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  Abstract 
Wearable sensors are emerging data collection tools. Despite advanced technology 
in sensor fabrication, their stretchability and gauge factor remain underdeveloped. 
Materials and methods are crucial in enhancing these aspects of sensors. This paper 
delves into various emerging materials and methods, including carbon nano-
tube/graphite, Ag NPs/CNTs, liquid alloy, AWS, buckling technique, and embed-
ding conductive materials into elastic polymer composites, and thoroughly evalu-
ates their pros and cons. It also identifies key challenges in achieving adequate 
stretchability for plant growth adaptation and monitoring specific plant structures, 
and highlights the need for specialized materials and designs. Furthermore, this re-
view offers potential solutions to these challenges by suggesting interdisciplinary 
approaches, stress-releasing designs, and the development of flexible secondary 
batteries. The review also emphasizes the importance of collaboration between ag-
riculture, plant science, and engineering fields to enhance the performance of wear-
able plant sensors. By leveraging the progress in wearable human healthcare sensors 
and focusing on stress-releasing structural designs, the development of flexible sec-
ondary batteries is crucial to meet the dual requirements of small battery size and 
sufficient power range for plant-wearable sensing systems. The aim is to provide 
comprehensive insights and inspiration for advancing sensor research and develop-
ment. 
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1. Introduction 

Global issues such as the forecast of ~10 billion people by the year 2050, the threat of climate change on crop yields, 
are putting heavy pressure on world food supplies [1, 2]. We are constantly challenged to meet the demand for food 
and to maintain a clean environment. Thus, increasing agricultural output has become a necessity. Wearable sensors 
are an emerging data collection tool that provides a universal and controlled solution to quantitatively monitor plant 
elongation/growth. They provide nm-scale precision to measure the in-depth details of plant growth. While wearable 
sensors can be less invasive than some other sampling methods, they can still interfere with plant growth. For ex-
ample, the sensor may not grow synchronously with the host plant [3], which means the stretchability of sensors 
has not yet reached its full potential. 

Materials and methods play important roles in the stretchability and gauge factor of sensors. Therefore, to mini-
mize interference, it’s critical to choose the proper materials and methods to design the wearable plant sensors. 
According to relevant reviews [4-8], the main challenges include that the sensors lack sufficient stretchability to 
adapt to the continuous growth of plant organs, leading to breaking or restricting the growth of plants. Besides, 
when monitoring some specific parts or structures of the plants, it would require sensors made of special materials 
or sensors with particular structures made by unique methods. 
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Some advanced technology has been used in the fabrication of sensors. The objective of this paper is to explore 
and analyze some of emerging materials and methods which may make great contributions to the challenges men-
tioned above (including carbon nanotube/graphite, Ag NPs/CNTs, liquid alloy, AWS, buckling technique, embed-
ding conductive materials into elastic polymer composites) in detail, then has a discussion about their advantages 
and disadvantages. 

Lastly, this review has outlined the existing challenges of stretchability of wearable sensors, and possible solu-
tions are proposed. 

2. Materials and Methods 

2.1 Carbon nanotube/graphite 

Carbon nanotubes (CNTs)could accommodate large strains, thereby providing excellent stretchability [9-11]. 
Hereby, Tang et al. [12] proposed the carbon nanotube/graphite strain sensor. The sensor took the synergistic rein-
forcement between graphite and CNT membranes, which significantly improved the mechanical stability and 
stretchability of the sensor, and the sensor’s stretchability and gauge factor were enhanced to 150% and 352, re-
spectively (Figure 1A). 

 
Figure 1. CNT-based strain sensor and Ag NPs/CNTs-based sensor. (A) Hysteresis curve for the sensor with a maximum 

strain of 150%. The inset showed the real-time response of the sensor to the strains. (B) The fruit growth of Solanum 
melongena L. was being measured. (C) Growth curve of Solanum melongena L. with a sampling interval of 1 min. Inset was 
the growth curve with a sampling interval of 5 s. (D) Schematic of the strain sensor’s fabrication process flow, highlighting 

the buckled thin metal film structure. (E) plot illustrating the Barley plant growth in real time through leaf elongation track-
ing for a period of 2 h and 35 min. 

As shown in Figure 1B, the sensor was mounted on a Solanum melongena L. and Cucurbita pepo for circumfer-
ential elongation monitoring. According to the results, the growth of the Solanum melongena L. follows a rhythmic 
pattern: the growth rate was rapid from 0 to ~6 am and 6 pm to ~0, while it decreased at other times. Besides, the 
growth was not continuous but stepwise at a time scale of minutes. Figure 1C shows that the plant rapidly increased 
by 17.8 mm in 0~4 min, and almost remained stable in the next 5 min. After that, the fruit started to grow again. As 
for Cucurbita pepo, the result was similar. 

From this, Tang’s team verified that the plant growth was a discontinuous process and the growth rate rapidly 
changed in seconds/minutes, thanks to the high sensitivity and temporal resolution of the sensor. 
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2.2 An Ag NPs/CNTs-based sensor 

Zhang et al. [13] developed a type of strain sensor based on the Ag NPs/CNTs composites on the PDMS flexible 
substrates. By adding different concentrations of AgNO3 solutions into the colloids (Figure 1D), the dispersity and 
uniformity of Ag NPs were first well optimized. As shown in Figure 1E, it can be seen that the surfaces of the CNTs 
were modified evenly by the Ag NPs, and the inset shows that the Ag NPs were located on the CNTs regularly, 
indicating the good binding between the two nanostructures, which will contribute to the stretch/release performance. 

The tunable gauge factors of the sensors are in the ranges of 2.1~39.8, and the stretchability reaches 95.6%. 

2.3 Liquid alloy (LA) 

Gallium-based liquid alloy (LA), a low-toxic liquid alloy with intrinsically high fluidity and electrical conductivity, 
is tolerated by living plants and can easily accommodate the morphologically complex epidermal surfaces upon 
attachment (Figure 2A). 

Thus, new morphing electronics have been developed that can be directly printed onto complex and fragile 3D 
surfaces [14], for example, plants. The sensor was printed directly onto the plant epidermis (Figure 2B), and it 
reached a high stretchability of 200%. Due to the excellent compliance, deformability, and functionality of liquid 
alloy circuits, it is suitable for sensing physiological signals arising in rapidly growing plants and can function as a 
biohybrid to influence plant morphological behavior. 

2.4 AWS-based sensor with biomimetic tendril structure 

When monitoring specific parts of the plant, the requirements for wearable sensors are even more specific. As shown 
in Supplementary Figure 2C, there are compact glandular hairs and essential oil on the surface of the tomato stem, 
which is not conducive to the fixation of flexible wearable sensors. Zhang et al. [15] have developed an IPWS based 
on an AWS sensor for plant pulse monitoring, with a biomimetic tendril structure. Due to the biomimetic tendril 
structure, the AWS sensor can adaptively wrap on the stem without affecting the normal expansion and shrinkage 
of the stem, and it doesn’t need any fixation devices or tape (Figure 2D). The sensor has good stretchability, which 
is nearly 200% (Figure 2E). 

 
Figure 2. Liquid-alloy-based sensor and AWS-based sensor. (A) Gallium and its alloys can be physically manipulated into 
nonequilibrium shapes. (B) Quick response codes are printed on roses. (C) compact glandular hairs and essential oil on the 

surface of the tomato stem. (D) IPWS on tomato seedlings. (E) The sensor’s stretchability is nearly 200%. 
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2.5 Buckling technique 

Buckling technique consists of pre-straining the elastomer and then depositing the metal on top of it. A wrinkly 
metal wire has good stretchability by extending in a non-coplanar plane. By using the buckling technique, Nassar 
et al. [16] overcame the challenge that the metal would normally break, leading to a discontinuity in the microstruc-
ture of the film (Figure 3A). They were able to achieve higher stretchability using conventional thin-film metal 
strain sensors, based on Ti/Au. The achieved sensitivity of GF = 3.9 and linearity up to 22% strain. The team im-
plemented their plant wearable on barley plants (Figure 3B), finding out that the growth seemed to have an expo-
nential profile. As shown in Figure 3C, a total leaf elongation of 284.7 μm for a total time of 2 h 35 min translated 
into a 1.6% strain seen by the sensor. This strain sensor demonstrated the capability of differentiating micrometer 
elongations in the plant’s growth. 

2.6 Embedding conductive materials into elastic polymer composites 

According to the research made by Matsuhisa et al. [17], introducing surfactant to the ink dramatically improves 
the stretchability (maximum strain before failure) of the elastic conductor, from a modest 27% for the reference to 
over 200% for the surfactant-containing formulation. 

Hereby, Tang et al. [18] proposed a flexible and stretchable strain sensor by mixing graphite powder and chitosan 
solution in a certain proportion. The fabricated sensor showed an excellent gauge factor of 64 within a strain of 1%-
8%, and can be stretched up to 60%. Besides, this method reduced the energy and time consumption in the fabrica-
tion procedure. 

As shown in Figure 3C and Figure 3D, the sensor was used to measure the growth of two types of cucumbers. 
One was cut off from the stem during the measurement. The sensors showed that the dimension of cucumber fruit 
decreased after being cut off from the stem, which could be inferred that the fruit reduced its metabolism to deal 
with the lack of supplements, resulting in decreased dimension (Figure 3E). 

 
Figure 3. Ti/Au-based strain sensor and Chitosan-based sensor. (A) The fabrication process of Ag NPs modified CNTs/PDMS 
strain sensor. The illustration in the center is the as-prepared product. (B) The relative resistance change rate with different 
concentrations of Ag NPs within a 10% strain. The inset shows the morphology of the strain sensors after deformation. (C) 
The cucumber fruits used for the measurement, one remained on the stem throughout the measurement. (D) The other was 
supported by a shelf and was cut off during the measurement. (E)real-time monitoring of the cucumber growth. Adapted 

with permission. 
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3. Comparisons and Discussions 

This section will discuss six kinds of sensors and compare their advantages and disadvantages in fabrication and 
use, aiming to provide inspiration for future sensor research. 

3.1 Sensors made of similar material 

Although the Ag NPs/CNTs-based sensor [13] and the carbon nanotube/graphite-based strain sensor have used the 
same material—CNT, their performances were quite different due to the different combined materials. On the one 
hand, one unique advantage of the Ag NPs/CNTs-based sensor was that it can measure the overall expansion of 
exclusively the fruits because the printed sensor provides great adhesion with the fruit. On the other hand, the meas-
ured resistance is affected by the general expansion of the seed for the same reason mentioned above, which means 
it does not provide concrete information about the growth of the plant. Besides, this method does not represent a 
universal solution to monitor plant elongation, as it requires local stretching of the stem internode (which is only 
found in monocots), whereas the majority of plant stems grow from the tip or apical meristem [19]. 

The carbon nanotube/graphite-based strain sensor has a great progress. This approach simplified the procedure, 
reduces the cost, and enhances the speed. Besides, the synergistic reinforcement between the graphite and carbon 
nanotubes provided a rapid manufacturing technique for high-performance wearable strain sensors without dedi-
cated equipment or complicated post-treatment procedures. The challenges still exist, though. Firstly, water (rain) 
and other contaminants would affect the performance of the sensor. Secondly, the potential toxicity of CNT and the 
risk of its ingestion by the plant may lead to new challenges. 

3.2 Sensors with unique technology or structures 

In this part, I summarized the stretchability of the sensors with unique technology or structures, as shown in Table 
1, from which their performance can be intuitively seen. 

Table 1. The GF and stretchability of the sensor 

Sensor Stretchability Ref. 

A Ti/Au-based strain sensor 35% [19] 

A chitosan-based sensor 60% [21] 

An AWS-based sensor 200% [18] 

A liquid-alloy-based sensor 200% [17] 

 
Aiming at the Ag NPs/CNTs-based sensor’s problem that it requires local stretching of the stem internode, the 

Ti/Au-based strain sensor provided a solution. Packaged stretchable strain sensors, designed to be placed along the 
stem and internodes of the plant, provide a universal and controlled solution to quantitatively monitor plant elonga-
tion/growth. What’s more, the sensor was sufficiently small, compliant, and light enough, contributing to the adap-
tation to the irregular surface of the leaves. Nevertheless, it was not perfect. The fabrication was complicated and 
expensive. For example, it required 3D printers, some materials needed to be processed at constant power, and some 
chemicals, such as CF4, were used. 

As for the chitosan-based sensor, it has a unique advantage. The sensor can be directly written on the subject, and 
sensors written on plants show that plants can respond to mechanical injuries within a few minutes. These results 
show that this method reduces the energy and time consumption in the fabrication procedure, realizes direct fabri-
cation of sensors on subjects for wearable monitoring, and meets the requirements for personalized and on-site 
applications. On the other hand, the results reflect the changes during the whole period, but details are missing. 
Measurement of dynamic response is still challenging. 

The advantages of the AWS sensor with serpentine-patterned LIG were obvious compared to the straight ones. 
For one thing, its biomimetic tendril structure avoided the possibility of affecting the normal expansion and shrink-
age of the stem. For another, the sensor exhibited enhanced resistance to thermal expansion strain induced by the 
environmental temperature. However, some challenges existed. The strain sensing was highly affected by the pre-
strain, let alone its complex fabrication. 

The liquid-alloy-based sensor has good stability and reliability under the influence of environmental stimuli. 
What’s more, Previous studies have reported that the LA oxide layer plays a crucial role in pinning LA circuits on 
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surfaces with different morphologies, and the oxide layer can also mechanically stabilize liquid alloy in stable, 
nonequilibrium shapes. However, rough surfaces with complex topography on the micro- and nanoscales, such as 
rose petals, usually have a lower surface energy and hence do not adhere well to LA, which prevents printed LA 
circuits from being transferred to them. 

To solve the problem, new designs, materials, and methods are necessary. Further work could be concentrated on 
the development of thinner sealing layers or materials that are more lightweight, softer, and more stretchable. 

4. Challenges and Perspectives 

Nowadays, many emerging materials have been used to fabricate wearable sensors for plant monitoring. They gen-
erally have the advantages of ductility, wear resistance, ease of formation, and small size. However, several chal-
lenges remain. I have summarized these challenges and provided potential solutions: 
(1) Interdisciplinary approaches. The development of wearable plant sensors requires interdisciplinary approaches 

between agriculture, plant science, and engineering fields. With these cooperative and innovative technologies, 
cultivating information collected from plants can be transferred and shared through the internet in real time for 
continuous monitoring. Thus, different disciplines/ such as materials science, signal communication, manufac-
turing technology, and plant physiology, should enhance the cooperation. 

(2) Leveraging wearable human healthcare sensors on plants. Studies have shown that challenges such as sensitiv-
ity/selectivity, low-power operation, scalable manufacturing, and system integration are also troublesome to the 
wearable human sensor [25-27]. Besides, the process of plant growth is similar to the contraction and expansion 
of the human pulse, which is embodied in the contraction and expansion of the stem during the day and at night 
[20-22]. Therefore, the developed field of wearable human healthcare can be leveraged for the field of plant 
health monitoring, which would provide inspiration to the solution of the challenges. 

(3) Stress-releasing. To avoid damaging some plant organs and affecting their normal physiological processes, the 
structural design could incorporate stress-releasing structures to enhance flexibility, such as waves, wrinkles, 
island–bridge structures, self-similar structures, origami structures, textile surfaces, cracked designs, and inter-
locking structures. 

(4) The development of flexible secondary batteries. The lack of flexible energy technologies also needs to be 
solved to realize wearable plant sensors [23]. Flexible wearable systems typically still use rigid electrochemical 
batteries for power supply owing to their high energy densities. However, the capacity of these batteries is 
directly related to their volume. This creates a trade-off between size and performance. In order to meet the dual 
requirements of small battery size and sufficient power range for plant-wearable sensing systems, the develop-
ment of flexible secondary batteries is required. 

5. Conclusions 

In this review, I have listed and compared some of the emerging materials and methods for fabricating plant sensors 
and analyzed their unique advantages and disadvantages. Although challenges exist, they have shown great potential 
for plant phenotyping analysis. Besides, I have inferred some challenges and proposed possible solutions and per-
spectives. 

Data Availability 

This review paper does not contain research data to be shared. 
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