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Abstract
Acute respiratory distress syndrome (ARDS) is a critical lung condition caused by trauma or
infection. This study explores the development and evaluation of human lung phantoms to
investigate the feasibility of using microwave frequencies for ARDS detection. Both physical
semisolid phantoms and their numerical models were developed in inflated and deflated states
to replicate the dielectric properties of healthy and affected lungs. Three phantom sets with
varying water and air content were fabricated to simulate different stages of respiratory dis-
tress. The geometric parameters of the phantoms were derived from CT scans of 166 ARDS
patients. Dielectric permittivity and conductivity were measured using a Keysight N1501A
dielectric probe over a 0.5–13 GHz range, showing strong agreement with IFAC’s reference
data. To validate the models, horn antennas operating between 8.2–12.4 GHz were used to
measure S-parameters (S11 and S21) in both physical and numerical phantoms. The results
demonstrated consistent changes in transmission and reflection characteristics corresponding
to variations in lung volume and dielectric properties. These findings support the potential
of microwave imaging as a non-invasive tool for early ARDS detection by effectively distin-
guishing between healthy and distressed lung states based on measurable electromagnetic
response.

Introduction

An earlier less extensive version of this paper was presented at the 18th European Conference
of Antennas and Propagation (EuCAP) and published in its proceedings [1]. Acute respiratory
distress syndrome (ARDS) is a pathological condition affecting lungs and causes fluid to leak
into the alveoli, making it difficult to oxygenate the bloodstream.After COVID-19, several stud-
ies reported that hundreds of adults are affected by ARDS [2, 3].This condition often arises as a
complication of pneumonia associated with COVID-19. Studies [2, 4] also show that the major
cause of death in COVID-19 is ARDS after the cytokine storm and frequent microvascular
thrombotic events and multi-organ system failure.

Significant studies are ongoing in the research field to analyze the post-COVID lung respi-
ratory distress. The early stages of respiratory syndrome in COVID-19 patients are not so easy
to identify and, once identified, it is necessary to optimize patient follow-ups [5].

To diagnose and analyze the pathology in the lungs, chest X-rays and computer tomogra-
phy (CT) image techniques are widely employed. During the course of patient treatments, it is
observed that many CT and X-ray scans with a specific interval time have to be performed on
patients until their full recovery. Pan et al. [4] describe the chest CT findings associated with
COVID-19 pneumonia from initial diagnosis until patient recovery. They found that a total of
82 pulmonary CT scans had been performed within a range of 1–8 days with a mean interval
of 4 ± 1 days on 21 patients. This shows that the identification of ARDS from the initial stage
to patient recovery is a complex and time-consuming procedure and the patients have to go
through multiple clinical tests.

Tissue emulatory models (TEMs), or phantoms, are becoming increasingly valuable in bio-
logical and medical applications for validating and testing precursor systems. These phantoms
are constructed from artificial materials designed to mimic the physical and dielectric proper-
ties of real human tissues [6]. TEMs can be employed in the biomedical field for early disease
detection through testing and evaluating the performance and safety of microwave-based med-
ical devices, reducing electromagnetic (EM) interaction with the patient’s body. To effectively
replace human tissues or organs, TEMs must exhibit specific characteristics, including physical
and structural realism, dielectric precision, and durability for repeated tests andmeasurements.
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Patients with ARDS develop pulmonary edema, where fluid
leakage into the pulmonary parenchyma floods the alveolar spaces
[7]. The alveoli flooding increases lung water content [8], and
some studies show a rise of 75–100% compared to normal levels
[9]. Additionally, studies [10, 11] indicate that the lung volume
decreases in ARDS patients.

Wireless communication through the human body depends on
several factors, including water content, conductivity, thickness,
and volume of the tissues and organs in the body. There is a direct
correlation between the water content and the dielectric proper-
ties of the biological tissues [12]. An increase in lung water content
and changes in lung volume alter the dielectric permittivity of lung
tissues.

Several methods have been developed to detect infiltrated lung
water, including chest radiograph, CT, magnetic resonance imag-
ing, positron emission tomography, external radio flux detection,
and the soluble gas method [13]. Microwave-based techniques are
widely used in medical diagnosis, disease treatment, and patient
monitoring due to its non-ionizing nature and low cost [14–17].
With microwaves, changes in the amplitude of the S-parameters
can be measured to detect variations in the dielectric permit-
tivity of the targeted materials. Since 1973, microwave technol-
ogy has been employed to detect lung diseases, with numerous
studies developed by transmitting microwave signals through the
lungs and observing variations in the reflection and transmission
coefficients [18–20]. The microwave technique can be considered
convenient due to its portability, low cost, and noninvasive nature.

Aim of the work

We aim to create artificial lung models as test beds for microwave
techniques, a noninvasive and real-time approach, which poten-
tially enables earlier detection, continuous monitoring, and per-
sonalized treatment of ARDS. The overarching aims of this work
are to (1) design models of healthy, deflated, and inflated human
lung lobes, to account their linear dimensional parameters; (2)
develop TEMs and their numerical models for both the left and
right lung lobes, including healthy, inflated, and deflated mod-
els, as well as three sets of diseased, inflated, and deflated lung
TEMs with infiltrated water leakage, representing different stages
of ARDS; and (3) validate the applicability of these lung phantoms.
Validation is conducted by analyzing and comparing the impact of
lung conditions through laboratory measurements and numerical
simulations of reflection (S11) and transmission (S21) parameters
using horn antennas at microwave frequencies.

Outline of the work

In section “Methodology” of this paper, the details of data collec-
tion, the design of left and right lobes of both deflated and inflated
human lungs, the materials used for healthy and diseased TEMs,
and the fabrication procedures are outlined. In section “Results
and discussions,” we present and discuss the dielectric measure-
ment results of the developed lung TEMs across the 0.5–13 GHz
frequency range, comparing with the reference IFAC database.
Section “Results and discussions” also addresses the applicabil-
ity of the TEMs by measuring and simulating the S11 and S21
parameters on physical and numerical phantommodels. In section
“Conclusion,” we summarize the study and discuss the results.

Methodology

Materials

Our goal was to fabricate semisolid lung TEMs that emulate the
physical, structural, and dielectric properties of real human lungs.
The semisolid consistency allows the phantommixture, initially in
a viscous liquid form, to be cast into 3D-printed lung molds, effec-
tively mimicking realistic soft lung tissue.The dielectric properties
of both healthy and diseased, inflated and deflated lung tissues
vary with the water content, ranging from low to high values. The
material selection for the lung TEMs is based on the semisolid
phantoms [6, 21–23]. We propose novel recipes with new material
compositions for both healthy and diseased lung TEMs.Themate-
rials include deionized (DI) water, glycerine, corn flour, gelatine,
dextrin, canola oil, TX-151, surfactant, sodium chloride (NaCl),
and sodium benzoate. Different materials and ingredient propor-
tions were used to modify the dielectric properties of the healthy
and diseased TEMs. The material composition for healthy and
diseased (three stages of ARDS), inflated and deflated lung phan-
toms is shown in Table 1, with the materials listed by their weight
percentages.

The primary use case of the TEMs is diagnosing ARDS, which
is fundamentally caused by fluid (primarily water) accumulation in
the lungs.This condition can be classified into different levels based
on the amount of water lodged in the alveoli.The hypothesis is that
variations in dielectric properties arise from changes in the water
and air content in the lungs compared to the baseline dielectric
value of lung tissue. In the inflated state, the dielectric property of
the lungs can be approximated using Maxwell’s mixture equation,
accounting for the volume of air trapped in the lungs, the volume
of lung tissue, and their respective dielectric values. In contrast, in
the deflated state, the effective relative permittivity is equivalent to
that of the lung tissue alone, as less air is present.

DI water is the primary solvent in the materials, and the rela-
tive permittivity is directly proportional to the water content. Due
to the distribution of water and air, the relative permittivity is lower
in inflated lungs compared to deflated lungs. To emulate this con-
dition, the deflated lung phantoms were fabricated with a higher
water content (by addingDIwater) alongwith adjustments in other
ingredient proportions. We modeled each set of diseased inflated
and deflated lung phantoms with approximately 40–50% increase
in water content compared to healthy inflated and deflated ones.
As water content in the lung tissues increases with the progres-
sion of ARDS, we used approximately 11%, 19%, and 32% more
water content in the three stages of inflated ARDS lung phan-
toms compared to the healthy inflated lung phantom. Similarly,
we used 17%, 21%, and 27% more water content in the three suc-
cessive stages of ARDS deflated lung phantoms compared to the
healthy deflated lung phantom.The amount ofDIwater required to
adjust the dielectric properties of each recipe varies depending on
the estimated difference in dielectric properties and is not directly
proportional to the total water content in the lungs. The exact per-
centage of water used for the inflated and deflated lung scenarios
differs, as they are based on two distinct recipes.

Glycerine is another solvent but with lower dielectric permit-
tivity compared to DI water. Gelatine and TX-151 (a super-stuff
agent) provide the semisolid consistency to the lung TEMs. Canola
oil with low dielectric permittivity is used in the deflated lung
phantoms to achieve lower relative permittivity. Corn flour and
dextrin bind the various materials together and help regulate the
dielectric properties. A surfactant (dish washing liquid) is used as
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Table 1. Material composition for healthy and diseased ARDS inflated and deflated lung phantoms. Values in weight %

Materials
Inflated lung Deflated lung

Healthy Diseased 1 Diseased 2 Diseased 3 Healthy Diseased 1 Diseased 2 Diseased 3

DI water 41.5 46 49.2 54.6 60 70 72.5 76

Gelatine 5.5 5.1 6.2 — 9.4 7 7.3 5.6

Glycerine 12.4 11.4 11 — 14 10.5 7.3 8.4

Dextrin — — — — 16.4 12.3 12.7 9.8

Corn flour 24.9 23 22.1 29.2 — — — —

Canola oil 13.9 12.8 9.8 9.8 — — — —

Surfactant 1.4 1.3 1.3 0.9 — — — —

Sodium benzoate 0.4 0.4 0.4 0.4 0.2 0.2 0.2 0.2

TX-151 — — — 4.9 — — — —

Salt — — — 0.2 — — — —

Table 2. Extracted linear dimensions and volume with standard deviation of
the left-hand side and right-hand side inflated lungs [25]

Linear dimensions Lungs Data

Peak-to-peak — 8.3 ± 1.2 cm

Height Right 20.6 ± 2.6 cm
Left 19.8 ± 2.6 cm

Maximum height Right 26.9 ± 2.7 cm
Left 26.1 ± 2.6 cm

Width Right 11.6 ± 1.2 cm
Left 10.0 ± 1.0 cm

Depth Right 16.9 ± 1.8 cm
Left 17.1 ± 2.0 cm

Volume Right 2663 ± 667 cm3

Left 2301 ± 636 cm3

an emulsifier to dissolve oil droplets in the phantoms. NaCl reg-
ulates conductivity in the phantom, while sodium benzoate (food
preservative) is added to extend the shelf life of the lung phantoms.

Data collection for the design of lung TEMs

To mimic the exact size, shape, and volume of the inflated lungs,
we have used CT studies of air and tissue distribution in the lungs
of healthy volunteers and of patients with ARDS [24] and a col-
laboration work done between the HumanMonitoring Laboratory
(HML) and the Montreal University Hospital Centre (CHUM)
[25]. We extracted the linear dimensions and volumes of lungs, as
calculated fromCT images from 166 patients [25].These data were
collected while the patients had taken a deep breath prior to the
imaging and their lungs were larger than the usual at-rest volume.
The data are based on the study on both males and females to find
out linear dimensions with respect to age, height, and weight. The
study shows that linear dimensions of lungs are essentially inde-
pendent of age, height, and weight. Table 2 shows the extracted
linear dimensions and volume with standard deviation of the left
and right lungs [25]. We have chosen the combined data sets of
females and males for our TEM design. Uneri et al. [26] analyzed
the physical and topological properties during surface deformation

of deflated lung using mesh models for both inflated and deflated
states. The analysis reveals that a substantial linear deformation of
20% is present in deflated lungs compared to that of inflated lungs
[25]. Therefore, we have chosen the deflated lung dimensions by
reducing 20% of the inflated lungs.

Design of healthy inflated and deflated lung TEMmolds

The 3D-printed molds for both the inflated and deflated TEMs
were designed based on the data provided in section “Data col-
lection for the design of lung TEMs,” enabling the liquid phantom
mixture to be cast after fabrication. SOLIDWORKSdesign software
was used to create the CAD model for the lung molds. Polylactic
acid was selected as 3D printing material for the pulmonary molds
due to its heat tolerance and cost-effectiveness. Figure 1 shows the
3D-printed molds, with (a) the inflated lung mold with the tra-
chea and (b) the deflated lungmolds. As illustrated, the dimensions
and volume of the inflated lung molds are larger than those of the
deflated lung molds.

Fabrication of lung TEMs

The fabrication of inflated and deflated sets of healthy and diseased
lung TEMs was carried out in a solvent fume hood in a clean room
environment. We developed novel fabrication procedures to accu-
rately mimic the physical and dielectric properties such as relative
permittivity (𝜀r) and loss tangent (tan δ) for the lung TEMs over
the 0.5–13 GHz frequency range. Considering both the deflated
and inflated models of healthy lungs and three stages of ARDS
lungs, there is a significant difference in relative permittivity among
the lungs.We selected differentmaterials, ingredient compositions,
and fabrication procedures tomodel the lungs fromhigher to lower
permittivity.

The Institute for Applied Physics “Nello Carrara” (IFAC) in
Florence, Italy, has reported extrapolated complex permittivity val-
ues of human tissues up to 110 GHz [27]. Several iterations of
material compositions were tested to match the values reported
in the IFAC data base. A double boiling technique was employed
to combine water with gelatine and TX-15, with the temperature
regulated around 90°C to ensure the cross-linking of gelatine and
water molecules. During each phase of the fabrication process, the
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Figure 1. 3D-printed (a) inflated lung molds with trachea and (b) deflated lung
molds.

phantommixture was stirred continuously tomaintain homogene-
ity.Thefinal viscousmixturewas cooled in a cold-water bath before
being poured into the 3D-printed molds. The lung phantoms were
then left at room temperature to solidify, and then the TEMs were
properly wrapped in saran wrap (polyethylene food wrap). Once
the TEMs had jellified in the molds, they were carefully separated
and stored in a refrigerator.TheTEMs should be removed from the
refrigerator and kept in room temperature before measurements
are taken.

Measurement methods

Weemployed two differentmeasurement techniques for evaluating
the fabricated lung TEMs. The first involved using an open-ended
coaxial transmission line technique with a Keysight slim-form
probe kit [28] and a FieldFox N9918A network analyzer for dielec-
tric characterization [29]. This technique incorporates Debye and
Maxwell models, alongside the single-pole Cole–Cole equation, to
detect changes in the relative permittivity and conductivity of the
lung TEMs due to variations in water content. The relative per-
mittivity and loss tangent were measured across the 0.5–13 GHz
frequency range. These nondestructive, real-time measurements
were obtained by immersing the slimprobe approximately 2–3mm
deep into the lung tissue phantom. To ensure homogeneity in
both the inflated and deflated TEMs, four random measurements
with 801 linearly spaced frequency points were taken at differ-
ent positions on each lung TEM, and the mean value of these
measurements was compared with the IFAC database. Figure 2(a)
illustrates the dielectric measurement characterization of the lung
phantoms.

To validate the applicability of the fabricated lung phantoms, we
conducted laboratory measurements and numerical simulations.
In the laboratory evaluation, we measured the S11 and S21 parame-
ters using 15 dBi standard gain horn antennas (PEWAN090-15SF),
designed for the 8.2–12.4 GHz frequency range and a Keysight
FieldFox network analyzer (N9918A). These horn antennas were
chosen for small size making them convenient for a bench top
experiments and furthermore our phantoms cover the antenna’s
operational frequencies. First, the transmitter and receiver anten-
nas were connected to ports 1 and 2 of the FieldFox, respectively,
and free-space measurements were taken by placing the antennas
facing each other with their apertures 19 cm apart. The spacing
between the antennas was fixed at 19 cm for all measurements
in order to provide at least a 2.5 cm gap between inflated phan-
tom (largest phantom dimension, 14 cm across) and the antenna
apertures.

Next, the S11 and S21 parameters were measured by position-
ing the healthy inflated lung phantom between the transmitter and
receiver antennas, maintaining the same 19 cm distance between
the two antennas, with the phantom equidistant (2.5 cm) from
both. Variations were observed in the reflection and transmission
parameters due to differences in the phantoms’ dielectric proper-
ties, size, and thickness. The process was repeated with the healthy
deflated lung phantom (7 cm across) with a gap of 6 cm on both
sides. Figure 2(b) and (c) shows the S-parameter measurement
setup with the deflated and inflated lung phantom.

The numerical study involves S-parameter simulations of the
numerical models – both inflated and deflated – using CST Studio
Suite software. These numerical models replicate the size, shape,
and volume of the physical lung phantoms and the horn antennas.
To analyze the feasibility of using lung TEMs in comparison with
the real-life scenarios in humans, the inflated and deflated numeri-
cal models were designed to emulate the dielectric properties from
the IFAC database [27].The validation of the lung TEMs were per-
formed by comparing the results obtained from the measurements
with the numerical simulations. Figure 3(a) and (b) depicts theCST
S-parameter simulation setups of the inflated and deflated models,
respectively.

Results and discussions

A set of linear dimensional inflated and deflated lung phantoms
were designed and fabricated to emulate healthy human lungs.
Additionally, three sets of inflated and deflated diseased lung phan-
toms were developed to represent three stages of ARDS, character-
ized by increased water leakage into the alveoli of lung tissues. For
the design of the left and right lobes of the inflated and deflated
healthy lungs, we considered key linear dimensions such as height,
width, depth, and lung volume. All the lung TEMs were fabricated
with a semisolid consistency to mimic the soft tissue of the lungs
and achieve dielectric precision across the 0.5–13 GHz frequency
range. Figure 4(a) illustrates the fabricated left and right lobes of
the healthy deflated lung TEM, and (b) the left lobes of the healthy
inflated and deflated lung TEMs and their respectivemold designs.
Figure 4(b) highlights the difference in size between the inflated
and deflated left lung lobes.

The evaluation of the fabricated lung TEMs, including both
healthy and diseasedmodels, was conducted by performing dielec-
tric characterization across the 0.5–13 GHz frequency range.
Table 3 presents the relative permittivity and loss tangent val-
ues at 2.45 GHz for all left and right lung TEMs, alongside the
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Figure 2. (a) Setup for dielectric characterization of a lung sample, (b) S-parameter measurements of deflated, and (c) inflated lung phantoms.
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Figure 3. CST simulation setups of (a) deflated lung and (b) inflated lung.

Figure 4. (a) Fabricated left and right lobes of healthy deflated lung TEMs and (b) molds together with inflated and deflated left lobes of healthy lung TEMs.

Table 3. Relative permittivity and loss tangent at 2.45 GHz of inflated and deflated lungs and IFAC reference data of the left and right lungs

Inflated Deflated

Lung types Relative permittivity Loss tangent Relative permittivity Loss tangent

IFAC 20.5 0.29 48.5 0.25

Healthy 20 0.38 48.1 0.33

Diseased 1 25.1 0.356 56.5 0.268

Diseased 2 30.2 0.359 59.8 0.247

Diseased 3 36.1 0.309 64.4 0.221

IFAC database values.The dielectric values of the lung TEMs agree
well with the IFAC reference values. A comparison of the dielec-
tric properties of the IFAC database and inflated and deflated
healthy and diseased lungs across the 0.5–13 GHz frequency range
is depicted in Figure 5. The graphs indicate that the relative
permittivity and loss tangent of the healthy inflated and deflated
lungs match the IFAC reference values over the entire frequency

range. Additionally, the relative permittivity of the diseased,
inflated lung in stage 3 shows higher values across the frequency
range. It was observed that the relative permittivity of the inflated
diseased stage 2 lung phantom overlaps with that of healthy at
higher frequencies (from 6 GHz). The diseased stage 1 of inflated
phantoms’ relative permittivity overlaps the IFAC values at fre-
quencies above 5.8 GHz. For the deflated lung phantoms, the
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Figure 5. Dielectric properties of the IFAC database and measured with the dielectric probe, for inflated lung TEMs (a) and (b) and deflated lung TEMs (c) and (d).

relative permittivity of the stages 2 and 3 consistently shows higher
values across the lower frequencies, while the relative permittiv-
ity of the stage 1 phantom overlaps with the IFAC values around
6 GHz.

The applicability of the fabricated inflated and deflated healthy
lung phantoms was evaluated by comparing the measurement and
the numerical simulations over the operating frequency range of
the horn antennas, 8.2–12.4 GHz. Figure 6 presents the measured
S11 and S21 parameters of the inflated and deflated healthy lungs
along with free-space measurements over 7–13 GHz frequency
range and Figure 7 shows the corresponding numerical simulation
values.

For the free-space case, the S11 plots from both measurements
and numerical simulations show minimal reflection values, while
the S21 plots display high transmission values. When the inflated
and deflated lungs were placed between the antennas, the reflec-
tion values (S11) increased compared to the free-space case for
bothmeasurements and simulations.The transmission values (S21)
for the free-space measurement and simulation show higher val-
ues than for the inflated and deflated lung TEMs, indicating small
transmission losses in air. The simulated transmission (S21) values
for the inflated lung are lower than those from the measurements,
likely due to the differences in dielectric properties assigned to the
numericalmodels, as per the IFACdatabase.Thedeflated phantom,
which has relatively low loss (tan δ = 0.33) and lower thickness has
higher transmission (S21) values compared to the inflated phan-
tom, which is thicker and has a higher loss (tan δ = 0.38). Similarly,

the simulated deflated model has higher transmission values (S21)
values than the deflated model.

Table 4 presents the measured and simulated S11 and S21 val-
ues of the healthy inflated and deflated lung models, along with
the corresponding free-space values at the horn antenna centre fre-
quency of 10 GHz. A strong correlation of S21 values can be seen
for the inflated and deflated cases where a high loss tangent results
in a significant path loss. The inflated phantom (14 cm across)
exhibits a higher path loss of 59 dB compared to the deflated phan-
tom (7 cm across, 29 dB), indicating a trend in increased loss for
larger lung dimensions. Similarly, the inflated numerical model
has a higher path loss of 78 dB compared to the deflated numer-
ical model (41 dB). The measured reflection, S11, is higher for the
inflated case (−7 dB) than for the deflated case (−12 dB). Also, the
inflated numerical model shows a higher S11 of −7 dB compared to
−8 dB for the deflated model. This difference is caused by a fixed
spacing between the transmitter and receiver antennas of 19 cm,
while the distance between the antenna aperture and the lung
models’ surfaces (both physical phantom and numerical models)
varies with their size. For the inflated models, this distance is
2.5 cm, compared to 6 cm for the deflated models. Consequently,
the reflections from the inflated models are higher due to its
proximity to the horn antenna. The amplitude for the measured
and numerically simulated S-parameters vary clearly between the
inflated and deflated healthy models, which differ in thickness,
relative permittivity, and loss tangent. This study confirms that
microwave techniques can effectively detect variations in lung
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Figure 6. Measured (a) reflection (S11) and (b) transmission (S21) coefficients of inflated and deflated healthy lung phantoms and free-space.

Figure 7. Simulated (a) reflection (S11) and (b) transmission (S21) coefficients of inflated and deflated healthy lung numerical models and free-space.
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Table 4. Reflection and transmission parameters of free-space, healthy inflated
and deflated lung phantoms at 10 GHz

S-parameters Free space (dB)
Inflated
lung (dB)

Deflated
lung (dB)

S11 (measured) −23 −7 −12

S11 (simulated) −22 −7 −8

S21 (measured) −10 −59 −29

S21 (simulated) −10 −78 −41

condition with respect to the increased water content and higher
relative permittivity by measuring transmission and reflection
coefficients. As discussed in the introduction, the lung volume
decreases in ARDS patients, and our S-parameter measurement
and simulation results show amplitude changes corresponding to
these lung volume reductions, as well.

The present study was conducted with phantom and numerical
models placed in free space. For more realistic future measure-
ments and simulations, the lung models can be placed within an
elaborate thoracic cavity model.

When we compare the numerical simulations with measure-
ment results, it can be seen that the S11 and S21 values are
generally similar. The measured S21 shows a higher amplitude
compared to the simulated S21 and this could be attributed to
the surface coupling facilitated in the measurement whereas the
boundary conditions assigned in simulation mitigates it and pro-
vides a signal path through the phantom which offers a lower
amplitude in S21. This signifies further importance of coupling
medium in physical measurements. The correlation of the mea-
surement and numerical results shows that our lung phantoms are
performing well with respect to IFAC lung models used in the
simulations.

Conclusion

Aset of linear dimensional, semisolid healthy, deflated, and inflated
lung phantoms, along with three stages of diseased, inflated, and
deflated lung tissue phantoms, were fabricated. All phantoms
were designed to emulate the physical and dielectric properties
of human lung tissues. The design data for healthy deflated and
inflated lungs were derived from a study of CT images from 166
patients. Corresponding lung phantom molds were 3D-printed.
Key linear dimensions, such as height, width, depth, and volume,
were considered in the design process.

The fabricated healthy and diseased lung phantoms were val-
idated through dielectric measurements, including relative per-
mittivity and loss tangent over the 0.5–13 GHz frequency range,
which showed good agreement with the reference IFAC database.
Numerical models replicating the deflated and inflated phantoms
were developed with identical linear dimensions and dielectric val-
ues from the IFAC database.The applicability of these healthy lung
phantoms was further evaluated and validated by measuring the
S11 and S21 parameters using a standard gain horn antenna over
the 7–13 GHz frequency range and comparing them with the sim-
ulated S-parameters of the numerical lung models. The results
indicate that changes in dielectric properties, thickness, and vol-
ume can be detected by transmitting microwave signals through
the lung phantoms, demonstrating the viability of microwave
technology in detecting ARDS due to water leakage into lung
tissue.
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