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ABSTRACT 

DESIGN OF AFFORDABLE POLYANILINE - BASED WEARABLE SENSOR FOR 

REAL TIME PLANT GROWTH MONITORING 

Temitope Borode 

2022 

 

The  need  for  precision  agriculture  in  today  and  future  farming  cannot  be  

overstressed.  Recent agriculture is characterized by numerous challenges such as 

environmental stressors and resource constraints resulting in low crop yield and 

unsustainable agriculture practices. Understanding plant growth mechanism and growth 

rate under the external influence is a bedrock towards precision agriculture practices 

ensuring optimum yield and sustainable utilization of resources. The current study  

addresses  this  need  by  developing  and  applying  an  affordable  and  stable  sensor  

for monitoring plant growth. The sensor was fabricated by in-situ chemical 

polymerization of aniline on an elastic band substrate by dip coating. The sensor was 

characterized using optical imaging and  Fourier-transformed  infrared  spectroscopy  

(FTIR),  calibrated  for  strain  sensing,  and  its stability  was  analyzed  under  cycling  

loading  and  temperature variations.  When  applied  to sunflower and soybean stems, the 

sensor detected a rhythmic growth pattern with higher growth during the dark cycle in 

sunflower plants but a continuous growth for both the light and dark cycle for  soybean.  

The  similarities  between  growth  rate  and  growth  pattern  observed  on  these  plants 

with  available  information  on  plant  growth  indicate  the  fitness  of  the  sensor  for  
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such  precision measurement  for  plant  health  and  suggest  a  step  towards  the  

development  of  precision  sensing capability for agriculture. 
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CHAPTER 1 

INTRODUCTION 

Plants provide the fundamental basics for all life on the earth [1]. Its importance to life 

ranges beyond providing provision of food. Plants are key for regulation of ecosystem 

functions (flood, erosion, as carbon monoxide sink) [2], function as sources of natural 

fibers for renewable industries [3]–[5] , disease prevention [6] and other extensive use in 

drug industries among others.[7] However, plant are also under increasing threat from 

multiple directions [1]. Food shortage due to rapid growing world population [8], soil and 

water contamination resulting from excessive use of fertilizer [9], and water wastages 

from irrigation [10] has put new demands on plant and agriculture practices. Monitoring 

and measuring plant growth under environmental influence and other stressors provides 

an avenue for better understanding of plant health as a function of resource utilization. 

Hence the need for smart farming to harvest information about plant growth is 

instrumental towards ensuring optimum yield and sustainable utilization of resources. 

Existing method for measuring plant growth and health such as imaging and image 

processing, hyperspectral imaging, satellite imaging, and infrared sensors has been 

reported to provide information about plant growth, stress, and growth level [11]–[14]. 

Raman Spectroscopy has also been used to capture molecular composition of plant stem 

under healthy and nutritional stressed condition [15]. However, while these methods have 

high utilization, they require expensive gadgets to set up, special skills to operate, and 

may lag in time before the knowledge is actionable in the farm. Hence, the need for smart 

farming and optimization of resource utilization demands affordable real-time plant 
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health measurement capability such as plant growth monitoring using strain-sensing or 

disease monitoring via chemical sensing. 

Recent development and deployment of smart sensor in agriculture has attracted a lot of 

attention. Examples include plant sensors for plant health monitoring under drought, soil 

saline and biotic stresses [16]–[19]. In another work, a strain sensor using carbon 

nanotube (CNT)/graphite and chitosan/graphite ink was developed and attached to a fruit 

to measure its change in diameter with growth [20], [21]. While these measurements 

were effective of tracking fruit growth, in plant life cycle, fruit growth appear later in life 

(reproductive stage) while the early growth stages (vegetative stage)  show greater 

sensitivity and demand for resources [22]. In another study, multiple sensor and sensing 

platform were developed for plant health and microclimate monitoring  [23]. It included a 

leaf growth sensing made from gold pattern deposited on pre-stretched 

polydimethylsiloxane (PDMS). The Au/PDMS strain sensor showed high sensitivity to 

micro-growth on leaf for micro-scale investigation. These studies together highlight 

recent developments in agriculture sensing. To take the field forward, there is a need to 

monitor plant growth during the early stages of growth and connecting growth to 

fertilizer and water usage to not only monitor plant health, but also optimize water and 

fertilizer usage. At the same time, there is a need for affordability in sensing design to 

make it effective for its large-scale utilization from large and small farms to hobbyist 

farmers.  

Herein, we report the development and application of a polyaniline (PANI) based strain 

sensor for monitoring plant growth. Polyaniline, the most studied one - dimensional 

conductive polymer with reported properties like large surface area, large conductivity, 
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porosity, ease of synthesis and fast diffusion of gas molecules has attracted attention in 

gas and chemical sensing [24]–[28]. PANI-based composite for strain sensing has also 

been recently reported [29]–[31]. Here we develop PANI based sensor through in-situ 

chemical polymerization of aniline applied to common elastic band and use the sensor for 

sunflower and soybean plant growth monitoring at their early stages of growth. The paper 

presents a comprehensive work from sensor development, plant growth experiments, and 

application and outcome of the sensor for real-time growth monitoring.    
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Role of Plants in the Ecosystem 

The role of plants in the ecosystem is crucial, plant are one of the two important living 

organisms, they contributed immensely to the function of the biosphere. Unlike animal, 

plants can manufacture their food by harvesting energy from sunlight and utilizing for 

nutrient manufacturing through photosynthesis. Other organisms depend on excess food 

manufactured by plants for survival. Plant do not only make food for other organisms, but 

they also serve as source of shelter, clothing, and medicine for other organism in the 

ecosystem. The role of plant in the ecosystem extends beyond food shelter and clothing, 

plants also play major role in climate regulation by releasing oxygen to enrich the air, 

which is breathed in by animals and recycling the CO2 released by other organisms [32]. 

2.2 Plant Growth and Development 

Plants shows open form of growth, plants growth which is the increase in length and grith 

are unlimited during their life cycle. In contrast animal growth are limited at adult stage, 

except for certain organisms who experience organ regeneration. 

Meristems are responsible for plant unlimited growth; meristems are stem cells which 

multiplies through cell division in plants. The formation of fresh tissue and organs in 

plant is due to meristematic activities resulting in increase in height and grith, this type of 

growth in plant is termed open growth. The growth in plant stem maybe classified into 

two types, namely primary growth, and secondary growth. Primary growth occurs at the 

apical meristem of plant, this is the tip of the shoot(stem) and root, called shoot apical. 

The internode below the apical meristem is also a site for plant longitudinal growth, in 
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certain plants other internodes stop growing as the plant ages. Secondary growth on the 

other hand is the stem grith increase which occur due to the activities of lateral meristem 

at the side of a shoot or root [22]. Plants are expose to certain harsh conditions during 

their life cycle, which negatively impact their growth or may lead to death. These harsh 

conditions are termed plant stresses. 

2.3 Introduction to Plant Stresses 

In 1822 stress was introduce to the theory of elasticity. In physic stress can be defined as 

force per unit area, is a measure of the intensity of the total internal forces acting within a 

body across imaginary internal surfaces, as a reaction to external applied forces and body 

forces [33]. In another study, stress was define as a quantity that describes the magnitude 

of forces that cause deformation [34]. This definition simply means stress when applied 

on a material, causes deformation of the material, which can be reversible or permanent 

based on the material properties, time of application and magnitude. Just like in physics 

and engineering definitions has been formulated for plant stresses. In a study, Plant stress 

was defined as any unfavorable condition or substances that affect or block a plant’s 

metabolism and development [35]. In another study, stress was defined as “changes in 

physiology that occur when species are exposed to unfavorable conditions that need not 

represent a threat to life but will induce an alarm response”[36]. The most study plant 

stress is environmental stress, the two type of environmental stress are namely, biotic 

stresses and abiotic stresses. 

Abiotic stresses are stresses imposed on plants from environmental factors, such as 

temperature, drought (water stresses), excessive watering, soil salinity, soil toxicity, 

wound and nutrition negatively impact plants growth or development resulting into low 
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crop yield. Biotic stresses on the other hand are stress imposed on plant through 

interaction with other organisms, such as pathogens, bacterial, fungi, pest among others. 

Plant naturally develop defense against stress through resistance genes and emission of 

volatile organic compounds, however excessive stress exposure may lead to plants death. 

[37], [38] 

2.4 Plant Growth Measurement 

Plant growth monitoring is crucial in agricultural practices, monitoring and measuring 

plant growth provides information towards achieving optimum crop yield, optimum 

utilization of resources and as well provides knowledge on the interaction of plant with 

their environment. The conventional method for plant growth monitoring is RGR, LA, 

imaging, and image analysis [39]. However, RGR and LA are inversive approach of 

growth measurement while Imaging requires expensive gadget and high skills to operate. 

Strain sensors has been recently developed by researchers for real time non inversive 

plant growth monitoring. 

2.5 Strain sensors 

Strain sensors (gauges) are devices that varies in electrical resistance because of changes 

in strain (increasing or decreasing dimension). The electrical properties of strain gauges 

vary due to applied force which changes the dimension. Strain is the displacement or 

deformation of a material due to an applied stress. On the other hand, stress is the force 

applied to a material divided by its cross sectional area [40]. Strain gauges such as linear 

strain gauges, strain gauge rosettes, membrane rosette strain gauges  and rectangular 

strain gauges has been used in engineering applications, aircraft, railroad, and other 

industries for displacement measurement [41]. Recently film strain sensor made for 
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conducting layer such as carbon nanotubes, graphene, metal oxides, graphite, gold and 

conducting polymer has been used for strain measurement by researchers. Conducting 

polymer such as polyacetylene (PA), polyaniline (PANI), polypyrrole (PPy), 

polythiophene (PTH), poly(para-phenylene) (PPP), poly(phenylenevinylene) (PPV), and 

polyfuran (PF) synthesized through simple chemical polymerization, is current used in 

fabrication of strain sensor because of their easy of synthesis, low cost and excellent 

electrical properties [42], [43]. 
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CHAPTER 3  

METHODOLOGY 

 3.1 Material and Method 

3.1.2 Materials  

All chemicals for sensor development were purchased from Sigma Aldrich ACS reagent 

grade and included Hydrochloric acid HCl (37 wt.%), Aniline (C6H7N), and Ammonium 

Persulfate or APS (NH4)2S2O8. Common market available elastic band and 

polyethylene resin sheet was purchased for use as sensor substrate and sensor attachment 

to the plant, respectively. 

3.1.3 Synthesis of Polyaniline and Sensor Fabrication 

Figure 1 shows PANI synthesis and the sensor fabrication process. Specifically, the PANI 

nanoparticles was synthesized by chemical oxidative polymerization of aniline in HCl 

following protocol described earlier [44], [45]. To do so, 4 ml of aniline (99.5 wt.%) was 

dissolved in 50 ml 1M HCl under constant stirring with a magnetic bar at 250 rpm until a 

clear solution of HCl/Aniline was obtained (Figure 1a). The HCl/Aniline solution was 

place in ice bath to lower the temperature below 00C. Separately, a solution for APS was 

also prepared by dissolving 5 grams of APS in 50 ml distilled water (Figure 1b). Next, 

two approaches were taken to (a) synthesis only PANI for material characterization, and 

(b) synthesis PANI nanoparticles in presence of the elastic band (PANI/Elastic band) 

through in-situ dip coating for sensor application. For PANI only synthesis, the APS 

solution was drop wise added to the HCl/aniline ice bath solution for 1 hour under 

constant stirring at 250 rpm. The solution was made to sit for 1hour after, then vacuum 
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filtered and washed with 1M HCl and distill water to obtain a dark green precipitated 

clay. The obtained clay was dried at 600 C in the oven overnight to get PANI (Figure 1c).  

For PANI/elastic band sensor synthesis, the process involved in-situ dip coating of PANI 

nanoparticles on the elastic band during polymerization process [46]. The PANI synthesis 

steps were same as described earlier.   However elastic band (width 3.1 mm, length 20 

mm) was added to the solution of HCl/aniline before polymerization as marked in Figure 

1d. The solution was placed in ice bath and the APS solution was drop wise added as 

before. The solution was made to sit for 1hour to allow complete polymerization and full 

coating of PANI nanoparticles on the elastic band fiber, after which the obtained green 

elastic band was washed with 1M HCl and distill water and oven-dried at 250C overnight. 

Figure 2 shows the fabricated PANI/elastic band strain sensor. In Figure 2a, the sensor is 

shown wrapped with a polyethylene resin sheet to avoid moisture during measurement, 

while Figure 2b depict the sensor in folded form indicating its flexibility. 
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Figure 1: PANI synthesis and sensor fabrication process. (a) Preparation of 

Hydrochloric acid (HCl)/Aniline solution through mixing under constant stirring and 

colling to 00C in an ice bath (b) Preparation of ammonium persulfate (APS) solution in 

distilled water, and (c) Chemical polymerization of PANI by drop wise addition of APS to 

HCl/Aniline solution under constant stirring at 00C (c) Sensor fabrication via in situ dip 

coating of elastic band during chemical polymerization of PANI nanoparticles. 

3.1.4 Sensor Characterization 

Fourier transformed infrared spectroscopy (FTIR) study was performed using Perkin 

Elmer Spectrum 65 FTIR Spectrometer to characterize the PANI clay composition. 

Digital optical microscopy VHX-600 (Keyence, USA) was performed on the elastic band 

before and after polymerization to understand the morphology of PANI/elastic band 

strain sensor. 
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3.1.5 Sensor Calibration 

 Figure 3 shows the inhouse tensile system set up used to investigate the performance of 

the sensor. The setup included a vernier caliper held in position with a clamp and tripod 

stand (stand partially visible in the figure). The sensor was mounted on the vernier jaw 

using a two-sided release tape (Figure 3a). The movable jaw was manually shifted in the 

arrow direction shown in the figure using the thumb grip slider of the vernier caliper to 

apply tensile strain (Figure 3a).  Each rotation of the thumb grip exerted an average of 

0.45 mm tensile stretch on the sensor, with the elongation monitored through the 

calibrated digital display of the Vernier caliper and converted to strain using the 

expression ∆l/l0, where ∆l and l0 are the change in length and initial length respectively.  

The change in relative resistance of the sensor in response to strain was measure by two-

probe system using Keysight 34460A digital multimeter. The two-sided release tape 

insulated the resistance reading from the metallic vernier frame.   

The initial length of the sensor (l0) was 15.5 mm as indicated in the figure. A total 

uniaxial tensile stretch of 100% was applied with roughly equal 10% step increase, 

controlled through rotation of the thumb screw. Additionally, multiple repeats of the 

loading and unloading (indicated by the double-headed arrow of Figure 3b) were done to 

evaluate sensor stability. A stopper was used to keep the slider load/unload within the 

region of measurement interest.  

The sensor stability for long time measurements was also explored. To do so, the sensor 

was kept in a covered glass bottle for five days at room temperature and its resistance 

measured each day. Finally, temperature sensitivity of the sensor was also investigated. 

To do so, the sensor was place it in a programmable temperature oven, the oven 
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temperature raised from 200 C to 1000 C with 100 C step increase. The change in relative 

resistance was recorded by connecting the sensor inside the oven to the digital multimeter 

placed outside using a low resistance wire. 

       

 

Figure 2: The strain sensor tensile test system, showing (a) tensile stretch setup with the 

sensor (15.5mm) held between the vernier caliper jaws and the arrow showing stretch 

direction, (b) respeated load/unload test system setup with the double-sided arrow 

showing the direction of loading and unloading, and a stopper used to maintain within 

the region of measurement interest. 

3.1.6 Plant Growth Experiment setup 

Real-time plant growth rate measurement was performed on sunflower and soybean, 

which are plants of economic importance. Sunflower was grown in greenhouse 

environment while soybean was grown in a growth chamber located in the University’s 

shared facility. Both plants were exposed to 16 hours light cycle and 8 hours dark cycle. 

Once the plants were ready for measurement, they were transferred to a growth rack in 

the lab for measurement to avoid logistical issues such as noise from motion of other 

users in the shared facility and leaving the data logger overnight for measurement. indoor 

lab was maintained at a room temperature of approximately 21 0C and the humidity at 



13 

 

 

25% using a humidifier, these values logged using standard temperature and humidity 

logger. The plants were left in the indoor growth tent for 1 week before measurement to 

allow them to acclimatize to the growth condition.  

Figure 4 depicts the sensor integration on sunflower (Figure 4a and 4b) and soybean 

(Figure 4c and 4d). To measure the plant growth rate, the sensor was mounted on the 

internode below the apical meristem (shown by solid lines in the figure) of sunflower and 

soybean 2 weeks and 3 weeks after planting respectively. The time gap between planting 

and growth rate measurement was set to allow reasonable stem strength needed for sensor 

anchorage. A two-sided release tape was used to attach the ends of the sensor to the plant. 

The sensor attachment follows similar protocol in earlier studies [20], [21]. The sensor 

was connected to a data acquisition device (Keysight 34460A) using a low resistance 

copper wire and data logged using Keysight BenchVue software. The copper wire 

connector was immobilized on the rack to avoid deflection during measurement. The 

sensor was 20 mm long, 3.1 mm width and 0.3 mm thick, with ends fixed and flexible 

central part of 15.50 mm used in the measurement. Sunflower growth was monitored for 

two consecutive days, measurement was taken for 24 hours stating from 5 pm. Day 2 

measurement was taken few minutes after day 1 measurement without disturbing or 

adjusting the sensor. Soybean growth was also monitored and measured over 24 hours 

starting from 6.52 pm. 



14 

 

 

     

     

Figure 3: Real-time plant growth monitoring with the strain sensor mounted on 

sunflower(a and b) and soybean (c and d). In each case, the sensor was attached to the 

plant using a two-sided tape, The band total length was 20 mm long, 3.1 mm width and 

0.3 mm thick with the end fixed to the plant stem with two sided adhesive tape. The 

stretchable part of the sensor from which resistance was measured was 15.5 mm. The 

sensor was wrapped in  polyethylene sheet to avoid moisture contact. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Result 

 Figure 4 shows the fabricated PANI/elastic band strain sensor. In Figure 4a, the sensor is 

wrapped with a polyethylene resin sheet to avoid moisture during measurement, while 

Figure 4b depicts the sensor in folded form, indicating its flexibility. The section below 

discusses the outcome of the sensor characterization, sensor calibration, and its use for 

real-time plant growth measurement. 

 

Figure 4: Image of synthesized PANI/elastic band strain sensor (a) PANI/elastic band 

strain sensor wrapped in a polyethylene sheet. (b) PANI/elastic band strain sensor in 

folded form indicating flexibility. 

4.1.1 Sensor Characterization  

The morphology of the sensor was investigated using optical electron microscopy 

(Keyence, USA). Figure 5a to c shows the elastic band before coating, with Figures 5b 

and c showing its glossy white fiber strand. The arrow in these figures indicates the gaps 

between the fiber strands. Figures 5d to f shows the fiber post dip coating with PANI, 

which indicates changed structure as a result. The fibers now appeared as rough bright 
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deep green with PANI nanoparticles filling the gaps between the fibers indicated by the 

arrow. The PANI nanoparticles bonded to the elastic fibers giving a roughened 

appearance to their surface. 

Figure 6 shows the FTIR spectra of the HCl doped PANI clay, with peaks assigned based 

on literature and listed in Table 1. The absorption peak 1558 cm-1 and 1475 cm-1 are 

assigned to C=C stretching of quinonoid and benzenoid ring, respectively. The two peak 

1287 cm-1 and 1237 cm-1 are assigned to C-N stretching of secondary aromatic amine, 

and BBB. The peak 876 cm-1 is attributed to C-H out of plane bending vibration of two 

adjacent hydrogen atom in a 1, 4 - distributed benzene ring. The obtained peaks closely 

agree with PANI spectra peaks previously reported [47]–[50]. Hence, the prepared PANI 

clay was doped. 

      

 

Figure 5: Strain sensor showing (a) elastic band before polymerization, (b and c) optical 

microscopy image of as-is band showing a knitted white fiber, (d) green-colored elastic 

band after polymerization, and (e and f) optical microscopy image showing PANI 

nanoparticles filling the gaps between the fibers. 
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Figure 6: FTIR signature of PANI clay showing assigned peak attributed to HCl doped 

Polyaniline. The peaks were assigned based on previous studies in the table below 

 

  

Table 1: Assignments of the FTIR wavelengths for synthesized PANI  

Wavelength (cm-1) Assignment References 

1558 Quinonoid (Q) ring stretching [47], [49]–[51] 

1475 Benzenoid (B) ring stretching [47], [49]–[51] 

1287 C-N stretching of secondary aromatic amine [47], [49]–[51] 

1237 C-N stretching in BBB unit [47], [49]–[51] 

1033 HSO4–/SO3– group on sulfonated aromatic ring [47], [49]–[51] 

876 C-H out-of-plane deformation for 1,4-

disubstituted ring 

[47], [49]–[51] 
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4.1.2 Sensor Calibration and Outcome 

The elastic band strain sensor responded to 100% applied strain with 10% step increase 

corresponding to 1.55mm step stretch and 15.5mm total stretch. The relative resistance 

was obtained using the expression , where ∆R and R0 are the change in resistance and 

initial resistance respectively. Figure 7a depicts how the sensor relative resistance 

increases in response to increasing strain loading, the increases as the sensor increase 

in length when stretched. The gauge factor (GF) which is the sensor strain sensitivity was 

3.8 at 10% strain and 2.5 over 50% strain region, this was obtained by using the 

expression , where ɛ is the strain. The sensor was subjected to cycle strain loading 

(stretch and release), 0.45mm tensile stretch was applied on the sensor repeatedly 100 

times as depleted in Figure 7b. The sensor   increases in response multiple loading 

returns to the initial value after each unloading. The sensor was also sensitive to 

temperature, Figure 7c shows a step increase in relative resistance due to increasing 

temperature, however a stable relative resistance was observed between 200C and 300C. 

The sensor shows good stability in successive five days, as only slight non-significant 

resistance change was observed (Figure 7d).  
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Figure 7: The strain sensor performance under test.  (a) A plot of relative resistance and 

strain, showing the gradual increase in resistance in response increasing tensile strain. 

(b) A  plot of relative resistance and time, showing sensor stability under  100 cycle 

0.45mm repeated  Tensile loading and unloading (c) A  plot of relative resistance and 

temperature, showing increasing relative resistance in respose to temperature variation, 

with a stable resistance observed up to 300C. (d) A  plot of  resistance and time, showing 

sensor stability in five days, no significant resistance change was obsered 

4.1.3 Realtime plant growths measurement 

Figure 8 shows the outcome when the sensor was applied for real-time growth pattern 

measurement on sunflower over 2 days. The measurement was started in the evening 

around 5 pm, which corresponds to time 0 on the graph. Day2 reading immediately 

followed day1 after sensor readjustment to set back to its unstrained stage as mentioned 

earlier.  

 Day1 curve shows the following pattern via changes in relative resistance (∆R/R0) (a) a 

low gradient in the first five hours, among them the first three hours were in the light 
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cycle, (b) the gradient linearly increases for the next nine hours, first six of which were in 

the dark cycle, and (c) the resistance becomes stable for the next six hours of light cycle, 

and then begins to increase again. Day 2 curve follows similar pattern as day 1, though 

shows a more rapid increase in the last three hours of measurement in the light cycle. A 

total ∆R/R0 amassed by our strain sensor includes 0.43 day 1 and 0.57 day 2. From the 

sensor calibration curve, the relative resistance change corresponds to 17.3% strain or 

267 mm increase day 1 and 22.9% strain or 355 mm increase day 2, to a total increase of 

622 mm over the 2 days monitored, indicating a rapid growth period. 

Figure 9 shows the growth pattern observed in soybean plant. Soybean plant experienced 

a linear gradient increase throughout, both in dark cycle (8 hours) and light cycle (16 

hours) periods. A total ∆R/R0 amassed by our strain sensor in 24 hour was 0.6, 

corresponding to approximately 373 mm stretch. 

                     

Figure 8: Realtime Plant growth measurement. Image showing a patterned stepwise 

increase in sunflower growth over 24 hours in two consecutive days,rapid growth growth  

was observed during dark cycle while the light cycle was characterised with near stable 
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growth. total ∆R/R0 amassed in day 1(24 hours) was 0.43 and on day2 of 0.53, 

corresponding to approximately 622µm growth in 2 day . 

                     

Figure 9: Realtime Plant growth measurement. Image showing a  stepwise  growth of 

soybean over 24 hours,a rapid growth increase was observed during  both light cycle and 

dark cycle. However the light cycle was more characterised with several short near 

stable growthwhile, total ∆R/R0 amassed in 24 hours was 0.6, corresponding to 

approximately 373µm growth in one day. 

4.2 Discussion 

In this study, we designed, developed an affordable PANI/elastic band strand strain 

sensor. We use the senor to measure plant growth (sunflower and soybean) in the stem. 

The morphological study shows the synergy between the elastic band substrate and PANI 

nanoparticles, PANI nanoparticle bonded to the substrate fiber making them conductive 

while the elastic band produce stretchability owing to their elastic properties (Figure 6).  

The FTIR study conducted on our synthesized PANI (conductive polymer) shows various 

peaks indicating chemical bonds in our prepared clay (Figure 6). The peaks closely agree 

with PANI spectra reported in several previous study[49], hence our PANI was doped. 

Figure 7a is a curve showing the sensor response 100% stretch, the resistance of the 

sensor increases with increase in percentage strain. Figure 7d depict the sensor response 
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to 0.45mm 100 cycle tensile stretch, The sensor demonstrates good sensitivity and 

stability, the sensor responded to the repeated small stretch through increase in resistance 

and returned to the initial resistance after each strain unloading. The gauge factor of our 

strain sensor was 3.8 at 10% strain which is close to the gauge factor (3.9) for Au/PDMS 

strain sensor at 22% strain reported in previous study, reasonable to maintain 

stretchability and sensitivity, and fit enough to measure small stem increase per day [23] 

Our strain sensor demonstrated excellent electrical stability as the resistance remain 

stable for 5 days as depicted in Figure 7b, this suggests its fitness for longtime 

measurement and storage for future use. The resistance of the sensor increases due to 

temperature variation (Figure 7); however, our study was not negatively affected because 

the temperature range in our indoor growth chamber was from (200C to 250C) which fall 

under the sensor resistance stability range (200c to 300C). Realtime plant growth 

monitoring and measurement was carried out on internode below the apical meristem of 

sunflower and soybean. Previous studies measured plant growth rate by measuring fruit 

growth[20], [21], [52]. However, plant primary growth, i.e., elongation of the organs, 

happens near the tip of the shoot(stem) and root due to meristematic activity[22]. 

Meristems are stem cell responsible for plant increase in height and grith because of cell 

division [53]. Internodes are the stem between two nodes, growth happens in the apical 

meristem and the internodes, most especially the internode below the apical meristem in 

certain plants [22], [54], [55]. In Figure 8, day 1 curve shows a relationship between 

relative resistance (∆R/R0) and plant growth, the ∆R/R0 increases with increasing plant 

stem (sensor length) over 24 hours. However, the plant growth has fluctuating pattern as 

major increase in relative resistance happens during the dark cycle and the light cycle was 
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mostly characterized by near stable ∆R/R0 and few short increases, this suggest that major 

rapid stem growth occur during the 8 hour dark cycle while the plant growth was nearly 

stable during the 16 hours light cycle. Day 2 growth curve follows the same profile as 

day 1, growth fluctuation was observed at almost the same time and interval as day 1 as 

the sunflower rapidly grow during the light cycle and the growth almost paused during 

the light cycle (Figure 8). The ∆R/R0 amassed by the PANI strain sensor corresponded to 

approximately 267 m increase on day 1 and 355 m increase on day 2 or an average of 

311 m per day.  On the other hand, the experienced a rapid growth, during both dark 

cycle (8 hours) and light cycle (16 hours) as the ∆R/R0 rapidly increase for 24 hours 

(Figure 9). However, several slight near stable growth was observed in the light cycle 

period, suggesting that the plant growth slightly paused at several times and then the 

plant start growing again. The total ∆R/R0 amassed by our strain sensor in 24 hours for 

soybean was 0.6, corresponding to approximately 373µm growth per day. This type of 

fluctuating growth pattern in sunflower and soybean has been reported in previous studies 

[56], [57], Went reported this type of growth in tomatoes plant, in his study, he observed 

daily fluctuation in growth of tomatoes stem under 260C controlled temperature, the 

study identified maximum growth of the tomatoes stem in a day (70 to 90 percent) occur 

during darkness, whereas the slowest growth rate for each day was observed at daytime 

[55]. Our sensor recorded a rapid increase in stem growth during dark cycle and a near 

stable growth during the light cycle. 

4.2.1 Limitation of the Strain Sensor 

In this study, we developed and fabricated a strain sensor using a simple synthesis 

approach and a low cost elastic band substrate. We demonstrated the fitness of our sensor 
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to respond to strain and its applicability for measuring plant growth. However, few 

challenges in our method may impair the sensor performance.  

Firstly, tensile stretch was applied on the sensor by manually slide the vernier jaw, this 

may give rise to potential error capable of affecting the sensor calibration accuracy. 

 Secondly, the resistance of the sensor was stable up to 300C, however, the resistance 

deflected at temperature above 300C. This limits the use of the sensor for outdoor 

application at higher temperature. 
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CHAPTER 5 

CONCLUSION AND FUTURE WORK 

5.1 Summary and Conclusion  

In summary, we achieve the following through our approach: 

1. An affordable strain sensor was fabricated simply by insitu dip coating PANI 

nanoparticles on a low-cost elastic band during chemical polymerization of 

aniline in HCl solution. 

2. The morphology of the PANI coated elastic band shows a rough coated connected 

fiber strand, resulting in stable electrical properties. 

3. The plant strain sensor detected a rhythmic growth in sunflower stem, exponential 

growth occurs during dark cycle while near stable growth occur during light cycle 

while the soybean majorly experienced an exponential growth during both light 

and dark cycle with several short time stable growth during the light cycle 

4. For the period observed, the PANI-based strain sensor amassed an average of 

approximately 311 µm total stem elongation per day in sunflower, with major 

sprunt occurring for 8 hours dark cycle and approximately 373 µm total stem 

elongation in soybean. 

Overall, our study demonstrated the applicability and sustainability of our low-cost strain 

sensor for measuring plant growth. The easy synthesis of PANI and the use of low-cost 

market available elastic band provides a new way of developing affordable plant strain 

sensor for deployment in precision agriculture. 
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5.2 Future Work 

Plants are exposed to various environmental (abiotic) and biotic (bacteria, pathogen) 

stresses during growth stages[18], [58], [59] . Studies shows the relationship between 

plant volatile organic compounds (VOCs) emission and their metabolism[60]. Plants emit 

various VOCs as a defense or response to biotic and abiotic stressors[61]. Terpenes (Plant 

secondary metabolite), Green leaf volatiles, Methane, and Methyl Jasmonate has been 

identified as the VOCs emitted by plant, which not only plays signaling role in plant, but 

also involve in defense, communication, and pollination[60], [62]. Increase in plants 

VOCs emission when subjected to abiotic and Biotic stressors has been reported. Studies 

has shown that several terpenes like α-pinene, linalool, (E,E)-α-farnesen, and (D)-

limonene was identified in the headspace of soybean plant under abiotic and biotic 

stresses[60], [63]–[67], this made VOCs profiling a new way for determining stresses in 

plants.  

Recently, Chemiresistive sensor has been reported for their selective profiling of gases 

and volatile organic compounds in plants[16]. Chemiresistive sensors or chemistors 

measure resistance of a layer interacting with gas analytes. For example, a reduced 

graphene – based sensor was used to profile tomatoes volatile organic compounds VOCs 

upon exposure to pathogens and mechanical damage, the sensor classifies 13 different 

VOCs and early detects tomato late blight in the tomatoes plant [17]. We aim to use 

Mxene as sensing for detecting nutritional stresses in soybean, through profiling of 

terpenes emitted in its headspace. Mxene is a new two - dimensional transitional metal 

carbides with advantageous properties like large surface area, high Conductivity, porosity 

hydrophilicity and low density [68], [69].  
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