
A Novel Durable Fat Tissue Phantom
for Microwave Based Medical Monitoring

Applications

Mariella Särestöniemi1,2(B), Rakshita Dessai3, Sami Myllymäki3,
and Teemu Myllylä1,4

1 Health Sciences and Technology, Faculty of Medicine, University of Oulu, Oulu, Finland
mariella.sarestoniemi@oulu.fi

2 Centre for Wireless Communications, Faculty of Information Technology and Electrical
Engineering, University of Oulu, Oulu, Finland

3 Microelectronics laboratory, Faculty of Information Technology and Electrical Engineering,
University of Oulu, Oulu, Finland

4 Optoelectronics and Measurement Techniques Research Unit, Faculty of Information
Technology and Electrical Engineering, University of Oulu, Oulu, Finland

Abstract. Human tissue mimicking phantoms allow development of realistic
emulations platforms which are essential for design of several biomedical moni-
toring and diagnosis systems. This first aim of this paper is to present a novel and
durable fat tissue phantom for lower microwave frequency ranges 2.5–10 GHz.
The phantom is developed from the liquid propylene glycol (pure) whichwe found
to have similar dielectric properties as the fat tissue and hence, it is suitable to
be used as liquid fat phantom. Development steps of solid fat phantoms with dif-
ferent trials are presented to provide insight how each ingredient affect on the
dielelctric properties of the mixture. Additionally, phantom’s stability over time
in terms of dielectric and physical properties are evaluated. The second main aim
of this paper is to present a novel approach to verify the feasibility and relia-
bility of phantoms in practical scenarios with tissue layer model simulations. In
the simulations, the antenna reflection coefficients are calculated with tissue layer
models in which the dielectric properties of the fat tissue layer is varied between
the proposed prolyne glycol -based fat phantoms as well as real human fat tissue
values. Our goal is to show how small differences in the dielectric properties of
the phantoms affect on a practical scenario which is based on antenna impedance
measurements. The dielectric properties of the proposed fat phantom have very
good correspondence with real fat tissue especially in the range of 5 GHz-10 GHz.
Also, at lower ultrawide band (3.1–5 GHz), the difference in dielectric properties
is minor. The layer model simulations show that the differences in dielectric prop-
erties do not have significant effect when modelling the practical scenarios in the
frequency ranges targeted for medical applications. Hence the proposed liquid and
solid fat phantoms are suitable to be used in the emulation platforms of biomedical
applications.
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1 Introduction

Interest on development of microwave -based medical monitoring applications has
increased significantly recently due to their non-ionized radiation, low-cost, and possibil-
ity for portability [1–6]. Development of new biomedical technology products requires
precise modelling of the human body effects. Commonly, this involves large amount of
experiments and measurements that need to be carried out with humans and animals,
which in general are time consuming, complex, and expensive to perform. Thus, real-
istic tissue mimicking 3D phantom emulation platforms are suggested to be used when
evaluating new concepts of medical applications [6].

The development of human tissue phantoms for microwaves has been an actively
studied topic in recent years [7–15]. Different recipes for solution mixtures have been
proposed for solid and liquid phantoms for different medical monitoring and imaging
applications. Solid phantoms have the advantage of possibility for using realistic shaped
3D molds whereas liquid phantoms have the advantage of easy adjustability in terms of
size.

Development of adipose, i.e., fat tissue phantoms for microwave ranges has also
been studied actively [10–15]. Numerous of the proposed fat phantoms are targeted for
breast cancer detection studies. However, fat phantom development has shown to be
challenging due to several reasons: a) some of the proposed recipes contain ingredients
which are toxic (e.g. formaldehyde), thereby requiring specific laboratory equipment to
be handled, b) incredients are not easily accessible or are very costly, c) the fat phantoms
aimed to be solid become oily in the room temperature and hence challenging to be used
especially with 3D phantom models, d) or the dieletric properties of the presented fat
phantoms have clear differences compared to the dielectric properties of the human fat
tissue, e) phantoms are not durable: either the dielectric properties change significantly
with the time or mildew appears on phantoms even after short time of storage in the
refridgerator.

The first aim of this paper is to present for the first time a novel, easy-to-produce,
non-toxic, and durable mixture for fat phantomwhich is based on pure propylene glycol.
The developement procudure with different recipe trials are explained to give insight
how different ingredients affect on the dieletric properties. The second main aim is to
present a novel idea for phantom verifications with tissue layer model electromagnetic
simulations. In the simulations, the antenna reflection coefficient is calculatedwith tissue
layer models in which the dielectric properties of the fat tissue layer is varied between
the proposed prolyne glycol -based fat phantoms as well as real human fat tissue values.
Our goal is to show how small differences in the dielectric properties of the phantoms
affect on a practical scenario which is based on antenna impedance measurements.

This paper is organized as follows: Sect. 2 presents the liquid and solid propylene
glycol -based fat tissue phantoms. The development prodecure of the solid fat phantom
and dielectric properties of different recipe trials are presented. Section 3 verifies the
usability of the proposed fat phantoms using layer model simulations. Additionally,
stable-of-time properties are evaluated. Summary and Conclusions are given in Sect. 4.
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2 Propylene Glycol Based Fat Tissue Phantoms, Liquid and Solid

The development of propylene glycol-based phantoms started from authors’ observation
that the dielectric properties of the pure proplylene glycol (98%) were close to those of
real fat tissue. The relative permittivity and conductivity values for fat tissue and liquid
propylene glycol are shown in Fig. 1. Dielectric properties of the fat tissue are retrieved
from [16]. As it can be seen, the relative permittivity of the propylene glycol is close to
the dielectric properties of fat tissue from 2.5 GHz onwards. The relative permittivity of
propylene glycol is slightly higher than the real fat tissue at 2.5–3.6 GHz, whereas from
3.6 GHz onwards, the relative permittivity is slighlty lower. However, the difference at
these ranges is maximum 0.2. Also the difference in the conductivity values is minor
0.1–0.2 dB. Hence, the pure propylene glycol can be used as fat tissue phantom in the
liquid form especially at lower microwave frequencies.

Fig. 1. Relative permittivity and conductivity values for fat tissue and liquid propylene glycol
(pure) presented in the same linear scale.

Next, we started investigations for developing propylene glycol -based solid phan-
toms which enable the use of 3D fat phantommodels. The aim was to solidify propylene
glycol by adding gelatin and xanthan in the mixture. Since gelatin does not get dis-
solved directly with propylene glycol, small amount of water is needed to be mixed with
gelatin first. However, water increases both relative permittivity as well as conductivity
and therefore, the amount of water is intended to be minimized. Dishwashing liquid is
added to enable smooth mixing of all the ingredients. In this study, we investigate the
impact of different amounts of water in the solution mixtures. Additionally, the impact
of the amount of gelatin and xanthan is also studied. Altogether 14 different mixture
trials are investigated to find a solution with provides best match to a real fat tissue
taken into the account of physical characteristics (solidness, possibility to be used in 3D
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molds). The different mixture solution trials FT1-FT14 with amount of ingredients are
summarized in Table 1. Additionally, the corresponding measured dielectric properties
of each sample are also presented in Table 1.

The phantom preparation is described briefly in the following: On a hot plate stirrer,
presented in Fig. 2a, the distilled water is warmed in a beaker to 65 °C. Then, while
keeping the temperature at 65 °C, the gelatin is gently added. The mixture is allowed to
be stirred for 5 min. The propylene glycol is heated to around 50 °C and added to the
gelatin water-based mixture and stirred continuously till the solution is heated to 65 °C.
Then the xanthan is thoroughly combined with the solution. Finally, dishwashing liquid
is added and well mixed into the solution. The solution is placed in a small petri dish
and refrigerated for 24 h. Before taking any measurements, the phantoms rest at room
temperature for about an hour to achieve room temperature 22°.

Firstly, the dielectric properties of the phantoms are measured using and Vector Net-
workAnalyzer (VNA)Keysight P9375A connected to a SPEAG’sDielectricAssessment
Kit (DAK 3.5) [17]. The DAK software converts the measured complex S11 of the phan-
tom sample into the complex permittivity and conductivity. The operation frequency
range is 900 MHz to 10 GHz with a sweep of 117 points. The calibration was performed
by applying the standard Open Source Load (OSL) calibration. The open was measured
by holding the probe in the ambient air. The short wasmeasured by connecting the probe
to the shorting block and the measurement for the load was performed by setting the
probe to DAK‘s official calibration liquid “Head” [17]. The success of the calibration
was verified by measuring the dielectric properties of the calibration liquid Head and
comparing results with the data sheet.

After the calibration, all of the fat phantommixture solution trials (FT) are measured
at room temperature. The dielectric properties of the samples are measured twice at
2–3 different locations and are given as an average of all. The measurement setup of
dielectric properties of the phantom is presented in Fig. 2b.

Fig. 2. The setup for measuring dielectric properties of the phantom samples.

The first fat-phantom trial (FT1) is developed only from propylene glycol (20 ml),
distilled water (5 ml), and gelatine (3 g). As seen from Table 1, both relative permittivity
and the conductivity values are too high compared to the real fat tissue. Therefore,
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the next trial FT2 includes less water and gelatine, but has incluision of xanthan and
dishwashing liquid. FT2 has clearly lower relative permittivity and conductive than FT1,
though still excessively high compared to the target values. FT3-FT5 are the trials where
amount of water and gelatine are further decreased, both reductions yielding in lower
relative permittivity and conductivity. In FT6-FT9, the amount of gelatine is drastically
reduced to 0.75 g which however does not lower the relative permittivity to below 5
and also conductivity remains too high. Trials FT10-FT14 evaluates the impact of the
increasing the amount of the propylene glycol in the mixture. The addition of propylene
glycol requires addition of the water as well and thus, the decrease of the permittivity
and conductivity values is more moderate. When using propylene glycol 40 ml and
50 ml (FT13 and FT14), the relative permittivity and conductivity values are already
very close to those of the real fat tissue, especially with FT14. However, FT14 is not
fully solidified even after several days and therefore is not suitable in its current form for
3D emulation platforms requiring fully solid phantoms. Thus, we chose the fully solid
FT13 for the fat tissue phantom mixture solutions since the relative permittivity and
conductivity are only 0.2 and 0.3 at higher level than those of the measured fat tissues.

Table 1. Different phantom mixture trials and their dielectric properties.

Distilled
water
[ml]

Gelatine
[g]

Propylene
glycol [ml]

Xanthan
[g]

Dish-
washing
liquid
[ml]

Relative
permittivity

Conductivity
[S/m]

FT1 5 3 20 – – 10.3/6.9/6.2 1.3/ 1.7/ 2.1

FT2 3 2 20 1 0.5 9.3/6.5 /5.9 1.1/ 1.5 /1.7

FT3 2 1.5 20 1 0.5 8.6/6.1/5.6 1.1/1.5/1.7

FT4 2 1 20 1 0.5 8.15/5.9/5.4 1.0/1.4/1.6

FT5 3 1.5 20 1 0.5 8.9/5.9/5.7 1.1/1.5/1.8

FT6 2 0.75 20 1 0.5 7.7/5.73/5.3 0.9/1.3/1.5

FT7 1.5 0.75 20 1 0.5 7.0/5.4/5.1 0.8/1.1/1.3

FT8 2 0.75 20 2 0.5 7.8/5.8/5.4 0.9/1.3/1.6

FT9 1.5 0.75 20 2 0.5 6.9/5.3/5.0 0.8/1.0/1.2

FT10 3 2 25 1 0.5 7.0/5.2/4.8 0.8/1.1/1.2

FT11 3 2 30 1 0.5 7.1/5.2/4.9 0.8/1.0/1.2

FT12 3 2 35 1 0.5 6.8/5.1/4.8 0.8/1.1/1.1

FT13 3 2 40 1 0.5 6.4/5.0/.4.7 0.75/0.95/1.0

FT14 3 2 50 1 0.5 6.1/4.8/4.5 0.73/0.92/1.0

Final
=
FT13

3 2 40 1 0.5 6.4/5.0/.4.7 0.75/0.95/1.0
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The relative permittivity and conductivity values for fat tissue trials and real fat tissue at
frequency range 0.9–10 GHz are presented in Fig. 3a-b, respectively.

Fig. 3. Dielectric properties of different fat phantom trials (FTs) a) relative permittivity, b)
conductivity.
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3 Fat Phantom Evaluations

3.1 S11 Parameter Comparison with Layer Models

This paper brings a novel idea for phantom verifications using tissue layer model elec-
tromagnetic simulations. In the simulations, the antenna reflection coefficient, i.e. S11
parameter, is calculated with tissue layer models consisting of three layer: skin, fat, and
muscle.

For the skin and muscle tissue layers, the dielectric proprties are retrieved from [16].
For the fat tissue layer, the dielectric properties are varied between a) the reference case
with real fat tissue values from [16], b) liquid propylene glycol, and c) solid fat phantom
with FT13mixture solutions. The aim is to see howmuch small differences in the dielec-
tric properties of the phantoms affect on the simulated antenna reflection coefficients.
The results will provide insight how close the phantom based antenna performance
evaluations are to the realistic case.

The simulations are carried out using the electromagnetic simulation software Simu-
lia Dassault CST Studio Suite [18]. The layer model used in the simulations is presented
in Fig. 4a. The thicknesses of the skin, fat and muscle tissues are 1.1 mm, 7 mm, and
8 mm which are summarized in Table 2. For the simulations, human tissue values are
automatically found from CST’s BioModel material library which correspond to values
retrieved in [16]. Those values are used for the reference case simulations. However, in
CST, it is possible to edit the tissue properties by changing relative permittivity and loss
tangent values manually. Therefore, we first calculate tanδ values for the phantom cases
from the measured conductivity values using formula:

tan δ = σ

ωε0εr

in which σ is the conductivity, ω = 2π f with f the evaluated frequency, ε0 = 8.854
e−12 is the free space permittivity and εr is the real part of the complex permittivity value
[19]. Loss tangent values are listed in Table 2. The antenna used in the simulations is
an UWB antenna designed for on-body communications [20]. The antenna simulation
model is presented in Fig. 4b.

The simulated S11 values with cases a-c are presented in Fig. 5a for the antenna-skin
distance 30 mm and in Fig. 5b for the antenna-skin distance 8 mm. It was found that
antenna reflection coefficients simulatedwith the dielectric properties of the phantomand
liquid propylene glycol are almost same as the antenna-skin distance is 30 mm (optimal
antenna-body distance with the selected antenna). Also, with the smaller antenna-body
distance (8mm), the antenna reflection coefficients have negligible differences at the
frequency range 3.5 GHz-8 GHz. At the lowest part of the UWB range (3.1 GHz), the
difference is maximum 4.5 dB, whereas at ISM frequency band 2.5 Ghz, the difference
is maximum 2 dB. The difference is at largest, 6 dB, at 2.6 GHz but that frequency range
is out of the interest for medical applications. These results are in line with the dielectric
property differences presented in Fig. 3 since their differences are also larger at lower
frequencies.
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Fig. 4. a) The layer model used in the phantom verifications with S11 parameter simulations, b)
UWB loop antenna used in the measurements.

Table 2. Loss tangent values for liquid and solid fat phantoms and real fat tissue

Fat Tissue/Phantom 2.5 GHz 6 GHz 8 GHz

Real fat tissue 0.14 0.19 0.21

Solid phantom 0.25 0.36 0.43

Liquid phantom 0.21 0.34 0.43

3.2 Fat Phantom Stability over Time

Normally, several gelatin-based phantoms last only a limited time especially if no preser-
vatives are used. Mildew appears even in couple of weeks although the phantoms are
stored in the refrigerator. Additionally, dielectric properties change remarkably as the
water slowly evaporates from the phantoms with the time and hence, the phantom dries
slowly.

Next, the proposed fat phantom’s stability over time is evaluatedmeasuring dielectric
properties of the FT13 after 1, 7, 10, 11, 16, and 67 days. The phantom was stored in the
refrigerator and measured at room temperature. After 10- and 67-days of storage, phan-
tom was reheated and resolidified again, and the measurements were taken. Dielectric
properties of the phantom after 1, 7, 10, 11, 16, and 67 days are presented in Fig. 6. It is
found that dielectric properties change only slightly within the time for the first 16 days.
Especially at the frequency range 6–8 GHz, the differences in relative permittivity are
negligible: maximum 0.2. In conductivity, the variation is 0.1 S/m. At lower frequency
range, the relative permittivity difference is 0.5 and conductivity difference 0.45. The
relative permittivity decreases slightly for the first 10 days. Reheating arises the dielec-
tric properties slightly: relative permittivity arises 0.4 units at lower part of the simulated
frequency range and 0.1 units at higher frequency range. Differences in the conductivity
values are 0.1 S/m over the whole simulated frequency range. After 67 days, the dielec-
tric properties of the phantoms have changes more significantly: relative permittivity is
increased 0.5–1 units and conductivity 0.1–0.45 S/m.
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Fig. 5. S11-parameters obtained using dielectric properties of real fat tissue, liquid propylene
glycol and solid fat phantom in the fat tissue layer: a) antenna-skin distance 30 mm and b) 8 mm.
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Fig. 6. Relative permittivity and conductivity values for phantom after 1,7,10, 11, 16, and 67 days
after preparation.

4 Summary and Conclusions

This paper presented a novel and durable fat tissue phantom for lower microwave fre-
quency ranges. The proposed phantom was developed from the liquid propylene gly-
col (pure) that we proved to have corresponding dielectric properties as the fat tissue.
Development steps of the solid fat phantoms were described to provide insight how each
ingredient affects on the dielectric properties of the mixture. The challenge in the devel-
opment process is that jellying agents gelatin and xanthan do not get mixed directly with
liquid propylene glycol and therefore, small amount of distilled water has to be added.
However, distilled water and jellying agents affect on the dielectric properties and thus,
optimal mixture, which yields to fully solid solution after polymerization, has to be
developed taken into the account that the dielectric properties should be enough close
to real fat tissue. The dielectric properties of the proposed solid phantom was shown
to have very good correspondence with real fat tissue especially from 5 GHz-10GHz:
the differences were almost negligible. Also, at lower ultrawide band (3.1–5 GHz), the
difference was minor: differences in relative permittivity and conductivity values were
0.4–0.8 and 0.1–0.2, respectively. The differences were at largest around 2.5–2.7 GHz.

This paper also proposed for the first time the idea of evaluating the feasibility and
reliability of the new phantoms for practical scenarions with human tissue layer model
simulations. The idea is that the dielectric properties of the developed fat phantom is
used in the simulation model as dielectric properties of the corresponding fat tissue
layer. For other tissue layers, the dielectric properties are set same as in the realistic
case. Simulations, e.g. the antenna reflection coefficients simulations, are carried out
and compared with the antenna reflection coefficients obtained with the reference case in
which also the fat layer has realistic dielectric properties. The proposed method provides
the possibility to investigate smoothly the impact of small differences in the dielectric
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properties of the developed phantoms and compare the results with the ideal case for the
selected application.

In this study, the antenna reflection coefficients were calculated with the layer model
in which the fat layer‘s dielectric properties were set the same as those of the liquid
and solid fat phantoms. The results were compared with the fat layer with dielectric
properties of the real fat tissue retrieved from [16]. It was found that antenna reflection
coefficients simulated with the dielectric properties of the phantom and liquid propylene
glycol were almost same for the whole simulated frequency range as the antenna-body
distance is 30 mm (optimal antenna-body distance for the selected antenna). Also, with
the smaller antenna-body distance (8mm), the simulated antenna reflection coefficients
have negligible differences at the frequency range 3.5 GHz−8 GHz. At the lowest part
of the simulated frequency range, the differences were larger, which is in line with the
comparison results on the differences of the dielectric properties.However, themaximum
difference was 6 dB at 2.6–2-7 GHz, which are the frequencies out of the interest of
medical applications. Instead, at ISM band 2.5 GHz, which is commonly used inmedical
applications, the differences in simulated antenna reflection coefficients were smaller:
maximum 2.5 dB.

Based on the presented results, the pure propylene glycol can be considered as an
excellent fat phantom in liquid form for the frequency range 2.5–10 GHz with only
minor differences in the dielectric properties compared to those of the real fat tissue.
The developed solid fat phantom is also very good for the frequency range 3–10 GHz
and also good at the ISM band 2.5 GHz. Hence, it can be concluded that the proposed
propylene glycol -based liquid and solid fat phantoms are suitable to be used in the
emulation platforms of biomedical applications.

As a future work, we plan to test usability of novel fat phantoms with different anten-
nas, both on-body and implant antennas. Additionally, we will use novel fat phantoms
(both solid and liquid) to different medical monitoring application studies for which
we already have realistic simulation -based results available: e.g. for realistic capsule
endoscopy radio channel modelling [21] and breast cancer detection studies [22].
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