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Abstract 
 

Development of Ultra-Wide band 500 MHz – 
20 GHz Heterogeneous Multi-Layered 
Phantom Comprises of Human Skin, Fat and 
Muscle Tissues for Various Microwaves 
Based Biomedical Application 

Laya Joseph 

 
In biomedical applications realistic phantoms are becoming more useful for 
validation and testing of precursor systems. These artificial phantoms require 
stable and flexible tissue-mimicking materials with realistic dielectric 
properties in order to properly model human tissues. We have fabricated a 
low-water-content, low cost, mechanically and electrically stable, good shelf 
life and multi-layered heterogeneous phantom consisting of skin, fat and 
muscle tissues. We have chosen semi-solid type phantom for each tissue 
layer. The size and thickness of the each layer is chosen based on the average 
thickness of human tissue. Altering the ingredient composition wisely we 
can alter its dielectric properties also. By reason of no osmosis occurrence, 
the tissues can be employed to construct heterogeneous phantoms or even 
anthropomorphic phantoms without causing any changes in geometry or 
electrical properties. The performance of the fabricated phantom is carried 
out using an open-ended coaxial slim probe system by Agilent Technologies. 
Nearly all previous studies were based on very high frequency( VHF), so we 
present ultra-wide band (UWB), 500MHz-20GHz multilayered phantoms. 
We have measured our phantom after 2 month time period and we got quite 
good results for the dielectric properties without having significant 
variations. Thus, our fabricated sets of ATE phantom have good long lasting 
properties with good physical and dielectric stability. 
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Populärvetenskaplig sammanfattning 

 
I mitt projekt här presenterar jag en realistisk ATE fantom användbara för validering och testning 
av prekursorsystem i olika biomedicinska tillämpningar. Vi presenterar en heterogent 
flerskiktigt fantom bestående av hud-, fett- och muskel vävnadsskikt. Dessa konstgjorda 
fantomer kräver stabila och flexibla vävnadsmimickmaterial med realistiska dielektriska 
egenskaper för att korrekt modellera mänskliga vävnader. Vi har tillverkat ett lågvatteninnehåll, 
lågkust, mekaniskt och elektriskt stabilt fantom som är som är stabil över 2 månaders tidsperiod. 

Våra syntetiska uppsättningar av fantom mäts med användning av ett öppet slutligt koaxialt 
slimprovssystem av Agilent Technologies över ultrabrett band (UWB), 500 MHz-20 GHz. Vi 
har ett bra överenskommelse om relativ permittivitet och förlust tangent med Istituto di Fisica 
Applikationer "Nello Carrara" (IFAC). På grund av ingen osmos förekomst, vävnaderna kan 
användas för att konstruera heterogena fantomer eller även antropomorfa fantomer utan att 
orsaka några förändringar i geometri eller elektriska egenskaper.  

Vi har undersökt genom mättning av våra fantom efter 2 månaders tidsperiod och vi har fått 
ganska bra resultat för de dielektriska egenskaperna utan att ha betydande variationer. Således 
har våra tillverkade uppsättningar av ATE-fantom goda långvariga egenskaper med bra fysisk 
och dielektrisk stabilitet. 
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Chapter 1 

Introduction  
 

Nowadays utilization of personal devices which emit electromagnetic energy at microwave 
frequency and various biomedical devices based on electromagnetic energy has increased 
drastically. And the accurate evaluation of the interaction between electromagnetic (EM) waves  
and human body is inevitable. For example, quantitative validation of the performance and 
safety of microwave systems and devices that have electromagnetic interaction with the human 
body and recently built devices and systems must require multiple number of tests or 
measurements before they move to clinical trials [1], [2]. Artificial tissue emulating (ATE) 
phantoms are made to mimic biological tissues and are mostly used in medicine related fields 
in order to analyze, test the performance, establish or evaluate different biomedical devices [3]. 
Although a numerical model of the system environment can be simulated ideally, it cannot carry 
the realistic environment which is vulnerable to various electrical, mechanical and 
environmental factors. That being the case, the presence of human body is the best measurement 
environment for these devices and systems. For the past few years, researchers show a great 
interest on interactions between the electromagnetic waves and the biological tissues. So ATE 
phantoms are necessary in everyday life.  

 

In day-to-day life the ATE phantom has received a lot of attention, which can be applied to 
certain biomedical fields. In diagnostic imaging techniques like ultrasound, Magnetic resonance 
imaging (MRI) and computed tomography (CT), there is a very high demand has been seen. 
Neurosurgery treatment planning, and training of medical students are the other needed area of 
ATE phantoms. Recently researchers attracted to phantoms to make use in areas like SAR 
(Specific Absorption Rate),  

 

 

 

 

 

 

 

 

1[Tessonics [online]. Avaialble from: http://www.tessonics.com/rdprojects-phantoms.html] 

Figure 1: Head phantom for biomedical applications 1 
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Chapter 1. Introduction 

 

Hyperthermia and BAN [5], [6], [7]. The use of biological phantoms avoid subjecting a living 
organism to direct risk and, the evaluations and measurements can be done as in  living tissues 
or organs. The global market for training medical phantoms is evaluated to be approximately 
$124 million with an annual growth rate of about 3.8% based on Global Industry Analysis, Inc. 
(San Jose, CA, USA) 1. Fig.1, 2 and 3 show different applications of ATE phantoms in 
biomedical field. 

 

 

 

Figure 2: New born head phantom for ultrasound and MRI 

 

Developing an accurate biological ATE phantom requires stable, electrically and physically 
emulating and long lasting human like tissues. 

  

The present thesis work depends on the following goals; 

1. Developing a physically and electrically mimicking low-water content, semi-solid, 
elastic and malleable biological skin, fat and muscle tissue layers at the required 
frequency. 

2. Fabricating a multi-layered and heterogeneous phantom which facilitates in 
manufacturing of complex and anthropomorphic phantom. 

3. Developing stable and good shelf life ATE phantom over a long period of time without 
having significant change in electrical and physical properties, which enables 
multiple tests and measurements according to various applications. 
  
2[Adams, F., Qiu, T., Mark, A. et al. Ann Biomed Eng (2017) 45: 963. 
https://doi.org/10.1007/s10439-016-1757-5] 

 

Figure 3: Phantom of human kidney subjected to CT scanner 2 
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Chapter 1. Introduction 

 

In the present work, we have developed semi-solid phantoms which are simulant to the human 
skin, fat and muscle tissues. Each of these tissue layer has varying relative permittivity and loss 
tangent and, these electrical properties change with the materials and the ingredient 
compositions selected for the phantom fabrication. The main constituent which determines the 
relative permittivity is water. Lower water content tissues have lower permittivity and loss 
tangent than higher water content tissues [8]. In our work, we tried our best to bring up phantom 
layers with minimum amount of water as possible. This prevented water evaporation and really 
helped us to increase the life time of our phantoms without losing electrical and physical 
properties. In addition to this, less water content materials help the phantom tissues to be elastic, 
malleable and conformable. In our work, we could construct re-shapeable, malleable and 
conformable skin and fat phantoms and, elastic and jelly muscle phantom which is easily 
moldable to desired shapes and stable over time. Moreover that, when the use of water content 
decreases, problems due to dryness also decreases and makes the phantom eligible to keep over 
long period of time. 

We are succeeded to make a three-layered heterogeneous phantom which has skin, fat and 
muscle tissue simulant layers. This we accomplished without using any saran wrap or plastic 
films between the phantom layers and avoiding any airgap formation between adjacent layers 
during molding process. In addition, no osmosis occurs between two consecutive phantom 
layers and thus prevents any changes in physical shape and electrical properties. In this way it 
is more convenient to make to a multi-layered anthropomorphic phantom which can really 
emulate human body tissues, organs or the whole human body phantoms. The material selection 
and the right fabrication process led us to construct a stable multi-layered phantom with long 
shelf life. This facilitates the phantom for the usage of multiple purposes without degrading its 
physical and dielectric properties. 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Anthropomorphic torso and whole body phantoms [9] 
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Chapter 1. Introduction 

 

Motivations behind our present work are: 

1. Avoiding human participants from various types of evaluations and measurements by 
developing an accurate ATE phantom which emulates the real human tissues. 

2. Selection of UWB (Ultra-Wide Band) frequency range 500 MHz-20 GHz, which is 
applicable for narrow band and ultra-wideband microwave technologies including 
various medical field applications and RF devices. 
 

Newly designed devices and systems which have electromagnetic field (EMF) interaction with 
the human body must need numerous tests at composed environment. In such cases, the human 
participants or the living tissues are more respected and here, the safety of the systems and 
devices are also important. The electromagnetic energy radiated from mobile towers or other 
devices/systems in radio frequency (RF) range absorbed by the human body, which is termed 
as SAR [10], [11]. In this case, the impact of EM energy on human body and the human body 
influence on antenna characteristics should also be taken in to account. These characteristics 
include radiation directivity, input impedance, radiation efficiency, and low deterioration [12]. 
The influence on human body depends on the frequency; and in micro wave region, it makes 
heating effect and, the higher frequencies like x-rays are ionizing radiations which can break 
molecules in the human body. To detect the cancerous cells in the body, the imaging techniques 
need tests in multiple locations and the tests are repetitive for a long period of time. In all these 
cases, subjecting a real human for the tests and iterative measurements have colossal risk. 
Instead we can apply the biological phantoms, which mimic the physical and electrical 
characteristics of the human body accurately in the desired band of interest [13].  

In this thesis work, we propose the need for multi-layered heterogeneous phantom for 500 
MHz-20 GHz, UWB frequency range. The UWB technology is predominantly supportive in 
several medical field applications such as imaging techniques, cancerous cell detection and 
personal devices which emit EM energy at microwave (MW) frequency. It has been seen that 
frequency range that is used in the breast imaging techniques includes 1-12 GHz [14]. In 
addition to this, Body Area Networks (BAN), estimating SAR and Hyperthermia therapy, 
Personal Area Networks (PAN) or Wireless Personal Area Networks (WPAN) in the ISM 
(industrial, scientific and medical) radio band are also beneficial in UWB frequency range. 
UWB is useful for multi-layered phantoms which include different biological tissue emulating 
layers since these tissues in the human body have different electrical properties and are 
frequency dispersive in variant levels. So in total, the selection of UWB frequency is beneficial 
for various narrow band and wide band frequency range applications. 
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Chapter 1. Introduction 

 

The whole work of this thesis is organized as the following sections. 

1. Fabricate an accurate three-layered (consisting of skin, fat and muscle layers) 
heterogeneous phantom which emulates electrical and physical properties of human 
tissues. 

2. Measure the electrical properties of the fabricated phantom using open-ended coaxial 
slim probe system by Agilent Technologies in the range of 500 MHz- 20 GHz ultra-
wide band frequency. 

3. Measure the phantom again after 2 and 4 months’ time period to ensure the long life 
expectancy and stability of the phantom layers. 
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Chapter 2 

Literature Review 
 

2.1     Electromagnetic theory 
Electromagnetic theory describes the basic principles of electromagnetism, which is the study 
of electromagnetic force between electrically charged particles. The electromagnetic spectrum 
include electric fields, magnetic fields and light. The electromagnetic spectrum describes the 
electromagnetic radiation frequencies and their respective wavelengths and photon energies. It 
includes the EM waves of frequencies ranging from below one hertz to above 1025 hertz. The 
EM waves in the spectrum with a specific frequency range are: radio waves, microwaves, 
terahertz waves, infrared, visible light, ultraviolet, X-rays, and gamma rays. The EM waves 
have different characteristics and they interact differently with matter. Fig.5 shows the 
electromagnetic spectrum of frequencies ranging from low frequency to high frequency.  

 

 

 

 

                     Figure 5: Electromagnetic Spectrum of low frequency EM waves to high frequency EM waves 3 

 

 

3[http://hyperphysics.phy-astr.gsu.edu/hbase/ems1.html] 
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In EM spectrum, radio waves include the frequency from 30 KHz to 300 GHZ and electrical 
wavelength between λ = c/ f = 10,000 km and λ = 1 mm, respectively. They are emitted and 
received by antennas, consisting of resonators as conductors. In antennas, transmitters are used 
to create artificial radio waves by generating alternating electric current. Radio waves are 
commonly used in telecommunication. The generation and transmission of radio waves is 
strictly regulated by national laws, coordinated by an international body, the International 
Telecommunication Union (ITU) [15].  

Microwaves are radio waves of frequencies between 3 and 300 GHz, with a corresponding 
electrical wavelength between 10 cm and 1 mm. When the signal wave length is of the order of 
mm, it is called millimeter wave. Microwaves are generated usually by klystron and magnetron 
tubes and these waves can penetrate in to material surfaces and store their energy. This property 
is used in microwave ovens to heat food, diathermy and industrial heating. Microwaves are 
mainly used in satellite communication, radar and wireless networking. Fig.6 shows the 
location of the RF (Radio frequency) and MW (microwave) frequency bands in the 
electromagnetic spectrum. RF frequency ranges from very high frequency (VHF) to ultra-high 
frequency (UHF) and MW from Super high frequency (SHF) to extremely high frequency 
(EHF). 

 

 

Figure 6: Location of RF MW Frequency in Electromagnetic Spectrum 4 

 

 
4[Microwave Engineering Fourth Edition David M. Pozar, page 2] 
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2.2     Maxwell’s Equation 

 
Maxwell’s equation describes the laws of electricity and magnetism, which shows electric and 
magnetic phenomena at the macroscopic level. James Clerk Maxwell brought Gauss’s law, 
Faraday’s law, Ampere’s law and A fourth law together and created Maxwell’s law of equation. 
The fundamental form of Maxwell’s equations are in differential form and defined as follows3: 

 

 

Where, E¯ is the electric field, in volts per meter (V/m). 

H¯ is the magnetic field, in amperes per meter (A/m). 

D¯ is the electric flux density, in coulombs per meter squared (Coul/m2). 

B¯ is the magnetic flux density, in webers per meter squared (Wb/m2). 

M¯ is the (fictitious) magnetic current density, in volts per meter (V/m2). 

J¯ is the electric current density, in amperes per meter squared (A/m2). 

ρ is the electric charge density, in coulombs per meter cubed (Coul/m3). 

 

2.3     Dielectric Properties 
 

A dielectric material is an electrical insulator when there is no electric field applied. When the 
dielectric is placed in an electric field, dielectric polarization happens by storing the electric 
charges. Positive charges are displaced in the direction of the field and negative charges are in 
the opposite direction.Fig.7 shows a polarized dielectric material [16]. Dielectric properties of 
a substance depend on applied electric field, temperature, moisture and amplitude. 
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Chapter 2. Literature Review 

 

Relative Permittivity, εr 

A quantity measuring the capacity to store the electric charges in an applied electric field 
relative to vacuum is called dielectric constant and is denoted by k. 

k = c/c0   

Where 

 c = capacitance of a capacitor with dielectric material 

 c0 = capacitance in vacuum without dielectric material  

The relative complex permittivity (εrεr) with respect to free space can be defined as 

εr = ε / ε0  =  ε′r - j ε′′r 

                                                                       

 

 

 

Where, ε = permittivity of substance (C2/ (N m2)) 

            ε0 = permittivity of vacuum or free space 

The imaginary permittivity can be related to conductivity (σ), and the angular frequency 
(ω=2πfω=2πf) as 

 

 

 

Figure 7: A dielectric polarized material 
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ε′′ = σ / ω 
 
ε′′r = σ / ωε0 
 
 

Conductivity, σ 

Conductivity of a dielectric material is its ability to conduct the electric current and it always 
gives the description of how much stored energy of a dielectric material losses in the form of 
heat in an applied electric field. 

 

Permittivity, ε and Loss Tangent 

A dielectric loss of a material is the loss of electromagnetic energy propagating inside a 
dielectric. Permittivity, ε or absolute permittivity is the measure of capacitance when it is 
applied to an electric field. Permittivity has real and imaginary components and is define as  

ε = ε′ - j ε’’ 

Where 

ε′  is the real part of the permittivity and is given by  ε′ = ε0ε′r product of the free space 
permittivity and the relative real/absolute permittivity             

ε’’ is the dielectric loss, imaginary component of the permittivity 

 

Loss tangent of a dielectric material is then defined as 

Tan δ =  σ / ω ε′ =  ε′′/ ε′ 

 

And Skin depth (δ) in the analysis of electromagnetic interaction with the lossy body is given 
by 

δ=1/ √ πμfσ 
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Chapter 3 

ATE Phantoms 
 

To Emulate human body tissues or organs correctly, the phantoms play very important role. 
Phantoms are classified in to two categories: 1) Physical phantom and 2) Numerical phantom. 
Physical phantoms are usually used to mimic the physical and electrical properties of human 
biological tissues whereas, numerical phantoms are helpful in computational simulations and 
theoretical analysis. Here, we discuss about physical phantom to artificially emulate the 
characteristics of the various biological tissues or body parts. 

ATE phantoms are inevitable in analysis and safety verification of wireless systems and devices 
which has electromagnetic interaction with human body. Human body itself is a complex 
system and each and every tissue is different in physical nature and has different electrical 
properties. Some tissues have more water content and some have less water content and thus 
their electrical properties are variant depending on the main constituent water. Muscle, brain 
and cancerous tissues are high-water-content tissues and fat, bone are low-water-content tissues 
in human body. In earlier days, the phantoms made were mainly water based and so, it was very 
difficult to present all different human tissue types. In addition, liquid phantoms are vulnerable 
to dehydration and have comparatively very less lifetime.  

Nowadays more complex phantoms have been made to mimic the human body tissues. It 
includes heterogeneous and homogeneous ATE phantoms. It is possible to make multi-layered 
anthropomorphic phantoms to mimic human tissues or body parts or the whole body by 
selecting the right materials and suitable fabrication process. According to various applications 
and needs, ATE phantoms of different body parts are also developed. Phantoms for head, limb, 
torso and breast are described according to Mobashsher et al 2015. 

 

3.1     Types of ATE Phantoms 
 

As water is the main constituent of human body, the unavoidable material which plays an 
important role in ATE phantoms is water. The ATE materials are chosen as high-water-content 
and low-water-content depending on the electrical properties if the tissues [9], [17], [18]. 
Mobashsher et al 2015 gives a good description about the classification of ATE phantoms. 
Here, we discuss three main types of ATE phantoms depending on the water content and their 
physical nature. 
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Chapter 3. ATE Phantoms 

 

3.1.1    Liquid ATE Phantoms 

In the starting stages of phantoms, most of the ATE phantoms were liquid based. Liquid ATE 
phantoms are mainly used for tissues with high dielectric permittivity and loss like muscle, 
brain and cancerous cells. To mimic the high electrical properties, water is the main material in 
the phantom composition. By varying the amount of water it is possible to alter the electrical 
properties of the tissues and thus decreasing the water content, low permittivity tissues like fat, 
bone and skin can be made. One of the main advantage of liquid phantoms is the easy and 
simple fabrication process as described in [19]. Fig.8 shows a thyroid liquid phantom contained 
in a mold for the CT application [20]. 

 

 

Figure 8: Liquid thyroid phantom with container 

 

Although the fabrication process is simple, liquid phantoms have got many disadvantages. First 
of all, it needs a container to hold the phantom and the mold growth in the container affects the 
electrical properties of the phantom. The other disadvantage is the water evaporation from the 
phantom materials and subsequent changes in the electrical properties. These behaviors make 
liquid phantoms non-suitable to keep for long time period. In addition, sedimentation of the 
non-liquid materials in the phantom alters the physical form and the dielectric properties and, 
scattering from multilayers (for multilayered phantoms) for the imaging applications. 
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3.1.2    Semi-solid ATE Phantoms 

Semi-solid ATE phantoms are suitable to mimic both high permittivity and low permittivity 
tissues by employing the materials like gelatin, agar, dough or starch. They can emulate the 
tissues for different frequency dispersive tissues for narrow band and wide band applications. 
These type ATE materials are castable and don’t need the container after the setting process of 
phantoms. And, these phantoms are elastic and by using dough or starch, which can be made in 
malleable and conformable form and, can be reshaped after the phantom molding process. 
Because of no diffusion of particle occurs between the adjacent layers of the phantom, it is more 
convenient to make multilayered heterogeneous phantoms to realistically emulate the human 
body [21].Fig 9 shows a three-layered semi-solid phantom. 

 

 

Figure 9: A Three-layered Semi-solid phantom of different tissue layers 5 

 
 

Semi-solid ATE phantoms are more convenient and suitable to mimic different human tissues 
compared to other type of ATE materials. Although it has many advantages, there has been 
noted some disadvantages also for these type of phantoms. Once the phantom is fabricated, it 
is not possible to alter its electrical properties unlike liquid phantoms (for example, by adding 
water the permittivity of the phantom can be increased). And here also the dehydration problem 
has been seen but, it is not as high as in the case of liquid ATE phantoms. 

 

 

5[Pictures provided by Professor Emeritus Ito Koichi of Chiba University, 
https://www.aetjapan.com/hardware/pdf/Electromagnetic.pdf] 
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3.1.3    Solid ATE Phantoms 

Solid ATE phantoms are also called dry phantoms, for not containing water based materials 
[22] and the main advantage of these phantoms is the evasion of dehydration. The common 
materials used for solid ATE phantoms are ceramic powders, graphite, silicon rubber, carbon 
fiber, urethane rubber and carbon nanotubes. But the fabrication process for these phantoms are 
more complex and expensive for being high temperature and pressure based environments. 
Moreover it is not possible to cut or reshape them like semi-solid ATE phantoms. In addition, 
these phantoms do not allow the probe inside it during the measurement process.  

 

 

Figure 10: Solid phantom of human upper body (Ito Laboratory, Chiba University) 

 

A solid phantom of human upper body is given in Fig.10 [22]. A solid ATE phantoms with 
different materials are discussed in [22], [23] and [24]. Although the solid phantoms are suitable 
for long life period and stability, they face problems for invasive measurements like SAR, 
hyperthermia and implantable applications 
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Chapter 3. ATE Phantoms 

 

3.2     Some Important Applications of ATE Phantoms 
Nowadays artificial tissue emulating phantoms are broadly used in medical devices/systems 
and RF devices. Devices or medical systems which emit electromagnetic interaction in human 
proximity effect human health and causes carcinogenic effects, disturbance to immune system, 
cardiovascular system, reproductive and genetic systems etc. [25]. Introduction of wireless 
microwave devices which emit EM energy, is absorbed by human beings and increases the body 
temperature and it effects the normal mechanism of the body. ATE phantoms are much useful 
in order to analyze the SAR of these type devices [25], [26]. And [27] and [28] report the SAR 
experiments to evaluate the exposure of human head to near field of radiating antennas and 
devices. 

 

 

 

Figure 11: Measurement of SAR value with a phantom 6 

 

In day-to-day life mobile phones are the widely used wireless personal device in which, EM 
wave radiates directly to the human head. Fig.11 shows SAR value measurement of mobile 
phone on a human head phantom.  

Mobile phones are made within the limited SAR values. Over the past decades, many 
investigations have been done on the study of interaction of mobile phones with human body. 

ATE phantoms are widely used in breast imaging which include mammography, MRI, 
xeromammography, ultrasound etc. [29], [30] and [31]. ATE phantoms are particularly 
essential in ensuring the accuracy, maintaining and in repetitive evaluation of performance of 
these imaging systems. The need for ATE phantoms has been increased in the area of  

 

6 [Electrical Engineering and Applied Computing by Levent Seyfi, Ercan Yaldız, Page 3]  
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Chapter 3. ATE Phantoms 

 

microwave imaging, which is the technique used to detect and evaluate the hidden or embedded 
objects using EM waves in microwave frequency, 300 MHz-300 GHz [32]- [38]. In which, the 
ATE phantoms are mostly used in breast microwave imaging. Nowadays more homogeneous 
and heterogeneous breast phantoms have been developed for microwave imaging technique. 
Fig.12 shows a heterogeneous breast phantom, which consists of tumor, fat and glandular 
tissues for ultra-wideband microwave imaging [39].  

 

 

 

 

Figure 12: (a) Measuring a tumor sample and (b) Hemispherical breast phantom for ultra-wideband microwave imaging [39] 

 

The accurate tissue mimicking biological phantoms are essential for the electrical and thermal 
studies of various medical systems and devices for the heat deposition in human and other living 
tissues by electromagnetic radiation. In the evaluation of hyperthermia techniques, diathermy 
and other various thermal applications, to analyze the measuring system and the absorbed power 
distribution inside tissues, a massive need of realistic ATE phantoms has been seen [40]- [42]. 
The ATE phantoms used for these applications should have the electric and thermal equivalence 
as of the real human tissues. For the electrical equality, the real and imaginary part of the relative 
permittivity and for the thermal equivalence, the conductivity and capacitance of the phantom 
materials should mimic the human tissues. 
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Introduction of wireless implantable devices, which used for collecting the electro-physical data 
from human body, increases the requirement for the ATE phantoms [43], [44]. These biological 
phantoms help in evaluating the system for implantable devices before they move to the clinical 
trials. Nowadays more complex phantom applications are seen to be used in evaluating heat 
effect due to the EM energy absorption by the human body. [45] and [46] describe tissue 
mimicking phantoms for thermal ablation. Thermal ablation is the technique of destructing the 
tissues by elevated tissue temperature (hyperthermia) or depressed tissue temperatures 
(hypothermia).This technique mainly used to destruct the tumor cells. The phantoms which 
mimic the biological tissues effectively can definitely provide test environment for the device 
analyzation and characterization of therapy systems. This avoids the risk to the human beings 
and the other animal tissues or organs. 

Nowadays, the rapid developments in the area of body area networks increased the ATE 
phantom applications both in on-body and off-body communications. Recently more 
developments have been seen in body-worn sensors and devices for wireless healthcare, 
entertainment and sports [47], [48], [49].  

    

                                        

                      Figure 13: Human phantoms in microwave testing of wearable devices and systems [9] 
 

In analyzing the wave propagation channel of the body-worn devices, ATE phantoms are very 
helpful. Fig.13 shows the applications of ATE phantoms in wearable devices and systems [9]. 
In addition, ATE phantoms are also useful in the applications for antennas designed for 
personal devices and mobile phones which emit electromagnetic energy in human proximity 
especially head [50], [51]. 
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Chapter 4 

Electrical Properties of Biological 
Tissues  

 
While making an accurate human tissue emulating phantom, a good research should be done 
on various biological tissue dielectric properties. The human body is complex and 
heterogeneous and, constituted of different tissues. The electrical and physical properties of 
human tissues are different depending on their size, thickness, body location, age and water 
content in the tissues. All these tissues are frequency dispersive. 

  

 

Figure 14: Anatomical structure of human skin7 

 

The electromagnetic interaction with each tissue depends also on their electrical properties and 
thus, each tissue absorb energy differently from others. Fig.14 shows human skin anatomy 
consisting of epidermis, dermis and hypodermis of skin layer, fat, blood vessels and other 
glands and connective tissues. 

The main parameters which are used to emulate the dielectric properties of biological tissues 
are relative permittivity (ɛr), conductivity (σ) and loss tangent. For all these parameters are 
frequency dispersive, frequency has an inevitable important role. An old report, [52] gives the 
electrical properties of soft human tissues at radio and microwave frequencies and, electrical 
properties of biological soft tissues from 10 KHz–10 GHz are discussed in [53].   

 

7[WebMD [online]. Avaialble from: https://www.webmd.com/skin-problems-and-
treatments/picture-of-the-skin#1] 
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In [54], the resent studies of electrical properties of an animal tissue (sheep) are discussed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        

 

Tissue Relative 
Permittivity, 
ɛr  

Conductivity 
(S/m) 

Loss 
Tangent 

Penetration 
Depth (m) 

Dry Skin 45-22 0.73-19.23 0.58-0.79 0.05-0.0014 

Fat 5.54-4 0.04-1.26 0.277-0.282 0.295-0.0085 

Muscle 56.45-30.95 0.82-24.67 0.52-0.72 0.05-0.0013 

Bone 
Marrow 

5.62-4 0.03-1.25 0.2-0.28 0.405-0.009 

Blood 63.26-31 1.38-28.19 0.79-0.82 0.033-0.001 

Heart 64.04-29.58 1.02-25.72 0.57-0.78 0.043-0.001 

Kidney 63.83-28.23 1.16-24.7 0.65-0.79 0.038-0.001 

Liver 49.78-22.27 0.69-19.77 0.5-0.8 0.055-0.001 

Nerve 34.45-17.23 0.47-13.23 0.49-0.69 0.078-0.002 

Stomach 66.71-34.12 1.04-29.74 0.56-0.78 0.043-0.001 

Tongue 56.89-29.13 0.8-24.77 0.51-0.76 0.051-0.001 

Grey Matter 55.83-26.83 0.78-22.73 0.5-0.76 0.052-0.001 

White 
Matter 

41-20.34 0.47-16.17 0.42-0.71 0.073-0.002 

Table I: Electrical properties of different tissues of human body across 500MHz-20GHz 
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Tissue Relative 
Permittivity, 
ɛr  

Conductivity 
(S/m) 

Loss 
Tangent 

Penetration 
Depth (m) 

Dry Skin 38 1.46 0.28 0.023 

Fat 5.28 0.1 0.15 0.12 

Muscle 52.73 1.74 0.24 0.022 

Bone 
Marrow 

5.3 0.1 0.13 0.13 

Blood 58.26 2.54 0.32 0.016 

Heart 54.81 2.26 0.3 0.016 

Kidney 52.74 2.43 0.34 0.016 

Liver 43.04 1.69 0.29 0.021 

Nerve 30.15 1.09 0.26 0.027 

Stomach 62.16 2.21 0.26 0.02 

Tongue 52.63 1.8 0.25 0.022 

Grey 
Matter 

48.91 1.81 0.27 0.021 

White 
Matter 

36.17 1.22 0.25 0.026 

Table II: Electrical properties of different human body tissues at 2.45 GHz 
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Chapter 5 

 Material Selection 

 

First step of our work was finding the right materials to construct semi-solid and, electrically 
and physically emulating soft tissues of skin, fat and muscle. As we discussed earlier, the 
dielectric properties of each biological tissue are different according to so many factors. In 
which water is the main and important constituent in all the human tissues. As we said in 
introduction, low-water-content tissues show lower electrical properties and high-water-content 
tissues show higher electrical properties. In making of the biological tissue emulant phantom 
also the water is the main and inevitable material. Dielectric properties of the high-water-
content and low-water-content human biological tissues are discussed in [56]. 
 
Skin, muscle, brain and internal organs are high-water-content tissues and, fat and bone are 
low-water-content tissues. Since the electrical properties of these biological tissues are largely 
dependent on the water content in the tissues, almost all the ATE phantoms made in the earlier 
age was water based. In 1971, A. Guy described one of the first tissue mimicking liquid 
phantom containing mixture of saline solution, polyethylene powder, and a gelling agent [57]. 
And after that, according to [26], many others also used the saline water phantom to mimic the 
biological tissues [58]. But these saline phantoms are homogeneous and it is difficult to mimic 
the largely frequency dispersive human tissues. When frequency increases above 100 MHz, 
saline phantoms fail to represent human tissues. In 2005, M Lazebnik et al proposed oi-in-
gelatin based tissue mimicking phantom materials for narrow and ultra-wide band microwave 
applications [59]. 
 
Our aim was to make the phantom tissues with less water content and it was the biggest 
challenge we faced during the thesis work. From different types of physical ATE phantoms, we 
selected semi solid ATE phantoms to emulate the skin, fat and muscle layers. In which, skin is 
elastic, malleable and conformable and re-shapeable and fat is elastic and stretchable. Muscle 
is moldable and can be made into different desired shapes. To achieve all these properties of 
the tissues, we went through several iterations of material compositions. 
 
The main constituents used to fabricate our phantom are deionized water, corn flour, kerosene, 
oil, TX151, glycerin, n-propanol, dextrin, surfactant, salt and sodium benzoate. The electrical 
properties (relative permittivity and conductivity) varies with increasing or decreasing the 
amount of each materials in the ingredient composition. Each material has its own electrical 
properties and by selecting the correct proportion of each material we got very good results for 
relative permittivity and loss tangent as of real human tissues. Table III shows each materials 
dielectric constant. 
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Chapter 5. Some Common Materials Used 
 
Deionized water is the main constituent in all semi solid ATE phantoms and its dielectric 
constant is very high (80.4). For the muscle emulant tissues, we selected DI water as the main 
constituent because of high electrical permittivity of muscle. But we have chosen minimum 
amount of water as possible for muscle compared to real human muscle tissue layer. For fat and 
skin tissue the amount of water used is even lesser.We used gelatin for the elasticity of the 
phantom and to cast the tissues in to desired shape, stable and elastic structure. In order to 
compensate the lack of enough water content glycerin is employed, but its electrical properties 
are different from water. Oil and kerosene are employed for adjusting the permittivity and for 
a convenient mixing of less water content materials. Corn flour and dextrin are employed for 
the homogeneity adjustment and it is noted that they largely effect the dielectric permittivity of 
the tissues. TX-151 is a gelling agent and the viscosity of solution is increased using this, and 
so corn flour and TX-151 together gave a stretchable and re-shapeable consistency. N-propanol 
is a clear, low-viscosity, neutral liquid with a characteristic alcohol odor. It helps in the cross 
linking of molecules in gelatin and increases its melting temperature above 95degree Celsius. 
Thus it keeps the phantom’s physical shape and stability. Surfactant acts as an emulsifier when 
we use oil in the phantoms. Salt is used to control the conductivity and sodium benzoate is for 
preservation since which is a good bactericide. We noticed that in many of the other works in 
ATE phantom modelling, sodium azide (NaN3) is used to preserve their phantom but, we chose 
sodium benzoate for its non-toxic property. 
 
All the materials we used for the phantom preparation are non-toxic and for that they are easily 
manageable and have no any chemical interaction with human body. In addition, the materials 
are less expensive and easily available.  
 
 
Table III: common materials used with their dielectric constant 

 
 
 
  

Materials Dielectric constant, ɛr 

DI water 80.4 

n-propanol 20.7 

Glycerin 48 

Dextrin 2.2-2.4 

Corn starch 3.6 

Canola oil 2.5 

Kerosene 1.8 

Sufactant 27 
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Chapter 6 

Phantom Fabrication 
 

The next step of our work was fabricating the three-layered heterogeneous phantom. First we 
fabricated in a 10 cm squared mold and then casted the fat layer on top of that. Next we 
fabricated the skin layer separately in another 10 cm square mold. Finally we covered the 
muscle-fat layered phantom with the skin layer.  

 
6.1     Muscle Tissue Phantom 
 

We have chosen gelatin for the muscle phantom to get the elasticity and mechanical stability. 
The thickness chose for the tissue layer is 30mm.The materials used for the muscle tissue are 
DI-water, glycerin, gelatin, dextrin, salt and sodium benzoate. Table IV shows the material 
composition for the muscle phantom. 
 
 

 
 
                   Figure 15: Double boiling of gelatin 
  

As a first step gelatin is presoaked for some minutes in some portion of DI water to avoid the 
particle clumping in gelatin. The gelatin is double boiled in a Pyrex beaker up to a temperature 
of 55-65 °C until it is dissolved and gets transparent. Gelatin at this stage is called molten 
gelatin. The foam on top of the solution should be removed in order to avoid the bubble 
formation in the phantom layer.   
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Chapter 6. Phantom Fabrication 

 

Table IV: Ingredient composition for muscle tissue 

Materials Weight 
Percentage 

DI Water 60.56 

Glycerin 19.16 

Dextrin 12.13 

Gelatin 6.93 

Sodium 
Benzoate 

0.17 

Salt (NaCl) 1.04 

 

 
Fig.15 shows the double boiling process of gelatin during the fabrication process. In the next 
step add dextrin and remained water to the gelatin and continue double boiling. Double boiling 
method is employed to avoid evaporation of water while direct heating. Stir well until the 
dextrin gets melted very well with the molten gelatin without any lumps. Then stop boiling and 
add salt and sodium benzoate. Move the mixture in to a cold water bath and stir continuously 
until it gets thicken. The final mixture is poured in to a square-shaped mold of 10 cm and kept 
for some hours for solidification at room temperature. This fabricated muscle layer is the bottom 
layer of the heterogeneous three-layered phantom. Fig.16 shows the fabricated muscle phantom 
in the square mold. 
 

 
 Figure 16: Muscle phantom fabricated 
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Chapter 6. Phantom Fabrication 

 

6.2     Fat Tissue Phantom 

 
The fat layer in the multi-layered phantom is of thickness of 5 cm. The elasticity of the fat layer 
is accomplished by using gelatin. The DI water weight percentage is only 10%, which is the 
minimum amount of water that we could use for the fat tissue.  The fat tissue phantom is made 
by using canola oil, kerosene, glycerin, DI water, n-propanol, corn starch, surfactant and sodium 
benzoate. The materials and their concentration in weight percentage is given in Table V.  

 

 
Figure 17: Final mixture of fat tissue during fabrication 

 

The fabrication process of fat tissue phantom includes the following steps: Here, fabrication 
process is the same as the muscle phantom preparation until the removal of foam from the 
mixture. Meanwhile of double boiling of gelatin, oil-kerosene mixture is heated up to the same 
temperature of the molten gelatin (55-65 °C) and added to the molten gelatin. Stir the mixture 
continuously until the gelatin and oil mixture incorporates very well. The diameter of the oil 
drops in the mixture should be less than 2mm and surfactant is added to this as an emulsifier in 
the process. The final mixture after the whole process is poured on top of the fabricated muscle 
layer in order to get the second layer of the heterogeneous phantom and kept for half an hour to 
solidify properly at room temperature. Thus we got a two-layered phantom consisting muscle 
and fat tissues.Fig.17 shows the final mixture for the fat tissue layer. 
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Chapter 6. Phantom Fabrication 

 

Table V: Ingredient composition for fat tissue 

 

Materials Weight 
Percentage 

Canola oil 15 

Kerosene 15.9 

Glycerin 20 

DI water 10.9 

Gelatin 6 

N-propanol 6.22 

Corn starch 22.38 

Sodium 
benzoate 

0.3 

Salt (NaCl) 0.3 

 

 

6.3     Skin Tissue Phantom 
 

For the fabrication of skin layer, we chose elastic and malleable type phantom and it is 
accomplished by the materials, kerosene, DI-water, corn starch, TX-151, sodium benzoate and 
salt. The thickness for skin layer is 2 mm. Table VI shows the ingredient composition for the 
fabricated skin phantom. Here, to get a semi-solid consistency, corn starch is employed instead 
of gelatin and Agar. So we could make the skin layer with less amount of water (48%). The 
fabrication procedure is as follows: Mix deionized water and corn flour until it combines 
thoroughly. Then double boil the mixture to avoid direct evaporation of water. 
 
Continue double boiling and add kerosene little by little. Stop heating when kerosene is 
incorporated very well with the mixture. Then TX-151 is progressively added to the stirred 
liquid and add salt and sodium benzoate to the mixture. Continue stirring for some time until 
the mixture viscosity increases. The obtained mixture is poured into a square mold of 10 cm 
and cooled for a few hours at room temperature for solidification. The solidification only took 
around half an hour. Fig.18 shows the fabricated skin phantom kept in the mold for 
solidification. 
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Chapter 6. Phantom Fabrication 

 
 
Table VI: Ingredient composition for skin tissue 

 

Materials Weight 
Percentage 

DI Water 48 

Kerosene 15.2 

Corn Starch 30 

TX-151 5 

Sodium 
Benzoate 

0.4 

Salt (NaCl) 0.32 

 
 

 

 

  

 

Figure18: Fabricated skin phantom in the mold for solidification 

 

We have fabricated the skin layer separately by not casting it together with the muscle-fat tissue 
layers. Because of the fabricated skin tissue layer is malleable and re-shapeable, it is possible 
to cover the desired shape of organ or tissue with our skin tissue. By using this property we 
covered the muscle-fat layer with the skin layer by flattening it by a roller. Thus, we got our 
three-layered heterogeneous phantom consisting skin, fat and muscle tissues. 
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Chapter 7 

Measurements of Fabricated 
Phantom 
 

When the phantom is ready after solidification, the electrical properties (relative permittivity 
and loss tangent) are tested over the UWB, 500 MHz-20 GHz frequency range. The dispersive 
characteristics of biological tissues can be modeled by Debye or Cole-Cole equations [60]. 
There are different methods to measure the dielectric properties. Free space techniques are 
usually used in millimeter wave range [61], whereas resonant cavity methods are useful for 
solids [62].  
 
We adopted an open-ended coaxial transmission line method using Agilent 85070E slim probe 
as described in [63]. Fig.19 (a) shows slim probe kit by Agilent 85070E, which has the 
frequency range of 500 MHz to 50 GHz and temperature range of 0 to +125 degrees C. The 
coaxial probe method is best for liquids and semi-solid (powder) materials. The method is 
simple, convenient, nondestructive and with one measurement. A typical measurement system 
consists of a network analyzer or impedance analyzer, a coaxial probe and software.  The slim 
probe kit includes 3 Slim Form Probes, 1 Slim Form Probe Calibration short, 1 10mm diameter 
sealed probe holder, 6 O-rings for probe holder and 1 connector saver. 
 
 
Before using a Slim Form Probe, connect the 2.4 mm male to 2.4 mm female connector saver 
to the probe to avoid damages to the probe. The measurement of the sample is very simple by 
just immersing the probe in to it. Our fabricated phantom is semi-solid and this is really 
convenient to immerse the probe into the phantom. Fig.20 shows the measurement of our 
fabricated phantom using Agilent 85070E dielectric probe kit. After the measurement, results 
are displayed both in chart and table Fig.19 (b) shows an example for displayed results in chart 
and table. Table shows, relative permittivity, ɛ’, loss factor, ɛ’’, tan δ, μr’, μr”, tan δm and Cole-
Cole.  
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Chapter 7. Measurements of Fabricated Phantom 

  
                        Figure19: (a) Slim probe kit by Agilent 85070E and (b) displayed window after measurement [64] 

 

 

 

 

Figure 10: Measuring of the fabricated muscle sample 

 
Given the 10% error margin of coaxial open ended Keysight probes we get quite good 
agreement for our phantoms with the literature values reported in IFAC website [55]. 
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Chapter 8 

Results and Discussions 
 

A novel heterogeneous three-layered phantom which comprises of skin, fat and muscle tissues 
similar to that of the electrical and physical properties of human tissues is fabricated. Fig.21 
shows the final three-layered heterogeneous phantom fabricated. Our fabricated phantom is 
long lasting and mechanically and electrically stable. We have fabricated semisolid, elastic and 
low water content tissue layers and they are easily moldable into desired shapes. Because of 
less amount of water used in each tissue layers, the evaporation of water is minimized and thus 
results in minimal dryness of the phantom tissues. In this way the phantom can be keep for long 
period of time without causing any remarkable changes in the electrical properties. In addition, 
no osmosis occurs between the adjacent layers of each tissue because of no particle movement 
between the layers. This helps to construct heterogeneous anthropomorphic phantoms which 
can emulate human tissues or organs or whole human body. This also restricts any changes in 
the electrical and physical properties of tissue layers. 
 
In addition to all these characteristics, the materials we selected for the phantom fabrication are 
easily available, less expensive, non-toxic in nature and can be stored mold free for months. 
The skin tissue layer in the phantom is malleable, conformable and re-shapable in nature. That 
means we could shape the skin layer into any desired form and could even reshape it after the 
solidification. This can be rolled or flattened and here, we just covered the skin layer on the 
muscle-fat layer. In this way our fabricated phantom can adopt any shape and suitable to cover 
body parts similar to human body. We observed our fabricated skin layer after 2 months period 
and we succeeded to maintain its physical and mechanical properties. 
 
 

 
 

Figure 21: Three layered heterogeneous phantom comprises of skin, fat and muscle emulant tissues 
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Chapter 8. Results and Discussions 

The phantom tissues are kept in the refrigerator with proper covering with saran wrap. Fig.22 
shows the fabricated skin tissue’s malleable and conformable property. Fig.23 shows the same 
skin tissues after 2 month time period. 

 

 

 

(a)                                                                                                   (b) 

Figure22: Skin phantom in different forms (a) stuck on a plastic glass and (b) Flattened in to circular shape 

 

 

                                     (a)                                                                                            (b) 

Figure 23: Skin phantom after 2 months (a) Flattened and (b) Rolled 

 

In addition, the muscle phantom can be made in to required shapes since it is being gelatin 
based. These type of phantoms avoid powdering unlike agar based phantoms and are good for 
longer storage.  

The measurement results of relative permittivity and loss tangent for skin, fat and muscle 
phantoms agree very well with Istituto di Fisica Applicata “Nello Carrara” (IFAC) over the 
500MHz to 20GHz. With the 10% error margin of coaxial open ended Keysight probes, we got 
quite good agreement for our phantoms with the literature values reported in IFAC website 
[55]. In Table VII, VIII and IX, the dielectric values of skin, fat and muscle – phantom tissues 
and their IFAC values are reported respectively at 2.45 GHz. And comparison of measured 
dielectric properties of skin, fat and muscle phantom tissues with the IFAC data for (a) relative 
permittivity and (b) loss tangent are shown in Fig.22, 23 and 24 respectively. 
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Table VII: Dielectric properties of fabricated skin phantom with IFAC data at 2.45 GHz  
 

 
 
 
 
 
 
 
 
 
 
 

 

Table VIII: Dielectric properties of fabricated fat phantom with IFAC data at 2.45 GHz 

  

Tissue / 
Value 

Relative 
permittivity, 
ε′  

Loss 
tangent, 
δ 

IFAC 
(Dry 
skin) 

38.90 0.36 

Skin 
Phantom 
Measured 

30.10 0.34 

Tissue / 
Value 

Relative 
permittivity, 
ε′ 

Loss 
tangent, 
δ 

IFAC Fat 5.28 0.15 

Fat 
Phantom 
Measured 

4.87 0.28 
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Table IX: Dielectric properties of fabricated muscle phantom with IFAC data at 2.45 GHz 

 

 
 
 
 
 
 
 
 

 

 
                                                                                                            (a) 

 
 
 
 
 
 
 

 

 

            

                                                                                                          (b) 

Figure 24: Comparison of measured dielectric properties of skin phantom with IFAC data for (a) relative permittivity and (b) 
loss tangent 

Tissue/ 
Value 

Relative 
permittivity, 

ε′ 

Loss 
tangent, δ 

IFAC 
Muscle 

52.73  0.24 

Muscle 
Phantom 
Measured 

58.10 0.30 
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                                                                                                              (a)  

 

 

 

 

 

 

 

 

                                                                                                           (b) 

Figure 25: Comparison of measured dielectric properties of fat phantom with IFAC data for (a) relative permittivity and (b) loss 
tangent 

  

 

 

 

 

 

 

 

 
                                                                                                           (a) 
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                                                                                                                     (b) 

Figure26: Comparison of measured dielectric properties of muscle phantom with IFAC data for (a) relative permittivity and (b) 
loss tangent 
 

We have measured our fabricated phantom after 2 months period to analyze the long lasting 
property and stability of each of the tissues. We got quite good agreements with the IFAC 
values, for the dielectric permittivity and loss tangent for skin, fat and muscle tissues. Slight 
variations in the old datas are acceptable with the 10% error margin of dielectric coaxial cable. 
Fig.25, 26, and 27 show the comparison of the electrical properties of the 2 month old phantom 
tissues with the fresh phantom tissues. This proves that our fabricated phantoms can be kept for 
long period of time without having high variations in electrical properties. Moreover they are 
mechanically and physically stable and mold free for long time.  

 

 

 

 

                                
                              (a) 
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(b) 

Figure 27: Comparison of 2 month old skin phantom with freshly measured data (a) relative permittivity and (b) loss tangent 

 

 

 

 

 

 

 

 

                                                                                     (a)  

 

 

 

 
 (b) 
Figure 28: Comparison of 2 month old fat phantom with freshly measured data (a) relative permittivity and (b) loss tangent 
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                                                                                                             (a) 

 

Figure29: Comparison of 2 month old muscle phantom with freshly measured data (a) relative permittivity and (b) loss 
tangent 
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Chapter 9 

Conclusion 
A three-layered heterogeneous phantom constituting of skin, fat and muscle tissue layers similar 
to human tissues has been developed in this work.  The measurements of our fabricated sets of 
phantom is carried out by open-ended coaxial transmission line by Agilent technologies. The 
fabricated phantoms correlates very well with human tissue properties reported in literature.  
 
Moreover the phantoms are prepared with low-water-content materials which makes it resilient 
towards dielectric variation due to evaporation. And the materials used for the phantom, we 
chose in order to construct semi-solid type heterogeneous phantom. So the movement of the 
water molecules and the other particles are restricted in the way to avoid osmosis. This helped 
us to maintain the electrical and mechanical stability of each layers in our heterogeneous 
phantom over a long period of time. In this way, our phantom is well suitable to make 
anthropomorphic phantoms to mimic different human body parts or the whole human body. In 
the molding process of tissue layers, we can see that the muscle and fat layers are casted together 
without causing any physical or electrical property changes in the tissue layers this is due to the 
mechanical stability of the muscle layer irrespective of temperature variations. And the skin 
tissue layer fabricated is capable to cast or shape into any desired form of human body parts 
and it is constructed in the conformable way to cover any tissues in the human body. 
 
In addition to this we found that our phantoms are very good candidates to keep for long time 
duration. This is really helpful in iterative measurements and analyzations. We proved the 
durability of our phantom by measuring the same sets of phantom after two month time period 
and the results we got show that there are no significant changes in the electrical properties 
compared to the freshly made phantom tissues. Moreover, the materials used for the phantom 
fabrication are low-cost, easily available, non-toxic and the time taken to solidification of the 
tissue layers is very less compared to other phantom fabrication processes. 
 

9.1     Future works 
The advantages of fabricated multi-layered heterogeneous phantom can be applied to construct 
the anthropomorphic phantoms to mimic the different human body parts for various medical 
field applications. One possible way to further extend our results would be trying to construct 
phantoms to emulate human hand, torso and leg comprising of various tissues including bone, blood 
vessels and nerves. Another thing would be to make humanoid arm-shaped phantom for the 
communication of control data through adipose tissue. About 96 % the data packet information through 
the fat tissue have been successfully transmitted at basic proof of concept in-vitro studies at 
ÅngströmLaboratoriet. The scope is to contribute with a better understanding on the possibility of 
communicating control data through the fat channel for prosthetic hand. 
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