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ABSTRACT 

Precision agriculture (PA) increasingly relies on advanced sensing technologies to optimize crop yield, quality, and management 
practices. In this study, we present a stretchable strain sensor specifically designed for monitoring fruit growth ranging from 8 mm 

to 20 mm in diameter, a critical window for determining the timing for fruit thinning. The sensor employs a silicone elastomer 
(Ecoflex 00-30) as both substrate and encapsulant, and a liquid metal (LM) eutectic alloy (Galinstan) as a sensing/conductive 
channel. Uniform spray coating was used to deposit LM as a sensing channel. The sensor was reshaped into a cylindrical structure, 
which enabled conformity to the fruit surfaces. The sensor demonstrates stable electromechanical performance with resistance 
increasing from 2.4 ± 0.5 to 12.2 ± 0.5 Ωunder 150% strain (axial). Environmental testing confirmed durability under UV, moisture, 
and temperature fluctuations. A field validation test was carried out using a manual, self-built readout system. The sensor exhibits 
a promising response during the growth period from 8 to 20 mm. Results from the Lab and field indicate the sensor’s durability 
and reliability, making it suitable for long-term deployment in fields/orchards. The proposed sensor offers growers actionable data 
to optimize thinning, irrigation, and fertilization practices by providing periodic monitoring of the fruit growth. 
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 Introduction 

he demand for precision agriculture (PA) has intensified due
o global challenges, including climate change, water scarcity,
nd the growing need to ensure food security for an increasingly
opulous world [ 1, 2 ]. Traditional methods for crop monitoring
particularly for fruit or vegetable growth monitoring), including
anual measurements using vernier calipers and dendrometers,
re often labor-intensive, time-consuming, invasive, and prone
o error [ 3–6 ]. Camera-based monitoring systems, while useful,
re costly and highly dependent on stable lighting conditions and
nobstructed visibility, making them unsuitable for continuous
ield deployment [ 7, 8 ]. These limitations underscore the need
or developing non-invasive, real-time, and reliable monitoring
ystems to support sustainable and modern agricultural practices
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[ 9–11 ]. Several specific sensing technologies have been demon-
strated in the agricultural context. Fiber Bragg Grating (FBG)
based wearable sensors have been employed for high-precision
monitoring of plant growth, such as stem elongation [ 12 ]. Printed
sensors using chitosan-based inks have been explored for con-
tinuous monitoring of stem elongation, offering environmentally
friendly and biodegradable solutions [ 13 ]. Likewise, polymer
(PDMS and Ecoflex)/metallic salt (AgNO3) stretchable strain
sensors have been reported for monitoring fruit growth, partic-
ularly in apples near harvest time [ 14 ]. These works highlights
the breadth of sensing strategies, but each faces limitations.
FBG sensors require costly optical setups, printed sensors often
lack durability under outdoor conditions, and polymer/metallic
salt sensors are constrained in stretchability, making them less
suitable for early-stage fruit development [ 15, 16 ]. 
oDerivs License, which permits use and distribution in any medium, provided the original work 
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o overcome the challenges associated with the above techniques,
M-based stretchable sensors have emerged as a compelling
lternative, particularly those employing Galinstan, due to its
igh conductivity ( ∼ 3.4 × 106 S/m), environmental stability, non-
oxic nature, and excellent deformability. When LM is embedded
nto a soft elastomer such as silicone rubbers or thermoplastics,
t forms a continuous microchannel that remains electrically
table even under large deformation, typically sustaining strains
f ∼ 400%–700% without mechanical failure [ 17 ]. In contrast,
ensors made with silver nanoparticle inks ( ∼ 105 S/m) or carbon-
ased composites ( ∼ 103 S/m) typically suffer from cracking,
elamination and irreversible conductivity loss at strains exceed-
ng 50%–100%. Beyond superior electromechanical performance,
ecent advances in stretchable electronics [ 18, 19 ], have enabled
ultifuctional and intelligent sensing architectures, motivating a
hift toward practical, long term applications. In this context, the
ntegration of Galinstan within soft elastomers offers an excep-
ional combination of high conductivity, flexibility, stretchability
nd mechanical stability [ 20 ]. Moreover, their adaptability to
onform to curved surfaces makes them particularly suitable for
ontinuous monitoring of fruit growth, where considerable strain
ccurs as the fruit expands. Several studies have demonstrated the
obustness of LM sensors under environmental stresses, making
hem strong candidates for agricultural deployment [ 21, 22 ].
owever, their use in fruit growth monitoring has not yet been
eported. Particularly, fabrication strategies for circular sensor
evelopment, stability under extreme outdoor conditions, and
eal-life field testing have not been investigated and/or reported. 

ruit thinning, in particular, is a critical agronomic practice that
egulates crop load by removing immature fruits to enhance
niform growth and improve yield [ 23 ]. Timing is crucial during
he early growth phase (fruit diameter 8–20 mm), which is
he key window [ 24 ]. Accurate and continuous measurement
f fruit diameter during this stage is therefore essential for
ield prediction and for guiding practices such as irrigation,
ertilization, and pest control [ 25 ]. LM-based stretchable strain
ensors provide a practical solution, overcoming the limitations
f conventional methods, such as dendrometers, by conforming
ecurely to curved fruit surfaces and tolerating a wide range of
xpansion without slippage [ 26 ]. 

n this study, we propose an LM-based stretchable strain sensor
esigned for fruit growth monitoring during the thinning stage.
he sensor was fabricated using silicone elastomer (Ecoflex
0–30) as both the substrate and encapsulant, with a spray-
eposited LM channel serving as the conductive/sensing channel.
ts cylindrical structure ensures intimate fruit contact, improving
easurement accuracy. Electromechanical performance was val-
dated under cyclic and uniaxial stretching corresponding to fruit
rowth from 8 to 20 mm, while environmental tests confirmed
obustness under temperature, UV, and rainfall stresses. Finally,
ield deployment demonstrated the feasibility of the sensor for
eal-world agricultural monitoring. 

 Materials and Methods 

onitoring fruit growth accurately using a stretchable sensor
equires a combination of suitable materials, precise fabrication,
nd a clear understanding of sensor operation and its characteri-
of 14
zation till field validation (See S0 ). In this study, the methodology
is divided into four main parts: Part A, material selection; Part B,
sensor fabrication; Part C, working principle and Part D, readout
system. 

2.1 Material Selection 

Selection of an appropriate material is critical for ensuring
stretchability, mechanical robustness, and biocompatibility with
fruit surfaces. For this purpose, we evaluated several elastomeric
materials, including silicone-based materials such as PDMS,
Dragon Skin, and Ecoflex, and the thermoplastic elastomer
styrene-ethylene-butylene-styrene (SEBS), to assess material
compatibility and its effect on fruit growth. In the lab, dummy
sensors from each material were characterized for different
environmental impacts in QUV accelerated weathering chamber
(Q-Lab QUV with UV-A lamps, at 0.76 W/m2.nm at 340 nm
(8 h) with water spray (0.25 h) and condensation (3.75 h) cycles
according to ISO4892-3), followed by assessment of mechanical
stability with a tensile testing machine (MTS 10/M based on ISO
527 with loadcell 2 kN and speed 300 mm/min, clamp distance
60 mm and preload 0.05 N), after 10 and 20 days of exposure. In
parallel, six dummy sensors from each material were deployed
into the field’s small-diameter fruits ( ∼ 8 mm) to evaluate surface
compatibility, adhesion, and ability to accommodate natural fruit
expansion in the field. 

Silver ink (Dycotec) printed on SEBS material and LM (Galinstan)
channels encapsulated in Ecoflex were fabricated and subjected
to the same QUV cycles, with electrical resistance monitored
to evaluate degradation under environmental stress. After mate-
rial selections and sensor fabrication further the stability and
durability of the sensor was investigated in a Xenon chamber
(Q-Lab Q-SUN Xenon arc tester with daylight filter Q, Xenon
lamp according to ISO 4892-2 Method A, cycle B4:102 min dry
and 18 min water spray at 0.51 W/m2.nm and 63◦C black panel
temperature). Together, these protocols enabled a comprehensive
evaluation of material suitability for field deployment. The
outcomes of these experiments are discussed in detail in the
results and discussion section. 

2.2 Sensor Fabrication 

Following the systematic material evaluation, Ecoflex 00-30 and
Galinstan LM, identified as the most suitable materials, were used
for sensor fabrication. Flex connectors were used for interfacing
stretchable electronics with rigid electronics. The flex connector
used in this work is a commercial flexible circuit connector fab-
ricated by JLCPCB, which enables reliable electrical interfacing
between soft, stretchable conductors and rigid electronic compo-
nents. This commercial connector is based on patented design by
our group [ 27 ] which was developed to ensure robust electrical
and mechanical integration between soft and rigid electronics.
In preparation of materials, the silicone elastomer Ecoflex 00-30,
parts A and B were prepared with a 1:1 ratio and mixed using a
speed mixer (DAC 150 SP SpeedMixer) at a speed of 2000 RPM
for 60 s. Then the samples were degassed to remove any bubbles
(using a vacuum chamber for ∼ 20 min), and casted/injected into
a 3D-printed mold. The substrate was cured for approximately 20
Advanced Materials Technologies, 2026
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FIGURE 1 (A) Fabrication workflow of the stretchable LM based strain sensor, illustrating material selection, silicone preparation, stencil assisted 
LM spray deposition, and final encapsulation. (B) Schematic representation of the sensor: Design, structural layout, and deployment concept of the 
stretchable sensor for fruit growth monitoring. (a) Layer-by-layer architecture showing substrate, sensing channel, encapsulant, and the flex connector. 
(b) Sensor geometry from different orientations (top, side, and perspective views). (c) Convert the planar sensor into a cylindrical configuration and 
a wrapping strategy for attachment. (d) Practical illustration of the sensor integration on fruit for monitoring diameter expansion during growth. 
(e) Dimensional analysis of the sensor, highlighting the dimensional overview of the planar and cylindrical sensors. (f) Conceptual demonstration 
of continuous fruit growth monitoring enabled by a sensor over developmental stages. 
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in in an oven (50◦C). After curing a stencil (vinyl sheet) with the
ensor design/pattern, was placed on the substrate, and LM was
eposited using an automated spray system, as reported in [ 28 ] to
nsure uniform coverage. The stencil was then removed, leaving
 patterned conductive channel. An encapsulant layer of Ecoflex
as cast over the channel to protect it from mechanical and
nvironmental effects while maintaining stretchability. The step-
y-step production/fabrication of the stretchable strain sensor
dvanced Materials Technologies, 2026
is illustrated in Figure 1A . Figure 1B-a shows the sensor’s main
components and a multilayered overview. 

Figure 1B-b shows a different view of the fabricated sensor.
To conform the sensor to the fruit surface, the planar sensor
was converted into a cylindrical shape for ease of integration.
Converting the sensor from a planar to a cylindrical shape, small
traces were made in the sensor near the flex connector and at
3 of 14
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he end of the sensing channel, and were wrapped around while
olding it in a cylindrical shape, as shown in Figure 1B-c . In this
onfiguration, the sensor was sealed with Ecoflex at the point
f connection. A heat gun (dryer) was used at approximately
00◦C for ∼ 30 s to achieve rapid curing of the sample resulting
n a smooth drying process and a perfect cylindrical shape. This
rocess resulted in conformal, mechanically stable sensors that
dhered reliably to the fruit surfaces as illustrated in Figure 1B-
 . Compared to traditional or conventional rigid sensors, such
s dendrometers, which lack stability on dynamic surfaces, this
trategy improves adhesion and stability and reduces obstruction
uring fruit growth [ 29 ]. Figure 1B-e represents the dimensional
iews of the fabricated sensors. Here, ′ Sl, Sw, St ′ represent the
ength, width, and thickness of the fabricated sensor, which are
0, 25, and 1.5 mm, respectively. Similarly, ′ Cl, Cw, Ct ′ represent
he length, width, and thickness of the LM sensing channel,
hich is 40, 0.7, and 30 µm . ′ Et ′ represents the encapsulant
hickness, which is 0.67 mm. For the cylindrical-shaped sensor,
he diameter ′ Sd ′ is 8 mm and the open area (outside the
ylindrical shape) ′ So ′ is 25 mm, providing as such a strain relief
t the flex connector to ensure that fruit growth primarily acts on
he sensing channel rather than the connector region. 

he fabricated sensor was tested using a four-probe measurement
evice, Keithley (2400) to verify the resistance values in the
elaxed state and under stretching. The sensor was further char-
cterized through different tests, including cyclic tests (uniaxial
nd axial stretching, with a strain limit of up to 150% at a step
ize of 2 mm s− 1 (3.33% s− 1 )), to investigate its stability, which is
ssential for fruit growth monitoring in the real field case. The
omplete characterization is further explained in the results and
iscussion section. 

.3 Working Principle 

 strain gauge sensor operates on the principle of resistance
hanges induced by mechanical deformations. When an external
orce is applied to a material, it undergoes strain, leading to slight
hanges in its dimensions. These dimensional changes affect the
train gauge’s electrical resistance, which is typically made of
 wire or conductive channel [ 30 ]. In fruit growth monitoring,
 strain gauge sensor detects a slight deformation as the fruit
xpands over time. 

his is illustrated in Figure 1B-f , which shows how the sensor
ill behave toward different stretched levels, that is, 8 (0%), 12
50%), 16 (100%), and 20 mm (150%). The sensor, made from
 conductive material, LM embedded in a silicone elastomer,
hanges its electrical resistance when subjected to mechanical
train. The resistance R of the sensor is given by: 

𝑅 = 𝜌
𝐿 

𝐴 

(1)

here ′ ρ′ is the resistivity of the LM, ′ L ′ is the sensor’s length,
nd ′ A ′ is its cross-sectional area. In the context of fruit growth,
ncreasing the Turgor pressure within the fruit cells results
n gradual surface expansion [ 31 ], which is captured by the
onformal strain sensor. As the fruit grows, it exerts a tensile
train on the sensor, increasing ′ L ′ while decreasing ′ A ′ , resulting
of 14
in a measurable increase in resistance ′ R ′ . The strain ′ ε′ is defined
as: 

𝜀 = Δ𝐿 

𝐿 
(2)

The gauge factor (GF), which relates the resistance change to the
applied strain, is given by: 

𝐺𝐹 =
Δ𝑅 

𝑅 

𝜀 
(3)

By integrating the stretchable strain gauge sensor with a wireless
readout system, real-time monitoring of fruit growth can be
achieved. 

2.4 Read-Out System 

A stable read-out system is essential for accurately and precisely
measuring the resistance changes in a stretchable sensor. Two
common approaches are used for strain sensors, including the
series resistor and constant current source methods [ 32 ]. In the
series resistor method, a fixed resistor is placed in series with the
sensor, and the voltage across the sensor is measured. 

The resistance can be calculated using Ohm’s law. However, this
method is sensitive to variations in power supply voltage and
requires precise calibration, making it less reliable for measuring
low resistances. On the other hand, the constant current source
method provides a more stable and accurate solution, as it ensures
a fixed current through the sensor regardless of changes in its
resistance [ 33 ]. 

Thus, we utilize a constant current source readout system for our
stretchable sensor, as the sensors base resistance at 0% stretch is
2.4 ± 0.5 Ω, and at 150% stretch (axial), it reaches up to 12.2 ± 0.5
Ω. This method supplies a precise, low-magnitude current (e.g.,
1 or 10 mA) through the sensor while measuring the resulting
voltage. The resistance is then determined using Ohm’s law. The
key advantage of using a constant current source for resistance
measurement is its ability to minimize errors resulting from
wire resistance and voltage fluctuations. This approach ensures a
stable current supply, enabling precise resistance measurement.
A current source (high precision) can be employed to implement
this method, using an IC or OpAmp-based circuit. Furthermore,
a high-resolution ADC (16 or 24-bit) is used to measure the
voltage drop across the sensors ensuring accurate resistance
measurement [ 34 ]. Since the sensor’s base or initial resistance
is low, selecting a high-resolution ADC is crucial for improving
measurement accuracy. 

Figure 2 shows the block diagram and electrical design of the
read-out system used for the measurements. The current source
is implemented using an NCP1117LP, from Onsemi, America,
a voltage regulator. This regulator stabilizes a voltage of 1.8 V
between pin 1 and 4. With a 180 Ω feedback resistor, the circuit
produces a stable output current of approximately 10 mA. Due
to tolerance in the feedback resistor and minor inaccuracies in
the regulated voltage, the actual current may deviate by up to
5% from the nominal 10 mA. Nevertheless, the current remains
Advanced Materials Technologies, 2026
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FIGURE 2 Readout electronics for resistance measurement showing its block diagram and visuals of the manual portable measurement readout 
system. 
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table, with a fluctuation of only ± 0.001 mA within a load range
f 2 Ω to 40 Ω . Once characterized, the current source provides
 reliable basis for precise resistance measurements. Voltage is
easured with an ADS1115, a 16-bit analog-to-digital converter
ADC) operating with a chosen gain of 8. 

he resolution is calculated using the following formula; 

𝑈 𝑚𝑎𝑥 − 𝑈 𝑚𝑖𝑛 

(2𝑏 𝑖𝑡− 𝑠 𝑖𝑧𝑒 ) × 𝑔𝑎𝑖𝑛 
=

6 . 114 𝑉 − ( − 6 , 114 𝑉 ) 

216 × 8 
= 0 . 41108 V 

hen combined with the stability of the current source, the
heoretical accuracy can be calculated with the error propagation
ormula. 

Δ𝑅 

𝑅 

= Δ𝑈 

𝑈 

+ Δ𝐼 

𝐼 

Δ𝑅 =
( 

Δ𝑈 

𝐼 × 𝑅 

+ Δ𝐼 

𝐼 

) 

× 𝑅 (4)

ith ΔU equal to 0.41108 V, I equal to 10.2770 mA, ΔI equal to
 0.001 mA, and R in the range of 2 Ω to 40 Ω . The worst-case
ccuracy is within ± 0.006 Ω . 

 Results and Discussion 

his section presents a comprehensive investigation of the
roposed stretchable sensor, beginning with the material charac-
erization and selection outcomes, environmental effects on the
ensor performance, mechanical durability and tensile testing,
ensor’s electromechanical response (toward uniaxial and axial
train), and finally, field validation to demonstrate the sensors
ractical applicability for monitoring fruit growth. 

.1 Material Characterization and Selection 

he comparative analysis revealed significant differences in envi-
onmental durability and field compatibility among the tested
aterials. Under accelerated weathering, Ecoflex 00-30 exhibited
table mechanical performance. It maintains high stretchability
nd tensile resilience even after 20 days of QUV exposure, which
dvanced Materials Technologies, 2026
resembles 1 year in a real environment for elastomeric polymers
[ 35 ]. For reference, fresh samples were first tested before QUV
exposure. Ecoflex stretched up to 750% with a maximum stress of
163 kPa. In comparison, Dragon Skin, PDMS, and SEBS reached
elongations of 583%, 113%, and 960%, respectively, with maximum
stresses of 367, 430, and 1020 kPa, respectively (see S1 (c)(d)). After
10 and 20 days of QUV exposure, SEBS was completely degraded,
becoming brittle and sticky (see S1 (b)). Ecoflex, Dragon Skin,
and PDMS also exhibited signs of degradation after prolonged
exposure. However, the extent of deterioration varied among
them. Ecoflex, Dragon Skin and PDMS are silicone elastomers
with a Si-O backbone, while SEBS is a thermoplastic elastomer
with an organic hydrocarbon backbone. Ecoflex and Dragon Skin
are both platinum-cured PDMS elastomers, but their formulation
differs in crosslink density, side groups, and filler content [ 36 ].
In Ecoflex, the crosslinking is more uniform and a low filler
content leads to reduced localized defect sites where UV initiated
degradation start. In soft silicones (Ecoflex) the low cross link
density and high chain mobility allows these minor chemical
changes to be accommodated without significant mechanical
deterioration. In contrast, stiffer silicone (Dragon Skin and
PDMS) networks exhibit greater stress localization under UV
combines with thermal, and moisture cycling followed by tensile
test, resulting in more noticeable degradation [ 37–39 ]. Finally,
the SEBS thermoplastic elastomer absorbs UV radiation. This,
combined with thermal and moisture effects, leads to radical
formation and photo oxidative chain scission which results in
mechanical embrittlement [ 40 ]. As shown in the tensile results
(see S1 (e-f)), Ecoflex retained a greater proportion of its original
stretchability and mechanical strength compared to the other
elastomers, which showed more pronounced reductions in both
stress and strain at break. These results demonstrate that Ecoflex
00-30 is more reliable and durable even under accelerated QUV
exposure. Since the QUV chamber represents an environment
comparable to natural conditions (depending on the materials
being characterized) [ 41 ], the sensor is expected to operate
reliably for at least one fruit growth season under real field
exposure. 

Field experiments for materials (Ecoflex, Dragon Skin, PDMS,
and SEBS) reinforced these observations. Dummy sensors made
from PDMS, Dragon Skin, and SEBS which were attached to the
fruit, frequently fell from the tree within a few days, failing to
accommodate the expansion of the growing fruit. Conversely,
Ecoflex sensors remained intact throughout the observation
5 of 14
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eriod, stretching seamlessly with fruit growth, without causing
ny damage to the fruit (see S2 ). This behavior aligns with
coflex’s reported ability to undergo strains exceeding 500%
ithout mechanical failure [ 42, 43 ]. 

or the conductive channel, Dycotec based silver ink printed on
EBS degraded rapidly under QUV conditions, with increased
esistance and partial track/channel failure (see S1 (b)). LM-
ased samples, on the other hand, maintained a stable response
hroughout the exposure. Overall, both laboratory and field
nvestigations, demonstrate that Ecoflex 00-30, combined with
alinstan as the sensing channel, provides stable responses,
ompatibility with fruit skin, and environmental robustness. This
ombination was therefore selected as the final substrate, sensing
hannel, and encapsulation strategy for the stretchable fruit
rowth sensor. 

.2 Environmental Characterization 

fter material selection, the fabricated Ecoflex-Galinstan stretch-
ble sensors were subjected to environmental stability tests.
hese tests are crucial, as the sensor is intended for long-term
onitoring in field applications. To evaluate this aspect, the
ensors were systematically tested under controlled temperature,
utdoor conditions, and Xenon aging testing. 

.2.1 Thermal Characterization (Temperature Effect) 

he influence of temperature on the sensor’s response was
nvestigated for both relaxed and stretched configurations (in
ylindrical shape). The sensor was characterized by placing it in
n oven. For LM-based sensors, the response is linear over the
emperature range from 20◦C to 60◦C and back to 20◦C, in steps
f 2◦C. As shown in the Figure 3a , the relaxed sensor exhibits a
light but consistent resistance increase with rising temperature
rom 20◦C to 60◦C with a nearly reversible trend upon cooling.
 similar trend was observed for the stretched sensor, as shown
n the Figure 3b , where the sensor resistance was higher due to
train (strain applied by the inflated balloon), but the relative
hange with temperature followed the same profile. Although
he experimental characterization was limited to 20◦C–60◦C, the
bserved linearity and reversibility enable reliable extrapolation
o lower temperatures, which is consistent with previously
eported work, showing that galinstan electrodes maintain high
lectrical conductivity and stable electrical performance even
nder large deformation (mechanical) up to 130% strain, even
elow 0◦C [ 44 ]. 

enerally, the response of any stretchable sensor, is affected by
oth strain and temperature [ 45 ]. Considering the temperature
ffect: 

R ( T) = Ro × ( 1 + 𝛼ΔT ) (5)

 ( T ) is the resistance under temperature change, ‘Ro’ is the
nitial resistance measured at reference temperature without
pplied strain, ‘ ΔT’ represents the temperature change from that
of 14

reati
reference state, and finally ‘ α’ is the temperature coefficient of
resistance, which indicates how the resistance responds to a
unit change in temperature. The temperature sensitivity can be
quantified using the temperature coefficient of resistance (TCR),
defined as: 

TCR = 𝛼 = 1 

Ro 

ΔR 

ΔT 

(6)

ΔR is the change in resistance, and ΔT is the change in temper-
ature. From the Figure 3a , using the above formula, the TCR for
the relaxed sensor is calculated as 1.12 × 10− 3 (○C)− 1 , and for the
stretched sensor, the TCR is 1.10 × 10− 3 (○C)− 1 , which is in line
with value (1.2 × 10− 3 (○C)− 1 reported in literature [ 46 ]. 

The ∆R/ ∆T was calculated as 3.15 × 10− 3 Ω(○C)− 1 , and 12.525
× 10− 3 Ω(○C)− 1 , for relaxed and stretched states respectively.
The near-overlapping heating and cooling curves indicate good
reversibility and negligible thermal hysteresis, suggesting that
the conductive sensing channel remains stable across the entire
temperature range tested. 

3.2.2 Xenon Chamber Test 

To evaluate the durability and effectiveness of the sensors under
various environmental conditions such as humidity, temperature,
water spraying and solar irradiation, accelerated aging experi-
ments were conducted in a Xenon chamber using the sensors
in a relaxed, static state. Multiple sensors were tested, and their
resistance was recorded over 30 days, as shown in Figure 3c .
The results revealed excellent stability, with resistance variations
remaining within ± 5% across all samples. 

3.2.3 Outdoor Test 

In addition to thermal characterization, the outdoor performance
of the sensors was evaluated by mounting multiple sensors onto
3D-printed pear-shaped designs with different diameters, that is,
8 mm (0%), 12 mm (50%), 16 mm (100%), and 20 mm (150%).
Continuous resistance monitoring over 6 weeks (42 days) was
recorded, demonstrating a stable response for each diameter as
shown in Figure 3d . To assess long-term stability, the variation in
resistance was quantified using Equation 7 . 

𝑆𝑡𝑎 𝑏 𝑖𝑙 𝑖𝑡 𝑦 ( %) = 𝑅 𝑚𝑎 𝑥 − 𝑅 𝑚𝑖𝑛 

𝑅 𝑚𝑒 𝑎 𝑛 
× 100 (7)

where Rmax and Rmin are the maximum and minimum resistance
values measured during the monitoring period, and Rmean is the
average resistance. Based on this analysis, the stability values
were 4.90% for the 8 mm sensor, 8.37% for the 12 mm stretched
sensor, 6.75% for the 16 mm stretched sensor, and 9.84% for the
20 mm stretched sensor. These results confirm that, although
minor fluctuations were observed, the sensors maintained con-
sistent performance throughout long-term outdoor exposure.
The observed stability values remain relatively small and would
not significantly affect performance in many practical real-time
monitoring scenarios [ 47, 48 ]. 
Advanced Materials Technologies, 2026
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FIGURE 3 Thermal and environmental stability of the stretchable sensors. (a,b) Temperature-dependent resistance under relaxed and stretched 
states. (c) Accelerated aging in a Xenon chamber, with resistance stability for various sensors during prolonged exposure. (d) Outdoor deployment of 
sensors with long-term resistance of sensors using a 3D pear model having varying diameters. 

FIGURE 4 Mechanical stability, resistance-strain, and stress-strain 
behavior of five sensors, Low stress range (0.255–0.33 MPa) demonstrates 
sensor compliance, ensuring negligible resistance against fruit growth 
forces. 
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.3 Mechanical Stability 

he mechanical characterization of the sensors was carried out
sing a tensile testing machine to compare the sensors ability to
ithstand deformation caused by the Turgor pressure exerted by
he fruit on the sensor. The samples were fitted into the clamp
60 mm) by keeping both upper and lower jigs parallel, and the
oading speed was set to 300 mm/min with a preload of 0.05
 (see S3 ). The tensile stress-strain curve in Figure 4 provides
dvanced Materials Technologies, 2026
critical insights into the mechanical robustness of the Ecoflex-
based sensor. The maximum stress values for the tested sensors
ranged from 0.255 MPa to 0.33 MPa at strains of up to 150%. For
the cylindrical shape ring, these stress values become lower than
that. By using Hoop stress (circumferential stress): 

𝜎𝜃 = p
r 

t 
(8)

Here ‘ σθ’ is the Hoop stress/pressure exerted on the sensor
(tensile), which is 0.33 MPa (maximum) in our case, ‘r’ is the
radius of the cylinder, which is 4 mm, and ‘t’ is the thickness of
the cylindrical wall, which is 2 mm, ‘;p’ represent the pressure
exerted on the sensor (cylindrical). To calculate p, we have: 

p = t × 𝜎𝜃

r 

p = 0 . 165MPa ( f or 0 . 33MPa tensile test ) 

This stress level is considerably lower than the pressure typically
exerted by growing fruits on their outer surface because of the cell
divisions (Turgor pressure), and it is stronger when the fruit is in
the fruit set and maturation stage, that is, (8–20 mm). This Turgor
pressure in the fruit tissue is generally around 0.6 MPa for pear.
7 of 14

e C
om

m
ons L

icense



A  

t  

g  

c  

p  

w

T  

m  

r  

I  

s  

o  

a  

s  

f  

d

3

3

T  

s  

g  

t  

H  

f  

w  

p  

r  

F  

f  

i  

t  

s  

d  

r  

t  

o  

t  

d  

s  

n  

t

T  

r  

a  

i  

E  

i  

s  

s  

i  

s  

1  

m  

f  

m  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8

 2365709x, 2026, 15, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202502435, W
iley O

nline L
ibrary on [03/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reativ
t the cellular level, it exceeds up to ∼ 3 MPa, which represents
he internal hydrostatic pressure driving cell expansion during
rowth [ 49, 50 ]. The fact that the sensor stress response is
omparably lower than the physiological stresses present inside
ears suggests that the sensor can adapt to natural fruit growth
ithout imposing excessive mechanical constraints [ 50, 51 ]. 

he relatively low stress levels also indicate that the sensor
aterial, primarily stretchable elastomer, can deform easily in
esponse to external expansion without resisting fruit growth.
n other words, as the fruit grows and exerts outward force, the
ensor accommodates the deformation by stretching rather than
pposing the natural growth process. This feature is vital for
gricultural applications, since any rigid or mechanical-resistant
ensor (such as is the case in a dendrometer) could resist the
ruit expansion, resulting in inaccurate data or even fruit surface
amage [ 52–56 ]. 

.4 Sensor Response to Strain 

.4.1 Uniaxial Stretching 

he experiments above demonstrate the compatibility of the
elected materials and the final fabricated sensor with fruit
rowth. In the next section, experiments are discussed in which
he sensor, in its final circular form, is tested for strain sensing.
owever, to establish the fundamental electromechanical per-
ormance of the sensor, its response to externally applied strain
as first investigated under controlled uniaxial stretching. This
rovides a baseline understanding of sensitivity, hysteresis, and
epeatability before adapting the device for axial deformation.
igure 5 illustrates the uniaxial stretching performance of the
abricated stretchable planar sensor. The experimental character-
zation setup, in which the sensors are mounted on a uniaxial
esting setup and electrically connected for electromechanical
tretching tests, is presented in S4 . The sensors were fixed at a
istance of 64 mm (initial sensor length, that is, 0% strain) in
elaxed mode, and then the sensor was stretched to a controlled,
argeted strain of up to 160 mm (150% strain) with a step size
f 2 mm. This configuration ensures uniform loading along
he stretching direction, allowing accurate evaluation of strain-
ependent resistance variations. The resistance response of the
ensor under increasing strain is shown in Figure 5a , where
ormalized resistance (R/Ro) exhibits a nearly linear increase up
o 150% strain. 

he coefficient of determination (R2 = 0.9739) confirms the cor-
elation between strain and resistance changes. A more detailed
nalysis of the sensitivity at different strain levels is provided
n Figure 5b , where the Gauge factor is calculated according to
quation 3 . Since precise and repeatable readings are crucial
n precision agriculture applications, the sensor’s resistance and
train connection are steady and predictable. Based on the sensor
ize, the Gauge factor (GF) indicates how responsive the sensor
s to strain. The sensor demonstrates increasing GF values with
train, ranging from approximately 2.23 at 30% strain to 3.59 at
50% strain, indicating enhanced sensitivity under large defor-
ation. Such values are in line with what is typically observed
or LM-based strain sensors [ 45, 46 ], where resistance changes
ainly result from geometric deformation of the conductive
of 14
channel sensor, which is applicable for thinning application [ 49 ],
to monitor the fruit growth from 8 to 20 mm (strain limit from
0%–150% calculated using Equation 2 ). 

The hysteresis curve is shown in Figure 5c,d , where the difference
between loading (stretching) and unloading (relaxed state) is
quantified for a complete cycle and point by point. Point-by-point
hysteresis is defined as: 

𝐻 ( 𝜀) =
|𝑅 𝑙𝑜 𝑎 𝑑 𝑖𝑛𝑔 ( 𝜀) − 𝑅 𝑢𝑛𝑙𝑜 𝑎 𝑑 𝑖𝑛𝑔 ( 𝜀) |

𝑅 𝑚𝑎 𝑥 
(9)

With the Rloading and Runloading representing the resistance at
a given strain during stretching and relaxed state, respectively,
and Rmax is the maximum resistance in a cycle. From Figure 5c
our observed hysteresis was recorded as 2.38% for 0%–150% strain
(complete cycle). From Figure 5d (point by point hysteresis) it
is shown that at low strain (0%–40%), hysteresis grows steadily
( ∼ 0.1% to 2.1%), at the intermediate strain (80%–120%), hysteresis
peaks ( ∼ 3% to 3.4%), after 120% strain, the hysteresis starts to
shrink again, and at 150% it is 0 (because both loading and
unloading curves meet at the maximum stretch). 

In strain sensors, low hysteresis is a key indicator of stability,
since it ensures that the sensor returns to nearly the same
resistance for a given strain during both stretching and relaxing.
Here, point-based hysteresis was calculated, ranging from 0%
to 3.5% at maximum across a strain of 0%–150%. Therefore, the
hysteresis values fall within the expected range for LM-based
sensors [ 51–53 ], indicating that the sensor exhibits stable and
efficient response characteristics. 

Further, a cyclic test was performed to assess the repeatability
and stability of the sensor for multiple stretch cycles (10 cycles,
primarily to verify the sensor repeatability, although the sensor
is intended for one-time use in the field), as shown in the
Figure 5e,f . In Figure 5e , three sensor samples were subjected
to 10 consecutive stretching and relaxing cycles. All exhibited
consistent resistance-strain responses with a negligible drift,
confirming the reproducibility and reusability of the sensor for
multiple tests. These results confirm the use of such sensors for
multiple seasons. Figure 5f further demonstrates cyclic durability
where relative resistance of the sensor repeatedly increases and
decreases over 10 loading and unloading cycles for strains of 150%.
No significant degradation in the sensors performance was noted.
The inset highlights a single cycle of stretching and relaxing.
Together, these results verify that the planar sensor can withstand
large uniaxial deformations with high sensitivity, stability, and
repeatability. 

3.4.2 Sensor Testing on Balloon Phantom Model 

Following the uniaxial stretching tests, evaluating the sen-
sor under conditions that more closely resemble fruit growth
typically involves radial expansion rather than purely linear
deformation. To provide initial insights into this experiment, a
preliminary balloon model using only Ecoflex was investigated
(see S5 ). Although this simple phantom confirmed the feasibility
of tracking axial expansion, it also revealed key limitations. In
particular, the low modulus of Ecoflex led to circumferential
Advanced Materials Technologies, 2026
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FIGURE 5 Sensor uniaxial stretching characterization (a) Relative resistance changes as a function of strain with linear fitting and coefficient of 
determination. (b) Sensitivity analysis showing the calculated gauge factor across different strain ranges. (c) Hysteresis analysis for a complete cycle. 
(d) Hysteresis behavior during loading and unloading cycles is plotted point by point against the strain. (e) Resistance strain curves of four samples 
subjected to 10 repeated stretching and releasing cycles, demonstrating reproducibility. (f) Cyclic durability test up to 10 cycles, showing consistent 
resistance response; the inset illustrates stretching and relaxing profiles. 
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eformation during the late stage of inflation, producing a
aturation effect that reduced strain sensitivity and narrowed the
ffective sensing window. These findings emphasized the need for
 more controlled design that can deliver stable strain transfer. 

o mimic axial stretching more precisely, we must overcome the
hallenges faced in the previous case (see S5 ). Which reduce
he usable sensing window and limit the sensors reliability for
pplications where stable and proportional strain transfer is
ritical. 

herefore, a hybrid balloon structure was developed by inte-
rating two different materials, that is, Ecoflex (softer material)
nd Dragon Skin (stiffer material). In this design, Dragon Skin
orms reinforcing bands on the upper and lower regions, while
dvanced Materials Technologies, 2026
Ecoflex is used in the central expansion zone where the sensor
is attached. The balloon is pre-stretched to remove the initial
stretching effects. Upon inflation, the Dragon Skin regions resist
deformation due to their higher modulus, directing internal
pressure toward the softer Ecoflex window. This controlled strain
localization eliminates late-stage saturation, ensuring sensor
stretching occurs consistently across the 8–20 mm diameter
range. 

The experimental characterization of the sensor using the hybrid
balloon design is presented in the Figure 6a,b . In Figure 6a ,
the results demonstrate that the device provides reproducible
strain transfer with relatively low variability across repeated
trials for n = 7 independent sensors, with a standard devi-
ation of ± 2% at higher strain values. The sensor’s relative
9 of 14
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FIGURE 6 Sensor characterization on soft balloon-shaped actuator to mimic the fruit growth (a) Averages across multiple sensors trials (n = 

7, mean ± SD), confirming reproducibility and reduced variability in the hybrid structure, with inset shows the design and fabrication of soft hybrid 
actuator using Ecofex and Dragon Skin (b) Sensor hysteresis analysis between inflation and deflation cycles. 

FIGURE 7 Field deployment of stretchable sensors for real-time fruit growth monitoring. (a) Sequential images of the sensor integration on pear 
fruitlets over a 28-day growth period. (b) Correlation between the resistance change of four representative sensors and the corresponding fruit diameter 
measured with a vernier caliper. (c) The statistical summary of 48 deployed sensors highlights both functional devices and sensor failures due to connector 
detachment or environmental degradation during stretching. 
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esponse is shown, exhibiting a progressive increase with diam-
ter, which confirms effective strain localization within the
coflex window. The inflation-deflation comparison reveals a
easurable hysteresis loop, as shown in Figure 6b , (which
s much improved compared to the Ecoflex balloon case (see
5 (b)). The hysteresis remains within a moderate range, indi-
0 of 14
cating that Dragon Skin reinforcements control the circum-
ferential deformation that was prevalent in the earlier single-
material (Ecoflex) balloons. Overall, these results demonstrate
that the hybrid balloon design provides a controlled and pre-
dictable strain field, making it suitable for reliable sensing
applications. 
Advanced Materials Technologies, 2026
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.5 Sensors Validation in the Field 

ollowing material selection, environmental and mechanical
tability, and electromechanical characterization, the sensors
ere deployed for real-time fruit (pear) growth monitoring under
ield conditions to monitor the fruit growth from 8 mm to 20 mm.
he sensing mechanism is based on contact based sensing (sensor
tretched with the growing fruit). Owing to the stretchable and
onformal nature the sensor can adapt to fruits with varying
urvature and mechanical properties. Consequently the sensor
an be applied to other fruits such as apples without requiring
tructural/design modification. Fruits with higher irregular, or
extured surfaces may introduce local contact variations, however
uch effects can be mitigated through calibration, and sensor
lacement. Pears were selected in this study as a representative
odel due to their availability and relative uniform surface.
igure 7a shows the sensor stretching with the growing fruit (from
ruitlets to different growth stages). Over the 4 weeks, the sensor
aintained intimate contact with the fruit surface, conforming
o changes in fruit curvature and diameter. This confirms the
tretchable sensor architecture’s ability to accommodate fruit’s
atural dynamic growth in orchard conditions. 

ield resistance measurements were obtained using a manual
eadout system at weekly intervals during day time, minimizing
he influence of short term day time temperature variations.
he correlation between the sensor resistance and the measured
ruit diameter is summarized in Figure 7b . Four representative
ruit sensor pairs were monitored, showing a consistent increase
n normalized resistance as the fruit diameter increased from
 8 mm to ∼ 20 mm. The resistance versus diameter relation-
hip was monotonic across all cases, indicating that the sensor
eformation closely followed the expansion of the fruit. Notably,
he resistance trend across multiple sensors exhibited minor
ariations attributed to slight differences in mounting position
nd fruit surface morphology. Nevertheless, the trend confirms
hat the sensor reliably translates radial growth into an electrical
esistance suitable for continuous tracking of fruit growth. 

o evaluate the reproducibility and robustness at scale, 48 sensors
ere deployed in the orchard, and their performance statistics are
ummarized in the Figure 7c . From the 48 sensors, 11 failed during
he monitoring period, with failure causes including detachment
f the flex connector, and mechanical disconnection. After a com-
lete measurement interval, the failure rate corresponds to ∼ 23%,
hich highlights the necessity of improving the flex connector

 57, 27 ] adhesion and using strain relief at the connector point.
owever, the remaining 37 sensors (77%) functioned reliably,
nd their resistance changes showed strong agreement with
he measured fruit diameter, demonstrating the scalability and
obustness of the approach. Together, these results demonstrate
hat the stretchable sensor can be practically integrated for
eal-time monitoring of fruit growth, providing continuous, non-
estructive, and quantitative assessment of fruit growth. Table 1
hows the comparison of our work with previous studies. 

he present manuscript is the first to demonstrate an Ecoflex-
alinstan-based cylindrical sensor specifically designed for mon-
toring fruit growth, targeting the early fruit growth from 8 to
0 mm for improved orchard management, timely performing
hinning, and high yield production. 
2 of 14
4 Conclusion 

This work presents the design, fabrication, and validation of
a stretchable strain sensor tailored for monitoring fruit growth
during the thinning stage (8–20 mm). The sensor was fabricated
using Ecoflex 00-30 as a biocompatible stretchable elastomeric
substrate and encapsulant, and Galinstan LM as a sensing
channel. The sensor achieved high stretchability, durability, and
conformal integration with curved fruit surfaces. The sensor
shows a consistent electromechanical performance, with resis-
tances rising from 2.4 ± 0.5 to 12.2 ± 0.5 Ω under 150% strain
(axially) and a Gauge factor increasing from ∼ 2.2 at 30% strain to
∼ 3.6 at 150% strain. The sensor exhibits low hysteresis of 2.38% for
a complete cycle (0%–150% strain), and mechanical stability with
stress values between 0.255–0.33 MPa, which is well below the
fruit Turgor pressures, confirming that it does not hinder natural
fruit growth. Environmental evaluation shows excellent stability,
with resistance drift of only 2.7%–5.6% over 6 weeks outdoors and
variation within ± 5% after 30 days in Xenon aging tests. Field
deployment on 48 pear fruitlets confirmed practical feasibility,
77% of the devices functioned reliably, and the resistance changes
tracked fruit expansion from 8 to 20 mm. 

Beyond its immediate application in horticulture, the proposed
sensor highlights the broader potential of stretchable sensing for
precision agriculture. The modular fabrication approach and low-
cost materials make it scalable for large scale deployment, while
its adaptability suggests feasibility for integration with wireless
IoT based monitoring readout systems. Future work can extend
this system by embedding autonomous readout circuitry, enhanc-
ing connector reliability, and exploring multi-sensor arrays to
capture spatial growth dynamics across orchards. 

Overall, the presented stretchable strain sensor represents a
significant step toward data driven crop management, bridging
the gap between plant physiology and digital agriculture. This
technology provides growers with actionable data for thinning,
irrigation, and fertilization while supporting sustainable, and
high-yield farming practices. 
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