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Abstract

Highly sensitive strain sensors are crucial for monitoring subtle plant growth changes and show diverse
applications in plant sensing. However, the prevailing integrated fabrication methods for such sensors tend to be
costly and complex, impeding their fundamental design and practical usage. Herein, we develop a simple and
effective multimaterial all-3D printing technique to manufacture integrated strain sensors with a multilayered
structure. Such an all-3D-printed strain sensor exhibits excellent sensing performance enabling precise detection of
minor strains in plant growth, including high stretchability (> 300%), high sensitivity (~12.78) with good linearity
(0.98), and good long-term stability over 3,000 loading/unloading cycles. We further validate the potential
applications of our 3D-printed integrated strain sensor for accurate and continuous monitoring of bamboo growth
in both horizontal and vertical directions over 14 days. Our all-3D-printed strain sensor offers a promising avenue
for integrated strain sensing systems toward plant growth monitoring.
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INTRODUCTION

Global climate change and viral pests have severely affected crop yields, posing a major threat to the global
food supply. Ensuring sustainable growth in crop yield is crucial to addressing food shortages. Achieving
this goal require comprehensive understandin of the biological and environmental factors that influence
plant growth, which play a key role in improving crop yield". Strain sensors offer a technique to monitor
plant growth by detecting external deformations in plant structures. However, many existing plant strain
sensors suffer from several limitations, including restricted tensile properties and high mechanical strength,
which can affect or even damage plant tissues during practical use®. Hydrogel-based strain sensors, known
for their soft stretchability, provide non-damaging, long-term, real-time monitoring, and have found wide

3-5] 6-8]

applications in fields such as healthcare®, soft robotics“*, and wearable electronics”'!. Despite these
advancements, current strain sensors still face challenges related to interface compatibility and
programmability. They are often constructed from thin films with varying structures'? or 3D-printed
sensing layers on flexible substrates”'*. These issues result in unstable signals, insufficient measurement
accuracy, and complex fabrication processes, which limit their ability/stability to adapt to dynamic
environmental conditions and evolving application needs. Although progress has been made to overcome
these challenges, the design and fabrication of integrated sensing devices that combine simple

manufacturing processes with high sensitivity remains a significant hurdle.

Hydrogel strain sensors are typically designed with sandwich structures comprising a substrate, a sensing
layer, and an encapsulation layer, each with a thickness of a few hundred micrometers*?. However,
integrating these layers often involves complex processes, such as spin-coating the substrate™*", screen-
printing™, etching”**”, spraying”", and cutting the encapsulation layer. These procedures are intricate,
requiring expensive equipment and manual assembly, which can weaken the interface between components
and limit the structural flexibility of the device. Such limitations primarily restrict designs to planar
structures, thereby constraining the overall functionality of the device”*?. To address these challenges, 3D
printing has emerged as a promising technique solution for overcoming the complexity of traditional sensor
fabrication™ . Various 3D printing techniques, including digital light processing (DLP)"**,
stereolithography"*’, and direct ink writing (DIW)**), have been explored and widely adopted for
customizable sensor manufacturing. Among them, DIW is considered as the most straightforward 3D
printing technology owing to its unique advantages free of external factors such as light or heat, and no
additional non-functional material components (e.g., photosensitive monomers), making it particularly
suitable for fabricating integrated sensor devices. In contrast to the equipment and process limitations of
traditional manufacturing methods in creating complex shapes, 3D printing technology enables the
customization of sensor structures during the design phase. By fine-tuning the sensor’s geometry, 3D
printing can address certain geometric imperfections or errors, minimizing signal deviations due to external
deformations and ensuring stable output across diverse strain conditions'*". However, achieving repeatable
and programmable 3D printing of strain sensors remains a challenge. Successful 3D printing of strain
sensing devices with DIW requires high-performance yet stable ink materials, ink rheology optimization"”,
printing parameter adjustment, shape fidelity improvement, and multilayer interface integration.

Herein, we successfully fabricate integrated strain sensors for real-time monitoring of plant growth using
multi-material 3D printing [Figure 1A]. Various strain sensors with different structures are designed and
explored to reveal the structure-performance relationship and enhance the sensitivity under the same strain
conditions. Additionally, we carefully optimize the printing parameters for two types of inks: a viscous
polyvinyl alcohol (PVA) solution and a conductive poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS)-PVA ink. This meticulous optimization ensures precise ink deposition, reduces diffusion,
maintains shape fidelity, and seamlessly integrates multiple materials. Meanwhile, we prove the printability
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Figure 1. Design of an integrated 3D printing strain sensing device. (A) Integrated 3D-printed strain sensing device for plant growth
monitoring; (B) Schematic diagram of the multi-material structure of the strain sensing device. The integrated device contains a four-
layer structure: PDMS substrate layer, PVA flexible substrate layer, PEDOT:PSS-PVA sensing layer, and PDMS encapsulation layer; (C)
Printing process of integrated strain sensor devices. PDMS: Polydimethylsiloxane; PVA: polyvinyl alcohol; PEDOT:PSS: poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate.

of multi-material inks using DIW-based 3D printing and indicate that the printed sensors keep a tight
interface between the substrate layer and the sensing layer. Finally, our experimental results demonstrate
that the 3D-printed square sensing device shows the highest sensitivity [gauge factor (GF) = 12.78]
compared to other structures. Furthermore, we evaluate potential applications of such a 3D-printed
integrated sensing device for continuous accurate monitoring of bamboo growth in both horizontal and
vertical directions over 14 days.

EXPERIMENTAL

Materials

PEDOT:PSS (Kaivo, Zhuhai), PVA (Mw: 124000-186000 Da, Sigma-Aldrich), 184 silicone elastomer
[polydimethylsiloxane (PDMS), 0008912877], 184 silicone elastomer curing agent (PDMS curing agent,
Ho052J9A063), and dimethyl sulfoxide (DMSO, > 99.8%, Aladdin, Shanghai) were purchased and directly
used without further purification. Milli-Q purified water was employed for all experiments.

Preparation of 3D printable inks

Preparation of PEDOT:PSS-PVA ink: PEDOT:PSS nanofibrils (0.6 g) were re-dispersed with a DMSO-
deionized water mixture (9.4 g, DMSO: deionized water = 15:85 v/v) to prepare 6 wt.% PEDOT:PSS
solution. Then, 6 g PVA was added to 44 g deionized water to prepare 12 wt.% PV A dispersion solution
(stirred at 90 °C for 2 h until completely dissolved). The 3D printable PEDOT:PSS-PVA ink was prepared
by mixing the above 6 wt.% PEDOT:PSS solution and 12 wt.% PVA solution in a ratio of 1:2, and then
degassed with a centrifuge at 8,000 rmp for 5 min.
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Preparation of PVA ink: PVA (6 g) was added to 44 g deionized water to prepare 12 wt.% PVA dispersion
solution (stirred at 90 °C for 2 h until completely dissolved).

Preparation of PDMS ink: PDMS ink was obtained by mixing the PDMS curing agent with the PDMS
precursor solution in a ratio of 1:10 and stirring under mechanical agitation for 20-30 min to obtain a
homogeneous mixture and centrifuging to remove air bubbles. To prevent rapid curing of PDMS, PDMS
inks need to be dispensed as they were used.

3D printing of integrated strain sensor devices

The optimization of printing parameters for PEDOT:PSS-PVA and PVA inks, and the 3D printing of the
integrated strain sensing device were carried out on a DB-100 3D printer (Shanghai Mifang Electronic
Technology Co., Ltd., Shanghai, China). The structures of all 3D printed layers were drawn using Adobe
Hlustrator 2021 software and saved in a scalable vector graphics (SVG) format. The printing process was
carried out by using varying printing needles with diameters of 90, 160, 210, 260, 340, and 410 pm, with
printing air pressure selections of 50, 100, 150, 200, 250, and 300 kPa, and printing speed adjustments of
0-8 mm-s”. Before starting the printing process, the printed layer structures in an SVG format were
imported into the DB-100 software, and the model was further adjusted to fit the printer [Supplementary
Figure 1]; then, the printing parameters were set according to the requirements. First, we printed the PDMS
encapsulation layer and the PVA substrate layer, followed by the PEDOT:PSS-PVA hydrogel sensing layer.
Then, we attached the wires to the sensing layer. Finally, we printed the topmost PDMS encapsulation layer.
After printing, the PDMS layer was cured at room temperature, while the PVA and PEDOT:PSS-PVA layers
underwent three cycles of freezing at -20 °C for 8 h and thawing at 25 °C for 3 h.

Characterizations

Scanning electron microscope (SEM) images of the PVA layer at the interface with the PEDOT:PSS-PVA
layer were acquired by a SEM (TESCAN). Viscosity versus shear rate of PEDOT:PSS-PVA and PVA
hydrogel was performed by a Discovery Hybrid rheometer (TA Instrument) with a 40 mm diameter flat
plate geometry at 25 °C. Shear rates are ranged from 0-400 s™.

Mechanical measurements

A microcomputer-controlled universal testing machine (ZQ-990LB, ZHIQU Precision Instruments) was
used to perform the mechanical properties of PEDOT:PSS-PVA (grid structure) and PVA [25 mm (length)
x 2.5 mm (width) x 1 mm (thickness)] hydrogel at a constant tensile speed of 100 mm-min™. The Young’s
modulus of PEDOT:PSS-PVA and PVA hydrogel can be calculated from the stress-strain curve and the
toughness was calculated from the integrated area of stress-strain.

Electrical measurements

To measure the electrical conductivity, the resistance of PEDOT:PSS-PV A hydrogels was recorded by a
Keithley 2700 digital multimeter based on a conventional four-point probe method. The width and length of
the sample were measured by a Vernier caliper, and the thickness of the samples was using a screw
micrometer. The electrical conductivity () of all the hydrogel samples was calculated according to:

o=L/WRT

where L, W, R, and T are the length, width, resistance, and thickness of the samples, respectively.
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Sensing performance measurements

The sensing performance of the one-piece 3D printed device was tested using an LCR (Tonghui, TH2829C)
instrument. The sensing signals were tested at different strains, i.e., 50%, 100%, 150%, 200%, 250%, and
300%. The sensitivity of the hydrogel strain sensors was determined by analyzing the changes in the sensed
signals at different strains, and the sensitivity (GF) was calculated using:

GF = AR/(R, x &)
where AR is the change in resistance, R, is the original resistance, ¢ is the sensor strain.

RESULTS AND DISCUSSION

Design of 3D printing PEDOT:PSS-PVA strain sensing device

We aim to simplify the fabrication process of customized strain sensing devices for integrated continuous
multi-material production, eliminating any manual or tedious processes. To achieve this, we propose a
novel all-3D-printing method based on DIW technology to achieve integrated device manufacturing.
Leveraging the unique properties of 3D printing, we design a four-layered overlapping structure for the
sensing device through continuous printing. To ensure seamless integration of interfaces during the multi-
material printing process, we extensively investigate the printability of different viscoelastic inks. Based on
quantified results, we select the optimal printing parameters for each functional layer material to
manufacture strain-sensing devices with programmable, continuous, and seamless interfaces.

We have designed a four-layer stacked structure for the strain sensing device, consisting of the base layer,
flexible substrate, conductive layer, and encapsulation layer [Figure 1B]. The device is fabricated by
sequentially printing multiple materials with different functionalities [Figure 1C]. Initially, we use PDMS as
a supporting film due to its hydrophobicity and long-term stability. Next, a soft, highly stretchable PVA film
serves as the flexible substrate. Then, a conductive hydrogel layer of multilinear conductive PEDOT:PSS-
PVA ink is continuously printed onto the PVA substrate. To address potential issues such as water loss or
absorption, a PDMS film is printed on top of the conductive and flexible substrate layers as a protective
encapsulation. Interestingly, the PEDOT:PSS-PV A sensing layer integrates seamlessly with the PVA flexible
substrate, effectively reducing interlayer slip. This tight integration is primarily due to the interaction
between PEDOT:PSS and PVA. As illustrated in Supplementary Figure 2, the PEDOT semi-crystalline
domains and PVA crystalline domains are physically cross-linked after undergoing continuous freeze-
thawing cycles, forming a stable microphase semi-separated network. Mechanistically, multiple interactions
within the hydrogel matrix - including entanglements between PSS and PVA chains, hydrogen bonding
between PV A chains, and electrostatic interactions between PVA/PSS and PEDOT - play a significant role
in enhancing the interfacial stability of the device, ensuring stable and reliable sensing signal output"***".

Optimization of 3D printing parameters for multi-material inks

The integrated 3D-printed strain sensing device consists of encapsulation layers (PDMS elastomer), a strain
sensing functional layer (PEDOT:PSS/PV A hydrogel), and a substrate layer (PVA hydrogel). The integrated
3D printing of multilayer structures is a complex process requiring collaborative optimization. To ensure
accurate, high-precision printing integration, we minutely optimize the printing parameters of the strain-
sensing functional layer and the substrate layer, including nozzle size, printing pressure, and printing speed.
The viscosity of PEDOT:PSS-PVA ink is firstly characterized by the shear rate as the rheological properties
of the ink are crucial for 3D printability. The ink exhibits robust shear-thinning behavior, maintaining its
shape after the extrusion process. At the same time, a high yield stress prevents the printed structure from
collapsing before cross-linking [Supplementary Figure 3].
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Moreover, fine tuning of 3D-printable inks is crucial for ensuring the integrity and precision of the devices.
To guarantee proper adhesion between layers and optimize the structure of the sensing layer, we investigate
the shape fidelity of the ink under various conditions, including printing pressure, nozzle diameter, and
printing speed. During the 3D printing process, smaller nozzles and lower printing pressures may lead to
issues such as print failures, discontinuous lines, and poor shape fidelity. In contrast, larger nozzles and
higher printing pressures can cause the ink lines to extend beyond the nozzle diameter or spread on the
substrate, resulting in poor shape fidelity.

Based on these issues, we conduct a detailed study on PEDOT:PSS-PVA conductive ink and PVA ink. First,
we print PEDOT:PSS-PVA conductive ink and evaluated its printability under fixed printing speed
(1 mm-s™), varying nozzle sizes (90-410 um), and printing pressures (50-300 kPa), as displayed in Figure 2A.
By optimizing printing pressure and nozzle size, we further investigate the effect of printing speed on the
printability of the conductive ink. When the nozzle size is fixed at 210 um, the printing speed for
PEDOT:PSS-PVA conductive ink has been found to range from 0.5 to 6 mm-s* [Figure 2B]. For a fixed
nozzle size of 260 pm, the printing speed ranged from 0.5 to 8 mm-s™ [Supplementary Figure 4A]. To
visually assess the shape and line width of the ink during the printing process, we place the printed ink lines
under a microscope for observation and recording, thereby precisely determining the ink’s printing shape
under different parameters [Figure 2C]. Meanwhile, we evaluate the printability of PVA ink. Under fixed
printing speed (1 mm-s™), varying nozzle sizes (90-410 pm), and printing pressures (50-300 kPa), the
printability of PVA ink is shown in Figure 2D. After optimizing the pressure and nozzle size parameters, we
further investigate the impact of printing speed on the shape fidelity of the ink. When the nozzle size was
fixed at 260 um, the printing speed range for PVA ink was 0.5 to 8 mm-s” [Figure 2E]. When the nozzle size
was set to 210 pm, the printing speed range was between 0.5-6 mm-s" [Supplementary Figure 4B].
Additionally, all ink parameter adjustments have been evaluated based on the extent of ink diffusion
observed under electron microscopy [Figure 2F].

Through optimization of various parameters, the minimum printable resolution achieved with the 210 pm
needle is 237 pm for PVA ink and 251 pm for PEDOT:PSS-PV A conductive ink. To ensure fast and uniform
printing of the substrate layer, a 260 pm nozzle is used for the PVA layer at a speed of 0.5-8 mm-s™.
Simultaneously, a nozzle size of 210 pm and a printing speed of 0.5-6 mm-s™ ensure high-precision printing
of the PEDOT:PSS-PVA layer. Therefore, by optimizing the printability parameters of multi-material inks,
continuous and integrated fabrication of sensor devices can be achieved.

3D printing of integrated strain sensing devices

Based on the systematic optimization of PEDOT:PSS-PVA and PV A inks, the prepared inks are loaded into
syringes respectively [Figure 3A and Supplementary Movie 1] and printed after carefully selecting the
optimal printing parameters to ensure high fidelity of printed lines and achieve seamless interface
integration during multi-material printing. Specifically, the PEDOT:PSS-PVA layer is printed using optimal
3D printing parameters (300 kPa pressure, 2 mm-s™ speed, 210 pm needle diameter), and the PVA layer is
printed with parameters of 300 kPa pressure, 5 mm-s" speed, and 260 pm needle diameter. Subsequently, the
sensing device is integrated and 3D printed with PEDOT:PSS, PVA, and PDMS inks under the optimal
printing parameters [Figure 3B]. After completing the layer-by-layer printing of the device, we solidify the
device to ensure seamless integration. As demonstrated in Supplementary Figure 5, the SEM image indicates
that the surface sensing layer and the substrate layer are closely connected, which is conducive to the
stability of the interface. Additionally, utilizing the integrated 3D printing process, we design conductive
layers with various structures to explore the relationship between structure and performance [Figure 3C-1J,
facilitating the integrated preparation of multi-structure strain sensors. Upon completing the entire 3D
printing process, we conduct a comprehensive evaluation to assess the performance and feasibility of the
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Figure 2. Evaluation of multi-material ink printability. (A) Phase diagram of the printability of PEDOT:PSS-PVA ink under different print
nozzle sizes (90-410 um) and different print pressures (50-300 um); (B) Printed PEDOT:PSS-PVA ink line width vs. print speed (O-
6 mm-s ) and printing pressure (100, 200, 300 kPa) for the print nozzle size of 210 um and the print height of 0.1 mm; (C) PEDOT:PSS-
PVA ink lines printed under different printing parameters; (D) Phase diagram of the printability of PVA ink under different print nozzle
sizes (90-410 um) and different print pressures (50-300 um); (E) Printed PVA ink line width vs. print speed (0-8 mm-s") and print
pressure (100, 200, 300 kPa) for the print nozzle size of 260 um and the print height of 0.1 mm; (F) PVA ink lines printed under different
printing parameters. PEDOT:PSS: Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate; PVA: polyvinyl alcohol.

sensor device, focusing on its mechanical properties and electrical and sensing performance.

Due to the physical cross-linking of PVA chains, our conductive hydrogel demonstrates high stretchability,
exceeding 300% [Supplementary Figures 6 and 7]. Additionally, PEDOT:PSS, serving as the electrical phase,
interweaves with PV A chains to form a conductive network with excellent mechanical properties, and as the
PEDOT:PSS content increases, its conductivity rises [Supplementary Figure 8]. To systematically analyze
the sensing characteristics of the integrated 3D-printed sensor device, we select PDMS as the encapsulation
layer to enhance device stability. Excitingly, the hydrogel sensor encapsulated with PDMS exhibits excellent
water retention and electrical signal stability; even after two days of storage, its relative resistance signal
remains nearly consistent with the initial values [Supplementary Figures 9 and 10]. Moreover, we further
evaluate the sensing properties of PEDOT:PSS-PV A conductive hydrogels with different structures; we have
tested their relative resistance changes across various strain ranges and calculated their sensitivity values
[Figure 3D-J]. The results indicate that the sensor with a square structure exhibits the highest sensitivity
[Supplementary Figures 11 and 12]. At the same time, we have compared the sensing performance of the
planar structure sensor under different strains and found that it has a lower sensitivity value than the square
structure sensor [Supplementary Figure 13]. These results indicate that the sensor’s sensitivity is closely
related to its structure, and performance breakthroughs can be achieved by altering the sensing layer’s
structure. During the stretching process, the conductive pathways of sensors with different structures
change, leading to variations in relative resistance values. As illustrated from the SEM images, the
conductive path expands after stretching [Supplementary Figure 14], which in turn increases the GF.
Among various structures, the square configuration exhibits the most significant change during stretching,
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Figure 3. All 3D printed strain sensing devices and sensitivity analysis. (A) Physical drawing of PEDOT:PSS-PVA ink and PVA ink; (B)
The 3D printing process for integrated strain sensor devices; Conductive layer structure with different patterns and stretching objects:
(C) Microwave pattern; (D) Curved line; (E) Rhombic; (F) Square; Sensing performance of different shape patterns under different
strains (0%-300%): (G) Microwave pattern; (H) Curved line; (I) Rhombic; (J) Square. PEDOT:PSS: Poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate; PVA: polyvinyl alcohol.

resulting in larger resistance change per unit strain, thereby improving the sensitivity. Additionally,
microcracks play a crucial role in influencing the sensor’s sensitivity. When the applied stress exceeds the
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fracture threshold, the conductive path is interrupted, causing a significant change in resistance'***!. As
illustrated in Supplementary Figure 15, crack propagation in the conductive path of the square structure is
more pronounced under stretching, leading to a substantial increase in resistance and enhancing the
sensor’s sensitivity. This 3D printing strategy significantly enhances the tunability of the sensing layer’s
structure, thereby boosting the sensor’s sensitivity and enabling the customized design of sensor devices.

Sensing properties of the 3D printed PEDOT:PSS-PVA strain sensing device

Due to the sensitivity analysis of sensors with different structures, we found that the square structure device
exhibits a higher sensitivity value. Therefore, we systematically explored various performance parameters of
the square sensor, including hysteresis, linearity, response time, and stability. Leveraging the high
mechanical properties of the PEDOT:PSS-PVA hydrogel, our integrated printed strain sensor demonstrated
a stable response to cyclic loads under different tensile states. The prepared sensor can detect relative
resistance signal changes within a large strain range (0%-300%), medium strain range (0%-100%), and a
really small deformation range (0%-30%) [Figure 4A and Supplementary Figure 16]. The resistance signals
showed a stable gradient change after multiple loading and unloading cycles at different strains, with cyclic
resistance values remaining stable, indicating the device’s reusability at specific strains. Surprisingly, the
device maintained a linearity of 0.98 at strains up to 300%, demonstrating its ability to reflect actual changes
more stably and accurately during measurements. Additionally, our sensor exhibits low hysteresis (< 0.4%),
enabling precise detection of resistance changes under varying strains [Figure 4B]. Such a PEDOT:PSS-PVA
hydrogel strain sensor demonstrates four linear fitting sections [Figure 3]], with GF of 2.15 in the strain
range of 0%-100%, 3.63 for 100%-200%, 4.94 for 200%-250%, and 12.78 for 250%-300%, respectively.

To further validate the sensor’s response to external stimuli, it was subjected to rapid loading and unloading
cycles, showing instantaneous resistance changes within 330 ms [Figure 4C]. Additionally, the device’s
resistance to interference is tested at different frequencies (1-9 Hz), with no significant difference in relative
resistance observed [Figure 4D]. This frequency-independent sensing behavior better ensures the accuracy
and reliability of the sensor in plant growth monitoring. Additionally, to compare the sensing characteristics
of the sensor under radial and lateral strains, we test its relative resistance changes in different directions.
The experimental data indicates that our sensor shows no significant fluctuations in longitudinal resistance
signals during lateral stretching, demonstrating its capability for precise data monitoring, as demonstrated
in Supplementary Figure 17. At the same time, the device also shows that non-axial deformations (e.g.,
hammering and manual twisting) do not trigger much interference to the sensing detection, demonstrating
excellent insensitivity of our device against pressure and torsion disturbance [Figure 4E and F].
Furthermore, the sensor displays good long-term stability, with no significant drift in relative resistance
after 3,000 loading and unloading cycles [Figure 4G] due to the seamless integration of the device.
Compared to previously reported PEDOT:PSS-PVA strain sensors as depicted in
Supplementary Table 1%, our fully 3D-printed device exhibits higher sensitivity over a wide strain range
and stability under cyclic stretching. The measured factor is 12.78, demonstrating that the full 3D printing
technique effectively improves the sensing device’s performance while reducing tedious steps [Figure 4H].
Opverall, the superior sensing properties of our 3D-printed strain sensing devices make them suitable for
practical applications, such as plant growth monitoring.

Application of all-3D-printed strain sensors for plant growth monitoring

Highly sensitive strain-sensing devices are used as measurement tools to visually analyze plant growth. In
this work, an integrated PEDOT:PSS-PV A hydrogel strain-sensing device is carefully manufactured using
3D printing technology and attached to the stem of a plant to monitor its growth in real time and
accurately. The device detects an increase in electrical resistance when subjected to external tensile forces,
similar to the plant growth phenomenon. During plant growth, cells expand through division, which the
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Figure 4. Sensing properties of the 3D printed PEDOT:PSS-PVA strain sensing device. (A) Relative resistance variation of the sensing
devices at large strain (0%-300%); (B) The sensing device with linearity (R*=0.98) and hysteresis (0.4) within the 0%-300% strain
range; (C) Response time of the sensing device at 0%-300% of a cyclic strain; (D) Change in relative resistance of this sensing device at
different frequencies for the same time and strain conditions (50%); (E) Resistance to stress interference. The inset displays a sample of
the device under uniaxial tension (~50%) and hammering, respectively; (F) Torsion resistance. The insets illustrate a sample of the
device under uniaxial stretching (~250%) and manual torsion conditions, respectively; (G) Comparison of the performance of
PEDOT:PSS-PVA-based strain sensing devices (stretchability, cyclic stability, and sensitivity); (H) Cycling stability at a strain of 100%
within 3,000 cycles. PEDOT:PSS: Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate; PVA: polyvinyl alcohol.

device senses as external deformation, aiding in understanding plant growth. To evaluate the performance
of the strain-sensing device, a practical application was carried out. As demonstrated in Figure 5A, the
strain-sensing device was attached transversely and longitudinally to the bamboo to monitor its growth.

To further demonstrate the device’s ability to detect subtle plant growth, we monitored growth in different
dimensions. As shown in Figure 5B and C, physical images of bamboo growing taller vertically and
thickening horizontally were taken over 14 days. Notably, the 3D-printed strain-sensing device has good
stretchability, accommodating the growth of different plant parts. To compare the sensing characteristics of
the sensor under radial and lateral strains, we tested its relative resistance changes in different directions.
Furthermore, we analyze the sensing performance parameters of the device to assess and calculate plant
growth. Among these parameters, linearity is a measurement of the maximum deviation of the actual
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Figure 5. Application of 3D printed PEDOT:PSS-PVA strain sensing device for bamboo growth monitoring. (A) Scenario construction of
strain sensing devices by all 3D printing for real-time tracking of bamboo growth; Physical drawings of the radial (B) and lateral (C)
growth processes of bamboo on Day 1, Day 7, and Day 14; (D) Sensing characteristics of all-3D-printed strain sensing devices under the
0%-300% strain range (sensitivity and linearity); (E) Strain sensing device to monitor vertical growth of bamboo for 14 days; (F) Strain
sensing device to monitor horizontal growth of bamboo for 14 days (AD: Growth height of bamboo). PEDOT:PSS: Poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate; PVA: polyvinyl alcohol.

characteristic curve of the sensor from a theoretical straight line. When the R* value approaches 1, it
indicates that the sensor’s theoretical values closely match the actual values. Remarkably, our integrally
printed strain sensing device demonstrates excellent linearity across different strain ranges, showcasing its
high practical application value [Figure 5D]. In plant growth detection, we utilize the resistance values and
sensitivity of this sensing device across various strain ranges to infer plant height. This capability holds
promise for monitoring the dynamic growth process of plants. Figure 5E and F indicates that the bamboo’s
growth rates in different dimensions vary, with vertical growth significantly faster than horizontal growth,
consistent with the natural vertical growth pattern of bamboo. After 14 days of continuous monitoring, the
bamboo grew at a rate of about 1 mm-day™ vertically and about 0.18 mm-day™ laterally. These experiments
prove that our 3D-printed strain-sensing device displays a high sensitivity for detecting small growth
changes in plants.

The high sensitivity of the strain-sensing device is due to the structural design of the sensing layer, which
regulates the device’s conductive pathway by 3D printing, thus increasing its sensitivity. This discovery not
only provides a new and efficient 3D printing processing technology for integrated strain-sensing devices
but also offers strong technical support for the intelligent development of agriculture.
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CONCLUSION

In this work, we present a novel all-3D-printed technology to fabricate customized, programmable, soft, and
highly sensitive strain-sensing devices through continuous multi-material printing. Two viscoelastic inks
have been characterized based on DIW 3D printing technique, and optimal printing parameters are selected
to counteract solution diffusion behavior, ensuring high-fidelity printing. Additionally, sequentially
designed and adapted printing modes enable the seamless fabrication of an integrated strain-sensing device.
The performance and feasibility of the device are further comprehensively evaluated, including mechanical
properties, electrical properties, and sensing signal analysis at different strains. The results indicate that the
printed strain-sensing device exhibits superior tensile properties and higher sensitivity. The effectiveness of
the sensing device has been demonstrated through real-time monitoring of plant growth. To achieve multi-
channel monitoring of different plants, future research can be focused on developing a multi-channeled
interconnected conductive pathway using multi-material 3D printing techniques. Overall, the proposed
multi-material all-3D printing technique offers a promising platform for streamlined efficient fabrication of
high-performance strain-sensing devices capable of real-time accurate monitoring of plant growth,
potentially usable for plant sensing and related fields such as wearable devices, soft robots, and
bioelectronics.
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