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A B S T R A C T

Over the past years, artificial selection for meat-type (broiler) chickens has resulted in improved production 
efficiency, but also in an increased incidence of skeletal muscle abnormalities. In particular, wooden breast (WB) 
abnormality causes abrupt changes in meat quality and enormous economic losses. Thus, the poultry processing 
industry requires a reliable method to detect the abnormality in production lines in a non-destructive and 
contactless way. The present research aimed to evaluate the effect of WB on dielectric properties to develop a 
potential online technique to distinguish unaffected from affected breasts. Sixty-five pectoralis major muscles 
were picked 3 h post-mortem from the same flock (42-day-old broilers, 2.8 kg average live weight) and classified 
by visual inspection according to their phenotype as normal (N, not showing not any signs of the WB condition; n 
= 33) or WB (exhibiting extensive hardened areas and stiffness perceived by manual palpation throughout the 
entire fillet; n = 32). WB muscles exhibited remarkably higher values of dielectric constant and loss factor in a 
wide range of the explored frequencies (200 MHz–14 GHz), suggesting higher water mobility and a higher 
solvate capacity; this makes the electromagnetic technique for classification promising. Based on the above 
evidence, a rapid microwave electric technique in the range 1.5 GHz–3 GHz was developed for the online 
detection of WB. Indeed, combining the use of a cavity antenna (vector network analyzer instrumental chain with 
partial least square – discriminant analysis), this technique correctly classified 100% of the validation test set.

1. Introduction

Artificial selection over the past 60 years has led to rapid growth 
rates and increased meat yield in broilers (meat-type chickens), but it 
also introduced some challenges such as an increased occurrence of 
growth-related breast muscle abnormalities (i.e., white striping, wooden 
breast and spaghetti meat) (Barbut et al., 2024; Soglia et al., 2021). 
Literature reports have depicted that defects in Pectoralis major muscle 
result in qualitative and economical devaluation of broiler breast meat 
(Mudalal et al., 2015; Pang et al., 2020a,b; Petracci et al., 2019; Soglia 
et al., 2016, 2021; Wang et al., 2023). Downgrading and quality losses 
caused by growth-related abnormalities have caused huge economic 
losses for the poultry industry estimated in North America for over 1 
billion USD per year (Barbut et al., 2024; Wang et al., 2023). Consid
ering the increasing world demand for poultry products, growth-related 
muscle abnormalities are expected to raise.

Wooden breast (WB) is one of the muscle abnormalities that affects 
meat quality. This defect is characterized by hardened texture and pale 

areas along with petechial hemorrhages mainly in the cranial or caudal 
portion of the breast muscle (Petracci et al., 2019).

Accordingly, the poultry industry requires a reliable method to 
detect this abnormality in production lines in a non-destructive and 
contactless way. One of the biggest advantages of having automatic and 
objective real-time information is the reduced cost of manual inspection, 
associated with increased work efficiency and minimization of waste, 
thereby augmenting the sustainability of the production process (Barbut 
et al., 2024). Although the distinctive characteristics of WB can be 
described in terms of physical properties (e.g. hardness, rigidity, change 
in visual appearance), its detection is difficult because of the random 
distribution of the occurrence and different severities of the defects’ 
intensity (Morey et al., 2020).

Recently, some applications of online methods able to detect WB in 
manufacturing lines have been reported, including near-infrared spec
troscopy (Geronimo et al., 2019; Wold et al., 2017), and bioelectrical 
impedance analysis was used as a tool to differentiate between normal 
and severe WB meat, even if the samples had to be in contact with probe 
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(Morey et al., 2020). Optical coherence tomography (OCT) was applied 
to classify chicken breast fillet according to WB severity (Ekramirad 
et al., 2024) and image analysis was applied to detect WB in broiler 
carcasses (Caldas-Cueva et al., 2021) and breast fillets (Yoon et al., 
2022). In addition, a spectrophotometric system able to detect white 
striping abnormality in whole chicken carcass has also been investigated 
(Traffano-Schiffo et al., 2017). Despite some already existing applica
tions, inexpensive technologies that are capable of measuring WB on 
breast fillets in the manufacturing line based on the electromagnetic 
wave interaction are still required.

Dielectric properties could represent an opportunity to develop a 
spectrometer that is able to investigate the bio-physical properties of 
chicken breast in a non-destructive, inexpensive, and contactless way. 
Dielectric properties describe the behavior of a material under an elec
tromagnetic field. Permittivity is the physical quantity describing the 
dielectric properties as a function of the absorption, dissipation, and 
reflection of electromagnetic energy. The permittivity is mathematically 
described as a complex number composed of the dielectric constant 
(related to energy absorption and storage) and loss factor (mainly linked 
to energy dissipation) of the real and imaginary part, respectively 
(Asami, 2002; Nelson, 2010). Dielectric properties have been success
fully applied to investigate a wide range of biological products (Iaccheri 
et al., 2023a,b; Kent and Anderson, 1996; Liu et al., 2012; McKeown 
et al., 2012; Nelson, 2010; Nunes et al., 2006; Ragni et al., 2007) and 
particularly poultry meat (Tran and Stuchly, 1987; Nelson et al., 2007; 
Tanaka et al., 2000; Traffano-Schiffo et al., 2021).

The objective of the present research was to study the dielectric 
properties of chicken breasts affected by WB. Based on the results ob
tained, an inexpensive and reliable method that exploits the interaction 
of electromagnetic waves, in the microwave range (1.5–3.0 GHz), was 
developed to detect the WB defect.

2. Materials and methods

2. collection

A total of 65 chicken breasts were selected at 3 h post-mortem in a 
commercial slaughter plant on different sampling days. The chicken 
breasts, belonging to the same flock of animals with homogeneous 
characteristics, were selected and classified as unaffected N (n = 33) and 
affected by WB (n = 32) (Fig. 1). In detail, samples were classified ac
cording to their visual appearance (macroscopically normal or showing 
pale and hardened areas along with petechial haemorrhages). To avoid 
misleading results, only severe WB cases were considered. The samples 
were kept at 5 ± 1◦C.

2.2. Dielectric properties

Dielectric properties were assessed at 5◦C in triplicate, by moving the 
probe in three different position of the breast, in a wide radiofrequency 
range of 200 MHz to 14 GHz using an open-ended coaxial probe 
instrumental chain. The acquisitions were carried out by means of an 
open-ended coaxial probe (DAKS-3.5 probe, Zurich, Switzerland) con
nected to a vector network analyzer (Copper Mountain, Indianapolis 
USA) and interfaced via USB with a PC (Fig. 2).

The DAK Software (Installer 2.6.1.7) was used for acquisition and 
calibration procedures. Calibration was carried out using a custom 
calibration kit (Speag DAK-3.5/1.2 circuit block, metal strip set, and 0.6 
l of DAK SL AAH U16 BD verification liquid), accounting for open, short 
and load determinations.

The chicken breasts were positioned on plastic support and brought 
into contact with the probe with an elevated platform to avoid probe and 
cable movements, which is a possible source of signal noise.

The dielectric constant (ε′), and the loss factor (ε’’) of the chicken 
breast belonging from the two classes, N and WB, were directly obtained 
by the DAK software. Each spectrum is composed by 920 data points 

Fig. 1. Chicken breasts classified as unaffected (N) and affected by wooden breast (WB) (photos were captured with a visual analyzer VA400 IRIS Alpha M.O. 
S., France).
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subsequently used for statistical elaboration.

2.3. Instrumental chain with cavity antenna

With the intention of developing an affordable technique to identify 
WB, a contactless and rapid instrumental chain was set up based on 
transmission line theory. When a transmission line is terminated with an 
unmatched load (different dielectric characteristics), two waves are 
present, the incident and the reflected ones. In particular, a radio
frequency incident signal is acquired on one port and part of this signal is 
loss in absorption or dissipation, while part is reflected and sent back to 
the probe. These two components overlap and the resulting one is 
defined as a standing wave. Dielectric mismatch is measured by the 
scattering parameters of the reflected wave (real and imaginary parts of 
S11). The real and imaginary parts of S11 are related to impedance by 
the reflection coefficient (Γ): 

Γ =
Zl− Z0

Zl+Z0
and |Γ| =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
S112

re + S112
im
)√

where Zl is the load impedance, Z0 is the line characteristic impedance, 
and S11re and S11im are the real (resistive) and imaginary part (reactive) 
of S11.

The ratio between the maximum (Vmax) and minimum (V min) 
standing wave amplitude is known as the standing wave ratio (VSWR). 

VSWR=
1 + |Γ|
1 − |Γ|

The real and imaginary parts of the S11 and the SWR spectra were 
acquired with an instrumental chain composed by a rectangular cavity 
antenna (dimensions: width 96 × height 46 × length 118 mm) con
nected to a VNA (Vector Network Analyzer; Copper Mountain, Indian
apolis, USA) (Fig. 3).

Calibration of the VNA was performed using the producer’s cali
bration kit (N1801, Copper Mountain USA), accounting for open, short 
and load calibration. The acquisitions were conducted in triplicate, at 
5◦C, in the frequency range from 1.5 GHz to 14 GHz. The resonant 
frequencies (the frequencies at which the reactance is zero) of the an
tenna were 1.56 and 2.46 GHz (in air). The breasts were not placed in 
contact with the antenna in order to carry out contactless measurements. 
The real and imaginary parts of the S11 and the SWR were automatically 
collected by the own VNA software.

2.4. Statistical analysis

Dielectric spectra belonging to the open-ended coaxial probe chain 
were only used to characterize the material. No processing was done. 
The raw spectral signals obtained with the cavity antenna were 
composed of 301 points. Firstly, Principal Component Analysis (PCA) 

Fig. 2. Open-ended coaxial probe instrumental chain for assessment of dielectric properties.

Fig. 3. Instrumental chain set up, with cavity antenna and vector network analyzer. On the upper right, the internal section dimensions of the probe are reported.
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was implemented to explore the variability in multivariate data sets and 
understand possible relationships between samples (N and WB) and the 
variables (X, spectral data). By reducing the variable numbers in the 
principal components (PCs), the entire variability of the dataset can be 
studied. PCA was also useful for the outlier selection made through the 
score plot (6 samples were removed, all WB). Spectral range selection 
was made by a loading weights plot, considering that the highest values 
(in absolute) have a large contribution in explaining the variability of 
the two groups in the related frequencies. PCA was also used to select the 
external dataset for the subsequent classification model validation. 
Samples were selected from the left, the right, and the central PCA score 
plot to build an external-validation set with the maximum sample 
variability.

PLS-DA was chosen as a rapid screening method to classify samples, 
with the possibility of directly implementing the algorithm. PLS-DA was 
performed to classify samples into two groups unaffected (N) and 
affected by WB. PLS-DA is a supervised method in which the class 
attribution is already defined as 1 (class N) and − 1 (class WB). The PLS- 
DA determines whether a sample belongs to class 1 or class − 1. The 
closer is the sample to those values, the more similar the class. The 
class’s dividing line is 0. Twelve samples were selected from PCA, which 
were not included in the training stage, and used to validate the models, 
performing an external validation. External validation is very helpful to 
understand how the model will perform considering new future samples.

In addition, performance of the PLS-DA model was evaluated as a 
function of the coefficient of determination (R2) of calibration and 
validation and related root mean square error of prediction (RMSEP), 
the standard error of prediction (SEP), the systematic error BIAS, and the 
residual prediction deviation (RPD). Bias is a measure of the accuracy of 
the prediction model and SEP is the expression of the precision of the 
results, corrected for Bias. The RPD is the ratio between the standard 
deviation of the reference values and the SEP. RPD is an index of prac
tical utility to understand the goodness of model estimation. Values of 
RPD higher than 2 are considered suitable for analytical data (Wold 
et al., 2001).

Multivariate data analysis was performed with The Unscrambler 
software (Unscrambler software, version 9.7, CAMO, Oslo, Norway).

3. Results and discussion

The dielectric constant and loss factor of all chicken breasts that were 
unaffected (N) and affected by WB at 5◦C are shown in Fig. 4.

The dielectric constant of both N and WB chicken breasts decreased 
as a function of frequency due to the dispersion events, typical of the 
biological materials and mainly attributable to water/solid dynamics 
(Trabelsi, 2015). The dielectric loss factor, more dominated by ionic 
conductivity in the lower portion of the frequency range explored, did 
not show spectral changes, while at higher frequencies these are 

revealed and mainly attributable to the dipolar rotation of the water 
molecules. Similar results in terms of dielectric constant and loss factor 
have been previously reported (Nelson, 2010; Trabelsi, 2015). It is 
widely known that dielectric properties respond to water content, but 
also to water mobility (Iaccheri et al., 2023a,b; Iaccheri et al., 2015; 
Nelson, 2010; Trabelsi, 2015). Thus, further considerations can be 
drawn by observing the different behavior of N and WB samples. The WB 
condition is previously reported to cause alteration of water content and 
reduction of water holding capacity in broiler breast fillet (Choi et al., 
2024; Sun et al., 2022). WB affects the proportion of extra-myofibrillar, 
by increasing its content, and results in a lower intra-myofibrillar and 
hydration water (Pang et al., 2020a,b; Zhang et al., 2022) thus influ
encing its physical behavior, such as mechanical (Choi et al., 2024; 
Tasoniero et al., 2017), rheological, and gelling properties (Zhang et al., 
2020). Previous investigations suggested the importance of water solid 
relation characterizing WB samples, all confirming a higher water 
mobility in raw WB samples (Choi et al., 2024; Pang et al., 2020a,b; 
Soglia et al., 2021; Tasoniero et al., 2017; Zhang et al., 2022, 2020), as 
well as in marinated breast meat (Zhang et al., 2022). Accordingly, the 
dielectric properties presented herein show higher values of dielectric 
constant and loss factor for WB samples, which are typical of products 
with higher water content and water mobility.

Consequently, the dielectric properties changes represent an oppor
tunity to set up an automatic sensor able to identify chicken breasts that 
are affected and unaffected by WB abnormality.

Regarding the results obtained for cavity antenna, all raw spectral 
data of real and imaginary parts of S11 and VSWR for N and WB samples 
at 5◦C are shown in Fig. 5.

The frequency dependence scattering parameters and VSWR 
measured at 5◦C showed a spectral variation in terms of peak intensity 
and slope, as a function of WB abnormality, confirming the results of 
dielectric properties. In particular, it is possible to observe that the low- 
frequency range is characterized by large spectral variability.

Chicken breasts are deboned and processed in plants with possible 
temperature fluctuation. Thus, to verify the extent of signal variation as 
a function of temperature, a test was carried out. One chicken breast for 
each experimental group was placed at room temperature (22◦C) to 
measure the dielectric properties during a slow increase in temperature, 
from 6◦C to 16◦C, considering that a thermal condition should be 
avoided. Fig. 6 shows a typical variation of the VSWR parameter in 
frequency at the selected temperatures for unaffected (N) and affected 
(WB) breasts.

The VSWR for N and WB samples showed only a slight variation in 
the temperature range investigated. The variation of the spectral 
response as a function of temperature was considerably lower than the 
sample variation induced by WB abnormality and thus should not 
compromise the technique’s applicability in poultry processing lines.

S11 parameters were then employed to perform a PCA in the whole 

Fig. 4. Dielectric constant and loss factor in the frequency range 200 MHz-14GHz.
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spectral range, the loading weights plot are shown (Fig. 7).
The loadings weight of the first two PC allow to select a reduced 

spectral range in which variables give the most important contribution 
to explain data variability. The real, imaginary part and VSWR highest 
frequency range are characterized by lower loadings weight. As Fig. 7
shown, the huge difference is revealed for VSWR parameter. It should be 
considered that increasing the frequency range, increase also the noise. 
Therefore, data were then selected in the frequency range from 1.5 to 9 
GHz.

Accordingly, the PCA of the real, the imaginary part, and the SWR 
was then repeated in the selected frequency range and shown in Fig. 8.

In Fig. 8, all the PCA have a very good separation according to the 
presence or absence of WB abnormality, especially along PC1. The 
highest value of explained variance was achieved with the VSWR 
parameter with 87% considering PC1 and 9% concerning PC2. It should 
be noted that WB abnormality can affect a variable superficial area of 
the sample and with different degrees of intensity. Thus,a low incidence 
of the defect causes only small changes in the electrical signal and a 

slight superimposition in the PCA is therefore expected.
As previously mentioned, the PCA was used as a screening method to 

subsequently classify with the PLS-DA, allowing validation of the model 
which is useful to understand how the it will work with future samples. 
The results of PLS_DA in the selected frequency range (1.5–9.0 GHz) are 
reported in Fig. 9.

As can be seen in Fig. 9, PLS-DA correctly classified 100% of the 
samples into unaffected (N) and affected (WB) breasts for all the scat
tering parameters considered.

The validation dataset was used during the calibration process to 
obtain a more reliable error, thereby avoiding model underfitting and 
overfitting. All the parameters considered in the validation stage of the 
regression are reported in Table 1.

The external data set of the PLS-DA models used for the S11 real, S11 
imaginary parts and VSWR concerned 12 elements each. Very good 
coefficients of determinations were obtained for all the scattering pa
rameters, even if the best result was obtained by the real part of S11 with 
R2 of 0.935. According to bias, which is near zero, the model does not 

Fig. 5. VSWR, the real and imaginary part of S11 spectra for N and WB samples.

Fig. 6. Temperature influences of the VSWR for N and WB samples.
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commit overestimation or underestimation, and by SEP the goodness of 
the models is confirmed.

RPD values between 2 and 3 indicate a fair model, between 3 and 4 
good, and values greater than 4 excellent. Thus, the ability of PLS-DA to 
classify N and WB is primarily verified for the S11 real part that showed 

the best performance.

4. Conclusions

The dielectric constant and loss factor of chicken Pectoralis major 

Fig. 7. Loadings weight of the first two Principal Component considering real, imaginary part and VSWR parameters.

Fig. 8. PCA of the real, imaginary part, and VSWR grouping N and WB samples. Principal component (PC) 1 and 2 and related percentages to explain variance.

Fig. 9. Predicted versus measured values of the entire data set (calibration and validation) considering the real, imaginary part, and VSWR parameters of the PLS-DA 
classification; the two groups are unaffected (N) and affected (WB) breasts.

E. Iaccheri et al.                                                                                                                                                                                                                                 Journal of Food Engineering 387 (2025) 112336 

6 



muscles exhibiting macroscopically normal appearance and affected by 
WB abnormality at 5◦C showed changes as a function of the presence of 
the abovementioned quality defect. Accordingly, variations in dielectric 
data allowed the development of non-destructive, contactless, and rapid 
spectroscopic techniques, which are applicable in the processing line. An 
inexpensive instrumental chain based on a cavity antenna and a network 
vector analyzer was set up at the Interdepartmental Centre for Agri-Food 
Industrial Research located (Cesena, Italy) and it was exploited to 
automatically detect the chicken breast abnormality. The instrumenta
tion proposed was tested and the results are very promising, correctly 
discriminating N and WB (100% of the external validation samples, n =
12). Further improvements of the research should focus on expanding 
the data set to increase the robustness of the statistical model. The 
diffusion on the market of extremely low-cost vector analyzers could 
further encourage the application of this technique.
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