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An integrated and robust plant pulse monitoring system based
on biomimetic wearable sensor
Chao Zhang1, Chi Zhang1, Xinyue Wu1, Jianfeng Ping 1 and Yibin Ying 1✉

Plant wearable sensors have potential to provide continuous measurements of plant physiological information. However, stable
and high-fidelity monitoring of plants with glandular hairs and wax is challenging, due to lacking interface adaptability of
conventional plant wearable sensors. Here, inspired by adaptive winding plant tendrils, an integrated plant wearable system (IPWS)
based on adaptive winding strain (AWS) sensor for plant pulse monitoring was developed. The IPWS consists of three modules, i.e.
an AWS sensor, a flexible printed circuit, and a smart phone APP display interface. As the key element, the AWS sensor can
adaptively wrap around the tomato stem. Importantly, with the serpentine-patterned laser-induced graphene, the AWS sensor
exhibits excellent resistance to temperature interference with a temperature resistance coefficient of 0.17/°C. The IPWS is
demonstrated to be stable and high-fidelity monitoring the plant pulse, which can reflect the growth and water state of tomato
plant in real time.
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INTRODUCTION
Communication with silent plants to obtain their growth
information is important for mechanism study and improving
crop yields1–5. Studies have shown that the process of plant
growth is similar to the contraction and expansion of human
pulse, which is embodied in the contraction and expansion of the
stem during the day and at night6–8. And repeating expansion
leads to plant growth. Actually, plant pulse is related to the
absorption and transpiration of water by plants8–10. During the
day, when most stomata on leaves are open and the transpiration
of water from leaves is greater than the absorption of water by
roots, the stem diameter barely changes or shrinks. At night, when
the stomata on leaves are closed, the plant absorbs more water
from roots than water evaporation from leaves, and the stem will
expand. When water is scarce, the stem shrinks obviously.
Therefore, monitoring plant pulse can understand the relationship
between plant growth and water supply.
Currently, the sensors applied for plant pulse monitoring are

mainly rigid linear variable transducer (LVDT) sensors11. Bulky and
heavy LVDT sensors are difficult to fix and have pre-tightening
force on plants8, which is not suitable for plant seedling
monitoring since the growth of plant seeding is fundamental for
the fruit setting and yield. Recently, flexible strain sensors that can
be worn on plants have appeared the huge potential to
continuously measure plant growth12–14. In recent years, several
planar strain sensors for plant growth monitoring have been
developed2–4. However, there still exists some challenges in the
application of planar strain sensors for the plant pulse monitoring.
Firstly, the compact glandular hairs and wax on plant stem affect
the fixation of wearable planar sensors. Sensors bound to plants
by tape are not conducive to the growth of plants and may fall off
during the long-term monitoring. In addition, complex environ-
ment poses a threat to the sensors’ stability15. Indeed, plant
growth environment is complex and changeable, such as changes
of light, humidity and temperature, which might lead to the loss of
sensors’ data fidelity16. Finally, the wired data acquisition method

has the disadvantages of cumbersome wiring and high cost. To
the best of our knowledge, there has been no wearable sensing
system with flexible adaptability and excellent anti-interference
performance reported for plant pulse monitoring yet. Therefore, it
is necessary to develop a plant wearable sensing system with
flexible adaptability, anti-interference performance, and wireless
data transmission to monitor the plant pulse.
Herein, an integrated plant wearable system (IPWS) based on

adaptive winding strain (AWS) sensor for wireless monitoring of
plant pulse was developed (Fig. 1a). The IPWS consists of three
modules, i.e. an AWS sensor, a flexible printed circuit, and a smart
phone APP display interface. The key element, AWS sensor was
designed inspired by the plant tendrils, which can adaptively wrap
around the tomato stem without any paste or adhesive. This
biomimetic tendril structure converts a direct stretching strain into
the curvature effect, and avoids the strain deficiency from crack
fracture. In addition, the AWS sensor exhibits resistance to
temperature interference via the serpentine-patterned design,
making the long-time and anti-interference monitoring for plant
pulse come true. The expansion and shrink of stem can stimulate
the AWS sensor to generate resistance variation, which can be
recorded by the IPWS that transmits the resistance variation data
to smart phone wirelessly. The results show that the IPWS system
can accurately monitor the plant pulse to diagnose the growth
and water state of tomato plant.

RESULTS
System design
As shown in Supplementary Fig. 1, there are compact glandular
hairs and essential oil on the surface of tomato stem, which is not
conducive to the fixation of flexible wearable sensors. Plant
tendrils can wrap around the stems of host plants, and the
curvature of spiral line automatically varies with the expansion
and shrink of plants stem, without affecting the normal growth of
the host plants17,18. Studies on plant tendrils prove that the layer

1Laboratory of Agricultural Information Intelligent Sensing, College of Biosystems Engineering and Food Science, Zhejiang University, 866 Yuhangtang Road, Hangzhou 310058,
PR China. ✉email: ybying@zju.edu.cn

www.nature.com/npjflexelectron

Published in partnership with Nanjing Tech University

1
2
3
4
5
6
7
8
9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00177-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00177-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00177-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00177-5&domain=pdf
http://orcid.org/0000-0002-0579-9830
http://orcid.org/0000-0002-0579-9830
http://orcid.org/0000-0002-0579-9830
http://orcid.org/0000-0002-0579-9830
http://orcid.org/0000-0002-0579-9830
http://orcid.org/0000-0002-3392-9380
http://orcid.org/0000-0002-3392-9380
http://orcid.org/0000-0002-3392-9380
http://orcid.org/0000-0002-3392-9380
http://orcid.org/0000-0002-3392-9380
https://doi.org/10.1038/s41528-022-00177-5
mailto:ybying@zju.edu.cn
www.nature.com/npjflexelectron


closer to the concave surface of tendrils is higher lignified than
that of the other side, which will lead to strain mismatch at the
fiber interface and make tendrils curl18–20. According to this
mechanism, the plant wearable sensor with a biomimetic tendril
structure was designed, which can adaptively wrap around the
tomato stem without any fixation devices and tape (Fig. 1a). As
shown in Fig. 1b, the AWS is a sandwich structure, with 3D porous
laser-induced graphene (LIG) wall sandwiched between transpar-
ent Ecoflex layers. The sandwiched LIG layer can convert the strain
response to the resistance signal, which can be captured,
converted, and transmitted by the flexible printed circuit module.
The preparation process of the AWS sensor is shown in Fig. 1c.
There are two significant strategies. Firstly, it is the transfer of
patterned LIG from polydimethylsiloxane (PDMS) to Ecoflex. We
prepared the 3D porous LIG wall on the Polyethylene terephtha-
late (PET), glass, polystyrene, and PDMS substrates, respectively.
Then Ecoflex was applied to transfer the LIG. As shown in
Supplementary Fig. 2, the results showed that the LIG on the first
three substrates could not be completely transferred, and only the
LIG on the PDMS substrate could be transferred completely. This is

due to the low surface energy of PDMS (≈30mNm‒1)21–23, which
provides a non-adhesive substrate for stripping LIG24. This strategy
can transfer precise LIG patterns in a large scale (Supplementary
Fig. 3). Secondly, the transferred patterned LIG is flipped and
attached to the surface of another prestretched Ecoflex film. After
releasing the prestretched film, the mismatched strain between
the upper and lower interfaces makes the composite polymer film
automatically curl into a tendril structure with specific curvature.
The curvature of spiral structure can be tuned by adjusting the
pretrains, which would be discussed in the characterization of
electromechanical properties.
Wireless data communication plays an essential role in wearable

sensing systems25–27. Wearable wireless sensor systems for human
body are often integrated with Bluetooth communication28–30.
However, using Bluetooth wireless transmission is impossible to
realize remote and large-scale monitoring of plants in the field.
Therefore, a flexible printed circuit with WIFI wireless data
transmission function was designed and fabricated to realize the
wireless communication between AWS sensor and a smart phone.
The detailed principle and fabrication process are descripted in

Fig. 1 Schematics of the IPWS for plant pulse monitoring. a The optical images of plant tendril and IPWS on tomato seedlings. b Schematic
diagram of the AWS sensor integrated with the flexible printed circuit. c Schematic diagram of the fabrication of AWS sensor. d The optical
image of bent printed circuit, and schematic illustration of the system-design for the signal transduction, processing and wireless transmission
from the AWS sensor to the user interface.
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the methods section and shown in Fig. 1d and Supplementary Fig.
4. As shown in Supplementary Fig. 4, users can view the
monitoring data of multiple tomatoes and export data through
the mobile phone interface.

Characterizations
We prepared the 3D porous LIG on the phenolic resin (PR) film and
transfer the LIG to the Ecoflex film (Figs. 2 and 3). Scanning

electron microscope (SEM) was used to characterize the morphol-
ogies of the LIG and transferred LIG. The microstructure of the LIG
is mainly determined by laser power and scanning rate (Fig. 2)31,32.
The low laser power and fast scanning rate would not provide
sufficient energy to formation of graphene (Fig. 2a). If the laser
power is too high, the 3D porous graphene structure would be
over-burned, resulting in collapse of layer structure and increase
the resistance (Fig. 2e). Figure 2b shows that the 3D porous

Fig. 2 Morphology characterization of LIG with various laser powers and scanning rates. a–c SEM images of LIG prepared by different laser
scan speeds (80, 27, and 16 cm s‒1) with a laser power of 2.5W. d, e SEM images of LIG prepared with different laser power (2.2 and 2.8W) with a
laser scan speed of 27 cm s‒1. f SEM image of prepared LIG and the corresponding elemental mapping of C, O, and Si elements. Scale bars: 10 μm.

Fig. 3 Morphology characterization of LIG before and after being transferred. a The diagram of LIG before being transferred. b The SEM
image of LIG. c The Raman spectrum of LIG. d The XRD analysis of LIG. e The diagram of transferred LIG. f, g The SEM images of transferred LIG.
h The SEM morphologies of transferred LIG under 5% of strain. Scale bars: b= 5 μm, f= 20 μm, g, h= 200 μm.
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graphene wall structure can be formed under the laser power
2.5 W and scanning rate 27 cm s‒1, and these porous structures are
formed by the release of gas in the laser transformation process.
The uniform 3D porous structure facilitates the penetration of the
Ecoflex, and thus it can be fully transferred from the surface of
PDMS substrate. After the transferring process, the interconnect-
ing multi-layer LIG sheet structure is reserved, and the silicone
rubber inevitably occupies plenty of porous space (Fig. 3f, g). After
application of the 5% strain (Fig. 3h), it can be seen that many
microcracks consisting of gaps, islands, and bridges connecting
separated islands appears on the surface33. These microcracks
cause partial fracture of the original conductive network, which
leads to the increased electrical resistance and strain response34,35.
The Raman spectrum is a golden characterization technique for

carbon materials, which is extremely sensitive to geometric
structure and bonding within molecules36,37. As shown in Fig.
3c, LIG exhibits three typical Raman peaks of graphene, including
D band at 1335 cm‒1, G band at 1582 cm‒1, and 2D band at
2659 cm‒1, whereas D band is corresponding to the structural
defects in graphene, and the G band is related to the graphite

carbon E2g pattern36,38,39. The low ID/IG ratio of 0.52 reveals the
highly crystalline structure of graphene40–42. The obvious 2D band
reveals the formation of 3D multilayer graphene structures43. The
X-ray diffraction (XRD) patterns of the LIG and PR are shown in
Fig. 3d. The characteristic peak of PR is at 19.1°, while there is
hardly any characteristic peak of the PR in Raman spectrum of the
LIG. There are typical graphitic crystal phase (002) and (100) peaks
at 26.1° and 43.4°, respectively32,44. These results further confirm
the formation of the graphene structure.
Electromechanical properties of the AWS sensor (Fig. 4a–c) were

investigated via mechanical tensile tests. Similar to the strain of
plant tendrils, the strain process of the AWS sensor consists of
elastic deformation and plastic deformation45. The elastic defor-
mation first occurs during the strain process, followed by the
plastic deformation. The LIG structure was torn and finally broke
during plastic deformation. As shown in Fig. 4b, the effect of
different prestrains (0%, 30%, 50%, 100% and 200%) on the
effective strain sensing ranges of the AWS sensor was investi-
gated. Compared with the strain sensing range of planar sensor
(0% prestrain), the ASW sensors (30%–200% prestrains) show

Fig. 4 Electromechanical performance. a The optical images of the experimental setup. b The relative resistance variation of AWS sensors
with different prestrains versus the tensile strain. c The elastic modulus (E) of helical structure with different prestrains. d Schematic illustration
of static simulation using glass rods. e The sensor’s responses to glass rods with different diameters (2, 3, 5, 7 and 10mm). f Schematic
illustration of dynamic simulation using injection syringe. g The sensor’s responses with dynamic simulation. h The schematic illustration of
sensing mechanism.
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higher effective strain sensing ranges. For the prestrain increases
from 30% to 200%, the strain sensing range decrease from 240%
to 66%. This is because the larger prestrain results in more helices
with smaller curvature, which leads to the decrease of elastic
deformation range and the earlier occurrence of plastic deforma-
tion (Supplementary Fig. 5a). Therefore, the mechanical properties
of the spiral structure can be tuned by prestrain. The specific
mechanism can be explained by the tendril curvature expres-
sion19:

k ¼ 6ε 1þmð Þ2

t1 þ t2ð Þ 3 1þmð Þ2þ 1þmnð Þ m2 þ 1
mn

� �h i (1)

Where ε is prestrain, and t1 and t2 are the thickness of the upper
and lower Ecoflex film, respectively. And m = t1/t2, and n = E1/E2
(E1 and E2 are the young’s modulus of the upper and lower Ecoflex
film, respectively). In this study, the t1, t2, E1, E2, m and n are
constant. Therefore, the initial curvature of the tendril is mainly
determined by the prestrain. The effects of prestrain on the elastic
modulus (E) of helical structure was evaluated (Fig. 4c). The slope
of the approximate linear part of the strain-stress curve is the
elastic modulus of tendril obtained45. The results show that in the
prestrain range of 30% to 200%, the elastic modulus increases as
the prestrain increases. The elastic modulus corresponding to
30%, 50% and 100% of prestrain is 0.006, 0.02, and 0.078 MPa,
which is far less than the turgor of plant cells (0.2–1.0 MPa)46.
Therefore, the pretension generated by the AWS sensor wrapped
around the stem of plants will not affect the normal growth of
plants. Supplementary Fig. 5b shows the reversible response of
the AWS sensor (Prepared under prestrain of 100%, and its
effective strain is about 150%) under various strains from 1% to
100%. For different strains, the sensor displays reversible and
increased responses with the increase of strain (The impurity peak
of 1% and 5% might be caused by the vibration from the sudden
stop of fixture). In addition, the repeated responses of the sensor
were recorded with strains of 60% for 8000 s (Supplementary Fig.
5c), and the sensor remains stable and exhibits excellent
durability. A downward drift in peak value of the resistance
variation rate (ΔR/R0) was observed in initial few cycles. This might
be due to the construction of new conductive networks and
subsequent formation of an equilibrium state of the conductive
networks during the cyclic loading and unloading47.

Sensing mechanism
In this study, the sensing mechanism of the AWS sensor was
investigated by using static simulation (Fig. 4d, e) and dynamic
simulation (Fig. 4f, g) methods. The relative mechanism is
exhibited in Fig. 4h. The sensor’s responses to glass rods with
different diameters (2, 3, 5, 7 and 10mm) were investigated in the
static simulation (Fig. 4d). As shown in Fig. 4e, the resistance
variation rate increases with the increase of the glass rod
diameter, and there is a good linear relationship between the
resistance variation rate of the sensor and the glass rod diameter
(R2 = 0.9934). This is likely to be that the decreasing glass rod
diameter leads to the increasing of sensor’s curvature, and 3D
porous graphene structure is more compressed (Fig. 4h). In the
dynamic simulation, a 5 mL syringe wrapped with AWS sensor was
fixed on an automatic sample injection pump. The injection pump
slowly pushed the syringe piston. When the piston passed, a tiny
expansion about 100 µm occurred (Fig. 4f). As a result, the
expansion leads to the decrease of curvature, and parts of the
compressed 3D porous graphene structure is released, which
increases the electrical resistance (Fig. 4h). The responses of the
straight-patterned graphene sensor and the serpentine-patterned
sensor are compared (Fig. 4g), and it is found that the serpentine-
patterned one is less sensitive than that of straight-patterned one,

which is due to that the serpentine structure can absorb the strain
caused by the mechanical deformation48.

Anti-environmental interference performance
The growth of plants requires specific environmental conditions,
such as adequate light, appropriate humidity, and temperature
differences. Therefore, unlike other wearable sensors for animals
and human beings, the impact of environmental factors on the
performance of plant wearable sensors must be considered. In
this study, the influence of temperature, humidity, and light on
the sensor performance were investigated. The AWS sensor
wrapped around on a glass rod and was tested in an artificial
climate box.
When the temperature rises, the thermal expansion of Ecoflex

film results in the formation of microcracks in the conductive
network, which lengthens the conductive channels, and increases
the electrical resistance (Fig. 5a). In order to enhance sensor’s
temperature resistance, the LIG pattern is designed to be
serpentine for AWS sensor, since the serpentine structure can
absorb the strain caused by the thermal expansion of the Ecoflex
film48,49. As shown in Fig. 5b, compared with the straight-
patterned AWS sensor, serpentine-patterned AWS sensor exhibits
higher thermal stability. Typically, greenhouse crops, such as
tomatoes, grow at temperatures from 15 to 30 °C. In the range of
15–30 °C, the temperature coefficient of resistance (TCR) is applied
to estimate sensor’s resistance to temperature. The TCR can be
obtained by the formula:

TCR ¼ 1
RðT0Þ

RðTÞ � RðT0Þ
T � T0

(2)

Where R(T) and R(T0) are the resistance at 30 °C and 15 °C,
respectively. The results show that the TCR of the serpentine-
patterned AWS sensor is 0.17/°C, which is much less than that of
straight-patterned AWS sensor (1.15/°C). Therefore, the
serpentine-patterned design can be used to reduce the tempera-
ture interference to the AWS sensor. As shown in Fig. 5c, d, in the
humidity range of 55–65% and illumination range of 0-8 klx, both
the resistance responses of two patterned sensors are not
interfered. All these demonstrate that the AWS sensor with
serpentine-patterned LIG possesses excellent anti-interference
ability, which is significant for plant wearable sensor to monitor
plant behavior under complex field conditions.

In vivo monitoring of plant pulse
As shown in Fig. 6a, the AWS sensor can adaptively wrap around
the tomato stem without any paste or adhesive. When the
transpiration rate of plant is higher than the water absorption rate
of root, the stem shrinks. Instead, the stem expands. Therefore, the
pulse of tomato can be used to reflect the water status. By
incorporating the AWS sensor into the IPWS, the response signal
can be transmitted to smart phone wirelessly. A series of tomato
seedlings with a height of 25 cm were used for in vivo monitoring.
As shown in Fig. 6b, the IPWS was used to monitor the stem
diameter variations (SDV) of tomato seeding at 15 cm above the
ground. A commercial LVDT sensor as a reference sensor, was
used to verify the practicability and accuracy of IPWS. The LVDT
sensor was fixed on the tomato seeding stem (at 10 cm above the
ground) with rubber band, and kept stable with another holder,
which is quite difficult for the tomato seedlings. In addition, the
LVDT sensor cannot be fixed on the crooked and tenuous stem. In
contrast, the IPWS can be installed simply on any stem of tomato
without any rubber band or adhesive tape (Fig. 6b).
The tomato stem was monitored for 11 days by IPWS and

reference sensor in an artificial climate box. Figure 6c shows the
real-time monitoring curve of SDV within 11 days, with data being
recorded every 10 seconds. The overall SDV shows a regularity of
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pulse with an increasing trend, and IPWS is consistent with the
response trend of reference sensor. Taking the monitoring data of
the 2nd day as an example (Fig. 6d), the day-night expansion and
shrink of tomato stem was investigated. We noticed that the
growth time of tomato is mainly at night. In daytime, the SDV and
resistance variation rate tends to be stable. This is due to the fact
that the transpiration rate of plants is almost equal with the water
absorption rate of roots. The SDV and resistance variation rate
increases, which is due to the fact that the transpiration rate of the
tomato at night is lower than the water absorption rate of roots.
Meanwhile, the soil moisture sensor was used to record the

change of relative soil moisture content (RSWC) during the
monitoring (Fig. 6e). The initial soil moisture was 50% and
dropped to 8% on the 8th day. After watering, the soil moisture
was recovered. Combining with the soil moisture, the daily
average responses of the two sensors are compared, and the
consistent trends are exhibited. It is found that the growth rate of
SDV slows down, when the soil moisture is lower than 30%. The
closed stomata under the 24% soil moisture also demonstrates the
occurrence of drought stress (Supplementary Fig. 6a, b). After soil
moisture is recovered, the growth rate of SDV increases, and the
stomata opened (Supplementary Fig. 6c, d).
As shown in Fig. 6f, the minimum growth rate of SDV obtained

from IPWS and reference sensor is appeared on the 8th day and 9th

day, respectively. The difference of minimum growth rate
obtained from the IPWS and reference sensor may be caused by
the different locations of the sensors. After increasing the soil
moisture on the 10th day and 11th day, the growth rate increased.
In addition, linear fitting was carried out between the SDV
measured by the reference sensor and the resistance variation rate
measured by IPWS (Fig. 6g). It is found that there is a good linear
relationship between the resistance variation rate and the SDV of

tomato stem (R2 = 0.9196). Therefore, the IPWS can reveal the
expansion and shrink of tomato stem to reflect the water status of
the tomato.

DISCUSSION
In summary, an IPWS based on AWS sensor for plant pulse
monitoring was developed. The AWS sensor can adaptively wrap
on the stem without affecting the normal expansion and shrink of
the stem due to the biomimetic tendril structure. Importantly,
AWS sensor with serpentine-patterned LIG exhibited the
enhanced resistance to thermal expansion strain induced by the
environmental temperature as compared the one using straight-
patterned LIG. Results demonstrate the IPWS can monitor the
expansion and shrink of plant stem wirelessly, and reflect the
growth and water state of tomato in real time. This work is
significant for the continuous monitoring of plant pulse and also
provides a reference for development of robust plant wearable
sensor. In the future, the sensor should be integrated with cloud
computing, and feeds the monitoring information back to
precision irrigation equipment to guide agricultural irrigation
efficiently.

METHODS
Materials and instruments
Iron (III) chloride (FeCl3) was purchased from Aladdin (China). The PR was
purchased from Shuangfu Plastic Raw Material Co., Ltd (Dongguan, China).
The Ecoflex (Smooth on, 0050) was purchased from the Dongzhixuan Co.,
Ltd (Shanghai, China). The PDMS (Dow Corning) was purchased from
Zadok Trading Co., Ltd (Shanghai, China).
The SEM images were obtained from a field-emission scanning electron

microscope (Hitachi SU8010, Japan). The XRD analysis was measured by a

Fig. 5 Anti-environmental interference performance. a Schematic of thermal expansion of AWS sensor. b The response of straight-patterned
AWS sensor and serpentine-patterned AWS sensor at different temperatures. c The response of straight-patterned AWS sensor and serpentine-
patterned AWS sensor at different humidity (55%, 60%, and 65%). d The response of straight-patterned AWS sensor and serpentine-patterned
AWS sensor at different illumination intensity (0–8 klx).

C. Zhang et al.

6

npj Flexible Electronics (2022)    43 Published in partnership with Nanjing Tech University



D8 advance diffractometer (Bruker, Germany). The Raman spectra
characterization was carried out using a Raman microscope system
(LabRAM HR Evolution, Horiba Jobin Yvon). A computer-controlled laser
scribing micromachining system (Nano Pro-III, Tianjin Jiayin Nanotechnol-
ogy Co., Ltd., China) was applied to carry out the laser inducing process.
Artificial climate box (PRX-1000D) was purchased from Ningbo Safe
Experimental Apparatus Co., Ltd, China.

Preparation of PR film
The PR precursor solution consisted with PR and FeCl3 was prepared as
previous reports50. 5 g PR powder were dissolved in 10mL ethanol,
followed by adding 20mg FeCl3 and ultrasonic dissolution. The precursor
solution should be prepared when it is in need due to the strong
hygroscopicity of FeCl3. The PR film was prepared on a PDMS substrate.
The precursor solution was covered over the entire PDMS substrate, and
the homogeneous PR film can be obtained followed by a spin-coating
process at a speed of 900 rpmmin‒1 for 40 s. The obtained PR film was
dried at room temperature for the following laser inducing procedure.

Fabrication of AWS sensor
The fabrication of AWS sensor contains three procedures. Firstly, the
fabrication of LIG. The laser power (2.2, 2.5, and 2.8 W) and laser scan speed

(16, 27, and 80 cm s‒1) were used to prepare LIG with different
morphologies. The redundant PR film was rinsed with ethanol and water
repeatedly to obtain the patterned LIG. Secondly, transferring patterned
LIG to the Ecoflex film. Ecoflex liquid precursor silicone was prepared by
mixing the component A and B as a ratio of 1:1. The silicone was injected
on the surface of patterned LIG with 30 s of equilibrium. A spin coating
procedure was applied at a speed of 600 rpmmin‒1 for 60 s to form the
homogeneous Ecoflex film. After curing for 1 h at room temperature, the
cured Ecoflex film was peeled off carefully to obtain the Ecoflex/LIG
structure. The copper wires were pasted on both ends of the patterned LIG
with conductive silver paste to form Ecoflex/LIG electrode. Finally, the
fabrication of AWS sensor. Ecoflex/LIG electrode was flipped over, and
pasted on the prestretched Ecoflex film with prestrain of 0%, 30%, 50%,
100%, and 200%. Back of electrode was encapsulated by spin coating
Ecoflex liquid precursor silicone and curing at room temperature to form a
sandwich structure. An AWS sensor can be obtained by releasing the
prestretched film.

Design and fabrication of the wireless sensing circuit
A circuit on a FPCB was designed and fabricated to realize the wireless
communication between the AWS sensor and a smart phone. The system
consisted of an AWS sensor, a LDC2214 analog digital converter (ADC), an
ESP32 center processing unit (CPU) with WIFI module, and a power source.

Fig. 6 In vivo monitoring of plant pulse. a Schematics of the IPWS for plant pulse monitoring with smartphone for continuous data readout.
b The optical images of AWS sensor and commercial LVDT sensor on tomato stem. c 11 days of monitoring curves obtained from IPWS and
reference sensor. d The monitoring curves on the 2nd day. e The soil moisture data and stem monitoring data. f The stem expansion rate
measured by the IPWS and reference sensor. g The linearity between the SDV measured by the reference sensor and the resistance variation
rate measured by IPWS.
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The sensor was directly connected to an ADC to transmit the resistance
data. The sensing data was then processed through the ESP32 controller
and finally transmitted to a smart phone by the inserted WIFI module. This
system can be powered by a USB interface or a rechargeable lithium-ion
battery (a nominal voltage of 3.6 V).

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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