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Abstract

The accurate and non-invasive measurement of moisture content in wood is essential for
the preservation of historical and artistic artifacts. This study presents the calibration of
a planar Microwave Planar Capacitive Coupled Ring Resonator (MPCCRR) designed to
indirectly and non-destructively assess the water content in wood samples. The method
relies on analyzing shifts in the resonant frequencies and variations in the transmission
parameter |S21| resulting from changes in the material’s dielectric permittivity. After
preliminary characterization via parametric simulations (εr = 1–10) and validation with
low-permittivity reference materials, the sensor was tested on three wood species (poplar,
fir, beech), including measurements at two sensor positions and with different grain orien-
tations. The results demonstrate a monotonic, repeatable response to increasing moisture
content with frequency shifts up to ≈220 MHz and normalized sensitivities ranging from
3 to 9 MHz/% water content, depending on species and measurement position. Position 2
showed the greatest sensitivity due to stronger field–sample interaction, while Position 1
provided a quasi-isotropic response with excellent repeatability. Linear regression anal-
yses revealed good correlations between the frequency shifts and the gravimetric water
content (R2 ≥ 0.85). The MPCCRR sensor therefore proves to be a promising tool for the
non-invasive monitoring of wood moisture, which is particularly suitable for the low-
moisture range encountered in cultural heritage conservation, with an estimated moisture
uncertainty of 0.12–0.35% under controlled laboratory conditions.

Keywords: dielectric measurements; moisture measurement; split ring resonator; microwave
sensors; wood

1. Introduction
In the field of cultural heritage—encompassing historical buildings, sculptures, furni-

ture, musical instruments, and artworks—wood is a fundamental material [1]. However,
it is particularly susceptible to moisture-related damage, which can cause dimensional
changes, warping, cracking, and, in severe cases, structural failure. Elevated moisture levels
can also promote the growth of fungi, microorganisms, and mold, accelerating degradation
and compromising both the aesthetic value and structural integrity of the artifacts [2]. For

Instruments 2026, 10, 11 https://doi.org/10.3390/instruments10010011

https://crossmark.crossref.org/dialog?doi=10.3390/instruments10010011&domain=pdf&date_stamp=2026-02-06
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/instruments
https://www.mdpi.com
https://orcid.org/0000-0003-2952-5655
https://orcid.org/0000-0002-4249-5596
https://orcid.org/0000-0003-2314-6128
https://orcid.org/0000-0002-2235-5393
https://orcid.org/0000-0001-6057-7774
https://doi.org/10.3390/instruments10010011


Instruments 2026, 10, 11 2 of 18

these reasons, the accurate and non-destructive measurement of wood moisture content is
essential for its preservation [3–7].

Electrical techniques (ETs) play a vital role in assessing wood moisture in cultural
heritage objects without damaging the artifacts. ET can be adapted to various object types,
materials, and geometries, making them versatile tools capable of probing moisture content
across a wide range of heritage materials [8,9]. A key advantage of microwave-based tech-
niques is their non-intrusive nature: they minimize or eliminate physical contact with the
object under investigation, ensuring the artifact remains unaltered during the measurement
process. This makes them particularly suitable for conservation purposes. Today, various
ET methods are routinely employed due to their versatility and low intrusiveness [10],
including electrical conductance [11], electrical impedance [12], or microwave-based meth-
ods [13].

Recently, resonance-based microwave techniques have gained increasing attention
for moisture measurement in heritage materials such as stone [14] and wood [15]. These
methods exploit the dependence of dielectric properties on moisture content and ana-
lyze resonance characteristics—including resonance frequency (fr), scattering parameters
(|Sij|), and quality factor (Q). Such techniques offer several advantages over conventional
approaches, including non-invasiveness, soft-contact operation, and higher sensitivity and
precision [16].

Different resonator configurations have been proposed, such as planar structures,
cavity resonators, open-ended coaxial probes, and ring resonators, which are all designed
to operate at specific resonant frequencies. These frequencies correspond to points of maxi-
mum electromagnetic energy absorption by the material [17]. As microwaves propagate
through a substance, they undergo absorption and phase-shift phenomena that depend on
the material’s permittivity (ε), which reflects the polarization of both wood components
and water molecules under the applied electric field. The strong contrast between the
high permittivity of water (εr ≈ 78) and that of dry wood (εr ≈ 2) makes microwave
resonance-based techniques particularly suitable for moisture detection [17,18].

Several configurations of planar resonators have recently been proposed [19]; for
example, Ekmekci et al. [20] analyzed double-sided resonator structures for humidity and
gas sensing, Xie et al. [21] developed a square split-ring resonator probe for detecting
subsurface wood defects and moisture, and Pittella et al. [22] introduced a split-ring
resonator network for water content assessment.

In the specific context of wood and cultural heritage materials, planar microwave
resonator-based sensors have been investigated for moisture assessment due to their non-
invasive nature and sensitivity to dielectric variations. Previous studies have explored
resonant probes and planar structures for wood moisture monitoring under controlled
laboratory conditions, highlighting both their potential and their sensitivity to material
anisotropy and measurement configuration [23–25]. However, most existing works primar-
ily focus on sensor design or sensitivity enhancement with limited emphasis on experimen-
tal calibration strategies, uncertainty quantification, and practical measurement guidelines
for heterogeneous heritage materials.

In this study, which extends the numerical feasibility analysis presented in D’Alvia
et al. [26], we report the first experimental calibration and validation of a Microwave
Planar Capacitive Coupled Ring Resonator (MPCCRR) for the non-invasive assessment of
water content in wood samples. In particular [26], two alternative resonator configurations
(capacitive and inductive coupling) were comparatively investigated exclusively through
electromagnetic simulations without experimental measurements or calibration. Based on
those results, the present work deliberately focuses on the capacitive configuration and
extends it to real measurements on materials.
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Specifically, in this paper, the sensor is experimentally tested on three wood species—
poplar, fir, and beech—including fir samples with different grain orientations over more
than eight moisture levels for each sample. The numerical simulations previously reported
in [26] are briefly recalled for methodological completeness and to support the interpre-
tation of the experimental results, while the core contribution of this paper lies in the
experimental characterization, calibration framework, and uncertainty analysis.

The remainder of the manuscript is organized as follows: Section 2 describes the
sensor design, wood samples, and experimental setup; Section 3 presents the calibration
methodology and uncertainty analysis; Section 4 reports the experimental results and
discussion; finally, Section 5 draws conclusions and outlines future work.

2. Materials and Methods
2.1. Sensor Design

A coupled microwave resonator structure is obtained by interconnecting two or more
ring-shaped elements, forming a single resonant system characterized by multiple resonant
modes and enhanced electromagnetic field confinement. The coupling strength between
the rings can be tailored by modifying parameters such as ring separation, length, ori-
entation, or overall geometry, thereby enabling control over resonance frequencies and
field distribution. Compared to conventional resonator configurations—such as cavity
resonators or planar patch resonators—the proposed architecture features a compact planar
geometry that facilitates integration into measurement setups for non-invasive sensing.
The reduced footprint allows reliable measurements on small samples while improving
positioning repeatability, which is particularly relevant for cultural heritage applications.

The proposed sensor consists of planar microstrip ring resonators arranged in a
capacitive-coupling configuration, as originally introduced by Zarifi et al. [27] and later
adapted by D’Alvia et al. [26]. The sensor layout is shown in Figure 1a. In this design,
the inner rings are electrically interconnected and excited by inductive coupling between
the feed lines and the outer perimeter of the ring. Figure 1a also reports the dimensional
parameters of the structure and the sample positioning areas.

According to [16], the resonance frequency of each ring can be approximated as
Equation (1):

fr =
c

2Le f f
√

εe f f
(1)

where c is the speed of light, Leff is the effective length of the ring, and εeff is the effective
permittivity of the resonator. The value of εeff depends on both the surrounding air and the
material placed in contact with the sensing region, which perturbs the local electromagnetic
field distribution.

The proposed MPCCRR exhibits a dual-resonance response with a high-frequency
mode at fh = 2.72 GHz, a low-frequency mode at fl = 2.578 GHz, and a frequency separation
∆ = 0.150 GHz. The simulated insertion loss for ε = 1 (air) is shown in Figure 1b, where the
two resonance peaks are clearly visible.

2.2. Preliminary Sensor Characterization

The sensor design and preliminary electromagnetic analysis were performed using
CST Studio Suite. A wood sample with dimensions 22 mm × 11 mm × 8 mm was also
modeled to evaluate the sensor response under different dielectric conditions. The relative
permittivity of the sample was systematically varied from εr = 1 (air) to εr = 10, simulating
the increasing moisture content levels typically encountered in wood.

To assess the influence of sample positioning on the resonant behavior, the model
was evaluated in two measurement configurations: P1: sample placed above the feed

https://doi.org/10.3390/instruments10010011

https://doi.org/10.3390/instruments10010011


Instruments 2026, 10, 11 4 of 18

gaps (gf) and P2: sample placed above the ring gap (gr). These positions, shown in
Figure 1a, expose the sample to different regions of the resonator’s electromagnetic field.
This configuration enables a comparative analysis of how the sample location affects the
resonant characteristics—specifically, shifts in resonance frequencies—and the sensor’s
capability to discriminate moisture-induced permittivity variations.

Additionally, simulations were performed varying the sample thickness from 1 to
16 mm to investigate the effect of sample thickness on the sensor response. This analysis
allowed the identification of a thickness threshold beyond which the resonant frequency
shift becomes weakly dependent on further increases in sample height.

(a) (b) 

(c) 

Figure 1. Microwave Planar Capacitive Coupled Ring Resonator (MPCCRR) design and features:
(a) MPCCRR design with highlighted dimensional parameters and the sample positioning adapted
from [23], (b) real MPCCRR, and (c) MPCCRR computed insertion loss for ε = 1 (air) with the two
peaks at fl and fh highlighted.

2.3. Wood Sample Dimensions

For this study, one wood sample was selected from each of three species: poplar, fir,
and beech. All samples were prepared with dimensions of 22 mm × 11 mm × 8 mm.
The selected dimensions ensured compatibility with both simulation and experimental
configurations while maintaining the representative bulk behavior of the material.

To investigate the influence of grain orientation on moisture measurements, two
additional fir samples were included: one with the grain direction parallel to the plane
of the MPCCRR probe and the other perpendicular to it. Before the measurements, all
samples were carefully cut to uniform dimensions to ensure consistency throughout the
experimental procedure. As in the simulation step, each wood sample was positioned
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in P1 and P2 during testing. The initial mass of every specimen was measured using an
electronic balance and recorded for subsequent calculation of water content.

2.4. Experimental Setup and Measurement Procedure

In this study, the wood moisture content was estimated by analyzing shifts in the
resonance frequency fr induced by changes in the dielectric properties of the material.
Variations in the dielectric properties of the material were correlated with changes in the
transmission scattering parameter |S21 (f)| occurring when the radiating probe lay on the
material surface; according to theoretical considerations, the variation in the resonance
frequency fr of the probe was found to be associated with the water content in the tested
material [28].

As a preliminary assessment, the sensor’s capability to distinguish small variations in
relative permittivity εr was evaluated using four reference plastic materials with known
dielectric constants in the range εr ∈ [1.5, 3.0] at frequencies between 1 and 3 GHz [29].
Specifically, these materials are outlined below:

• LD-PVC (Low-Density PolyVinylChloride) with εr = 1.62;
• PTFE (PolyTetraFluoroEthylene) with εr = 2.06;
• PMMA (PolyMethylMethAcrylate) with εr = 2.60;
• PC (PolyCarbonate) with εr = 2.82.

All samples had the same dimensions as the wood specimens except for the LD-PVC,
which was 2 mm thinner.

For wood measurements, each dried sample was first weighed using a 10 mg resolution
electronic balance [30], and the corresponding sensor response was acquired with a vector
network analyzer (VNA) [31]. The sample was then immersed in deionized water until
three consecutive measurements showed no further change (5 min). The sample was
removed, and the surface water was blotted using laboratory tissue. The sensor response
was first recorded at the maximum moisture level, and subsequent measurements were
taken at six intermediate moisture levels as the sample gradually dried, blotting with
laboratory tissue before each measurement to avoid a surface water layer.

The gravimetric water content (θ%) was calculated according to Equation (2):

θ(%) =
Wi − Wdry

V × ρ
% (2)

where Wi is the mass of the moist specimen, Wdry is the dried sample’s mass, V is the
sample volume and ρ is the density of water. The steps of the measurement procedure are
similar to those detailed in [15].

All measurements were performed using a PicoVNA 108, operating in the 300 kHz–
8.5 GHz range [30], at the controlled environmental temperature of (24 ± 2) ◦C.

2.5. Post-Processing Analysis

The resonance frequencies and the frequency spacing ∆f between the two peaks were
determined from the transmission loss. Regression lines were then fitted to relate the
measured resonance frequencies to the corresponding water content levels of the wood
samples. This procedure highlights the trends and correlations between the material
permittivity and the associated resonance frequencies. Such information is essential for
constructing calibration models that enable an accurate estimation of water content from
the measured resonance frequencies once the physical sensor is implemented.
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The normalized sensitivity S (%) of the sensor was computed for both resonance bands
and for each measurement position according to the following equation:

S(%) =

∣∣∣∣ ( fair − fi)

fi(ε − 1)

∣∣∣∣% (3)

where fair is the resonance frequency when the sensors are unloaded (ε = 1), fi is the
frequency when the i-th sample under test is placed on the top of the sensors, and ε is the
permittivity value of the material under test. This post-processing procedure forms the
basis for the calibration models discussed in Section 3, enabling a quantitative estimation
of moisture content from the measured resonance frequency shifts.

3. Uncertainty Analysis and Calibration Approach
3.1. Uncertainty Analysis

An instrumental uncertainty assessment was carried out to quantify the precision
limits associated with the measurement chain. This analysis considers only a priori un-
certainties originating from the instrumentation and acquisition procedures and does not
include uncertainties arising from material variability or calibration model assumptions.

1. Electronic balance uncertainty

The wood mass was measured using a 10 mg resolution electronic balance.
For typical samples (≈2–3 g), the relative uncertainty of the dry mass is below:

Um ≈ 0.01 g
2.00 g

≈ 0.5% (4)

This propagates directly into the gravimetric water content (Equation (2)), resulting in
a conservative uncertainty of ±0.05–0.10% in θ for low-moisture conditions.

2. VNA frequency uncertainty

Frequency acquisition was performed with a PicoVNA 108. According to the manu-
facturer specifications, the frequency accuracy is outlined below:

UVNA
f = ±

(
0.2%span + 1 MHz

)
(5)

Considering the narrow sweep windows around the resonance peaks (≈100 MHz),
the dominant term is ±1 MHz.

3. Peak extraction repeatability

Resonance frequencies were extracted using an automated algorithm based on inter-
polation of the maximum of |S21(f)|. Five repeated measurements on a stable reference
sample provided a peak detection repeatability of

U f it
f ≈ ±0.5 MHz (6)

4. Combined instrumental frequency uncertainty

Assuming independent and uncorrelated contributions, the total instrumental uncer-
tainty on the resonant frequency measurement is

U f =

√(
U(VNA)

f

)2
+

(
U( f it)

f

)2
(7)

U f =
√
(1 MHz)2 + (0.5 MHz)2 = 1.1 MHz (8)
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this value represents the minimum resolvable frequency shift imposed by the instrumen-
tation alone independent of the material under test or the adopted calibration model.
Therefore, it can be regarded as a lower bound estimate of the achievable uncertainty under
controlled experimental conditions.

3.2. Calibration Approach

Supposing a linear regression analysis, the gravimetric moisture content θ (%) can be
estimated from the shift of the low and high frequency mode using

θ = α · ( fl − fl,0) + β · ( fh − fh,0) + γ (9)

where fl,h = measured low/high-frequency resonance, fl,h,0 = low/high resonance of the dry
sample; α and β = sensitivity coefficient (MHz/%) and representing the change in moisture
content per MHz frequency shift for the low- and high-frequency modes, respectively;
γ = offset (typically ≈ 0), introduced to account for baseline normalization.

The introduction of the α and β coefficients allows accounting for both bulk inter-
actions and material heterogeneities. The α coefficient, representing the sensitivity of
the low-frequency mode to changes in moisture content, allows quantifying the expected
change in θ per MHz of frequency shift and generally reflects the bulk interaction of the
sample with the electromagnetic field. The β coefficient, representing the sensitivity of the
high-frequency mode, captures additional contributions from localized field perturbations
and material heterogeneities.

4. Results and Discussion
4.1. Preliminary Sensor Characterization Results

Table 1 shows the resonance frequencies (fl and fh) and their difference (∆fl) for Position
1 across varying permittivity (ε) values from 1 to 10. For this configuration, both resonance
frequencies remain nearly constant across all permittivity values, showing only minor
fluctuations within the expected numerical noise. Consequently, ∆f also remains stable—
between 0.135 and 0.165 GHz—indicating that the response of the resonant structure in
Position 1 is only weakly influenced by changes in the material permittivity. This limited
dispersion suggests a lower sensitivity of this measurement point to variations in dielectric
properties.

Table 1. Low and high-resonance frequencies and their difference for P1.

ε fl (GHz) fh (GHz) ∆f (GHz)

1 2.578 2.728 0.150
2 2.578 2.731 0.153
3 2.572 2.719 0.147
4 2.568 2.731 0.153
5 2.563 2.710 0.147
6 2.566 2.725 0.159
7 2.575 2.710 0.135
8 2.569 2.710 0.141
9 2.557 2.710 0.153
10 2.554 2.719 0.165

Table 2 summarizes the same parameters for Position 2. In this case, both fl and
fh exhibit a clear decreasing trend as ε increases from 1 to 10. In contrast to Position
1, the separation between the two resonance frequencies widens progressively with ∆f
increasing from 0.150 GHz (ε = 1) to 0.303 GHz (ε = 10). This monotonic expansion reflects
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a stronger interaction between the sample and the electromagnetic field at the ring gap
region, indicating that Position 2 is substantially more sensitive to variations in permittivity.

Table 2. Low and high-resonance frequencies and their difference for P2.

ε fl (GHz) fh (GHz) ∆fh-l (GHz)

1 2.578 2.728 0.150
2 2.536 2.701 0.165
3 2.488 2.683 0.195
4 2.416 2.641 0.225
5 2.368 2.629 0.261
6 2.392 2.611 0.219
7 2.368 2.599 0.231
8 2.314 2.593 0.279
9 2.290 2.581 0.291
10 2.260 2.563 0.303

A comparison of the two configurations confirms that Position 2 provides a more
pronounced and systematic frequency shift with respect to changes in ε, whereas Position 1
exhibits a much weaker response.

Normalized sensitivities computed according to Equation (3) are reported in Table 3. If
Position 2 shows slightly higher sensitivities than Position 1 for fl, fh, and ∆f at low permit-
tivity values (ε ≥ 2), Position 1 maintains a nearly constant ∆f sensitivity of approximately
1% across all permittivity levels.

Table 3. Normalized sensitivity for the two frequency bands and the application point.

ε
P1 P2

S (%) fl S (%) fh S (%) ∆f S (%) fl S (%) fh S (%) ∆f

2 0.00% 0.11% 2% 1.66% 1.00% 9%
3 0.12% 0.17% 1% 1.81% 0.84% 12%
4 0.00% 0.04% 1% 2.24% 1.10% 11%
5 0.15% 0.17% 1% 2.22% 0.94% 11%
6 0.09% 0.02% 1% 1.56% 0.90% 6%
7 0.02% 0.11% 2% 1.48% 0.83% 6%
8 0.05% 0.09% 1% 1.63% 0.74% 7%
9 0.10% 0.08% 0% 1.57% 0.71% 6%

10 0.10% 0.04% 1% 1.56% 0.72% 6%

The results obtained for configurations P1 and P2 of fl and fh as a function of the
sample thickness 1 mm ≤ t ≤ 16 mm are summarized in Table 4

In both cases, both resonance frequencies show a clear dependence on the sample
height for small values of h with a more pronounced variation observed below approxi-
mately 4 mm. To better interpret this behavior, the data were fitted using an exponential
interpolating function of the form

y = p + (y0 − p) · e−k·x (10)

where y represents the resonance frequency, x is the sample height, y0 is the y value when x
is zero, p is the y value at infinite and k is the rate constant. The interpolation highlights
the presence of a plateau region occurring at a sample thickness of approximately 4 mm
and above, beyond which further increases in thickness produce only minor variations
in both fl and fh, as shown in Figure 2. This indicates that for both configurations, the
sensor response becomes weakly dependent on the sample height once a critical thickness
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is exceeded, suggesting that the electromagnetic field interaction is effectively saturated
within this distance from the resonator.

Table 4. Resonance frequencies (fl and fh) as a function of sample thickness t for both configurations.

t (mm)
P1 P2

fl (GHz) fh (GHz) fl (GHz) fh (GHz)

1 2.612 2.748 2.614 2.764
2 2.603 2.737 2.602 2.762
3 2.596 2.726 2.591 2.747
4 2.579 2.714 2.600 2.740
5 2.566 2.714 2.591 2.722
6 2.575 2.720 2.587 2.723
7 2.569 2.723 2.583 2.725
8 2.579 2.723 2.583 2.725
9 2.568 2.702 2.596 2.724

10 2.593 2.725 2.601 2.730
11 2.580 2.719 2.593 2.723
12 2.589 2.726 2.590 2.722
13 2.589 2.730 2.594 2.725
14 2.580 2.714 2.584 2.724
15 2.581 2.714 2.592 2.721
16 2.580 2.713 2.594 2.725

(a) (b) 

Figure 2. Resonance frequencies (fl and fh) as a function of sample thickness t for (a) configuration 1
and (b) configuration 2 with the plateau and the wood sample thickness highlighted.

4.2. Calibration Results

Table 5 reports the resonance frequencies (fl and fh) and the corresponding ∆f for
Position 1 and Position 2 when four reference plastic materials with known permittivity
values are placed on the sensor. The measured transmission loss traces for these materials
are shown in Figure 3a (Position 1) and Figure 3b (Position 2).

Although the four materials exhibit close permittivity values (ε = 1.6–2.8), the sensor
can discriminate them based on their frequency response. In Position 1 (Figure 2a), the
variations in both fl and fh are relatively small, and ∆f remains almost constant across
the materials. Nevertheless, the transmission coefficient |S21| shows distinct amplitude
differences for each material, enabling clear identification based on dielectric properties.

In Position 2 (Figure 2b), the frequency response is more sensitive to permittivity
variations: both fl and fh show larger downward shifts as ε increases, and ∆f exhibits a
more pronounced spread across the four materials. This confirms that Position 2 offers
improved sensitivity to dielectric variations, whereas Position 1 provides better contrast
in the transmission magnitude. Taken together, the two measurement points complement
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each other: Position 1 enhances material discrimination through |S21| magnitude differ-
ences, while Position 2 maximizes the detection of permittivity-induced frequency shifts
(Figure 2a,b). An observation concerns the LD-PVC sample. Despite its nominal ε = 1.6, its
measured response resembles that of a material with ε > 2, as reported in Tables 2 and 3.
This deviation is explained by its reduced thickness (2 mm thinner than the other samples),
suggesting how the variations in geometry can influence the measured resonance frequen-
cies. This highlights the need for standardized calibration protocols when dealing with
heterogeneous or irregular samples.

Table 5. Low and high-resonance frequencies for well-known materials for P1 and P2.

Pos Material ε f(l, h) (GHz) ∆f (GHz)

- Air 1.0 2.601~2.725 0.124

1

LD-PVC 1.6 2.594~2.699 0.105
PTFE 2.06 2.586~2.695 0.109

PMMA 2.6 2.568~2.679 0.111
PC 2.8 2.528~2.652 0.124

2

LD-PVC 1.6 2.592~2.698 0.106
PTFE 2.06 2.585~2.695 0.110

PMMA 2.6 2.554~2.673 0.119
PC 2.8 2.522~2.648 0.126

(a) (b) 

Figure 3. Transmission loss for air, and the four tested materials for Position 1 (a) and Position 2 (b)
with the two peaks at fl and fh, and εr highlighted.

A comparison between simulation results and experimental calibration shows that LD-
PVC exhibits the highest discrepancy—up to 1.3% in Position 1 and 2.5% in Position 2. For
all other materials, however, the error remains consistently below 1% and 1.5%, respectively,
demonstrating good agreement between modeled and measured data and confirming the
reliability of the calibration procedure.

4.3. Wood Sample Results

This section reports the resonance behavior of the three wood species (fir, poplar, and
beech) measured at Position 1 and Position 2 across ten moisture levels. For all species and
configurations, both resonance modes (fl and fh) showed a monotonic downward shift as
moisture content increased, which is consistent with the rise in effective permittivity and
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dielectric losses. The magnitude and linearity of these shifts, however, varied significantly
between positions and species, providing insight into the interaction mechanisms between
the resonator fields and different wood structures.

Figure 4a shows that fl and fh shift, for fir sample, progressively downward with in-
creasing θ (0–5.1%). At θ = 0%, the frequencies were fl = 2.592 GHz and fh = 2.699 GHz, align-
ing with calibration results. Over the full moisture range, fl decreased by fl ≈18 MHz and
fh by ≈8.2 MHz. The transmission amplitude |S21| also decreased (≈5 dB for fl and 1.6 dB
for fh), reflecting moisture-induced dielectric losses. Measurements were stable and showed
no anomalies. The low-frequency mode exhibited the highest sensitivity (≈3.5 MHz/%)
and the best linearity, confirming its suitability as a primary calibration parameter.

(a) (b) 

Figure 4. Transmission loss for fir measured at Position 1 (a) and Position 2 (b) across ten different
moisture levels, showing the low- and high-frequency resonant peaks (fl and fh).

In Position 2 (Figure 4b), the resonator showed a much stronger response. fl shifted
by −44.5 MHz and fh by −56.3 MHz, which was more than double the shifts in Position 1.
|S21| reductions were also more pronounced. A mild plateau between 2.7% and 4.6%
moisture was observed, but both modes remained strictly monotonic. Regression pa-
rameters (Table 6) corroborate the enhanced sensitivity of Position 2 (fl: −7.55 MHz/%,
fh: −8.16 MHz/%), while Position 1 retains slightly higher stability.

Table 6. Linear regression parameters for fir samples measured in Position 1 and Position 2.

Position Mode Slope (MHz/%) Intercept (GHz) R2

P1
fl −3.12 2.59 0.90
fh −1.21 2.70 0.71

P2
fl −7.55 2.57 0.89
fh −8.16 2.68 0.81

Figure 5a reports the evolution of the resonance peaks along ten measurement steps for
the poplar sample. At the first point, fl = 2.5907 GHz and fh = 2.6973 GHz. As the effective
moisture perturbation increased, fl shifted downward by ≈35 MHz, while fh exhibited
a smaller change (~1.6 MHz/step). The transmission amplitude decreased consistently
for both modes. The response was repeatable, with no inversions, and fl remained the
most sensitive mode, matching the behavior observed in fir. Position 2 (Figure 5b) again
produced larger shifts: −44.5 MHz for fl and −56.3 MHz for fh. A shallow plateau at
intermediate steps was observed, possibly due to local inhomogeneities, but the global
trend remained linear enough for calibration.
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(a) (b) 

Figure 5. Transmission loss for poplar measured at Position 1 (a) and Position 2 (b) across ten different
moisture levels, showing the low- and high-frequency resonant peaks (fl and fh).

Regression parameters (Table 7) show higher sensitivity for Position 2, while Position 1
maintains excellent linearity, especially for fl (R2 = 0.92).

Table 7. Linear regression parameters for poplar samples measured in Position 1 and Position 2.

Position Mode Slope (MHz/%) Intercept (GHz) R2

P1
fl −4.30 2.59 0.92
fh −2.05 2.70 0.88

P2
fl −7.60 2.57 0.87
fh −8.15 2.68 0.85

The behavior of beech (Figure 6a) followed the same general trend but with slightly
smaller shifts. At the first point, fl = 2.5848 GHz and fh = 2.6950 GHz. Over the ten steps,
fl decreased by ≈32 MHz, whereas fh shifted by ≈1.0 MHz/step. Transmission losses
increased moderately, which was consistent with progressive dielectric loading. Again, fl
offered the best compromise between sensitivity (≈3.2 MHz/step) and linearity (R2 = 0.91).

(a) (b) 

Figure 6. Transmission loss for beech measured at Position 1 (a) and Position 2 (b) across ten different
moisture levels, showing the low- and high-frequency resonant peaks (fl and fh).

Position 2 (Figure 6b) produced the largest absolute shifts among all species: fl de-
creased by −216.7 MHz and fh by −210.7 MHz. This strong response reflects the higher
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permittivity and density of beech, which interact more strongly with the concentrated fields
in the ring gap area.

Linearity remained good (Table 8), though steeper slopes imply a higher susceptibility
to measurement noise.

Table 8. Linear regression parameters for beech samples measured in Position 1 and Position 2.

Position Mode Slope (MHz/%) Intercept (GHz) R2

P1
fl −3.35 2.585 0.91
fh −0.95 2.693 0.85

P2
fl −9.00 2.637 0.88
fh −6.85 2.630 0.86

At 0% moisture, beech was also measured along axial (A), transversal (B), and radial
(C) directions (Figure 7).

• Position 1: resonance frequencies differed only slightly across directions (variations <
2 MHz), indicating quasi-isotropic behavior for this configuration.

• Position 2: differences were more pronounced (e.g., fl ranged from 2.5023 to
2.5195 GHz), reflecting the stronger field–material interaction in the gap region and
increased sensitivity to anisotropy.

Figure 7. Resonant frequencies and transmission amplitudes for beech at 0% moisture content
measured along three grain directions (A, B, and C) for P1 and P2.

This confirms that Position 1 is more suitable for repeatable, direction-independent
measurements, whereas Position 2 enhances interaction with the wood’s microstructure.

Position 2 exhibits higher sensitivity to moisture variations but also a stronger depen-
dence on the wood grain orientation. This behavior can be conceptually explained by the
distribution of the electromagnetic field in the ring resonator. At Position 2, the field is
concentrated near the gap region, resulting in a localized interaction with the wood sample.
Local variations in density, fiber direction, or microstructure therefore produce measurable
perturbations in the resonant frequency. In contrast, Position 1 interacts more uniformly
with the sample, averaging out anisotropic effects and providing a quasi-isotropic response.
This conceptual model is consistent with the observed linearity and sensitivity patterns
across the three wood species, highlighting how field localization can enhance sensitivity
while increasing susceptibility to microstructural heterogeneities.

https://doi.org/10.3390/instruments10010011

https://doi.org/10.3390/instruments10010011


Instruments 2026, 10, 11 14 of 18

Based on the measured sensitivities of the resonant modes (typically 3–9 MHz/% de-
pending on species and measurement position), the instrumental frequency uncertainty of
U f = 1.12 MHz translates into the following moisture uncertainty, defined in Equation (11):

Uθ ≈ U f
S f

≈ 0.12% − 0.35% (11)

This uncertainty represents a lower-bound estimate under controlled laboratory con-
ditions, as it accounts only for instrumental contributions and does not include additional
sources related to sample heterogeneity or positioning. Moreover, the uncertainty range
is significantly smaller than the moisture variations investigated in this study and con-
firms that the resonance-frequency shifts are sufficiently large to ensure reliable moisture
estimation even in the low-moisture regime relevant to cultural heritage applications.

The calibration parameters of the adopted model in Equation (9) were derived from the
measured sensitivities of the two resonant modes. Finally, Table 9 summarizes the values
of α, β and γ for all species and measurement positions. As expected, the low-frequency
mode provides the dominant contribution across all species, while the high-frequency mode
becomes significantly informative in Position 2, where the field perturbation is stronger.
The intercept term γ was consistently negligible (|γ| < 0.02%), confirming that dry-state
normalization effectively removes systematic offsets.

Table 9. Calibration coefficients for the resonant-frequency moisture model for all species and
measurement positions.

Species Pos α (fl) β (fh) γ

Fir P1 −0.321 −0.826 ≈0
P2 −0.132 −0.122 ≈0

Poplar P1 −0.233 −0.488 ≈0
P2 −0.132 −0.123 ≈0

Beech P1 −0.299 −1.053 ≈0

From a practical standpoint, the low-frequency mode alone (α term) can be employed
when a stable, bulk-averaged estimation of moisture content is required and anisotropic or
microstructural effects are negligible, as in quasi-isotropic configurations or for large sam-
ples. Conversely, the inclusion of the high-frequency mode (β term) becomes advantageous
when enhanced sensitivity to localized dielectric variations or material heterogeneities is
desired, as observed in measurements performed under highly localized field configura-
tions (e.g., Position 2). The dual-mode calibration approach therefore provides a flexible
framework that can be adapted to different measurement conditions, enabling either a
single-mode or combined-mode implementation depending on the desired trade-off be-
tween stability and sensitivity.

The comparison reported in Table 10 is intended to provide a qualitative position-
ing of the proposed sensor within the landscape of existing moisture measurement tech-
niques rather than a direct metrological equivalence, as operating conditions, sensing
volumes, and calibration procedures differ across methods For instance, low-frequency
capacitive probes achieve accuracies around <2% in permittivity-based moisture estima-
tion, while commercial capacitive moisture meters often report resolutions of ≈0.2–1% for
wood materials. In contrast, resistive meter performance varies with species, contact, and
environmental conditions.
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Table 10. Comparison of moisture measurement methods for wood.

Method or
Sensor Principle Typical Resolution/

Accuracy Invasiveness Measurement
Depth/Volume Notes References

MPCCRR
Dual-mode
resonator

(RF resonance)
~0.12–0.35% MC Non-invasive Near-surface/

bulk perturbation

Dual-frequency
modes capture

bulk and localized
effects with high

sensitivity

This work

Commercial
capacitive

moisture meters

Capacitive
dielectric

measurement
≈0.2–1% typical Non-invasive Surface/

near-surface

Requires firm
surface contact;

readings depend
on density/species

[32]

Commercial
resistance meters

(pin)

Electrical
resistance/

conductivity

Variable, often
~few % Invasive (pins) Between pins only

Dependent on pin
contact and wood

orientation
[32]

Low-frequency
custom

capacitive probes

Capacitive
permittivity ~<2% error reported Non-invasive Surface/

near-surface

Low-frequency
dielectric probe for

oak and poplar
[33]

ECT capacitance
tomography

Electrical
capacitance +
tomography

RMSEP ~14–24%
(wood chips) Non-invasive

Bulk
(tomographic

volume)

Focused on wood
chip flow MC,
large volumes

[34]

A final consideration concerns the limitations of the proposed sensor. In particular,
the major limitation is that only small, uniform, laboratory-prepared wood samples were
used. While this ensures repeatability, it does not fully capture the variability of cultural
heritage materials, such as aged or treated woods, surface roughness, coatings, varnishes,
or polychromies. It is important to underline, however, that for painted artifacts, measure-
ments are typically performed on the reverse or in protected areas, reducing the potential
interference from surface treatments.

5. Conclusions
This paper presented the calibration of a capacitively coupled ring resonator sensor for

the non-invasive measurement of moisture content in wood. Preliminary simulations and
reference material tests demonstrated the device’s ability to resolve even small variations in
permittivity, which is a key requirement for its application to real wood samples. Measure-
ments on three wood species showed a monotonic downward shift in resonant frequencies
with increasing water content with Position 2 consistently providing higher sensitivity
due to stronger electromagnetic field coupling. Linear regression results confirmed high
correlations (typically R2 > 0.85), validating the repeatability and reliability of the method
even in the low-moisture regime typical of cultural heritage applications.

The analysis of grain orientation revealed that Position 1 offers a nearly isotropic
response, making it suitable for stable baseline measurements, while Position 2 is more
affected by fiber direction, providing additional sensitivity to the anisotropic structure of
wood. For in situ measurements on cultural heritage artifacts, the orientation of wood
fibers is often unknown or cannot be directly accessed. The observed behavior suggests
that using Position 1 provides more reliable moisture readings in such cases, as its quasi-
isotropic response minimizes errors due to unknown grain direction. Position 2, while
more sensitive, should be used when higher resolution is needed or when the local fiber
orientation is known or can be reasonably estimated. Combining measurements from
both positions could allow practitioners to capture both the bulk moisture content and
localized variations related to anisotropy, providing a more complete characterization
without invasive sampling.
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Overall, the MPCCRR resonator proves to be a compact, sensitive, and fully non-
destructive system suitable for monitoring moisture in wooden cultural heritage objects.
Its performance suggests strong potential for integration into portable, in situ diagnostic
tools for preventive conservation.

While the current uncertainty analysis addresses instrumental contributions, it does
not fully propagate uncertainties through the calibration model, particularly those arising
from variations in sample geometry and material characteristics. Additionally, only one
sample per wood species was tested in this study. While this is sufficient for demonstrating
the calibration procedure, it does not capture inter-sample variability, including differences
in density, microstructure, or aging conditions.

Future work will extend the experimental campaign to multiple samples per species
and will explicitly consider these effects through tests on aged or treated wood samples
and under controlled environmental conditions, such as climatic chamber experiments and
accelerated aging protocols.
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Abbreviations
The following abbreviations and symbols are used in this manuscript, in alphabetic order:

c Speed of light
ET Electrical techniques
fair Air resonant frequency
fh High-resonance frequency
fi Frequency of the i-th sample under test placed on the top of the sensor
fl Low-resonance frequency
fr Resonance frequency () and its variations
gf Feed gaps
gr Ring gap
LD-PVC Low-density polyvinylchloride
Leff Effective length of the ring
MPCCRR Microwave Planar Capacitive Coupled Ring Resonator
P1 Position 1
P2 Position 2
PC Polycarbonate
PMMA Polymethylmethacrylate
PTFE Polytetrafluoroethylene
Q Quality factor
S(%) The normalized sensitivities
|S21 (f )| Transmission scattering parameter
|Sij| Scattering parameters
V Sample volume and
Wdry Weight of the dried sample
Wi Weight of the sample at i-th moisture level
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∆f Span between fh and fl
ε Permittivity
εeff Effective permittivity of the resonator
εr Relative permittivity
θ(%) Gravimetric water content
ρ Water density
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