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Featured Application

Generally, for measuring soil moisture and, in particular, for the correct sizing of very low
enthalpy geothermal energy facilities.

Abstract

Measuring soil moisture is crucial for optimizing agricultural irrigation, but also, from an
energy efficiency standpoint, for the proper design of very-low-enthalpy geothermal energy
(VLEGE) facilities. VLEGE represents a renewable energy resource with great potential
for residential and industrial applications, as it can provide heating and cooling with high
energy efficiency and minimal environmental impact. Soil moisture plays a decisive role in
the thermal performance of VLEGE facilities, where small variations in water content can
significantly alter the thermal conductivity of the soil and, consequently, the efficiency of
their horizontal heat exchangers. This paper presents a low-cost capacitive soil moisture
sensor featuring optimized interdigitated electrodes and a controlled dielectric coating that
ensures mechanical and electrical stability in subsurface environments. The novelty of
this work lies in the validated integration of optimized IDE design, dielectric protection,
embedded capacitance acquisition, and gravimetric calibration into a low-cost soil water
content measurement device for environmental, agricultural, and VLEGE applications. The
developed system converts capacitance variations into direct estimates of soil water content
through an integrated microcontroller-based signal-conditioning stage. The developed
device is robust, reliable, and readily reproducible. Furthermore, given its low cost (around
€50 if manufactured manually; mass-produced it would be much cheaper) and its excellent
sensitivity and precision, it is ideal for setting up continuous monitoring networks, even for
domestic applications, both in VLEGE installations and in other application domains, such
as agriculture and environmental monitoring, where soil moisture measurement is a crucial
parameter. This work contributes to the development of more efficient and accessible
solutions for harnessing geothermal energy, particularly in installations where dynamic
tracking of soil moisture is essential to ensure stable long-term performance.

Keywords: soil moisture measurement; very-low-enthalpy geothermal energy (VLEGE);
capacitive sensor; gravimetric method; interdigitated electrodes (IDE); capacitive sensors
conditioning
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1. Introduction

From an agricultural standpoint, measuring soil moisture has many applications, such
as optimizing irrigation (helping to determine its frequency and duration), efficient resource
management (responsible use of water), reducing environmental impact (by reducing
fertilizer and nutrient leaching), monitoring the water status of crops, preventing salinity,
etc. From an energy efficiency standpoint, measuring soil moisture is essential for the
optimal design of very-low-enthalpy geothermal energy (VLEGE) facilities. Since VLEGE
accumulates at shallow depths, a few meters below the ground, the facilities to exploit it
are usually placed horizontally, taking different forms and always trying to have the largest
possible surface area in contact with the ground [1]. The size of these installations, their
collectors, is determined by the amount of heat they are capable of exchanging with the
ground, which depends on the composition of the soil, its degree of compaction, moisture
content, and, of course, depth [1]. The first three variables characterize what is known as
the thermal diffusivity of soil, while the last variable, depth, provides the soil temperature,
which is well characterized, since its variation curve from the surface to the interior of the
soil is generally known and, furthermore, for practical purposes, at a depth of 10 m, the soil
is at around the average annual temperature of the surface at that location [1]. Once the soil
temperature at the depth where the VLEGE installation is to be carried out is known, the
key to designing the installation is to know the thermal diffusivity at that depth, i.e., the
speed at which heat spreads through the ground, indicating its ability to conduct thermal
energy in relation to its ability to store it [1]. Therefore, for a given soil, thermal diffusivity
depends, in practice, on its moisture content, which is why measuring it is so important.

VLEGE is an excellent and renewable way to provide thermal comfort in buildings [2],
which can contribute to energy independence and environmental sustainability.

In the study of soil water retention, hygroscopic behavior plays a central role, partic-
ularly in fine-textured soils such as silts and clays, whose smaller particle size leads to a
larger specific surface area and thus greater water-holding capacity. This larger surface
area allows interaction with more water molecules and the retention of significant water
volumes. Soil texture [3] is therefore a key factor in water retention. However, water
retention does not depend solely on soil particle size; its structure, with stable aggregates
and interconnected pores, also influences both the infiltration and storage of water within
the soil profile.

As highlighted by [4], a proper understanding of these processes requires consideration
of soil composition, which includes primary and secondary minerals and organic matter,
and determines the Cation Exchange Capacity (CEC) [5], defined as the surface-area-to-
mass ratio of soil particles (m?/g). Specific surface area, mainly associated with soil colloids
(clay and organic matter), has a direct effect on water retention: higher specific surface
area leads to higher CEC and increased water-holding capacity. This property is not solely
controlled by particle-size distribution or soil compaction, which explains its variability
among soils. Mineralogical composition, including minerals such as micas and expansive
clays, also plays an important role due to their pronounced hygroscopic behavior.

The depth at which soil measurements are taken is another critical aspect [6]. As
depth increases, substantial changes occur in the physical and chemical properties of
the soil [7]. Surface layers typically contain more organic matter and higher biological
activity, which enhance water retention and have important implications for agriculture
and forestry. Appropriate selection of sampling depth and rooting depth can improve
nutrient uptake and increase crop productivity. At greater depths, however, the presence of
specific minerals and higher compaction can lead to denser, less porous structures, reducing
infiltration and limiting the availability of water and nutrients to plant roots.

https://doi.org/10.3390/ electronics15071453


https://doi.org/10.3390/electronics15071453

Electronics 2026, 15, 1453

3 0f 31

Measurement and calibration of soil water content (SWC) are fundamental for hydro-
logical, climatological, environmental and ecohydrological studies [8]. In hydrology, SWC
affects the water cycle by controlling processes such as runoff and infiltration [9], as well
as subsurface flows such as interflow [10] and groundwater recharge [11]. In the climate
system, SWC is a key variable governing the exchange of water and energy between the
land surface and the atmosphere, with a strong influence on evapotranspiration [12].

Understanding the temporal and spatial behavior of SWC is therefore essential for a
wide range of investigations. Although several methods exist for measuring soil moisture,
gravimetric analysis and oven-drying [13] remain reference techniques due to their sim-
plicity, directness and accuracy. However, they are laborious and slow, which makes them
unsuitable for real-time continuous monitoring.

To overcome these limitations, SWC can be inferred from the dielectric constant [14],
an electrical property related to the ability of the soil to store and transmit electrical energy.
Accurate measurement of this property enables reliable estimation of soil moisture, which
is crucial for assessing water availability for plants, understanding hydrological behavior
and supporting the design of VLEGE systems.

In this context, capacitive sensors [15] have been proposed as an effective alternative for
SWC measurement. These devices operate through an electrical circuit that detects changes
in capacitance C of the surrounding medium, which are directly related to variations
in its dielectric constant. As a result, capacitive sensors are widely used for soil water
monitoring [16], which is particularly important in VLEGE applications where soil moisture
controls steady-state heat transfer in porous media [17]. This property is influenced by
multiple factors, including degree of saturation, dry density, soil mineralogy, particle size
and effective soil volume [18-20]. In this sense, soil water content not only affects hydraulic
and dielectric properties but also plays a key role in the efficiency of geothermal heat
exchangers [21].

Recent literature confirms that capacitive soil moisture sensing remains an active
research field, particularly for low-cost environmental monitoring applications. For ex-
ample, [16] evaluated the performance of capacitive soil moisture sensors under field
conditions, highlighting the influence of soil properties and environmental variability on
sensor response. Similarly, [22] proposed an integrated capacitive sensing platform for
rapid soil moisture detection in field environments. These studies demonstrate the rele-
vance of capacitance-based sensing approaches while also indicating the need for robust,
low-cost devices capable of operating reliably in real soil conditions. More specifically,
recent work has confirmed the continued interest in interdigitated-electrode (IDE)-based
capacitive architectures for soil-moisture sensing, while analytical studies have shown that
IDE capacitance is strongly affected by electrode geometry, multilayer dielectric structure,
and surrounding media [22,23].

In addition, recent calibration studies on low-cost capacitive soil moisture sensors have
highlighted that acceptable accuracy can be achieved only after appropriate sensor-specific
or batch-specific calibration, and that comparison with commercial or reference instruments
remains essential to position a new design in terms of cost, accuracy, and applicability [24].
For this reason, the present manuscript explicitly addresses not only sensor design, but also
practical calibration, repeatability, and the intended deployment context.

The novelty of this work does not lie in the generic use of capacitive sensing or IDE
topologies, both of which are well established in the literature [16,22], but in the develop-
ment and validation of a buried, low-cost, field-deployable soil water content (SWC) sensing
system that combines: (i) an IDE geometry designed to maximize the practical dynamic
capacitance range between dry and saturated soil conditions, (ii) a controlled dielectric pro-
tection strategy suitable for subsurface operation, (iii) an integrated microcontroller-based
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signal-conditioning stage for direct capacitance acquisition, (iv) a gravimetric calibration
campaign conducted under controlled conditions, and (v) an application-oriented analysis
focused on environmental monitoring, irrigation support, and VLEGE systems.

The resulting device is particularly suitable for field studies and resource-constrained
environments, such as small-scale agricultural settings [25-30] and domestic VLEGE heat-
exchange installations [31-34], where a dense network of low-cost sensors may be preferable
to a limited number of high-cost instruments.

To make this contribution explicit, the manuscript first presents the physical basis of
capacitance-based SWC measurement and its practical limitations, then details the sen-
sor geometry, protection strategy, and conditioning electronics, and finally reports the
gravimetric calibration procedure, the repeatability observed among professionally manu-
factured sensors, and the implications of the proposed device for distributed monitoring
and VLEGE applications.

The remainder of the manuscript is organized as follows. Section 2 presents the theo-
retical background and the materials used. Section 3 describes sensor development, signal
conditioning, and calibration. Section 4 discusses the results, and Section 5 summarizes the
main conclusions.

2. Materials and Methods
2.1. Theoretical Foundations

As is well known, dielectric permittivity (¢) measures a material’s ability to become
polarized in the presence of an electric field. The permittivity of vacuum (gp) is a physical
constant with an approximate value of 8.854 x 10~'2 F/m, which is used as a baseline
permittivity, so that for any material, its relative permittivity (e,) is used, that is, its permit-
tivity with respect to that of a vacuum: ¢, = £/¢p. Permittivity is related to capacitance in
capacitors, where high permittivity allows more charge to be stored [35]. Figure 1 shows a
capacitor in its simplest form. It is a flat capacitor, consisting of two parallel plates of area A
separated by a distance L and filled with a dielectric characterized by its permittivity e. The
capacitance of an ideal flat capacitor (perfectly aligned parallel plates and homogeneous
dielectric) is given by Equation (1).

A
C= erf0 1)

parallel-plate

(4) Spacing (L)

;
T

homogeneous
medium

(a) (b)

Figure 1. (a) Schematic of ideal flat capacitor filled with homogeneous medium. (b) Equivalent circuit.
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The capacitance of soil to store electrical charge can be described by a capacitor model
(the circuit in Figure 1 is used only as an approximation) in which the amount of stored charge
depends on the applied potential difference and the dielectric properties of the soil in which
the potential difference is applied. Taking Equation (1) into account, for given condenser
dimensions, the capacitance of soil will be significantly influenced by its permittivity, which
will depend fundamentally on its composition, density, and presence of water [36].

When analyzing the behavior of dielectric materials under time-varying electric fields,
it can be observed that the relative permittivity is a complex quantity (2), whose imaginary
part £;, known as the loss factor, measures the amount of energy that the material dissipates
in the form of heat due to the friction of molecular dipoles as they attempt to follow the
electric field, while its real part ¢} represents the material’s capacity to store electrical energy
through polarization [37]. ¢, is not a fixed constant, but varies with the frequency (w) of the
applied field [38].

er = € — jer )

According to [39], the relationship between capacitance (C), resistance (R), and relative
permittivity at angular frequency w for a flat capacitor such as the one in Figure 1 can be
expressed as (3) and (4).
ehegA

C=-—7 ©)
R= @
& e0Aw

The ratio between ¢, and ¢, known as the loss tangent (tan J), is expressed by Equation (5).
tand = zTr (5)

r
By solving ¢, and ¢; from (3) and (4), respectively, the loss tangent is obtained by (6).

tand =

RoC (6)

In principle, because L and A cancel out in (5), the measurement of tan ¢ in parallel-
plate capacitors would appear to be independent of geometry. However, ref. [40] demon-
strated that is only an idealization, since the presence of blocking layers in the plates
introduces an additional capacitance in series (Figure 2). This boundary layer capacitance
depends directly on the plate separation L, thereby influencing the tan § measurements and
making them geometry-dependent, and for this reason, other optimized geometries are
used, as is done in this work.

Cb

Figure 2. Equivalent circuit that includes blocking layers.
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In Figure 2, C;, is the capacitance associated with the blocking layers with a thickness
of 2bl.

Considering this additional capacitance and the fact that, as reported in several stud-
ies [8,41], the imaginary part of &, is employed to estimate soil water content, it can be
stated that the electrical conductivity (¢) is the only contribution to ¢, that can be expressed

by (7).
R/ . U 1"
]81’ = ] (80(4] + 8r,rgl ) (7)

'r' vel denotes the loss due to dielectric relaxation.

In summary, analyzing Equations (3) and (4), a high permittivity of the soil indicates a

In this expression, ¢

high water content. This is because water has a large ¢, (=80.4 at 25 °C), as water molecules
are interconnected through hydrogen bonds (H-bonds) [42,43]. As a result, capacitance
in (3) increases or resistance in (4) decreases.

Soil permittivity is a complex dielectric parameter, as its composition (mixture of
solids, water, and air) varies even in nearby soil portions. However, moisture will always
be the dominant factor, since for water ¢, ~ 80.4, whereas for air and solids it ranges
between 1 and 5. Based on this and in accordance with [44], the estimation of volumetric
water content () from capacitance is justified by the proportionality between C and the
permittivity of the soil, which is usually referred to as the effective permittivity of the
soil &,¢r. Thus, an optimized measurement of C (the focus of this work) allows ¢,¢¢ to
be derived, which is then used to calculate 8, using Equation (8). Therefore, the chained
relationship C — €,¢¢ — 6, constitutes the physical basis for estimating soil moisture from
capacitance measurements.

0, = —5.3-1072 +2.92.10 %¢,¢f — 5.5-10 %2, , +4.3-10 %3 (8)
ff eff eff

It is important to note that the relationship in Equation (8) is empirical and was derived
for mineral soils with low salinity. Although the physical basis of capacitance-based SWC
sensing is well established, the practical response of a buried capacitive sensor is affected
by several factors beyond moisture alone. Previous studies have shown that soil-dependent
behavior remains relevant even for integrated capacitive devices, since the response may
vary with soil group, material selection, and device-specific calibration conditions [22].
Likewise, field-oriented studies on capacitive sensors based on Printed Circuit Board (PCB)
have highlighted the need for local calibration and careful interpretation of sensor output
under real environmental conditions [16]. Therefore, soil texture, mineral composition, tem-
perature, salinity, electrical conductivity, and encapsulation layers should all be regarded as
factors capable of modifying the effective dielectric environment sensed by the capacitive
sensor [16,45].

For this reason, the capacitance-to-SWC relationship should not be interpreted as uni-
versal. Instead, it must be obtained through calibration for the specific sensor architecture
and, ideally, for the soil and environmental conditions of interest, as also emphasized in
recent studies on low-cost capacitive sensing [24].

According to the study conducted so far, there is a clear correlation between the
capacitance of a capacitor that uses soil as a dielectric and the moisture it contains. From
this point onwards, in order to measure this moisture, it is important to manufacture a
device that has a wide range of capacitance variation between zero moisture (absolutely
dry air or soil) and maximum moisture (water or waterlogged soil). As is well known, to
achieve greater capacity in a capacitor connection, the capacitors must be connected in
parallel. This is the principle behind the design known as interdigitated electrodes (IDE).
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Interdigital capacitors (IDEs) are quasi-planar devices consisting of interdigitated
metallic electrodes arranged in a comb-like geometry on a dielectric substrate (Figure 3).
This structure generates a fringing electric field, enabling high sensitivity to variations in the
permittivity of surrounding materials. Since the 1970s, IDEs have been widely applied in
microwave systems, dielectric characterization, and material sensing, providing a compact
and accurate alternative to conventional capacitors [23].

Dielectric Substrate

Electrode A

Electrode B

Figure 3. Schematic representation of an interdigital capacitor (IDE) consisting of two interdig-
itated metallic electrodes (Electrode A and Electrode B) arranged in a comb-like geometry on a
dielectric substrate.

Capacitance can be significantly enhanced through electrode geometry optimization,
facilitating the development of high-sensitivity thin-film sensors [46]. IDEs fabricated via
DC magnetron sputtering have also proven effective for measuring the permittivity of
crude oil, highlighting their relevance in industrial monitoring and characterization of
complex materials [47]. In addition, the use of anisotropic coatings, such as nematic liquid
crystals, has extended their application to high-precision electromagnetic sensing [48].

Recent advances include the integration of IDEs on flexible substrates, enabling new
device architectures such as capacitive tactile sensors adaptable to various industrial
environments [49]. While predominantly used in industry, IDEs also show potential
in agricultural applications, particularly for the dielectric characterization of soils and
biomaterials. In this context, their capacitance is particularly sensitive to variations in the
permittivity in soil media, making them well suited for soil moisture sensing. These devices
typically operate within a frequency range from 10 Hz to 100 kHz, and their calibration
depends on key geometric parameters such as electrode spacing and area.

The capacitance of an IDE sensor, such as the one shown in Figure 3, can be expressed
by Equation (9) [46—48]:

= (k)

t
+2&,— )

<
C=(n—1)Heg | (e + &) L

where 7 is the number of electrodes, H, w, and t denote the effective length, width, and
thickness of the electrode, respectively, while L represents the spacing between them. In
addition, gy the permittivity of vacuum (8.854 x 10712 F/m), ¢, is the relative permittivity
of the surrounding medium, and & is that of the substrate on which the electrodes are
placed. The function K(x) corresponds to the complete elliptic integral of the first kind
evaluated at x.

The first term in Equation (9) describes the capacitive contribution associated with the
coplanar configuration of the electrodes, i.e., the coupling due to the fringing field. The
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second term (2¢,t/L) represents the contribution analogous to a parallel-plate capacitor, ac-
counting for the electrode thickness; in practice, this term is generally negligible compared
to the first in this type of structure.

In practical terms, and focusing on the objective of this work, IDE geometry can be
used to maximize sensitivity and dynamic range; however, the resulting sensor must still
be experimentally characterized and calibrated under controlled conditions before being
used as a quantitative SWC measuring device.

2.2. Equipment and Materials Used

This research work involves a large number of measurements, data acquisition, sensor
conditioning, and calibration procedures, requiring the use of various instruments and
equipment, which are summarized in Table 1. All the equipment listed in Table 1 is
professional and commercial grade, meaning it has been tested, calibrated, and guarantees
quality and reliability in use, so it can be used as a reference for the performance of the
developed sensor. Throughout this document and following the order in Table 1, they will
be referred to as capacitance meter, precision balance, moisture meter, controlled oven, and
load cell. Table 1 also lists the characteristics of the resin used (referred to in the text as
epoxy resin) to coat the sensors developed.

Table 1. Equipment used in all tasks performed.

Equipment

Specifications

Handheld LCR meter (U1731C,

Keysight Technologies, Santa Rosa,
CA, USA)

Capacitance Range

20 pF-20 mF

Capacitance resolution

0.001 pF (20 pF)-0.001 mF (20 mF)

Test frequencies

100 Hz, 120 Hz, and 1 kHz

Resolution 20,000 counts
Accuracy 0.2%
Resistance range 2 0200 MQ)
Resistance resolution 0.0001 Q2 (2 2)-0.01 MQ) (200 MOY)
Precision balance (PFB series, KERN  Readability 0.001g
& SOHN GmbH, Balingen, Germany) Weighing range (max.) 300 g
o
\
Reproducibility 0.002 g
Linearity +0.005 g
Settling time (typical) 3s

Operating temperature

+5°C to +35 °C
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Table 1. Cont.

Equipment Specifications
TDR soil moisture meter (TDR 150,  Accuracy 2%3’0% VWC (Volumetric Water
Spectrum Technologies Inc., Aurora, ontent)
IL, USA) Range Up to 98.3% depending on soil type
Temperature —30°Cto60°C
Resolution 0.1% VWC
Data Logger 45,000 to 61,000 Measurements

Measurement Principle

Time Domain Reflectometry (TDR)

Connectivity

USB Type A, Bluetooth Low Energy

Controlled oven (F-608, FM
Calefacciéon S.L., Lucena, Cérdoba,
Spain)

o

Electrical power

1400 W

Maximum temperature

85°C

Weight

42 kg

Supply voltage

230 V-50/60 Hz

Internal dimensions

Front x side x height = 610 x 645 X
975

External dimensions

Front x side x height = 820 x 700 x
975

Sound pressure level Less than 70 dB
Load cell (F4801, Soehnle Force direction Compression
Professional, Backnang, Eermany Rated force/Rated load 10 kg
<
Relative linearity error £0.02%
Output signal 20+0.02mV/V
Sensitivity +0.02¢g

Electrical connection

Cable output, free wires

Load cell (MP100, DecoArt, Ciudad  Flexural strength 8.55 kg/cm?
de México, Mexico) Compressive strength 8.17 kg/cm?
Tension 5.43 kg/cm?

Adhesion resistance 109 kg/cm?
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Table 1. Cont.

Equipment Specifications
HDT °C 58.0
Hardness, M scale 48.0
Water absorption % 0.145

3. Results
3.1. Sensor Development

Based on the previous theoretical considerations, the sensor prototypes were devel-
oped and experimentally evaluated. The operating principle of the proposed sensor is
based on the dielectric interaction between the electric field generated by the electrodes and
the porous soil medium, whose effective permittivity depends on the volumetric fractions
of water, air, and minerals. In this context, the capacitance C can be expressed in general
terms according to Equation (9), where the relationship among its geometric parameters
provides the physical basis for the proposed sensor design.

Numerous prototypes with different shapes and configurations were developed in our
laboratory. Figure 4a illustrates the geometric disparities between some of the developed
sensors, revealing limitations present in certain designs, particularly the lack of a sufficiently
large contacting surface between electrodes. This deficiency affected the distribution of
the electric field within the soil and compromised the accuracy of moisture measurements.
Nevertheless, the less efficient designs were essential for identifying the best configura-
tion developed in this work, which is shown in Figure 4b. This chosen sensor, selected
after multiple empirical tests, was fabricated in our laboratory using photolithographic
techniques to obtain the PCB.

From a design standpoint, the selected geometry was not chosen arbitrarily. Electrode
width, spacing, number of fingers, and active length were progressively refined in order
to maximize the effective interaction volume between the fringing electric field and the
surrounding soil while preserving mechanical robustness of the PCB and manufacturability
with standard photolithographic processes. In particular, the 0.75 mm spacing was adopted
as a compromise between higher sensitivity, reduced risk of manufacturing defects, and
sufficient dielectric penetration into the porous medium. The final layout therefore reflects
an optimization strategy focused on enhancing the sensor response to soil moisture varia-
tions under practical subsurface conditions, while maintaining fabrication feasibility and
structural robustness, rather than merely maximizing nominal capacitance from geometric

considerations alone.

(a) (b)

Figure 4. (a) Different sensors developed; (b) Selected sensor.
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Figure 4b shows an IDE capacitor geometry that provides effective coupling with
the surrounding dielectric medium, increasing the sensor’s sensitivity to changes in soil
moisture [50]. In addition, the tapered end of the design facilitates its natural insertion into
the soil, without the need for specialized tools.

The design of the selected sensor, shown in Figure 4b, is presented in detail in Figure 5.
It consists of 76 copper electrodes 1 mm wide and 32.5 mm long, separated by 0.75 mm.
The thickness of the copper electrodes is 35 pm.

For calculation purposes, an effective electrode length of 33.5 mm was adopted. This
is because each electrode forms an additional capacitor with a plate length of 1 mm,
alternating with one of the copper tracks that runs across the entire substrate. See the area
highlighted in blue in Figure 5 as an example.

N

9.06

40
32.5

2.25

0.75 1 15

135 Opposing area
150

Figure 5. Detailed geometry of the selected sensor. All dimensions are given in mm.

Thus, with the above parameters, the IDE capacitance based on Equation (9) yields by
Equation (10).
C = 22.246[1.9682 (¢, + €5) + 0.0933¢,| (pF) (10)

Using three reference media with markedly different dielectric constants: dry air
(e, = 1), water (¢, = 80.4) and isopropyl alcohol C3HgO (¢, = 19.9), respectively, the
theoretical capacitance values shown in Table 2 are obtained using (10).

Table 2 provides the theoretical capacitance values for the cases &; = 4.5 and & = ¢,. In
the developed device, the substrate on which the electrodes are deposited consists of a thin
1.6 mm FR-4 sheet, with a typical relative dielectric constant of &; = 4.5. As will be described
later, our experimental procedure involved immersing the sensor in different media. Under
these conditions, the actual substrate can be considered as composed of two materials: the
thin FR-4 sheet and the test medium itself, whose influence may be predominant due to its
larger volume. For this reason, it seems reasonable to present both reference values.

Table 2. Theoretical capacitance values of the sensor in the three-dielectric media (air, isopropyl
alcohol and water), by applying (10) for es = 4.5 and & = ¢;.

Dielectric Calculate Calculate
Medium Capacitance (pF)  Capacitance (pF)
Constant (g;)
(es =4.5) (es = &)
Air 1 2429 89.6
Isopropyl alcohol (25 °C) 19.9 1109.6 1783.9
Water (25 °C) 80.4 3884.2 7207.4
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Five identical sensors (prototypes 2001-2005) were manufactured in our laboratory
(Figure 6) in order to evaluate both the suitability of the design and its repeatability in
measurement, bearing in mind, however, that the manual manufacturing process may
lead to variations in results, even in sensors with nominally identical dimensions, due to
differences in development time or exposure to the chemical etcher.

Figure 6. Image of the five manually manufactured capacitive soil moisture sensors (prototypes
2.001-2.005).

To compare the theoretical capacitances of Table 2, the capacity of the five IDE sensors
developed was measured using the capacitance meter (Table 1) in the same three different
media (dry air, isopropyl alcohol and water), as shown in Figure 7.

(b)

Figure 7. Characterization of the capacitive soil moisture sensor in: (a) air, (b) isopropyl alcohol and
(c) water.

Theoretically speaking, based on Equation (10), the five sensors manufactured should
have the same capacity when measuring in the same medium. However, in practice, as will
be seen, although they are similar, they are not exactly the same. This can be verified in
Table 3. There is a clear difference in capacitance between the three media tested, confirming
the proper functioning of the 5 sensors and their sensitivity to the dielectric properties of
the three different fluids.

Table 3 shows that a baseline capacitance (minimum possible capacity) was obtained
in the dry air. This measurement serves as a reference for evaluating the sensitivity of the
sensor when the dielectric is a different medium. Thus, when the sensor was immersed
in water, a pronounced increase in capacitance was observed, attributable to the high e,
of water (approximately 80.4 at 25 °C), which leads to greater charge accumulation be-
tween the electrodes. The ratio 8005 < (AC = Cyater — Cpir = (3) — (1)) < 8800 in Table 3
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provides a direct indication of the sensor’s sensitivity to media with high permittivity.
The capacitance measured in isopropyl alcohol was intermediate between that of air and
water, which is consistent with its dielectric constant (approximately 19.9 at 25 °C), consid-
erably lower than that of water but much higher than that of air. In this case, the ratio is
1709 < (AC = Cisopropyl alcolol — Cair = (2) — (1)) < 1760.

Table 3. Capacitance values of the 5 manually manufactured sensors in the three-dielectric media
(dry air, isopropyl alcohol and water).

Sensor Dry Air Isopropyl Alcohol = Water Capacit

Prototype Capacitr};' (pP) (1) CaF;)acl;Zy (pP) (2) (pF) (g) 7 oac PH=@ -1 ACEH=06) -0
2.001 102.58 1812 8108 1709.42 8005.42
2.002 103.98 1819 8166 1715.02 8062.02
2.003 105.56 1836 8604 1730.44 8498.44
2.004 105.92 1856 8840 1750.08 8734.08
2.005 105.97 1865 8903 1759.03 8797.03

The comparison between the theoretical capacitance values for & = ¢, (Table 2) and the
average of the measured values reported in Table 3 is presented in Table 4, where reasonably
acceptable differences (between 3% and 15%, with respect to column II, which demonstrates
that when they are submerged in the medium, & = ¢,) taking into account that Equation
(10) corresponds to a purely theoretical model with a certain degree of idealization. In
practice, it is difficult to ensure both dimensional accuracy and material homogeneity in
IDE devices, especially when they are fabricated using photolithographic processes with
chemical etching.

Table 4. Calculated results of the theoretical capacitance (Table 2), and the results of the measured
capacitance (Table 3).

Average of Five Calculate Calculate
Sensor Prototypes  Capacitance (pF)  Capacitance (pF)
(2.001-2.005) (es=4.5 () (es = &) D
Dry air capacity (pF) 104.8 2429 89.6
Isopropyl alcohol capacity (pF) 1837.6 1109.6 1783.9
Water capacity (pF) 8524.2 3884.2 72074

Thus, the main design criterion was not the maximization of analytically predicted
capacitance itself, but rather the attainment of a sufficiently wide experimental dynamic
range that could be maintained after the incorporation of the protective layers required
for buried operation. This approach guided the progressive refinement of the sensor, from
manually fabricated prototypes to the final professionally manufactured and encapsulated
version intended for field deployment.

These initial results confirm the proper functioning of the designed capacitive sensor
type and its ability to discriminate between media with different dielectric properties.
However, outside the laboratory, direct and prolonged exposure of the device to harsh
conditions, such as high moisture, thermal fluctuations, dissolved salts and aggressive
chemicals naturally present in soils, as occurs in agricultural or geothermal applications, can
cause both physical and electrochemical degradation processes that severely compromise
measurement accuracy or even the integrity of the sensor itself [51]. For this reason, resin
encapsulation emerges as an effective strategy for enhancing the durability and electrical
stability of the developed sensors [52]. After considering several encapsulation options
for the moisture sensor, and in light of the findings reported in [53], a polyester resin was
initially selected. This option was later discarded, since it was observed that it absorbed
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moisture, had poor adhesion to the PCB during curing, and even caused board deformation.
From that point on, different epoxy resins were evaluated as encapsulation alternatives.
In particular, DECOART® epoxy resin (referred to simply as “epoxy resin” in the rest of
the article) was employed due to its thermosetting structure, as indicated in its technical
datasheet [54]. It also acts as a highly effective dielectric and chemical barrier, significantly
reducing water permeability and limiting the diffusion of potentially corrosive ions to
sensitive areas of the circuit.

As expected, epoxy encapsulation affects the sensitivity of the sensor to changes in
moisture, decreasing it as the coating thickness increases. Table 5 shows this effect for
three of the five developed sensors (2.002, 2.003 and 2.004), for which different epoxy-resin
deposits were applied. In the revised analysis, the encapsulation layer is described in terms
of coating thickness, since this parameter is more appropriate than mass for discussing its
influence on dielectric behavior and sensor response. The coating thicknesses considered for
sensors 2.002, 2.003 and 2.004 were 1.44 mm, 0.76 mm and 0.30 mm, respectively. Tests were
carried out (Figure 8) until the minimum coating that still provided adequate protection
was reached; under these experimental conditions, this lower bound corresponded to
approximately 0.30 mm (about 4 g of resin). Lower thicknesses produced a very thin layer
that could easily deteriorate with minimal friction.

Table 5. Capacitance values of the sensor for models Sensor 2.002, Sensor 2.003 and Sensor 2.004
depending on the weight of epoxy resin uniformly deposited: 20, 10 and 4 g.

Sensor Model Air Capacity (pF) (1) Water Capacity (pF) 3) AC(pF)=3) - @)

Sensor 2.002 (~1.44 mm
coating thickness ~20 g)
Sensor 2.003 (=0.76 mm
coating thickness ~10 g)
Sensor 2.004 (~0.30 mm
coating thickness ~4 g)

151.08 153.56 2.48

148.88 156.44 7.56

115.75 435.40 319.65

The 2.002 model sensor in Figure 8a, which incorporated the largest coating thickness
(1.44 mm), exhibited an almost negligible response to variations in soil moisture (AC = 2.48),
indicating a detrimental effect on its performance. Sensor model 2.003, Figure 8b, with an
intermediate coating thickness of 0.76 mm, showed a similar response despite the reduction
(AC = 7.56), suggesting that even this amount remains excessive and has a very negative
effect on the sensitivity of the sensor. In contrast, sensor model 2.004, Figure 8c, with a
coating thickness of 0.30 mm, showed sensitivity (AC = 319.65) that could be considered
acceptable. An example of the measurements taken with the capacitance meter is shown in
Figure 9.

iy |

JU.‘ )
gaaeaa

(b)

Figure 8. Sensors used in the encapsulation-thickness study: (a) Model 2.002, coating thickness of
1.44 mm (20.28 g of resin); (b) Model 2.003, coating thickness of 0.76 mm (10.74 g of resin); (c) Model
2.004, coating thickness of 0.30 mm (4.17 g of resin).
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Figure 9. Model sensor 2.004: (a) Tests in dry air. (b) Tests in water.

Having achieved the best performance in the laboratory with manual procedures, the
next phase of sensor development consisted of giving it a professional finish and quality.
To this end, a specialized company was commissioned to manufacture 5 sensors similar
to those developed in the laboratory (those shown so far in the article). These sensors are
factory-coated with a layer of aliphatic epoxy resin (AER), as shown in Figure 10, in order
to provide high resistance to weathering and prevent electrochemical migration (ECM), as
indicated in [55]. The price to pay for incorporating this protective coating into the sensor
is the introduction of a new dielectric into the electric field of the IDE, which modifies the
total capacitance of the sensor. This is influenced by the ¢, of the AER, which ranges from
3.3 to 4.6, and the thickness of the AER coating, which is approximately 25 pm.

Once again, professionally manufactured sensors were measured in the same media as
in the previous section, using the capacitance meter (Figure 11). The results are presented
in Table 6.

Although the AER coating provides protection against adverse environmental con-
ditions, the sensor is subject to friction from sand, stones, etc., in the soil; therefore, this
protection is not sufficient, as its deterioration can lead to corrosion of the conductive tracks,
compromising the long-term proper functioning of the sensor. For this reason, an additional
encapsulation layer was implemented to protect the sensor from the environment, which
has proven to offer adequate protection in adverse conditions [56]. The same epoxy resin
used in the laboratory prototype was used for this purpose. In this regard, it is important
to note that, as indicated in [57], this epoxy resin affects the dielectric behavior of the
medium, since its ¢, = 3.5, as stated in its datasheet [54]. However, since the sensor comes
factory-coated with AER (Figure 10), the additional protective coating with epoxy resin
does not need to be as thick as in the previous experiment on sensors manufactured by
the authors (Figure 8); thus, an additional epoxy layer with a coating thickness of 0.11 mm
(corresponding to 1.54 g of resin; Figure 12) was used, compared with the previously tested
manual coating thickness of 0.30 mm (4.17 g). This results in a less pronounced detrimental
effect on the effective dielectric constant, allowing for greater interaction between the sensor
and the surrounding moisture.

Once again, the tests were repeated by measuring the capacitance with the capacitance
meter. To determine the measurement range, the two extreme dielectric media (dry air
and water) were used. The results are shown in Table 7. Table shows a comparison of the
results obtained in all the experiments carried out. In it, the first three sensors represent the
one manufactured manually (Figure 6) with the epoxy resin added, also manually, in the
laboratory (Figure 8 and Table 5). The following five sensors represent those manufactured
professionally as they leave the factory, i.e., only with AER (Figure 10 and Table 6). The
last three sensors represent the final design, i.e., the professional sensor with factory-added
AER (Figure 10) plus the manual addition of epoxy resin in the laboratory (Figure 12). To
do this, only three of the five available sensors (3.001 to 3.005) were used: 3.002, 3.003, and
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3.004 These sensors with the added epoxy resin were finally named sensor 1, sensor 2, and
sensor 3, respectively. In this regard, it should be noted that other sensors could have been
used, or even just one of the five, as the variations between them are minimal. Note that
any of the three sensors considered as final developments have an excellent dynamic range,
close to 1600 pF, for a minimum measurement close to 200 pF and a maximum close to
1800 pE.

Figure 10. Capacitive soil moisture sensors manufactured by a professional PCB company and coated
with AER (green resin in the figure). Designed as 3.001 to 3.005.

(b)

Figure 11. Characterization of the professionally manufactured and factory-coated capacitive soil
moisture sensor with AER in: (a) dry air, (b) isopropyl alcohol and (c) water.

Figure 12. Professionally manufactured sensor with a factory-applied AER layer and an additional
manually deposited epoxy coating with a thickness of 0.11 mm (1.54 g of resin).
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Table 6. Capacitance values of the sensors coated with AER in the three-dielectric media (dry air,
isopropyl alcohol and water).

Dry Air Isopropyl Alcohol Water Capacity _ _
SensorType o pacity (pF) (1) Capacity (pF) (2) ep@E  ACEP=0 -0 ACED=6) - 1)
Sensor 3.001 184.40 661.20 1796.10 476.80 1611.70
Sensor 3.002 184.46 663.10 1796.40 478.64 1611.94
Sensor 3.003 184.67 663.90 1804.50 479.23 1619.83
Sensor 3.004 184.45 664.10 1807.80 479.65 1623.35
Sensor 3.005 185.67 666.40 1810.70 480.73 1625.03

Table 7. Capacitance values of manually and professionally manufactured sensors.
Sensor Type (A, B, O) Air Capacity (pF) (1) Water Capacity (pF) 3) AC (pF) =) — (1)

2.002 (~1.44 mm epoxy resin) 151.08 153.56 2.48
2.003 (~0.76 mm epoxy resin) 148.88 156.44 7.56
2.004 (~0.30 mm epoxy resin) 115.75 435.40 319.65
3.001 (AER) 184.40 1796.10 1611.70
3.002 (AER) 184.46 1796.40 1611.94
3.003 (AER) 184.67 1804.50 1619.83
3.004 (AER) 184.45 1807.80 1623.35
3.005 (AER) 185.67 1810.70 1625.03
1: 3.002 (AER+ ~ 0.11 mm epoxy coating) 211.70 1796.87 1585.17
2: 3.003 (AER+ ~ 0.11 mm epoxy coating) 212.86 1795.58 1582.72
3: 3.004 (AER+ =~ 0.11 mm epoxy coating) 213.29 1798.12 1584.83

The measurements summarized in Table 7 also help define the role of the LCR meter
within the overall validation workflow of the present study. In particular, the LCR meter
was used as a reference instrument during the sensor-development stage to establish the
physical capacitive response of the device under controlled dielectric conditions and to
verify the dynamic range of the final protected architecture. Once this reference capacitance
range had been established, the next stage focused on the implementation of a low-cost
embedded acquisition system intended not as a replacement for laboratory instrumentation,
but as a practical measurement solution for calibrated soil-moisture monitoring.

3.2. Signal Conditioning System

After experimentally validating the behavior of the designed sensor in different media
and confirming its sensitivity to dielectric variations in the surrounding environment, the
next step in developing the measuring device was to implement a system for conditioning
the signal provided by the sensor. It must provide reliable operation in real-field conditions,
converting capacitance variations into a stable and linear electrical quantity that is resistant
to noise, thermal drift, and electromagnetic interference [58]. This process is essential
to ensure that measurements obtained in the field maintain the accuracy observed in
laboratory settings, allowing the device to be integrated into continuous monitoring systems
and definitively validated under real operating conditions.

To condition the capacitive sensor signal, a microcontroller from Microchip Technol-
ogy’s SAM family (Microchip Technology Inc., Chandler, AZ, USA), a series of 32-bit ARM®
Cortex®-M microcontrollers, was chosen because it is designed for a wide range of applica-
tions and these devices offer high performance, low power consumption, and a wide range
of peripherals [59]. Specifically, the microcontroller chosen was the ATSAM3S1AA-MU
from Atmel (Microchip Technology Inc., Chandler, AZ, USA) [60]. Capacitance measure-
ment with the microcontroller is based on determining the charging time at a known
voltage and converting it into capacitance. While this approach is straightforward when a
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capacitor is charged through a known resistance, it becomes more complex in the present
case because the relevant resistances are not precisely known and additional capacitances
are only approximately known. In particular, the internal configuration of any analog
pin of the selected microcontroller must be taken into account (Figure 13). One factor
limiting measurement accuracy is the uncertainty in the internal pin capacitance, which is
not specified as a fixed value by the manufacturer and may range between 20 and 30 pF.
This effect must therefore be compensated through calibration.
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Figure 13. I/O pin equivalent schematic.

Using two analog pins on the microcontroller, for example A0 and Al, the circuit
diagram with the capacitive sensor connected, Csensor, is shown in Figure 14a. As for the
connection of Csepsor and Cpl-n, if pin Al is configured as a source (5 V), the equivalent
circuit during the charging transient is shown in Figure 14b, where pin A0 will provide
the v 40 reading and then, by setting it to low, serve as a discharge circuit for Csepsor, thus
enabling a new measurement cycle to begin.

Microcontroller|

va1(t)

i(t)
—
c I — Al Csensor
’ R —
GND
Cpin
< ] T
- —

(a) (b)

Figure 14. (a) Connection of the sensor under study to the ATSAM3S1AA-MU microcontroller.
(b) Equivalent circuit formed by the sensor and the internal capacitor of the microcontroller.

In Figure 14b, i(t) is given by (11) and, using this equation, v4o(t) by (12).

Csensor Cpin dv 1 (l‘)

i(t) = 11
( ) Csensor + Cpin dt ( )
1 t, CsensorUAl(t)
[ t) = i(t)dt = —F——"~ 12
AO( ) Cpin 0 ( ) Csensor + Cpin (12)

Once Cgepsor and Cpin are charged, v 4¢(t) will be a stable voltage V4, independent of
time. Solving Equation (12) for Cseusor taking this into account, yields (13).
VaoCypi
Csensor = ﬁ (13)
Equation (13) allows to easily obtain the value measured by the sensor, Csepsor, since if
the output voltage of Al is +5V, its value in the microcontroller’s ADC converter, which
has 10 bits, will be 210 = 1024, so it is only necessary to know the value of the reading in
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AQ at the end of the charging process. However, there is a problem that seriously affects
the accuracy of the Cseps0r measurement, and that is the uncertainty of the Cpin value. To
overcome this, it is necessary to calibrate each pin used in each chip. The way to do this
will be illustrated with an example carried out in the laboratory:

1.  Useacommercial capacitor, Ceo, with a value comparable to C pin- A 100 pF Ceop was used;

2. Measure the actual capacitance with a professional meter. The measured value was
104 pF;

3. Make the connection shown in Figure 14a, replacing Csensor With Ceom;

4. Activate the charging process shown in Figure 14b. The value of the ADC microcon-
troller reading for v 49 was 803;

5. Finally, solving (13) for Cp;;, with Ceop instead of Csensor, gives (14).

_104(1024 — 803)
pin = 803
By substituting into Equation (13) the value of C;;, calculated in (14), it is possible to
obtain an accurate measurement of Cseys0r and, therefore, of the measured capacitance of
the soil.

C = 28.62 pF (14)

3.3. Sensor Calibration

At this point, the sensor has been fully designed, along with its conditioning circuit
(Figure 15). This sensor, its capacitance, has been experimentally proven to be highly
sensitive to dielectric changes, which are mainly caused by the amount of water (moisture)
in the soil where they are buried. Therefore, since the aim is to measure moisture with the
sensor, the next step is to correlate changes in its capacitance with moisture, which will
allow the sensor to be calibrated.

(b}

Signal processing channel Capacitive sensor

Figure 15. Capacitive moisture sensor with its signal conditioning channel: (a) top view, (b) rear view.

The sensor was calibrated by means of a gravimetric procedure, chosen because it
provides a direct and accurate reference for soil water content. This choice is also consis-
tent with recent studies on low-cost capacitive soil moisture sensing, where gravimetric
measurements have been used as the reference basis for deriving calibration equations
under local soil conditions [16,34]. For reproducibility, the calibration protocol followed
the sequence below: (i) a representative soil sample was placed in a PVC test tube with
the sensor fully buried in the soil volume; (ii) the soil was brought to its upper moisture
endpoint under controlled conditions, and the corresponding initial mass was recorded;
(iii) the test tube was progressively dried in a controlled oven until the lower moisture
endpoint was reached and the final mass was obtained; (iv) during the complete drying
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process, simultaneous capacitance and mass measurements were acquired so that each
capacitance value could be associated with a gravimetrically derived moisture value; and
(v) the resulting capacitance—moisture dataset was then used to fit the calibration model
reported later in this section.

For the calibration process, a soil type classified as cambisol was used, characterized
by being a sandy clay soil with a very deep C horizon [61]. This is the typical soil in the
area surrounding the Research Center where the authors work: Center for Research in
Technology, Energy, and Sustainability; its acronym in Spanish is CITES and is located in
Huelva, in southwestern Spain. The present calibration should therefore be interpreted as
representative of this soil type and not as a universal transfer function for all soils.

Three test tubes made of PVC (polyvinyl chloride) were used for the calibration
process. The test tubes are pieces of pipe filled with the type of soil used. Each sensor was
completely buried in one of the test tubes. A load cell was used to monitor the wet weight
and dry weight of each test tube [62]. The assembly was placed inside the controlled oven
(Figure 16).

Sensor 1

Sensor 2

Sensor 3

Load Cells

Figure 16. Test tubes on top of load cells with buried sensors, all inserted into the controlled oven.

Since the calibration process consisted of correlating the capacitance sensor from
the minimum moisture value (dry soil) to maximum moisture value (saturated soil), the
moisture meter (Table 1) was used to ensure both calibration endpoints. Figure 17 shows
the insertion of the moisture meter into the test tube. Of course, the moisture meter was
weighed using the precision balance and its weight was subtracted from the weight of the
soil in the test probe.

In order to simulate actual soil conditions, the controlled oven was programmed to op-
erate at a constant temperature of 30 °C (a typical soil rarely reaches a higher temperature),
even at the cost of having to set the duration of the experiment (from moisture-saturated
soil to dry soil) for 12 days.

Figure 18 shows the block diagram of the instrumentation system used to record the
test data. The instrumentation system was designed to take simultaneous capacitance
samples (from the sensors developed) via a ModBus communications system, together with
weight samples (amount of water and, therefore, humidity) from the test tubes via the load
cells. Capacitance and weight samples were taken every 30 s for 12 days (34,560 samples).
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Figure 17. Moisture meter inserted into the test tube to ensure the two calibration endpoints.

Sensor 1 Sensor 2 Sensor 3

B—] =
PC Terminal

Data
Acquisition Board
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Internet Web
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Weight Arduino
Test tube 1 Weight

Testtube 2 Weight

Pl MR e

Figure 18. Instrumentation system to record the test data.

ATMega

Between 14 and 26 February 2025, an initial test was conducted to evaluate the quality
of the measurements. Figure 19 shows the results of the capacitance measurements from
saturated wet soil to dry soil. Each of the three test tubes was brought to maximum moisture,
as indicated by the moisture meter, which meant that the moisture sensors developed were
giving their maximum value. From there, the test tubes were left to dry in the controlled
oven at a stable temperature of 30 °C until the moisture meter indicated that all the water
had disappeared from the test tubes and that, therefore, the moisture sensors developed
were giving their minimum value. Figure 19 shows that, as expected, the behavior of the
three sensors in response to moisture is practically identical. This can be seen in Table 7,
where there are only a few picofarads in the AC of each sensor. Figure 19 also shows that
there is a considerable amount of noise in the measurements. In order to mitigate this noise
between samples, a second test was carried out in which 100 measurements were taken
for each sample, taking the average of the 100 as the measured value. This measurement
procedure virtually eliminated noise between samples and showed that, in practice, the
measurements from the three sensors overlapped. From this, it was concluded that it
was not necessary to carry out a calibration process for each sensor, as it was sufficient
to carry it out on one of them and apply it to the entire series of sensors manufactured
(Figure 10). Figure 20 shows the results of this second test conducted between 15 and
25 March 2025. Figure 20 shows the capacity measurements of sensor 1 (as explained above,
it is now referred to simply as “sensor”) together with the weight measurements of the test
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tube in which it is buried. Note that now the difference between capacities and weights
measured in each sampling produces a smooth function. This is because, despite the high
sensitivity of the sensors, such frequent sampling (every 30 s) and average measurements
(over 100 captures each time) completely mask the noise.

Dk 100% Wet Zone
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Figure 19. Capacitance behavior of sensors over a complete cycle of moisture variation.
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Figure 20. Sensor capacitance and test tube weight during a complete moisture variation cycle.

Based on the weight data of the test tube, the percentage of volumetric water content
(%6,) is obtained immedjiately and directly by means of (15).

W — Wary

%l = x 100% (15)

Winax.moisture — Wdry

where w is the weight of the test tube sample, w,,,, the weight of the test tube without
any water and Wy moisture the weight of the test tube saturated with water. Therefore,
taking into account that the values of the measurements taken were wgry = 500 g and
Winax.moisture = 0632 g, the relationship between the weight of the test tube in each sample
and its volumetric water content is given by (16).

%0, = 0.757(w — 500)% (16)

From Figure 20 and (16), Figure 21 is obtained.
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Figure 21. Sensor capacitance and test tube moisture during a complete moisture variation cycle.

Figure 21 shows a monotonic nonlinear behavior of the sensor capacitance (once the
soil is saturated with water added from the top of the test tube), following the also mono-
tonic and nonlinear behavior of the volumetric percentage of water (%8,). The next step is
to correlate the sensor capacitance measurements with the corresponding %6, measure-
ments, which should allow finding a model that, for each sensor capacitance measurement,
allows %8, to be obtained directly. Following the analysis carried out in [63], %68, can
be related to capacitance by means of a continuous, monotonic, and bounded function,
specifically designed to reproduce the progressive transition between dry and saturated
soil conditions across the entire moisture range. This function is given by (17).

0

%oby = #% (17)
where 6,,,x represents the maximum achievable soil moisture, normalized in this case
to 100%, and f(C) is a dimensionless, continuous, and monotonic function of the mea-
sured capacitance. From Figure 20, at least three characteristic points of f(C) can be
identified. One is 6, ~ 50% which corresponds to half the dynamic measurement range,
(((1800 — 200))/(2) + 200 = 1000 pF). At this point, according to (17), f(C) must be 0. The
other two are those corresponding to dry soil (8, ~ 0%), equivalent to C = 200 pF, where
f(C) must have a high negative value; and those corresponding to moisture-saturated soil
(6, = 100%), equivalent to 1800 pF, where f(C) must have a high positive value.

The function f(C) can be approximated by the third-order polynomial given in Equa-
tion (18). To guarantee that f(C) is 0 at the middle of its dynamic range, the dimensionless
variable x is defined, being C the capacitance measured by the sensor in each sample,
and Cyp = 1000 pF the midpoint of the sensor’s dynamic measurement range

C—-Co

o (18)

f(C) = ax + B x3, where x =

The parameters « and § can be easily calculated using the least squares fitting tech-
nique with the measured values of C, yielding « = 6 and f = 4. With Equation (17)
thus fully defined, Figure 22 presents the resulting calibration curve (%8, versus C) of the
developed sensor.
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Figure 22. Soil moisture versus capacitance measured by the developed sensor.

Using the values from the model that produced the calibration curve shown in
Figure 22, and comparing them with the measured values that produced the experimental
curve shown in Figure 21, it is possible to obtain the accuracy when using the sensor with
the data from Figure 22 in an instrumentation channel. To do this, the root mean square
error (RMSE) is calculated using Equation (19).

n
RMSE = \/ % Y [Omeas% — Omoder%]” = 2.65% (19)
i=1

where n represents the number of measurement values used to plot Figure 21, 8,045%
represents the measured values, and 8,,,,4.; % represents the values predicted by the model
shown in Figure 22.

Regarding the coefficient of determination R?, it is equal to 0.9887, as given in (20).
Here, 55,¢5 denotes the sum of the squared differences between the measured and predicted
values, while S5y, represents the sum of the squared differences between the measured

values and their mean.
_ SST’ES

SSiot

In addition, the coefficient of determination was 98.87%, indicating that the proposed

RZ=1

= 0.9887 (20)

monotonic nonlinear model explains nearly all the variability observed in the gravimetri-
cally derived moisture data.

These results confirm that the final sensor architecture, together with the selected
averaging strategy and the adopted fitting function, provides an accurate transfer function
between measured capacitance and volumetric water content for the tested soil under
controlled temperature conditions.

In this sense, the validation presented in this section should be interpreted as a func-
tional validation of the embedded sensing channel, built upon the capacitance range
previously established with the LCR meter in Section 3.1. The purpose of this stage was
to demonstrate that the proposed low-cost acquisition unit can provide a stable and cali-
bratable response suitable for practical soil-moisture estimation, rather than to reproduce
direct laboratory-grade capacitance metrology.

4. Discussion

Sensor sensitivity to variations in soil moisture is one of the most important perfor-
mance requirements of the proposed device. For this reason, the dynamic range, understood
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as the capacitance difference between dry and water-saturated soil conditions, should be as
large as possible. In practical terms, the detection of moisture changes below 1% requires a
sufficiently wide capacitance span to prevent small variations in water content from being
masked by measurement uncertainty. Accordingly, the design of the sensor was oriented
toward maximizing this measurable capacitance range.

In this sense, Table 3 shows that the developed moisture sensor is highly sensitive,
as there is a difference of more than 8000 pF between the lowest possible measurement
(dry air) and the highest (water), which demonstrates the good design of the developed
IDE sensor. However, this very large dynamic range corresponds to the unprotected
laboratory prototypes and should not be interpreted as representative of the final field-
deployable device.

Laboratory testing under controlled conditions differs substantially from real buried
operation, where the sensor is exposed to mechanical stress, moisture, salts, and other
chemical agents present in soil. Under such conditions, unprotected copper tracks would
not be expected to remain stable for long-term use. Therefore, a protective coating is
required to ensure waterproofing and mechanical resistance, although this necessarily
reduces sensor sensitivity and dynamic range.

Table 5 shows that a thick protective epoxy layer can severely reduce the dynamic
range of the sensor, to the point of making moisture detection impractical. Under these
conditions, dynamic ranges of only a few picofarads are insufficient to provide adequate
sensitivity to changes in soil moisture.

Up to this point, development has been carried out manually in the laboratory, which
is a necessary step because, although low Technology Readiness Levels (TRL) are achieved
and there is low reproducibility in the prototypes, it allows decisions to be made on designs
prior to increasing TRLs through professional development.

Table 6 shows the measurements obtained in the three reference media (dry air, iso-
propyl alcohol, and water) for the professionally manufactured sensors. In all cases, the
measured values differ by less than 1% among sensors. The difference between the highest
dynamic-range value (1625.03 pF) and the lowest (1611.70 pF) is also below 1%, confirming
that professional manufacturing enables the production of nearly identical sensors.

An additional point that deserves emphasis is measurement repeatability. The profes-
sionally manufactured sensors show very small dispersion in dry-air and water measure-
ments, and the spread in dynamic range among sensors 3.001-3.005 remains below 1%. This
low inter-sensor variability supports the assumption that one representative calibration
can be transferred to the whole manufactured series, which is highly valuable from the
standpoint of scalability, maintenance, and deployment cost in dense monitoring networks.

The factory-applied AER coating substantially improves insulation against environ-
mental exposure, especially moisture, but does not provide sufficient resistance against
mechanical damage caused by burial and soil friction. For this reason, an additional epoxy
layer is required, although in this case it can be very thin [64]. In the present study, the
resin was manually applied in the laboratory; however, professional deposition during
manufacturing would be expected to produce a more uniform and reproducible coating
across the entire sensor series.

The capacitance measurement from the sensor must be acquired and then processed
by a data acquisition system. Although the complete higher-level data acquisition system
has not yet been developed, the microcontroller that acquires the capacitance measurement
has been integrated into the sensor board itself (Figure 15) and can be made available
(as a digital word sent via a communications network) to a higher-level system (such as
SCADA), which is currently under development. With regard to the design of the signal
conditioning system, it should be noted that when working with such small capacitances,
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it is very important to ensure that any parasitic capacitance in the signal acquisition path is
taken into account and discounted so as not to limit the sensitivity of the sensor. Section 3.2
shows a practical procedure for doing this.

The last part of the article consists of sensor calibration, that is, plotting the %8, versus
capacitance curve. To this end, in order to preserve the excellent performance of the
developed sensor and not lose sensitivity or accuracy, the gravimetric method was used
as it is the most accurate, i.e., weighing a soil sample saturated with water (100% 6,) with
a precision balance, allowing it to dry in a controlled oven under conditions similar to
those found in nature (i.e., not drying it quickly at over 100 °C, as these conditions are
not usual in nature), for days, until the sample shows 0% 0,, which means that the soil
sample is completely dry. The difference in weight between the two samples is the water
content in the test tube (the dynamic range from 0% 6, to 100% 6,). It is therefore sufficient
to take capacitance and weight measurements from 100% 6, to 0% 6,, which was carried
out using a precise instrumentation system (Figure 18) that collected 34,560 samples with
100 measurements in each. A total of 3,456,000 capacitance and weight measurements were
taken. This test, which was repeated three times, yielded a large amount of high-quality
data, which was used to construct the curves in Figures 19 and 20.

Based on the above, the final step was to construct a practical calibration curve
relating the soil volumetric water content to the capacitance measured by the sensor series
manufactured. To this end, a least-squares fit of 6, versus C was performed using the
model given by Equation (17), as suggested in the literature [63]. The fitting procedure was
based on the experimental data obtained from Figure 21. The resulting calibration curve is
presented in Figure 22, which shows the relationship between volumetric water content
and sensor capacitance for the manufactured sensor series.

To facilitate direct visual comparison between measured and modeled behavior, the
experimental capacitance-moisture data and the fitted calibration curve are overlaid on the
same axes in Figure 23.

100 1

—— Fitted calibration model
® Experimental data

Volumetric water content, 6v (%)

200 400 600 800 1000 1200 1400 1600 1800
Capacitance, C (pF)

Figure 23. Experimental capacitance-moisture data and fitted calibration model plotted on the same
axes for direct visual comparison.

By comparing the fitted model shown in Figures 22 and 23 with the experimental
values obtained from Figure 21, the calibration accuracy of the proposed sensor can be
quantified. For this purpose, the root mean square error (RMSE) was calculated using
Equation (19). The resulting RMSE was 2.65%, while the coefficient of determination
was R? ~ 0.9887. These values indicate that the selected model provides an excellent
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representation of the experimental calibration data and captures nearly all of the observed
variability in soil moisture.

Beyond agricultural and environmental monitoring, the proposed device is also rele-
vant for very-low-enthalpy geothermal energy (VLEGE) systems [1]. Since soil moisture
directly affects thermal conductivity and diffusivity, monitoring its temporal and spatial
variability can support a more realistic characterization of the ground conditions surround-
ing shallow horizontal heat exchangers [17,19]. During design, the sensor can improve
local soil-state characterization, while during operation its low cost makes it suitable for de-
ployment as part of a distributed monitoring network. In this context, the proposed sensor
is not intended as a standalone geothermal design tool, but rather as a low-cost instru-
ment for improving local soil-state characterization and enabling distributed monitoring of
hydrothermal variability relevant to this type of installation.

To further contextualize the practical contribution of the proposed device, Table 8
compares its main characteristics with representative commercial soil-moisture sensing
solutions.

Table 8. Comparative positioning of the proposed sensor with representative commercial soil-moisture

solutions.
Sensor Technology Approx. Cost Accirijz;ig‘;ipu ¢ Positioning vs. This Work
FieldScout TDR 150 Commercial reference
(Spectrum . o instrument used in this study;
Technologies, Inc., TDR handheld meter High £3.0% VWC more mature but significantly
Aurora, IL, USA) less suitable for dense low-cost
Robust field sensor with
TEROS 11/12 class . industrial finish; higher
(METER Group, Inc., Caf;‘iﬁfa?:dezF?ie Medium-high coriizee?ggl_f(r)lajgon acquisition cost and less
Pullman, WA, USA) research-g p flexibility for custom
embedded integration
Economical alternative for
. o ° irrigation uses; the present
cl\z: Ege(g;)mx VI_.MOOO Low-cost capacitive Approx. Zf/o at25°C work adds integrated
getronix, Inc., Low (manufacturer .. 2. .
) probe conditioning, specific buried
Riverton, UT, USA) reported) :
encapsulation strategy, and
VLEGE-oriented discussion
Optimized IDE Designed for low-cost buried
(Ur?;flljai‘:i\’(:loég de capacitive sensor Very low (~€50 RMSE 2.65% and R? ~ rjrfp:‘oz;r;eg’s hllih SZ;?;?EH
. with integrated manual build) 0.9887 in calibration e Y Iep
Huelva, Huelva, Spain) conditioning environmental and shallow

geothermal monitoring

5. Conclusions

This study demonstrates that it is possible to design, manufacture, and calibrate a
low-cost (less than €50 when manufactured manually, and much less when mass-produced)
and high-precision capacitive soil moisture sensor that integrates its own data acquisition
and processing system (a high-performance microcontroller) and offers an excellent trade-
off between simplicity and metrological performance. The combination of an optimized
geometric design, the use of commercial materials, and rigorous gravimetric calibration
has resulted in a robust and highly sensitive device capable of providing a monotonic,
nonlinear, repeatable, accurate, and stable response to variations in soil water content.

The use of an interdigitated electrode (IDE) structure has proven to be a suitable and
effective approach for soil moisture sensing in the proposed system. The selected geometry
enables a strong interaction between the fringing electric field and the surrounding soil,
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resulting in a wide and practical capacitance variation range across different moisture
conditions. In addition, the IDE configuration is compatible with low-cost PCB fabrication
processes and facilitates its integration with embedded electronics, making it particularly
well suited for distributed and buried environmental monitoring applications.

This study has also shown that when designing a capacitive moisture sensor, the most
important factor in terms of sensitivity is to achieve a wide dynamic range in capacitance
between its minimum measurement (dry soil) and maximum measurement (soil saturated
with water or at maximum moisture content). This means that the sensor is capable of
responding with changes in capacitance to small changes in moisture percentage. In
this regard, the sensor developed exhibits a dynamic range of 1600 pF and is therefore
sensitive to very small changes in moisture, within a range compatible with practical
VLEGE, agricultural, and environmental monitoring requirements. Furthermore, these
characteristics have been achieved while preserving the sensor’s ability to be integrated
into real buried environments exposed to corrosion and mechanical damage.

The combination of the factory-applied aliphatic epoxy resin and the subsequent
epoxy coating gives the sensor excellent robustness and reliability, allowing it to withstand
external agents without affecting the quality of its measurements.

In addition, the integration of an ARM Cortex-M microcontroller (Microchip Technol-
ogy Inc., Chandler, AZ, USA) with direct capacitance measurement improves the functional
autonomy of the proposed device and facilitates its future integration into higher-level
digital monitoring systems. Consequently, the developed sensor aligns well with current
trends in modular, low-cost sensing technologies and provides a robust and replicable archi-
tecture with potential for integration into distributed monitoring networks for agricultural,
environmental, and VLEGE applications.

The calibration performance obtained for the tested soil under controlled conditions,
with RMSE = 2.65% and R? = 0.9887, confirms that the developed device provides accurate
moisture estimation after calibration. This level of performance supports its practical use
as a low-cost alternative for dense monitoring deployments, although direct one-to-one
comparison with commercial instruments should be interpreted cautiously unless both
devices are tested under the same operating conditions.

As future work, the developed sensor is now undergoing a measurement campaign
covering the entire annual season in different soil types, with the aim of obtaining long-term
measurements and testing the behavior of the sensor coating with respect to external agents.
Also, based on the sensor and its intrinsic communications capacity on the board itself
thanks to the built-in microcontroller, the authors are developing a SCADA system that can
work simultaneously with hundreds of networked sensors and is capable of acquiring data,
processing it, displaying it, and generating reports and comparisons.
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