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ABSTRACT In this study, various breast phantom (BP) models for microwave breast imaging (MBI)
are investigated and the creation and assessment of designed models are presented. Symmetrical and
asymmetrical BP models have been constructed. based on 3D printed structures stuffed with various mixed
material combinations that roles various breast tissue layers (skin, healthy fat tissue, glandular tissue,
heterogeneous mix tissue, and tumor tissue) in terms of permittivity over the ultra-wide band frequency
(3.1-10.6GHz) range. However, the main issue in making such phantoms is coming up with adequate
material mixes that mimic those characteristics across the frequency band, as well as creating the phantom
with realistic approach. The complex dielectric characteristics are tested after fabrication with a dielectric
probe kit coupled to a VNA. Then, the measured complex dielectric properties are compared to the real
human breast dielectric values. The symmetrical and asymmetrical phantoms’ integrated structure allows
the tumor and BPs to be dynamically combined to provide a test setup based on MBI technologies. Once the
breast phantom has been produced, antenna arrays are positioned around it to collect scattering parameter
data for tumor characterization. Finally, the extracted feature data was used to reconstruct the image in order
to find the undesirable tumor component within the breast phantom using an imaging algorithm.

INDEX TERMS Microwave imaging (MWI), breast cancer detection, dielectric characterization, symmet-
rical and asymmetrical breast.

I. INTRODUCTION

Microwaves have a lot of interest in biomedical applications
owing to their non-ionizing behavior, low cost, and porta-
bility [1], [2], [3]. Additionally, multiple investigations have
demonstrated that, the dielectric characteristics of distinct
human biological tissues differ significantly at the UWB
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frequency range [4], [S]. Therefore, in recent years, biomedi-
cal MWI, especially for breast tumor- cancer diagnosis, repels
strong attention [6], [7], [8], [9]. The dielectric difference that
may exist between a healthy tissues and malignant tissues is
of particular interest in this type of utilization of microwave
imaging. According to reference [10], the inconvenience ratio
between malignant and benign adipose breast tissue layers 10.
However, the percentage of those detected samples between
tumors and normal fibroconnective—glandular tissues are less
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than 10%, making MWI difficult to detect such cancers.
In literature, there are many microwave imaging systems
specialized to breast cancer detection [7] are currently under-
going clinical trials, despite the fact that microwave imaging
is still a developing technique for medical imaging that is
not yet accepted as a substitute for magnetic resonance imag-
ing (MRI) or X-ray computed tomography (CT). However,
before the clinical testing, the imaging systems must be eval-
uated by using reference anthropomorphic phantoms model
to evaluate their performance in realistic environments. These
reference BPs must meet the following criteria: Its structure
must be like that of the human breast, and the dielectric
characteristics of their constituent materials must be similar
to those of the abovementioned portion’s numerous biological
tissues [11].

The construction of a novel symmetrical and most realistic
asymmetrical phantoms with various diameters of tumors is
presented in this work. The dielectric properties of each layer
are measured, and a 3D printed shape with a complicated real
human like structure is provided to make the phantom model
more suitable in the MBI system experiments.

The following is a breakdown of how the paper is
structured. The process utilized to make symmetrical and
asymmetrical breast molds are described in Section 2. The
production and characterization techniques for the various
breast tissues are described in section 3 based on the literature
findings. In Section 4, the measured dielectric parameters for
each layer are shown, as well as a 3D shape with a detailed
structure, that resembles a human breast, to make the phantom
more suitable for MBI system experiments. The basic results
of the asymmetrical breast phantom imaging with the MBI
system are also explored in section 5. Finally, a conclusion
section has been added to sum up the article.

Il. 3D-PRINTED STRUCTURES

Utilization of breast phantoms in the evaluation of microwave
imaging systems is critical. Diverse phantoms were created
by various researchers [9]. Moreover, the development of
extremely realistic breast phantoms has received high atten-
tion in recent years. A 3D printed breast phantom with
an interior like the true fibro glandular tissue distribution
obtained from the anatomy of a real human breast using
CubePro Trio 3D Printer is demonstrated in this part. How-
ever, several types of 3D printing materials (filaments) have
recently become available on the market. Two distinct types
of: 3D-Prima Conductive ABS and PLA have been tested for
dielectric and printing characteristics. The permittivity of the
breast molds was measured using filament samples printed
from the molds (as seen in the section 4). Both materials
have values that are similar to those of air, according to
the data. As a result, they are more ideal for incorporating
dielectrically dense fabrics (gland tissue, tumors) that imitate
liquids and materials, either by obviating the need for an
additional non anatomical dielectric boundary layer or, at the
least, by enhancing the transmission coefficient.
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A. INTERIOR PHANTOM STRUCTURE

The breast phantom’s anatomy was recreated using anatom-
ical representations and CT scans [12]. The anatomy of the
breast can be divided into four main primary structures,
as shown in Figure 1, for the creation of a phantom: lactifer-
ous ducts, and skin, mammary glands (fibro glandular tissue)
and adipose tissues (fat) [13].

In most of the existing MBI systems on the market, the
breast is in a direct contact with the system’s surface. As a
result, during measurement, the breast should correspond to
the contour of the prototype. The experimental appraisal of
conformal prototype, on the other hand, required the phantom
models to have exact identical shape and anatomy of the real
human breast. The authors create two sorts of BPs in this
scenario: symmetrical and asymmetrical phantoms.

pectoral muscle

adipose tissue (fat)

fibroglandular
tissue

ucts

FIGURE 1. Breast anatomy - adapted from (https://commons.
wikimedia.org/).

B. SYMMETRICAL BREAST PHANTOM STRUCTURE

The phantom is made up of four symmetrical chambers cre-
ated by two inside 3D printed containers as illustrated in
Figure 2. The BP is depicted in a schematic picture. A is for
overview, B is for oblique view from above, C is for skin layer,
D is for interior container, and a-d is for chambers.

The proposed 3-D mold enables for reproducing the breast
anatomy’s inter-individual diversity, particularly the fact that
the proportion of fat tissue increases with age [14].

To begin with, a mixture that simulates adipose tissue
can be used to fill the outer chamber (a), while adipose or
mammary gland tissue imitation might be used to fill the
gap between the inner and outer chambers (b). Moreover, the
mixture with the electrical characteristics of breast mammary
gland can be introduced in the interior chamber (c) and
the mixture that presents the lactiferous ducts can be filled
into the lower interior chamber (d). It will be filled from
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Mammary glands

Adipose
tissues
Skin
Adipose tissues
and Mammary
glands
Lactiferous.

ducts

FIGURE 2. Symmetrical breast phantom mold. A overview, B view from
above, C outer container, D interior container, E inner container.

The outer container

The interior container

e ——

The inner container

FIGURE 3. 3D printer with 3D printed symmetrical breast phantom
containers.

above and separated with a 3D printed separator. Further-
more, different structures can be merged to present tumors,
which can be 3D printed or another produced type, thanks
to the employment of open-top configuration. It might be
positioned in several locations to provide for the existence of a
tumor.

However, the containers are 3D printed out of Proto-Pasta
conductive (PLA) as shown in Figure 3.

C. ASYMMMETRICAL BREAST PHANTOM STRUCTURE

The asymmetrical structure more accurately replicates the
natural form of the anatomy, and it prevents the production
of visual artifacts that are common in symmetrical structures.
On the other hand, by using an asymmetrical phantom rep-
resenting the inner breast anatomy, the poor performance of
imaging algorithms that rely on symmetric phantom features
could be easily “uncovered” [14]. The phantom is made up of
four asymmetrical chambers created by two inside 3D printed
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containers as shown in Figure 4. However, the containers are
3D printed out of Proto-Pasta conductive (PLA) as shown in
Figure 5.

Mammary glands

Adipose
tissues
Skin
Adipose tissues
and Mammary

glands
Lactiferous

ducts

FIGURE 4. Asymmetrical breast phantom mold. A overview, B view from
above, C outer container, D interior container.

The outer container

The interior container

- The inner container

FIGURE 5. 3D printer with 3D printed asymmetrical breast phantom
containers.

Ill. BREAST TISSUES DIELECTRIC FEATURES AND
MANUFACTURING PROCUTURE

A. BREAST TISSUES LAYERS DIELECTRIC FEATURES

Table 1 lists the characteristics of a variety of breast phantoms
that was described throughout the last decade. The phan-
toms’ shapes and models can be simple geometrical shaped
structures as homogeneous interior layers and more realisti-
cally shapes as heterogeneous interior layers. Designed breast
phantoms are made of a variety of materials, ranging from
dielectric characteristics that are near to those of breast tissue
at specific frequencies to tissue mimicking materials [15]
that perfectly approximate the dielectric properties of certain
breast tissue throughout a wide frequency range. However,
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TABLE 1. Review of previous research on bp for MWI applications.

Materials used Breast &, 0 (S/m) of constituents Fr Ref
for Form Skin Fat Gland HMT Tumor (GHz)
construction
TX-100 NaCl 3D-printed &, =4.76+0.04 €. =47+1 &, =37.840.3 &, =56+2 245 [10]
structure 6 =0.18+0.03 6 =1.61+0.08 o =1.12+0.05 6 =1.79+0.06
Oil-in-gelatin realistic g, =34-21 &.=175-55 g, =25-225 &, =47.5-30 0.05- [16]
o =0.5-10 ¢=0.01-1.8 o =0.5-10 - o =0.5-15 13.51
Oil-in-gelatin cylinder &, =46-35  &.=5-45 &, =26-20 &, =55-40 0.5-8 [17]
¢ =12.5- o =1 ¢ =2.5-5 - o =15-21
18
TX-100 3D-printed &, =4.7-52 &, =46-49 &, = 36-38 &, =54-59 245 [18]
Salt structure - ¢ =0.2-0.3 6 =14-1.6 o =1-1.14 o =1.72-1.85
Rubber solid 3D-printed & =24 & =5 &, =36 &.>36 3 [19]
structure 6 =1.6 ¢ =0.2 ¢ =3 - c >3
ABS-Gelatine-  3D-printed - & = &, =48.7 - &, =61.89 8.5 [20]
Raisins structure 3.248 o =5.504 o =16.21
o=
0.482
Polyethylene Hemi- £, =22-40 &.=5-15 &, = 15-45 &, = 35-56 3-10 [21]
sphere c=15- c=17-25 =154 - 6 =3.5-85
2.5
TABLE 2. Composition of the bp.
Material Quantity Purpose
Skin Fat Gland HMT Tumor
Sodium chloride (NaCl) S5g 4g 6g 4g 8g Improve the conductivity
Distilled water 20ml - 50ml 60ml 100ml Increase the permittivity
Pure petroleum jelly - 24¢g - - - Modify the permittivity
wheat flour 10mg 30g 30g 60g - Thickener, Modify the permittivity
Olive oil - 30ml - - - Modity the permittivity
Powder dyes (Orange) (Green) (Blue) (Yellow) (Dark Blue) distinguish the different

components

Step 2

Step 4

FIGURE 6. Representation of the breast phantom components preparation process.

Individual realistic breast phantom models that precisely
replicate the shape, structural complexity, and microwave
frequency dielectric characteristics of skin, fat, gland, het-
erogeneous mix tissue and tumor in the human breast are

VOLUME 10, 2022

needed, which motivates our current research. For both sym-
metrical and asymmetrical phantoms, the features listed in
[10] and [21] are still considered as most important properties
of breast development.
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B. FABRICATION PROTOCOL

To prepare each layer of the BP, the components and ratios are
taken from Table 2. Fabrication and preparation of the differ-
ent compositions of the breast phantom such as lactiferous
ducts, skin, adipose tissues (fat), mammary glands (gland),
Heterogeneous mix tissue (HMT) and tumor are made from
various combinations of distilled water, wheat flour, pure
petroleum jelly, olive oil, and Sodium Chloride (NaCl). The
quantity is measured according to Table 2 (stepl), and all
steps are carried out at room temperature. The production
method begins by adding gradually distilled water to wheat
flour in a beaker to form a thick syrup (step 2). Due to its
high dielectric characteristics over a wide frequency range
(WFR), water is employed as a primary source of permittivity.
However, stirring must be done slowly and carefully, rather
than aggressively, as air bubbles might form and influence the
dielectric characteristics. After that, NaCl is added in order
to improve the conductivity of the mixtures (step3). This
procedure with distilled water is applicable for fabricating
heterogeneous mix tissue, skin and mammary glands. The oil
is used alternatively for fabricating the adipose tissues (fat)
in a same procedure with using pure petroleum jelly (P.P.J),
since oil and P.P.J have low permittivity, which is ideal for
decreasing the permittivity of phantom’s fat. Finally, a small
amount of different powder dyes was added to distinguish the
different components of the breast (step4). Figure 6 shows
the overall concepts for producing the phantom components.
The materials utilized to fabricate the phantom components
have excellent mechanical qualities, making it simple to con-
struct the breast phantom by layering various components.
The fabricated components are presented in Figure 7. In the
next phase, the electrical properties of the produced compo-
nents are validated.

FIGURE 7. Fabricated components of the breast phantom (a) skin, (b) fat,
(c) gland, (d) HMT and (e) tumor.

C. MEASUREMENT METHOD OF THE COMPLEX
DIELECTRIC PROPERTIES

The measurements have been carried out up to 12 GHz since,
this range between 2-12GHz includes that of many MBI
studies in literature. In addition, this range provides to exactly
compare the measurement results of the proposed breast parts
presented in this study and the reference study. Besides this,

96900

the frequency range of utilized antenna in MBI (4-10 GHz)
fits with this investigated frequency range of breast layers in
terms of electromagnetic properties.

The dielectric characteristics of the fabricated tissue-
mimicking breast phantom are measured by using an Agi-
lent PNA-L Vector Network Analyzer (VNA) and Agilent
85070E open-end coaxial linked probe kit. The Agilent
85070E dielectric probe kit includes a coaxial probe (see
Figure 8(a)) could measure relative dielectric constants at
frequencies ranging from 200 MHz to 20 GHz. This method
is easy to use as non-destructive testing and could be used
in both in-vivo and ex-vivo measurements over a WFR. The
phase and amplitude of the reflected signal at the end of a
coaxial probe inserted or submerged into solid, semi-solid,
or liquid samples for measurement are used to determine
the dielectric characteristics. In order to correct the post-
calibration measurement, the VNA was initially calibrated
using an open, short, and matched load prior to calibrating
the open ended coaxial-line probe with measurements on air,
a short circuit block, and distilled water.

Coaxial |

pir?be |
__’ =

Distilled
water

FIGURE 8. Measurement Setup: (a) Probe calibration with open circuit,
(b) Probe calibration with short circuit block, and (c) Probe calibration
with sterile water (Load).

The cross-section schematics of the employed coaxial
probe with its electric field orientation are shown in fig. 9.
The probe is made up of a shorter section of transmission line
on which the EM waves propagate. The phase and amplitude
of the reflected signals are generated when the probe and the
targeted tissue sample have different impedances, which are
then transformed into complex permittivity values by using
the VNA. Different methods have been developed to convert
the measured reflection coefficient to permittivity [22], [23],
[24], [25]. The complex relative permittivity of a sample can
thus be calculated from S11 using the bilinear equation shown
below [25].

o CiSii —C
" Cs—Su
With complex calibration constants Cy, C, and C3, calcu-
lated as follows:

C — 1-— Séz Cf

1T jwzoCo(1+ S5y T Co

S11 = S11S50 + 51,55
joZoC(1 + S},)

ey

@)

f(Sil + Silsﬁz - 512551)
Co(1 +Sé2)

C, =
(3)
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“)

where C; is capacitance determined by fringing-field
effects inside the probe, Cy is capacitance determined by
fringing-field effects outside the probe tip that couple to
the sample, and Zg is the coaxial transmission line’s real
characteristic impedance (Zy = 50).

However, today, this process is generally done automati-
cally by software embedded in the VNA [26].

Figure 8(b)-(c) shows the initial calibration phase of the
VNA and coaxial probe with sterile water and a short circuit
block. After then, all the phantom samples are analyzed in the
UWB frequency, and they are split independently to ensure
that the probe has enough contact with the sample while
taking measurements.

A visual examination of the inside half of each individual
sample is performed to determine consistency. Moreover,
to ensure that there is no space between the probe and the
sample, the outer surface is designed as flat surface including
sand (Figure 9).

Finally, five test data of each sample are taken at different
positions throughout the surface for better accuracy and the
mean value is then utilized to derive the final results. The
phantom component measuring setup is depicted in figure 10.
The measurement appears to be done as correctly as possible,
with an average percentage error of less than 2%.

The probe kit presents data in terms of complex
permittivity:

* =g, —jsN 5)
where &; is the real component of permittivity (also referred
to as the relative permittivity) and & is the imaginary part of
permittivity. The electrical conductivity, o, is related to ¢ by
the equation below:

& = — 6)

where w is the frequency in radians and ¢, denotes the free
space permittivity.

Inner Conductor

Inner Conductor
Dielectric Medium
Quter Conductor

1012NpuUcH
1210

Open Ended Probe

Semi-Solid Object or liquid

or flat surfaced solid

FIGURE 9. Schematics of the probe in cross-section with the electric field
orientation.

IV. THE BP ELEMENTS’ DIELECTRIC PROPERTIES
The produced BP components’ dielectric characteristics
are measured and compared to the reference relative
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FIGURE 10. Measurement setup of the breast phantom components.

(Target) complex permittivity and conductivity, as shown
in Figure 11.

Although the study covered the range of 2 to 12 GHz,
we chose 3 GHz as a reference to compare our findings with
those provided by [21]. Since the breast mold’s shape is not
flat, we measured data (permittivity and conductivity) from
various BP mold corns to ensure that the mold’s permittivity
is low compared to the components of the breast phantoms
and won’t affect the results. However, there are also some
errors in the measurement due to the accuracy and the temper-
ature of the model; probe position; environmental parameter
change; probe contamination; imperfect connection; cable
movement, etc.”

Nevertheless, for both symmetrical and asymmetrical
phantoms, the features listed in [10] and [21] Table 1 are
still considered the most important properties of breast
development.

TABLE 3. Dielectric properties of the breast phantom.

Breast mold
Properties Datal Data2 Data3 Data4 Data5 Mean
Permittivitye, 0.9 1.12 1.15 1.6 1.75 1.3
Conductivity ~ 0.02 0.02 0.03 0.03 0.04 0.03
Skin Layer
Properties Datal Data2 Data3 Data4 Data5 Mean
Permittivitye,  35.17 3520 35.13 3521 3540 3522
Conductivity 0.8 1.1 0.95 1.0 0.87 0.94

Fat Layer
Properties Datal Data2 Data3 Data4 Data5 Mean
Permittivitye, ~ 4.86 4.88 4.90 5 5 4.92
Conductivity 0.2 0.15 0.17 0.18 0.18 0.17
Gland Layer
Properties Datal Data2 Data3 Data4 Data5 Mean
Permittivitye,  46.15 47 46.85 4628 46.98  46.65
Conductivity 1.61 1.7 1.65 1.63 1.60 1.63
HMT Layer
Properties Datal Data2 Data3 Data4 Data5 Mean

Permittivitye,,  37.12  37.51 37.77 37.81 37.63 37.56

Conductivity 1.12 1.17 1.10 1.16 1.14 1.13
Tumor

Properties Datal Data2 Data3 Data4 Data5 Mean

Permittivitye, 5421  56.00 55.12 5598 54.82 5522

Conductivity 1.62 1.8 1.68 1.76 1.68 1.7

As a result, the relative dielectric permittivity of the skin,
fat, gland, heterogeneous mix tissue (HMT) and tumor ranges
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from 37-20, 5-3.6, 48-29, 38-21, and 56-36, respectively,
as seen in the first measurement. The conductivity of the
phantom components stated above ranges from 1.1-2.1,
0.1-1.0, 0.3-3, 1.2-2.6, and 1.25-4.7 (in S/m).

j==—=DBreast Mold (Measured)
f== =Skin (Measured)
l- = Fat(Measured)

60 f= = Gland (Measured)
f= = HMT (Measured)
At = = =Tumor (Measured)
L Skin (Target)
50 e Tmell = « =Fat (Target)
L _‘."-. “n Gland (Target)
= P Tve, -_}; MT (T;rgel)u
= - [ = Tumor (Targe
'12:,- 40 e re .
E Mt -
E I ma
o T
o 30 Py
[J] I, e S
> L
= 4 T 2. e o
L .
< 0l T LS.
14 B el
10
= = e T bl e e e e e v e et s B A e P
0 T T T T 1
2 4 6 8 10 12
Frequency (GHz)
(@)
Breast mold (Measured)
|==  Skin (Measured)
I~ = Fat(Measured)
|=— =Gland (Measured)
|= = HMT (Measured)
5 - +Tumor (Measured) .
----- Skin (Target) P
|—= - =Fat (Target) e
== Gland (Target) -
|== HMT (Target) P
440 . Tumor (Target) PR

Conductivity (S/m)

Frequency (GHz)
(b)

FIGURE 11. Dielectric properties of breast phantom: (a) measured and
reference relative permittivity; (b) measured and reference conductivity
against frequency.

However, to evaluate the effectiveness of the electrical
properties of the breast phantom’s components and to prove
that the breast phantom is assumed to be homogeneous, the
open-ended coaxial probe is placed at four more random
locations. The deviation of measured electrical properties
are in acceptable range Table 3 shows data from multiple
positions of phantom components at frequency of 3 GHz,
as well as their mean value.

As a result, the measured breast phantom model exhibits
more realistic properties of real human breast tissue, allowing
the electromagnetic breast imaging system to be evaluated.
Figure 12 depicts the process of adding phantom components

96902

FIGURE 12. (a) Symmetrical and (b) asymmetrical fabricated breast
phantom.

€&— AMC Structure (d1=1.63)

Foam (d2=7)

MTM SRMP Antenna (d3=1.67)

FIGURE 13. (a) The antenna design, and (b)-(e) the fabricated prototype.
(The antenna parameters have been both simulated and measured.)

to a 3D breast mold. The skin is the first component to be
inserted, followed by, fat, gland, heterogeneous mix tissue
and tumor, respectively. Figure 12 shows how a 7 mm diame-
ter straw was placed into the mold during the pouring process
to create a hole for depositing the tumor material.
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F.-E. Zerrad et al.: Symmetrical and Asymmetrical Breast Phantoms With 3D-Printed Anatomical Structure I E E EACCGSS

04 Measured
= =Simulated
5N
o -10
e
=
o 15
-20 4
25 4
-30 T T T T 1
4 6 8 10 12
Frequency (GHz)
(a)
—— Realized gain (simulated)
104 — — Realized gain (measured)
51 »
~
- N & N i gy B e
0+ 7
E
T 5.
£
©
T
-15 4
-20
25 T T 1
4 6 8 10
Frequency (GHz)
(b)
—— Simulated
100 7 — — Measured
9
>
[3)
C
0
[3)
£ 40

30

20

T T 1

6 8 10
Frequency (GHz)

(c)

FIGURE 14. (a) S11, (b) the realized gain, and (c) the efficiency of the

antenna.

V. SAMPLE IMAGES CREATED WITH MWI SYSTEM
USING THE ASYMMETRICAL BREAST PHANTOM

This section examines sample images created from the
MBI experiment configuration described at [27] with the
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Network
Analyzer

Antenna
#1

Antenna

#2

FIGURE 15. Proposed setup.

FIGURE 16. (a)-(b) Imaging system setup with asymmetrical breast,
(c) Phantom with a tumor inside the phantom, and (d) phantom with two
tumors.

proposed asymmetrical breast phantom, where backscat-
tered signals are acquired using a microwave antenna
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FIGURE 17. Measured MWI results of the BP (a) BP without tumor, (b) BP with a tumor inside and (c) BP with
two tumors.
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TABLE 4. Comparison of produced tissue-mimicking breast phantoms with existing phantoms. Table 4 uses bold to emphasize the suggested analysis”
attributes in comparison to existing literature.

Materials used for Clear
Breast Phantoms Breast shape Fr Tissues . detecti ref
construction on
-Distilled water
-Propylene glycol
-Skin -Xanthan gum
Model of a 2GHz- -Fat -200 Bloom calf-skin gelatin o (32]
hemispheric breast 4GHz -Glandular -Safflower Oil y
-Cancer (Tumor) formalin (37% formaldehyde
solution)
-Surfactant
-Low density breast ZZtlyr :enreil-lacrylomtrlle
Cylinder made of 1GHz- tissue 4
.. ) . -TX151 yes [28]
styrene-acrylonitrile 6GHz -Fibroglandular tissue
-Water
-Tumor
-Skin -Sorbitol
o - -Fatty tissue -Sand [29]
Silicone rubber base -Glandular -Liquid glycerin yes
- Distilled water
- Ctab
50 Hz -Skin layer -Safﬂower oil
s o -Fatty layer -Formalin
Cylindrical with size -
. -Glandular layer -Propylene glycol yes [30]
of 3 inches 50 . .
MH -Transitional layer -Gelatin
z -Tumor -NaCl
-Agar
-Ethanol
. -Distilled water
-Skin .
. . . -Safflower oil
Hemispherical with a 3GHz -Fat Propylenc glvcol
radii of 60mm and -Gland (for pylenc glyc . yes [31]
10GHz -Bloom calf-skin gelatin,
~ 55 mm heterogeneous Breast) .
Tumor -Formalin
umo -Surfactant
-Skin -NaCl
Anthropomorphic -Fat -Distilled water
(3D-printed 2GHz- -Gland -Pure petroleum jelly Proposed
structure and 12GHz - Heterogeneous mix  -wheat flour es P
tissue-mimicking) tissue -Olive oil Y
-Tumor -Powder dyes

sensor and images are constructed using a MATLAB

script.
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introducing modified SRR into the patch as well as the ground
as seen in figure 13. The antenna array was built and tested.
The MTM AMC layout has been shown to enhance per-
formance of the antenna, specially gain and directivity. The
antenna has a higher BW of 7 GHz (4.1-9.7GHz), according
to the findings in figure 14. Aside from that, a good radiation
efficiency of even more than 85% is achieved, as well as a
realized gain of 5.1 dBi. The antenna is a serious contender
for MBI applications due to its compact size, high gain, and
UWB capability.

Furthermore, the antenna fulfills excellently in both fre-
quency and time domains. As shown in Figure 15, an exper-
imental MBI was performed using the proposed BP and
antennas. This configuration was used to collect the data.

Furthermore, scattering signals are produced by the
interference of microwave signals from antennas and breast
tissues. Antenna | emits and antenna 2 receives all backscat-
tered and transmitted signals The transmission parameters
are completely determined by the antenna path. The shallow
depths beneath the skin layer are represented by the majority
of the reflected parameters. The signals are bounced off to the
opposite side of phantom and significantly attenuated. The
reflected signals can be perfectly detected by an antenna with
a higher gain and a lower reflection coefficient. The phantom
was then displaced by 1 cm steps to achieve the best results
with this MBI system. A board with 10 steps was marked
appropriately between 0 and 10 cm and then deposited on a
rotating table that rotated 90° to scan the breast on X and Y
directions.

The Figure 16 shows the different setup of MWI system
with asymmetrical breast phantom. Figurel6(b) depicts a
fabricated BP devoid of a tumor. Figure 16(c)-(d) shows the
BP with a tumor inserted at a distance of 8 mm from the radius
with a diameter of 10 mm, and the two tumors inserted in
different locations, the second one at a distance of 24 mm
from the radius with a diameter of 5 mm.

Additionally, a variety of data sets are obtained at 8GHz,
including phantoms without tumors; phantoms with one
tumor, and phantoms with two tumors. The antenna has the
lowest measured loss coefficient and a high measured gain
at 8GHz, allowing the MWI results to be used to predict the
presence of small tumors. Figure 17 depicts all the sample
images from the varying cases.

Figure 17(a) shows the image without the tumor and
several lighter clutters due to the glandular tissue’s signifi-
cantly greater dielectric, but Figure 17 (b)-(c) clearly show
the presence of one and two tumors, respectively. After
examining the backscattering signals, the position and size
of cancerous tissue cells were discovered to have a significant
impact on the reconstructed images, which may be considered
a systematic review of MBI systems.

Vi. A COMPARISON OF THE FABRICATED BREAST
PHANTOMS WITH EXISTING PHANTOMS

The produced tissue-mimicking BP and its abilities to detect
cancer are compared to current developed breast phantoms

96906

in Table 4. The suggested tissue mimicking BP including
the most tissue parts is highly close to a real human breast
according to the analysis tabulated in Table 4. On the one
hand, the authors present the breast phantom in the form
of a cylinder at [28], [29], [30]. The authors at [31], on the
other hand, use a hemisphere mold and prepare the different
tissue layers separately for molding, which takes more time.
However, the use of the 3D printed breast phantom with
an interior like the true fibro glandular tissue distribution
obtained from the anatomy of a real human breast simplifies
the fabrication process. Moreover, the building materials of
the proposed BPs are accessible on the market at low cost and
have excellent mechanical qualities, making it simple to con-
struct the breast phantom by layering various components.

VIl. CONCLUSION

Realistic phantoms are an innovative technique for determin-
ing the viability of new technologies, lowering the number
of human and animal experiments in medical research, and
optimizing design concepts that can be used to treat diseases.
This work discusses the manufacture and measurement of
medical breast phantom models. Two types of phantoms,
symmetrical and asymmetrical with multiple layers of tissues,
are produced separately, and a complex anatomy of a real
human breast is constructed. These breast phantoms could
be utilized to create a reliable and adaptable test platform
for microwave tumor detection systems. The phantoms have
five layers of skin, fat, gland, heterogeneous mix tissue
and tumor that may be imaged using hemispheric confor-
mal imaging systems.To validate the phantom qualities, the
dielectric characteristics data are presented and compared to
theoretical findings. The breast phantoms have a lifetime of
one week after proper preservation in ambient air (T= 32°C)
and longer in the refrigerator. Then, breast phantoms retain
their properties for up to a week. As a result, the research
described in this study has more realistic characteristics of
an authentic human breast to test the breast cancer detection
system’s performance. Since, the proposed breast phantom
models have the exact identical shape and anatomy of the
real human breast, compared to the other works seen in [28],
[29], and [30], where the authors used a cylindrical shape
as a breast mold. Finally, sample images created with breast
cancer detection systems from scanning of the proposed
asymmetrical phantom in various settings (without and with
tumors with high-resolution imaging) are also discussed.
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