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Abstract—This work aims to develop a planar microwave
sensor fabricated on a flexible polyimide substrate to mon-
itor the water content of fruits nondestructively. The sensor
is based on a planar loop resonator tuned with a concentric
metal pad that features improved resonance, compact size,
and flexibility to conform to the curved surface of the fruit.
The sensing mechanism is to detect electromagnetic res-
onance that is susceptible to dielectric property changes
by water content variations. The robust resonance provides
electric fields that penetrate deeper into the fruit tissues,
compared with an untuned one, with a sufficient spec-
tral resolution to reach high sensitivity. Experiments were
conducted, including long-term continuous water content
monitoring and total water content measurements. The sen-
sors demonstrated clear frequency shifting trends when
fresh apples became dehydrated, and their initial resonant
frequencies indicated total water contents. Simulations
were conducted to examine measurement discrepancies
induced by inhomogeneous water evaporation and surface
curvatures. The feasibility of sensing the watercore defects
inside apples was demonstrated with simulations. In addi-
tion, the sensor was used to demonstrate the feasibility of
measuring water content in potatoes. The promising results
show the great potential of the noninvasive and continuous
water-content sensor applications in agriculture to study
the growth, maturity, anomaly, and storage of fruits and in
food processing applications to achieve optimal quality.

Index Terms—Agriculture, food quality, loop resonator,
nondestructive, tuning, water content.

I. INTRODUCTION

W
ATER is a vital factor for the growth and maturation of

fruits such as apples. Water constitutes approximately

82%–86% in an apple’s composition [1], [2]. The water content

in fruits profoundly influences their texture, taste, and overall

quality. Particularly, the water content inherent in fruits can vary
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depending on growth conditions and ripeness. For example, wa-

ter content may decrease with the fruits’ gradually ripening [3],

[4]. Dry matter (DM) is a commonly used maturity index [5] but

it needs a destructive test with high cost and inconvenience. It

cannot be monitored on the same fruit continuously to investi-

gate how environmental and fertilization parameters affect the

ripeness at specific time points. Instead, farmers usually estimate

the fruits’ ripeness simply by skin color or firmness. However,

skin color could be an unreliable or misleading indicator of

fruit ripeness since late-season skin darkening can occur prior to

harvest. Some fruits seem to be fully matured, judging by color,

even though they are not soft. On the other hand, to prevent

rot, low-temperature storage can produce fruits with reduced

skin darkening [6]. Furthermore, color can confuse consumers

as a fruit ripeness indicator by aesthetics, especially for organic

fruits and vegetables. Estimating ripeness by firmness does not

apply to some fruits, such as apples or watermelons. Some

fruits’ ripeness may be related to firmness, such as avocados,

but squeezing them will potentially damage the fruits or further

raise hygiene concerns. These issues mentioned are particularly

important for organic agriculture because organic fruits often

do not have identical appearances [7]. Measuring water content

directly provides a quantitative method to assess fruit ripeness

more precisely. In addition, the fresh fruit postharvest sector

is dynamic with large and increasing consumer demands [8].

Monitoring the water content of fruits is a critical factor dur-

ing postharvest [9]. If fruits are not appropriately stored, sig-

nificantly decreased water content will occur and affect their

taste and texture. Thus, it is vital to monitor continuously or

discretely at chosen time points the water contents of fruits

during the complete processes from preripe and ripe stages to

storage periods before consumption, which can help to make

informed decisions about fruit quality, production, and storage

under varying environmental conditions.

Currently, the quantification of water content in fruits can be

conducted in various ways [10], [11], including the oven-drying

method [12] and the Karl Fischer titration method [13]. The

oven-drying method requires subjecting fruit slices to drying

within an oven until all moisture dissipates, followed by com-

putation of the water loss percentage. The heating can change

the tissue textures and alter their precise weights. In contrast, the

Karl Fisher titration method offers a more precise methodology

by employing specialized equipment for directly measuring wa-

ter content using coulometric or volumetric titration to determine
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water in samples [14]. Both approaches are destructive, demand-

ing cutting or slicing of the fruit into samples that are difficult

for real-time monitoring in farms or supermarkets. A low-cost,

nondestructive, and convenient method for water content sensing

is needed.

Utilizing nondestructive means to assess water contents in

fruits has been a challenging need. X-ray and magnetic resonant

imaging (MRI) have been used in laboratories to examine fruits,

including apples [15], [16], [17], [18], [19], [20]. Particularly, the

applications are to find watercore [21], a physiological disorder

in which apples contain too much water in their intercellular

spaces. Watercore affects the textures, firmness, and taste of

apples significantly. During storage, apples with watercore de-

velop alcoholic flavors and smells. They often also suffer from

core browning or breakdown due to the excessive water [22].

Watercore is difficult to identify from fruits’ appearance or

by squeezing them. The reasons for watercore development

are not well understood. Currently, farmers have to predict an

optimum harvest time to avoid watercore by estimating their

maturity, which is very difficult due to global climate changes.

Tree pruning, thinning, and fertilization with correct ratios of

calcium, boron, and nitrogen are believed to play important roles

in reducing watercore risks [23], [24], [25]. However, the exper-

iments have a long timeline and require a method to monitor

water contents of apples as they grow. Thus, researchers wish

to use nondestructive methods to investigate the development

stages and reasons of watercore. However, it is clear that both

X-ray and MRI are bulky, heavy, and expensive, preventing

them from being used in an orchard to continuously monitor

the water content of fruits. The fruits need to be picked to be

examined, losing the opportunity for time-lapsed observation

under different growth conditions. The study could not be done

on a large scale either.

Radio-frequency (RF) electromagnetic waves may provide a

nondestructive evaluation of fruits’ status because of the high

susceptibility to dielectric property changes caused by water

content variations [26]. The interactions of electromagnetic

fields within fruit tissues at different water percentages affect

wave scattering and provide noninvasive and high-sensitivity

sensing. The dielectric property can be evaluated by resonant

frequency shifts and magnitude changes of reflection coeffi-

cients in wave propagation measurements. Recent RF devices

and integrated circuits are cost-effective to manufacture Internet-

of-Things (IoT) sensing devices, in which low-power electronics

include short-distance data communication, sensor drivers, and

memory, for large-scale implementation. Their sizes are also

small and suitable to be integrated into wearables for fruits.

Microwave resonators typically have smaller footprints [27]

compared with waveguides, which is beneficial considering the

small size of fruit. Utilizing dielectric or cavity resonators [28],

[29], [30] for such sensing applications presents practical issues.

The rigid configurations of these types of resonators are not suit-

able for curved surfaces of fruits/vegetables. Planar circuits or

antenna resonators are more appropriate, and recent advances in

circuit and antenna fabrication on flexible substrates make them

easy to be attached and conformed to the fruit skin. However,

poor resonance at microwave frequencies in planar loop res-

onators fails to provide reliable and sufficiently deep penetration

of fields into tissues due to the impedance matching issue [31].

Using a dynamic matching circuit to achieve a high-quality

factor is possible but makes it bulky with design constraints. The

technical challenge in such a conformal microwave resonator is

to achieve a high-quality factor without sacrificing the features

of being planar with a small form factor.

Split ring resonators have been used in planar circuits and pro-

vide good resonance for sensing [32], [33], [34], [35]. However,

they require energy coupling from the outer ring to the inner

ring, which provides the resonance of interest. The coupling

induces more insertion losses. The two rings inevitably bring

multiple harmonics that can reduce the quality factor of the

desired resonance. Both rings are susceptible to environmental

changes, bringing more interference concerns for a wearable

in which one side of the device is facing the free space. Their

spectral shapes of harmonics vary differently from the varia-

tions of effective permittivities. Kilpijärvi et al. [36] designed

a reflection-based sensor for human hydration sensing using a

complementary split-ring resonator (CSRR) pattern, fabricated

on an SubMiniature version A (SMA) connector connected to a

vector network analyzer (VNA). The SMA connector served as

a feeding structure for the CSRR. However, CSRRs have higher

insertion losses as the inner split ring, creating the required

resonance, is indirectly excited by the current in the outer ring.

This effect reduces field penetration depth into the tissues.

With the intention to keep the resonator device architec-

ture simple, our preliminary work [37] developed a self-tuned

method for impedance matching in a planar loop resonator by

embedding a concentric metal pad. The principle is based on

the presence of a center pad to provide additional distributed

capacitances from the gap between the loop and metal pad [38]

and additional mutual inductance [39] between metal strips

across the gap owing to coupled magnetic fields. The spacing

between the loop and center pad tunes the distributed reactance

to match the port impedance in the desired frequency range. The

resonance becomes significantly improved without changing the

overall size of the loop. The loop resonators have been made into

compact and flexible forms with high resonance performance

for near-field sensing. Applications have been investigated for

human hydration monitoring [40], [41], [42]; subcutaneous im-

plant localization [43], breast cancer detection or imaging [44],

[45]; and skin cancer distinction [46]. The high-quality fac-

tor also enhanced transcutaneous wireless power transfer [47].

Utilizing a similar tuned loop resonator, this work aimed to

develop an efficient, low-cost, and flexible sensor that can be

attached to the fruit surface to estimate and monitor its water

content. To enhance fruit sensing capabilities, the configuration

has been redesigned and optimized to operate at 1.42 GHz, as

opposed to the 900 MHz frequency used for human hydration

monitoring [40]. This adjustment also involves a more compact

footprint, ensuring a better fit for the fruit-sensing application.

Apple is targeted in this work to demonstrate the concept for its

high volume in the market [48] and convenience in experiment

operations.

II. SENSOR DESIGN

Considering the curvature of the fruit surface, a flexible

polyimide film (DuPont
TM

Pyralux FR9220R, Wilmington,

Delaware) was chosen for resonator fabrication. Sufficient flex-

ibility could provide firm contact onto the fruit skin. The thick-

ness of the film was chosen to be 76 µm. It had a dielectric
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Fig. 1. (a) Configuration of the sensor with radius b = 11 mm; the loop
width w = 2a = 1.6 mm; the tuning gap d = 2.9 mm between the pad
and loop. (b) Photograph of the sensor.

constant of 3.2 with a loss tangent of 0.022. The film had a layer

of 70-µm thick copper. In simulations, these parameters were

the same as the ones in fabrication. The sensor consisted of a

loop as the resonating element and a metal pad as the tuning

element, as shown in Fig. 1(a). The driving voltage is applied

to the loop gap, generating oscillating currents along the loop.

Resonance occurs when the wavelength of the traveling current

roughly matches with the loop’s circumference. Storer [49]

found the loop length is not exactly but close to the integer

numbers of the half resonance wavelengths. At resonance, the

current freely circulates in the loop, forming a standing wave.

The reflected power from the loop toward the power source

through the gap becomes minimum. In this case, the imaginary

part of the impedance becomes almost zero, making the loop

impedance resistive, which is essentially the radiation resistance

of the loop. Away from resonant frequencies, reactances due to

the phase differences between voltages and currents make the

resonator act like an R-L-C in series resonator. Each harmonic

order of resonance can be modeled as an R-L-C branch. The

RLC pairs in parallel [37] determine the overall impedances at

different frequencies. Within the frequency range of interest,

the resonator equivalent circuit can be used to decide the system

reflection coefficient and spectral shapes.

The copper pattern was etched after photolithography was

applied with a photomask on the photoresist-covered film. A

photo of the resonator is shown in Fig. 1(b). The radius of the

loop resonator b was 11 mm with a connecting stub length L =

6 mm, which was prepared for a connector to the measurement

port. The incident power through the port is−5 dBm, both in the

simulations and the following measurements. The metal width

w was 1.6 mm. The gap between the loop and the center pad

d was chosen to be 2.9 mm, which tuned the resonance below

−59.48 dB, as shown in Fig. 2. In this simulation, the apple

tissue with a dielectric constant of 29 and a conductivity of

0.81 S/m was chosen to fit with the measured spectral curve.

The resonance provided a confined and sufficiently deep field

distribution into the apple tissue. Fig. 3(a) shows strong fields

across the gap and around the loop. The −10-dB and −20-dB

attenuation depths from the loop surface in Fig. 3(b) were 13 mm

and 36 mm, ensuring sensing of the effective permittivity deep

inside the fruit tissue. Without tuning, the resonance reached

only −24.29 dB in simulations. Fig. 4 compares the internal

electric fields produced by the tuned and untuned loops which

are placed on the apple surface skin. The fields are shown at

the depths of 5, 15, and 30 mm inside the apple. Comparing

the field penetration depths in Fig. 4(a) and Fig. 4(e), which

Fig. 2. Reflection coefficients in simulation.

Fig. 3. Cross sections of electric field distributions from the tuned loop
resonator. (a) Top view and (b) side view into the apple tissue.

show the vertical cross-sectional views, the −10 dB depths were

11 mm and 5 mm for tuned and untuned loops, respectively.

Fig. 4(b)–(d) and (f)–(h) shows the field distributions at specific

depths in the horizontal cross sections parallel to the surface

skin. Comparing the same depths, the field strengths decay much

faster for the untuned loop. At the 15-mm depth, the highest field

magnitudes in the center have a difference of 1.62 dB between

these two loops. At the depth of 30 mm, the field magnitude

difference between the two loops at the highest points was

3.39 dB. These show that stronger electrical fields within the

tissues have a better resonance for the tuned loop, by which

a larger volume of dielectric properties inside the apple are

included in the effective permittivity experienced by the sensor.

III. WATER CONTENT EXPERIMENTS

A. Measurement Setup

To validate the concept of continuous monitoring, long-term

dehydration experiments of apples were conducted to continu-

ously record the reflection coefficients when apples lost water

from fresh to relatively dehydrated. Resonant frequencies were
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Fig. 4. Comparison of electric fields. (a) Vertical cross section into the
apple from the tuned loop at the bottom, and (b)–(d) horizontal cross
sections of the apple at depths of 5, 15, and 30 mm from the tuned
loop on the surface skin. (e) Vertical cross section inside the apple with
an untuned loop at the bottom, and (f)–(h) horizontal cross sections of
the apple at depths of 5, 15, and 30 mm from the untuned loop on the
surface skin.

Fig. 5. Setup of measurements.

extracted from reflection coefficients. Fig. 5 shows the exper-

iment setup. The sensor was applied and conformed onto the

apple and connected to a VNA (Keysight PNA N5227B). A

medical-grade tape (3 M Nexcare Durapore Durable Cloth Tape,

USA) was used to attach the sensor to the apple to ensure stable

and firm contact. The apples chosen were Fuji apples from a

local supermarket with similar sizes and shapes. As the purpose

is to develop a nondestructive sensor, the apple skin around the

area where the sensor contacted it was preserved. To speed up

water evaporation, the skin away from the sensor was shaved,

and part of the internal tissues were exposed to air during the

experiment. The thickness of the apple under the experiment was

around 50 mm. The cut plane was above the core. Air circulation

was applied to accelerate water evaporation in the apples. Due

to the high sensitivity of the tuned sensor, mechanical tension

variations from weight changes to the coaxial cable induced

small movements between the apple and cable, which caused

measurement fluctuations. To improve stability, a laboratory

positioning system (Parker Daedal Division, PA) with a clamp

(Fisher
TM

Castaloy
TM

) was used to stabilize the subject. In addi-

tion, considering the significant weight loss during the long-term

experiments, porous styrofoam was placed underneath the clamp

to support the measurement subject and alleviate cable tension.

Fig. 6. Comparison of measured reflection coefficients in nine Fuji
apples.

A digital scale recorded the weight of the apple every minute

during the experiment to monitor water loss.

The presence of mold in fruits initiating biological degra-

dation of tissues could alter the fruit’s physical and chemical

composition and potentially affect its dielectric properties. Dry

air circulation is used to ensure no mold growth and visual

inspection confirms it. Nine fresh apples free of mold were tested

for the measurement setup’s stability and repeatability. Fig. 6

compares reflection coefficients from 0.1 to 3 GHz for these nine

apples. Similar spectral curves with sharp resonance overlapped,

indicating that the setup was reliable. Although the nine apples

had similar sizes and shapes, the resonant frequencies ranged

between 1.388 and 1.496 GHz. This variation was likely due to

the curvature and water content distribution within individual

apples. The quality factors, calculated from Q = f0/∆f3 dB

where f0 is the resonant frequency and ∆f3 dB is the 3-dB

bandwidth, were around 120. The sharp resonance remained

reliable to ensure measurement sensitivity.

B. Continuous Long-Term Monitoring

Reflection coefficients across 0.1−3 GHz were automatically

recorded every minute for 38 h. The experiments were conducted

at room temperature to avoid apple tissue damage from the

heat that may occur using an oven. A program in MATLAB

automatically sorted out resonance points in the frequency range

of 0.1−3 GHz. The experiments were repeated with four apples

under the same protocol. Fig. 7 shows the measured resonant

frequencies during the 38-h experiments. All four datasets show

continuously and monotonically increasing trends of resonant

frequencies during water evaporation. The averaged start and

end reflection coefficients among these four long-term experi-

ments are compared in Fig. 8(a). The error bars indicate standard

deviations. The beginning resonant frequencies were 1.460,

1.457, 1.394, and 1.430 GHz, whereas the end resonant fre-

quencies were 1.974, 1.956, 1.870, and 1.879 GHz, respectively,

as shown in Fig. 8(b). To compare the effective permittivities

of apples during the long-term experiments, simulations were

conducted. The real and imaginary parts of permittivities were

fitted in simulations to match the measured spectral curves

at the selected time points when the weight loss percentages
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Fig. 7. Comparison of resonant frequencies in time during the contin-
uous long-term water content monitoring measurements.

Fig. 8. Comparison of the start and end measurements in four long-
term monitoring experiments. (a) Spectral curves with averaged start
and end frequencies. The error bars are their standard deviations.
(b) Individual resonant frequency changes.

were 0.2%, 0.5%, 2%, 3%, 5%, 10%, and 15%, as well as

at the start and end points of experiments. Fig. 9 shows the

permittivities comparison for the four apples. A trendline was

added to estimate the relationship between the real and imagi-

nary parts of permittivities during dehydration. For fresh apples,

the average real and imaginary parts of complex permittivities

were 28.775 and 9.926. At 1.435 GHz, the average conductivity

calculated from the imaginary permittivity was 0.792 S/m. After

Fig. 9. Permittivity comparison for different weight loss in the four 38-h
experiments.

Fig. 10. Comparison of resonant frequency shift percentages over
time during the continuous long-term measurements.

dehydration, the average real and imaginary parts of permittiv-

ities and conductivity were 9.108, 0.619, and 0.067 S/m. The

permittivities changed more significantly at the beginning of the

experiments. When the initial 0.2% water weight was lost, the

changes in average real and imaginary parts of the permittivity

were 11.213 and 5.605. When another 0.3% of water was lost,

the changes were 0.335 and 0.088. This might be due to the evap-

oration process from the shaved surface. As the water evaporated

from the shaved surface, the fields immediately experienced a

significant change in effective permittivity due to the dried area

at the top. Then, the water inside the apple started to diffuse and

rise from the bottom to the shaved surface area by osmosis. The

water concentration did not change significantly below the dried

area. The effective permittivity changes were slower in time as

the water concentrations redistributed over a large volume more

evenly. The abrupt change of resonant frequencies from 1.435

to 1.446 GHz when 0.2% water was evaporated validated that

the electric fields penetrated sufficiently deep beyond the core,

judging from the dried area, and the sensor should be able to

detect the water content of the whole apple.

For normalized comparison, the resonant frequency at the

beginning of the experiment was used as the baseline, and

frequency shifts in percentage were calculated at other time

points. Fig. 10 shows the measured resonant frequency shift
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Fig. 11. Weight changes during the long-term monitoring experiments.
(a) Actual weight in grams. (b) Weight change percentages.

percentages over time among these four experiments. They have

similar trends with the end frequency shifts of 35.2%, 34.3%,

34.1%, and 31.4%. Fig. 11(a) shows the weights recorded

over time. The apples were prepared with similar weights of

130.3, 129.6, 130.6, and 129.7 g at the beginning. After 38 h

of evaporation, the end weights became 103.5, 105.2, 101.7

and 102.5 g, respectively. Similarly, using the weight at the

beginning as the baseline, weight loss percentages are shown in

Fig. 12. The respective weight loss percentages were −20.57%,

−18.83%, −22.13%, and −20.97% after 38 h. Fig. 12(a) shows

the apple weight as a function of resonant frequency. As both the

resonant frequency and weight change over time appear to be

repeatable with some degree of linearity, it suggests a predictable

relationship between the resonant frequency and apple water

content change, which is the main reason for weight loss. The

weight change percentage as a function of the frequency shift

percentage is compared in Fig. 12(b). All four datasets showed

continuously and monotonically decreasing trends from the

baseline while water evaporated. The relationship indicates the

resonant frequency and water content are highly correlated.

However, there were discrepancies among these four curves.

Apples with the same weight losses yet had slightly different

end resonant frequencies. It could be explained by the effects

of apple shapes and inhomogeneous water evaporation from the

skin-shaved portions. Water loss began first from the shaved part.

Water inside needed to diffuse gradually from deeper parts of

apple tissues to the exposed surface. This procedure was slow

Fig. 12. Comparison of four apples during the long-term experiments.
(a) Weight as a function of resonant frequency. (b) Weight change
percentage as a function of resonant frequency shift percentage.

Fig. 13. Cross-section view of electric field distributions compared with
the water content distributions after water gradually evaporated after
38 h from the top surface where the skin was shaved.

at room temperature because osmosis purely depended on water

balances across cell membranes. As the water left the surface,

more distances were needed for water to travel across multiple

cell membranes or in the extracellular spaces to the top surface

of the tissues to be evaporated. The area of the apple with skin

covered was still fresh after 40 h of evaporation, whereas the part

exposed to air had completely become dry with colors changed.

The apples, through such inhomogeneous evaporation, would

have nonuniform water distributions along the tissue depths,

as illustrated in Fig. 13. The electrical field distributions from

a simulation were overlapped on the gradient illustration of

water distributions. The bottom area where the sensor produced
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Fig. 14. Comparison of dielectric constants measured with a coaxial
probe on the hydrated layer (blue) and dehydrated layer (red) of an
apple.

higher field densities had more water contained because the

water had to diffuse a much longer distance to the top surface

where water evaporated. The effective permittivity experienced

by the resonator was dominated by the volume near the sensor.

With the tuned resonance, deeper field penetration into the apple

covered a larger volume that affected the effective permittivity.

As the fields could reach into more dehydrated areas in the apple,

the effective real part of the permittivity was lower because the

fields interacted with less water, leading to a higher resonant

frequency. The inhomogeneous water evaporation and diffusion

thus created discrepancies at the end of long-term experiments

with larger frequency differences compared with the ones in

the beginning, as shown in Fig. 7. To verify this assumption

of inhomogeneous effects, dielectric properties measurements

were conducted on an apple using a coaxial probe kit (Keysight

N1501 A). The apple was held in the same setup as the one

in Fig. 5 with water evaporation from the skin-shaved surface.

Measurements were conducted at two areas on the same apple.

One was on the shaved part, where dehydrated tissues had been

exposed to air for 41 h. The other area had skin covered during

water evaporation but had its skin shaved right before the probe

measurements. The measured dielectric constants are shown in

Fig. 14. Each dataset with error bars was obtained from three

locations in the same areas. The averaged values showed the

dielectric constants had a slight dependence on frequency within

the 1.4−1.9 GHz range, and the hydrated and dehydrated tissues

had large differences in dielectric constants. It was noted that

pressure on the apple tissues affected the measurement results.

Because the shaved apple surface was not perfectly flat, the probe

was pushed into the tissues with some pressure to make a solid

and stable contact. It could be seen that the probe left a circle

mark after measurements. It was noticed that a little water was

squeezed out from the apple tissues and accumulated around the

probe head. The water inevitably increased the measured dielec-

tric constants. They were higher than the effective permittivities

used in simulations that were obtained from fitting the spectral

curves of the reflection coefficients by our sensor that did not

need to apply pressure on the apple surface to obtain reliable

measurements.

The high contrast of the dielectric constants verified the

assumption about inhomogeneous water evaporation in apples.

The measurements also showed the fields from the tuned res-

onator could radiate sufficiently into the apple to detect the

Fig. 15. Weight changes of five apples during the dehydration process.

water loss in deeper depths. To be noted that the partially shaved

apples in the experiments were for the purpose of accelerating

water evaporation in order to create different water contents. In

actual applications, the measured apples would not have such

a condition. Thus, the discrepancy caused by inhomogeneous

evaporation may probably not be an issue. However, if the

water distributions inside an apple are not uniform, perhaps due

to its shape, growth conditions, such as uneven sun exposure,

insect bites, mechanical damages, or infection that causes wa-

tercore [17], [21], [22], the resonant frequencies on different

locations of an apple may show discrepancies. In such a case,

either an average value should be taken, or the specific apples

should be treated as anomalies for studies. A detailed investiga-

tion of watercore detection will be discussed in a later section.

C. Total Water Content

The total water content could be assessed by extending the

dehydration experiments until the apples were completely dried

out. Thus, the total water content could be related to the initial

resonant frequency. However, the natural water evaporation

process to completely dry out an apple could take several days

or weeks, and apples become rotten, affecting tissue structures.

In addition, the apple curvature and its skin also significantly

changed, creating air gaps between the attached sensor and its

skin. Thus, it is impractical to simply extend the experiment

time.

An experiment was designed specifically to investigate the

correlation between resonant frequency and total water content.

Cooling fans were used to accelerate water evaporation at a

constant room temperature to avoid tissue, surface curvature,

or skin changes from heat. The air circulation also avoided the

risks of rotting. Five fresh Fuji apples with similar shapes were

measured at 0.1−3 GHz and weighed. Each apple was then

cut into five pieces, including four slides and the core. The cut

pieces were organized and labeled into five groups. They were

placed within the air-circulating space with the intention of equal

water evaporation among all groups. Each group was weighted

together and measured at six time points of 24, 42, 90, 112,

136, and 160 h. Fig. 15 shows the weight change percentages

of the five apples during dehydration. After 112 h, the weight

losses became slow, and the weights remained constant after 160
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Fig. 16. Total water content percentage as a function of measured
resonant frequency.

h, which was assumed that the apples were fully dehydrated.

The total water content percentages for these five apples were

measured as 83.97%, 79.41%, 84.44%, 84.51%, and 81.79%,

roughly within the same range studied in the literature [1], [2].

The corresponding measured resonant frequencies prior to the

cutting and dehydration were 1.445, 1.496, 1.338, 1.409, and

1.478 GHz, respectively. Fig. 16 shows the total water con-

tent percentage as a function of resonant frequency. The result

matched with the expectation that a higher water content leads

to a lower resonant frequency because of its higher effective

permittivity

IV. DISCUSSION

A. Physical Shapes

The physical shape and structure of each apple can potentially

affect the resonant frequency, such as the surface curvatures or

its core size. The sensor was designed and fabricated on a flexible

polyimide substrate to conform to the apple skin. Curvature

apples affect the field distributions within the apple, varying

its resonance. Simulations were conducted with different apple

curvature radii in a range of 35−85 mm, mimicking their po-

tential growth stages. Fig. 17 shows the resonant frequencies

in the selected curvature radius range. The resonant frequency

variation is limited to the range of 1.384−1.408 GHz, indicating

the resonator could be reliably used in different apple shapes but

may need calibrations for sizes.

Apple core has less water content and significantly different

dielectric properties from the main tissue. Inside the core, the

seeds surrounded by air decrease the effective permittivity

compared with the moist apple tissues. During the apple water

content experiments in Section III, different measured locations

or apple core sizes would vary the equivalent distance between

the sensor and the core, affecting the effective permittivity

experienced by the fields within the sensing volume. To

investigate the effect, simulations were carried out by placing

an apple core at different depths with respect to the sensor on

the skin. The apple core diameter was selected as 18.59 mm,

which was an average value according to [50], with a distance

Fig. 17. Resonant frequency as a function of curvature radius.

Fig. 18. Resonant frequency as a function of distance between the
apple core and the sensor on its skin.

range of 22.1−23.3 mm to the skin. Because of the deeper field

penetration of the tuned resonator, it was expected that the core

location would affect the resonant frequency. Fig. 18 shows

the resonant frequency as a function of the distance between

the core and the surface. There was a 22.5 MHz shift when the

distance changed from 22.1 to 23.3 mm.

Although both curvatures and core locations lead to limited

resonant frequency shifts of 25 and 22.5 MHz, the combined

effects could explain the resonant frequency discrepancies at

the beginning of the long-term experiments in Fig. 7. Because

of the high sensitivity of the tuned resonance, such effects need

to be considered in practical scenarios.

B. Watercore Detection

Watercore is an internal disorder for apples in which the inter-

cellular spaces are filled with excessive fluid, leading to charac-

teristic translucent tissues [51]. It generally happens around the

vascular bundles [52] and shows as a water-soaked area [53].

Watercore is typically found when apples mature in extreme

temperatures [54], which in turn advance their maturation pe-

riods, as temperature is one of the key factors affecting apple

ripening [55]. High temperature accelerates maturity because
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of the increased respiration rate, enzyme reaction, and starch-

to-sugar conversion in apples. On the other hand, Marlow and

Loescher [51] and Willams and Billingsley [56] reported that

cold temperatures could also affect watercore forming, which

is related to sorbitol metabolism. Farmers with the intention

of speeding up apple’s ripeness specifically meet watercore

cases often. Mildly affected apples were appreciated and sold

at premium prices in some regions due to their sweetness [17],

[25]. However, severe watercore can induce browning [52] and

alcoholic flavors [17] in apples, diminishing their values [22].

Apple watercore occurrence can be high and varies dramatically

by region and season due to different climates. Tomana and

Yamada [57] reported that the quality and sugar contents of Fuji

apples grown in Japan were affected greatly by local tempera-

tures. Zhang et al. [58] reported a study that 52% of purchased

Fuji apples in local fruit markets under U.S. Department of Agri-

culture instructions were identified as watercore samples. Han

et al. [59] reported that in two batches of apple samples collected

at a domestic orchard in China, the mean watercore severity

indexes were 6.11% and 10.2%, whereas the maximum index

values in individual batches reached 18.04% and 34.87% [60]. It

is considered severe when the watercore severity index is higher

than 10%.

It is challenging to visually inspect watercore in apples be-

cause it has no clear external features [60]. The cross-section

view can show the watercore after cutting apples, which is

destructive and costly. Several nondestructive methods for ap-

ple watercore detection have been reported, such as thermal

imaging with infrared signals [61], MRI [19], X-ray computed

tomography [17], and near-infrared hyperspectral imaging [62].

However, these technologies cannot satisfy the demand for

mass samples in industry due to the high costs and being

time-consuming [31]. Our tuned sensor can be used for non-

destructive detection of watercore due to its sensitivity to the

effective permittivity change from watercore. The water-filled

area brings much higher water content than a normal apple,

resulting in a higher effective permittivity [63]. Apples with

known watercore were difficult to find in markets for exper-

iments, thus simulations were conducted to investigate the

feasibility.

In the simulations, a layer of water was added to the apple

models to mimic the watercore. Since watercore typically starts

from vascular bundles and gradually spreads to the whole apple,

the water layer depth was selected at 22.5 mm, the average

distance between the apple core edge to its skin [50]. According

to severity, watercore can be classified into three levels: light,

medium, and strong, with the related damaged tissue proportion

as 17.4%, 47.14%, and 74.53%, respectively [19]. To mimic the

watercore in different levels, water layer thickness varied from

1 to 22 mm in simulations. Fig. 19(a) compares the spectral

curves at the selected thickness, whereas Fig. 19(b) shows the

related resonant frequencies. A 50-MHz frequency shift could

be observed with only 1 mm of the water layer thickness. Also,

the reflection coefficient magnitude changed to −37.3 dB from

−59.5 dB. Resonant frequency continued shifting to 1.14 GHz

as the water layer thickness increased to 22 mm, representing

the strong watercore level. A 290-MHz frequency shift covered

the range from a healthy apple to one with a severe watercore.

A wide frequency range and significant change of the quality

Fig. 19. Comparison of different watercore levels. (a) Spectral shapes
and reflection coefficients with different watercore thicknesses. (b) Res-
onant frequency as a function of watercore thickness.

factor, judging from the spectral shapes, indicated the high

sensitivity of the tuned sensor for the feasibility of detecting

watercore.

C. Additional Application for Vegetables

The tuned flexible sensor could also be used to monitor and

estimate the water content of vegetables. Potato is selected to

demonstrate the concept because it is one of the most significant

vegetable crops globally [64]. Potatoes are widely consumed as

processed into French fries and chips. The massive market of

fried potato chips will reach $33.3 billion globally in 2023 [65].

Although the global production level has increased by 20% since

1990, about 32% of potatoes were lost yearly due to the lack of

proper management, storage, or processing [64], [66]. Water

content is one of the most important parameters affecting the

quality of the product during the drying and frying in potato

processing [67]. For example, knowing water content can adjust

the temperatures of ovens and fryers to produce uniform drying

in potato chip processing, providing better taste. Often, the pota-

toes grown even in the same batch, location, or farm do not have

the same water contents. Frying with a controlled temperature

specific for a certain moisture level can ensure crispiness without

burn marks [68], [69], [70]. The taste and quality of deep-frying

potato chips for different potato cultivars with various moistures

can be optimized with controlled temperatures and timing if the

initial water contents are known [71], [72], [73]. Proper storage
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Fig. 20. Comparison of weight change percentage as a function of
resonant frequency shift percentage for two potatoes during the long-
term monitoring experiments.

will preserve the potatoes’ freshness, preventing spoilage or

shrinkage due to significant water loss [74], [75]. Thus, knowing

the water content of potatoes in real-time and in situ can help

make informed decisions.

Similar to the apple water content assessments, water mea-

surements in potatoes commonly utilize oven-drying or freeze-

drying methods [76], which are destructive. Based on the same

protocol, continuous long-term experiments in Section III were

repeated for potatoes to investigate the feasibility of nondestruc-

tive sensing. The sensor was attached to the potato skin in a simi-

lar way to apples. The sensor locations on two different potatoes

were chosen to be the middle point as the potato was laid flat with

its longer dimension horizontally. The middle point provided a

relatively flat area without eyes or root scabs. One third of the

skin on the top of the potato was shaved to accelerate water

evaporation in an air-circulation space. Reflection coefficients

were recorded at each minute by the VNA for 20 h. The initial

resonant frequency was used as the baseline, and frequency

shifts in percentage were calculated at later time points. The

weights of the potatoes were recorded at the same rate by an

electronic scale. The weight change percentages were calculated

with the initial weight as the baseline. Similar to Fig. 12, the

weight loss percentage as a function of resonant frequency

shift percentage is shown in Fig. 20. The curves indicated a

stable relationship between the water content loss and resonant

frequency, validating the feasibility of sensing water content in

potatoes.

V. CONCLUSION

In this work, we demonstrated a tuned planar flexible mi-

crowave resonator that can conform to the fruit skin to measure

and continuously monitor the water content nondestructively.

The resonant frequency of the sensor is susceptible to dielectric

property changes due to water content variations. The high-

quality factor resonance in the tuned loop provides wider and

deeper electromagnetic field distributions into the fruit tissues,

ensuring a high sensitivity to water changes. Apples are chosen

for the demonstration of feasibility. Measurements and simula-

tions were conducted to validate the feasibility of noninvasive

sensing. Multiple experiments, including continuous long-term

water content monitoring and total water content assessment,

have been conducted to validate the principle. Discrepancies

among measurements are investigated. The effects from in-

homogeneous water evaporation in experiments, apple surface

curvatures, and core locations are shown to contribute to the

measurement fluctuations. Multiple measurements on apples

show distinct and repeatable trends of resonant frequency shift-

ing from hydrated to dehydrated states. Watercore detection

was investigated and verified by a series of simulations. The

demonstrations with potatoes additionally show the feasibility

of water-sensing applications of vegetables. With the advantages

of being planar, low-cost, flexible, highly sensitive, and the ca-

pability to be integrated with IoT electronics, the nondestructive

water-content sensors show great potential for applications in

the agriculture and food industry.

Since this work is in the stage of concept validation, we

temporarily rely on a VNA to power the sensor and collect

the data, ensuring that we can validate the sensing concept

with needed high accuracy and reliability. Moving forward, the

complete product will operate independently with active ele-

ments such as microprocessors and power management circuits

to keep costs low. Alternatively, the sensor can be fabricated

based on RFID technology, allowing for battery-free operation.

In this configuration, a separate reader can organize and col-

lect data from numerous sensors over large agricultural areas,

supporting massive sensor deployment in extensive farming

operations.
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