF of up to 9.93 x 108, as depicted in Fig. 2b. Owing to the nonlinear
response exhibited by the strain sensor, the GF escalates with the in-
crease of strain, as illustrated in Fig. S4a of the supplementary infor-
mation. The GF remains consistently high across the entire measured
range of strains, showcasing the exceptional performance of the strain
Sensor.

The reliability of a strain sensor is paramount for its practical ap-
plications. To assess this aspect, we conducted AR/Ry measurements
using a double strain sweep method, as presented in Fig. 2¢. Notably, the
data points corresponding to load sweeping closely align with those of
release sweeping, particularly evident at lower strain levels, as high-
lighted in the inset of Fig. 2¢, indicating the robust reliability of the
fabricated strain sensor. However, significant deviations are observed
when the maximum strain reaches 1.3 %, as illustrated in Fig. 2d,
revealing a small hysteresis effect. With a slight increase in the
maximum strain to 1.34 %, the hysteresis becomes more pronounced, as
shown in the inset of Fig. 2d. These results suggest that hysteresis could
impede practical applications despite the high GF. Given the sensor’s
minimal hysteresis at low strain levels, we tested its durability under a
strain of 0.72 %, depicted in Fig. 2e. The sensor demonstrates a stable
response over the initial 100 loading-releasing cycles, as indicated in the
inset of the figure. However, beyond 100 cycles, the resistance no longer
returns to its initial value and instead gradually increases with each
successive cycle. While the resistance decreases over time upon com-
plete strain release, it fails to recover fully within the measurement
duration. Due to Te being a 1D van der Waals material, the interaction
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between Te nanomesh and PI substrate relies on weak van der Waals
forces. Consequently, it is plausible that the Te nanowires in the nano-
mesh permanently displace from their original positions during the cy-
clic and high-strain tests, resulting in the observed hysteresis and poor
loading-releasing behavior.

To mitigate the hysteresis and reliability issues, we coated the Te
nanomesh with PDMS, an elastomer, to facilitate the Te nanowires in
recovering to their original positions. A digital photograph of the strain
sensor with PDMS coating is shown in Fig. S3b of the supplementary
information. The PDMS coating, with a thickness of 5 pm, is expected to
leave the strain in the Te nanomesh layer unaffected. The device with
the PDMS coating exhibits minimal hysteresis compared with the device
without PDMS, as depicted in the inset of Fig. 2f and Fig. S5 of the
supplementary information. Moreover, the relative resistance changes
remain consistent across various strains, suggesting that the PDMS
coating does not compromise the sensor’s sensitivity. The relative
change of resistance within the measured strain range is displayed in
Fig. 2f, showing a sharp increase when the strain surpasses ~ 1.3 %, akin
to the observations in devices without PDMS coating. The device with
PDMS also showcases a high GF of up to 4.47 x 108, comparable to the
device without PDMS coating. A semi-log plot of the relative change in
resistance with strain is presented in Fig. S6 of the supplementary in-
formation, elucidating the resistance variations across the entire
measured strain range. The GF versus strain curve in Fig. S4b of the
supplementary information demonstrates an increase with strain. It
should be noticed that the GF values for devices with and without PDMS
differ, given that they are distinct devices despite being fabricated from
the same batch of Te nanomesh. Loading-releasing tests were conducted
to assess the durability of the PDMS-coated device, with results show-
cased in Fig. 2g. The AR/R response remains consistent across different
strain amplitudes and increases with rising strain levels, indicating the
decent stability of the device. Furthermore, a loading-releasing cyclic
test was performed, illustrated in Fig. 2h, where the device maintains a
steady response even after 1000 cycles, and can also work stably 60
cycles under extreme strain (Fig. S7, supplementary information),
underscoring its robustness against cyclic strain pulses. As depicted in
Fig. 2i, both the devices with PDMS and those without PDMS demon-
strate higher sensitivity than the values reported in previous studies. A
comprehensive comparison of the key performance parameters is pre-
sented in Table S1 of the supplementary information, suggesting the
decent performance of our devices. Additionally, we have fabricated
seven more devices, all of which demonstrate similar performance, as
illustrated in Fig. S8 of the supplementary information, indicating the
good reproducibility of the devices.

2.3. Operating mechanisms

Generally, there are five mechanisms for piezoresistive strain sensors
[1]: geometrical effect, piezoresistive effect, tunneling effect, discon-
nection mechanism, and crack propagation. The geometrical effect’s
influence tends to be minimal, given the slight alterations in the Te
conducting layer’s geometry due to small strains. While Te nanowires
exhibit a piezoresistive effect [31,32], their contribution alone cannot
explain the remarkably high GF witnessed in our devices. The tunneling
effect may impact the resistance of the device, albeit to a lesser extent.
The disconnection mechanism and crack propagation are akin, delin-
eating changes in conducting pathways under strain. The crack propa-
gation effect typically describes continuous fragile films. In contrast, the
disconnection mechanism better describes stain behavior in conductive
networks, aligning more closely with the primary sensing mechanism in
Te nanomesh strain sensors. In Fig. 3a, an SEM image of a Te nanomesh
reveals both overlapped Te nanowires and self-welding Te nanowires,
highlighting the coexistence of these two structural features within the
nanomesh. The proposed primary strain sensing mechanism, depicted in
Fig. 3b, models the Te nanomesh as interconnected nanowires via
welding points and overlaps. Under slight strain, the reduction in
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Fig. 3. Operating mechanisms. (a) SEM image of the Te nanomesh with enlarged parts showing the overlapped nanowires, the welded junction, and the small gap.
(b) Schematic diagram showing the displacements of nanowires in the nanomesh during stretching and releasing. (c) Relative resistance changes of strain sensors
based on Te nanomesh with various growth times. (d) SEM images of the Te nanomesh with various growth times.

conducting pathways through tunneling and nanowire overlaps leads to
decreased resistance. As strain intensifies, the breaking of welding
points can occur, causing a significant change in resistance and
contributing to the ultra-high GF. Upon strain release, the nanomesh can
revert to its initial state with the assistance of the PDMS elastomer
coating. According to the proposed mechanism, the response of the
strain sensor can be tailored by adjusting the nanowire density in the Te
nanomesh. Fig. 3c illustrates that the critical strain for a significant in-
crease in AR/Ry rises with longer growth times of the Te nanomesh. The

SEM image in Fig. 3d reveals that nanowire density increases with
extended growth times, augmenting conducting pathways. Conse-
quently, a higher critical strain is required for welding point breakage,
which aligns with the findings in Fig. 3c. Moreover, employing Te
nanomesh with higher densities expands the strain range while sacri-
ficing sensitivity. Additionally, the critical strain can be finely adjusted
by slightly increasing the growth time of the Te nanomesh, as demon-
strated in Fig. S9 of the supplementary information. To confirm the
proposed mechanism, we fitted the AR/R versus strain curves using a
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model that considers only tunneling between nanowires and changes in
conductive pathways, as detailed in Note 1 and Fig. S10 of the sup-
plementary information. The excellent agreement between the model
and the measured curves validates the proposed sensing mechanism.
Additionally, simulations based on the proposed mechanism were con-
ducted, as shown in Note 2 and Fig. S11 of the supplementary infor-
mation. The close match between experimental and simulation results
further supports the validity of the proposed mechanisms. Moreover,
SEM image of the Te nanomesh under a large strain (1.13 %) (Fig. 512,
supplementary information) clearly shows the breaking of welding
points and the separation of nanowires, providing direct evidence for the
proposed mechanism.

2.4. Applications

Given the ultra-high sensitivity of the strain sensors, their pre-
liminary applications have been demonstrated. In Fig. 4a, the response
of the Te nanomesh strain sensor to finger bending is illustrated. The
inset of Fig. 4a displays a schematic of the device mounted on a finger.
The sensor’s resistance varies with various bending angles while main-
taining stable values, indicating potential for finger gesture recognition.
For instance, by defining small angle bending as “e” and large bending
angle as “-”, and encoding characters using these symbols as depicted in
Fig. 4b, the codes can be converted into electrical signals through finger
bending. The characters can then be easily deciphered from these elec-
trical signals, as shown in Fig. 4¢. Moreover, our strain sensor can also be
utilized to monitor the vibration of a ruler, with the experimental setup
schematically presented in Fig. 4d. The recorded resistance over time
during multiple vibrations of the ruler is displayed in Fig. 4d, revealing
significant resistance change peaks. Fig. 4e showcases an enlarged
portion of a single pulse, which contains multiple sub-pulses corre-
sponding to the damped vibrations of the ruler. The well-traced damped
vibrations highlight the strain sensor’s high sensitivity and rapid
response. In Fig. 4e, the rise time is employed to estimate the sensor’s
response time, which is approximately 4 ms. However, the actual
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response time is anticipated to be even shorter. Leveraging its high
sensitivity and quick response, the sensor was further employed to
monitor arterial pulses in the human body, as depicted in the left inset of
Fig. 4f. The recorded signal, shown in Fig. 4f, illustrates arterial pulse
peaks in resistance. Pulse rates of approximately 86 beats/min can be
derived from the curve. Additionally, the right inset of Fig. 4f magnifies
a section of the curve showing a single pulse, where three distinct sub-
peaks representing the percussion wave (P-wave), tidal wave (T-wave),
and diastolic wave (D-wave) are identifiable. Furthermore, the device
was used to measure arterial pulses in individuals of varying ages and
genders, showcasing differences in pulse signals across demographic
groups, highlighting the practical application value of the device
(Fig. S13, supplementary information).

The real-time monitoring of physiological signals plays a crucial role
in predicting, diagnosing, and treating various diseases. This objective
can be achieved through a wireless wearable sensor network platform,
illustrated schematically in Fig. 5a. To showcase the potential of our
strain sensors in such applications, we developed a wireless real-time
monitoring system based on the Arduino platform, depicted in Fig. Sb.
Our strain sensor effectively captures arterial pulse signals gathered by
the platform, transmitted to a personal computer or smartphone, and
displayed on a screen, as depicted in Fig. 5¢c. These outcomes concerning
Te nanomesh piezoresistive strain sensors indicate their commendable
performance and promise for integration into wireless wearable devices.

3. Conclusions

In conclusion, we successfully demonstrated the capabilities of
flexible Te nanomesh strain sensors, showcasing ultra-high sensitivity
and rapid response speed. These two-terminal piezoresistive strain
sensors were created by depositing electrodes onto Te nanomesh grown
on PI flexible substrate using PVD. Notably, the strain sensor displayed
an extraordinary GF of 9.93 x 108, To enhance the durability of the
strain sensor, PDMS was employed, enabling the sensor to maintain a
stable response even after 1000 loading-releasing cycles. The primary

Fig. 4. Applications. Monitor finger bending. (a) Schematic of finger bending and the corresponding responses. (b) Schematic of Coding by finger bending. (c) coding
signal. Vibration monitor. (d) Schematic of the vibration monitor and corresponding signals. (e) Time-resolved response. Inset: Enlarged part of the curve. Sphygmus

monitor. (f) Schematic and corresponding signal. Inset: Enlarged part of the curve.
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Fig. 5. Wireless Realtime Sphygmus monitor. (a) Schematic of the system. (b) Digital photograph of the real-time test. (c) The monitor results.

reason behind the remarkable sensitivity of these sensors was linked to
alterations in conducting pathways under strain. The critical strain
necessary for a significant increase in resistance was found to be
dependent on the density of the Te nanowire within the nanomesh
structure. The strain sensors proved effective in monitoring activities
such as finger bending, ruler vibrations, and arterial pulses, showcasing
their exceptional performance. Furthermore, we successfully imple-
mented a wireless real-time arterial pulse monitoring system utilizing
our strain sensor. Our findings underscore the significant role of Te
nanomesh in strain sensing applications and offer a straightforward
approach for fabricating high-performance piezoresistive strain sensors.

4. Experimental section
4.1. Synthesis of Te nanomesh

A 200 pm thick layer of polyimide (PI) served as the substrate for
synthesizing Te nanomesh. The synthesis occurred within a two-zone
horizontal tube furnace featuring a 1-inch diameter quartz tube under
atmospheric pressure conditions. The PI substrate was carefully posi-
tioned in the low-temperature heating zone (100 °C), while 1 g of Te
powder (99.99 %) was situated in the high-temperature heating zone
(450 °C). Before heating, the quartz tube was purged with argon gas
with a flow rate of 300 sccm to remove oxygen from the system. Sub-
sequently, argon gas with a flow rate of 15 sccm was introduced into the
tube furnace, and the heating process was initiated. The typical depo-
sition time was 8 h. After the deposition, a dense Te nanomesh was
formed on the surface of the PI substrate.

4.2. Characterization

The Raman spectra of the Te nanomesh were acquired using a Raman
spectrometer (SR-5001-A-R, Andor) with a 532 nm laser as the excita-
tion source. SEM images were obtained using a scanning electron mi-
croscope (VEGA3 SBH, TESCAN). EDS mapping was performed in the
SEM using the EDS accessory (XFlash SCU Gen 7, Bruker) on the scan-
ning electron microscope. AFM images were obtained using an atomic

force microscope (NX10, Park). TEM and HRTEM images were obtained
using a transmission electron microscope (F200S G2, Talos).

4.3. Device fabrication

A copper wire with a diameter of 0.6 mm was used as a shadow mask
to define the channel length between electrodes. Ti (2.5 nm) and Au
(100 nm) were sequentially deposited on the copper wire masked Te
nanomesh by e-beam evaporation to form a two-terminal strain sensor.

4.4. Measurements of strain responses

The tests were carried out in a motorized one-dimensional
displacement stage, as shown in Fig. S14a, supplementary informa-
tion. The strain in the Te nanomesh layer was calculated according to h/
2r, where h is the thickness of the PI film, and r is the bending radius, as
schematically shown in Fig. S14b, supplementary information. The
device’s electrical properties were measured by a semiconductor
analyzer (B1500A, Keysight) and a measurement-and-source unit
(B2902A, Keysight). A wireless real-time strain response monitoring
system was fabricated using the Arduino platform (nano esp32),
including a processing and transmission module and a denoising and
amplifying module, as shown in Fig. S15, supplementary information.
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