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Abstract

Microwave phantoms for Craniotomy and bone defect
monitoring

Jacob Velander

To facilitate examination for osteogenesis and follow up after craniotomy similar head
models called phantoms are made. The head phantom should emulate the tissues
from a real head. This requires that the realistic head phantom have the same
electrical properties as relative permittivity (dielectric constant) and conductivity.
Both must be validated and matched for right frequency spectrum. Validation
measurements are performed by a coaxial slim probe connected to an Agilent
Technologies E8364B network analyzer. The range of frequency measured is from 1
to 50 GHz, but matching will only be processed for 1 to 10 GHz. The resonance
frequency for the antenna or sensor, which later will be used, is 2.4 GHz. The end
results of the head phantom consists of three different tissues or layers (skin, bone
and brain). Cavities will be created in the bone and will act as different defects or
stages of re-growing bone. Phantom cube is done for examining the influence of
implant in bone. Insertions of cube samples are made to emulate intermediates
between implant and bone.

Keywords: agar, BMP, body morphogenetic protein, bone implant, brain phantom,
craniosynostosis, craniotomy, cube phantom, phantom, re-growing bone, skin
phantom, skull phantom, tissue.
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Sammanfattning 
 

För att underlätta undersökning av benbildning och uppföljning efter kraniotomi skapas 
modeller av huvudet som kallas fantommodeller. Modellens egenskaper bör 
överensstämma elektromagnetiskt med vävnader från ett mänskligt huvud. Kravet är 
modellen har samma elektriska egenskaper, som relativa permittiviteten 
(dielektricitetskonstant) och konduktivitet. Båda måste matchas och valideras för 
angivet frekvensspektrum. Mätningar valideras och utförs av en ”open ended coaxial 
slim probe” som ansluts till en ”Agilent Technologies E8364B” nätverksanalysator. 
Mätningar kommer att ske i frekvensområdet 1 till 50 GHz, men för modellerna kommer 
endast 1 till 10 GHz vara av intresse. Resonansfrekvensen för antennen, som senare 
kommer att användas, är 2,4 GHz. Slutresultatet av modellen kommer att bestå av tre 
olika vävnader eller skikt (hud, ben och hjärna). Hål kommer att skapas i benet och 
ska efterlikna olika defekter eller stadier av återväxande ben. Även en kubmodell 
kommer att skapas för att undersöka påverkan av implantat i ben. Kubiska prover 
kommer att skapas för att efterlikna mellanliggande stadier för återskapandet av ben. 
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1 Introduction 
 

1.1 Background 
 

Sometimes children develops defect or not 
symmetrical head shapes of the cranium, this 
may be caused by several reasons. It may 
already occurred immediately after postnatal 
depending on the baby’s position in the womb or 
pressure from pelvis and birth canal. Mostly in 
these cases the head will recover its normal head 
shape in a few days. When the malformation 
remains, investigation of premature sutures of the 
skull plates is done. The premature fusing results 
different ways brain growth. This leads to 
abnormal head shapes, see figure 1. It occurs in 
one of thousand cases and this medical condition 
is called Craniosynostosis [1,2]. 
 
In health care Craniosynostosis leads to 
Craniotomy. The surgical removal or 
replacement of skull pieces called bone flaps 
represents Craniotomy, see figure 2. There are 
many reasons to do Craniotomy i.e. treating brain 
tumors, removing hematomas from leaking blood 
vessel, removing an arteriovenous malformation 
(AVM): an abnormal accumulation of blood in 
vessels, both arteries and veins, implanting 
stimulator devices to treat movement disorders, 
for removing damaged or swollen areas of the 
brain that may be caused by traumatic injury or 
stroke and bleeding with the skull [3]. 
 

1.2 Aim of project 
 

In this project the main goal is to investigate how the bone, which are removed 
(craniotomy), are growing together using an artificial model called phantom. The head 
phantom contains three different layers with implemented defects in the skull. The point 
is to recreate a consistent phantom with human head tissue for both relative permittivity 
and electrical conductivity. The appearance and design of the model, will consist of 
three different layers, thin sheet of skin, intermediate layer of bone with the defects and 
grooves of brain. 
 
 
 
 

Figure 1: Different kind of premature suture 
and appearances 

 
Figure 2: Different kind of premature suture 
and appearances 

Figure 2: Craniotomy due to sagittal 
synostosis 
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1.3 Motivation 
 

Usually computed tomography, also known as CT scan, is 
used for diagnosing, see figure 3. Due to higher radiation, X-
rays will be avoid or kept minimal for children. Commonly one 
before and after craniotomy, and one after one or three years 
for follow up diagnosis. For mapping this healing process three 
scans are too few, instead of using ionized radiation it will be 
fewer health hazards to use non-ionizing radiation. This can 
be realized using microwaves. 
 

2 Theory of Electromagnetics 
 

2.1 Fundamental equations 
 

The most basic Maxwell equations in differential form can be used to explain all 
electromagnetic fields [4]. 

 

 𝛁 ∙ 𝑫 = 𝜌𝑓 
 

(1) 

 

 
𝛁 × 𝑬 = −

𝜕𝑩

𝜕𝑡
 

 

(2) 

 

 𝛁 ∙ 𝑩 = 0 
 

(3) 

 

 
𝛁 × 𝑯 = 𝑱𝑓 +

𝜕𝑫

𝜕𝑡
 

 

(4) 

 

Relation between displacement field and electric field 

 𝑫 = 휀𝑬 (5) 
Relation between B-field and H-field 

 𝑩 = 𝜇𝑯 (6) 
Where 휀 = 휀𝑟휀0 and 𝜇 = 𝜇𝑟𝜇0 
Which give the phase velocity in medium [4,5] 𝑣 = √휀𝑟휀0𝜇𝑟𝜇0  

(7), (8) 
(9) 

  

Figure 3: Caution of the 
exposure of X-radiation 
of the child's head, 
Image [20] 
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2.2 Microwaves 
 

Microwaves is a range for the alternative electrical frequency from 300 MHz to 300 
GHz, see figure 4. Generally ordinary circuit theory are used for electronics. For 
microwaves the high frequency or short wavelengths must be taken into account. The 
reason is the magnitude of the electrical wavelength will be in the same order as the 
physical components [6]. 

 
Figure 4: Frequency and wavelength spectrum of microwaves1 

 

2.3 Antenna or sensor 
 

Antenna is an electrical device for radiating 
or receiving wireless waves (radio waves), 
see figure 52. In the region for millimeter 
waves that refers to microwaves. For 
radiation to occur the antenna usually have 
to be fed with a current. In other words the 
current have to accelerate in the conductor, 
either by changing direction (+, -) or 
curvilinear motion [7]. 

 

 

 

 

 

                                            
1 [Microwave Engineering Fourth Edition David M. Pozar, page 2] 
2 [Antenna Theory Third Edition Constantine A. Balanis, page 2] 

Figure 5: E-Field and the antenna transition [7] 
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2.4 Complex permittivity 
 

ε = ε′ − jε′′ (10) 
 

Usually the relative permittivity ε′, also known as dielectric constant, is considered as 
a constant. The absolute permittivity is frequency dispersive that means, it changes 
with frequency. It also depends on temperature, orientation, mixture, pressure and 
internal structure of the medium. To classify a material as dielectric, the material must 
have capacity to storage energy when an external field is applied. The first term (real 
value) of complex permittivity refers to the dielectric constant or the relative permittivity 
which gives a grandeur of the storage of the external electric field. The second term ε′′ 
(imaginary value) of complex permittivity is that we see as a loss (heat) in medium, this 
occurs due to damping of the oscillating dipole moments. When we have vacuum or 
free-space a lossless case occurs, then we have only a real part of the expression, eq. 
(10) [4,6,8]. 

 

2.5 Coupling between effective conductivity and material loss 
 

Here, equation 11 shows the relation between conductivity 𝜎(𝜔) and imaginary part of 
absolute relative permittivity, where 𝜔 is angular frequency. 

𝜎 = 𝜔𝜖′′ = 𝜔휀′𝑡𝑎𝑛𝛿 = {𝑡𝑎𝑛𝛿 =
𝜖′′

𝜖′ } = 𝜔𝜖0𝜖𝑟
′′ = 2𝜋𝑓𝜖0𝜖𝑟

′′ [8] (11) 

The ratio between imaginary and real part of relative permittivity is known as loss 
tangent [6]. 

 

3 Theory of Phantoms 
 

3.1 Phantom: A body equivalent tissue 
 

To avoid unnecessary exposure of radiation to the 
human body artificial models called phantoms, see 
figure 63, are made to do simulations and 
measurements. These are created to anticipate how 
the interaction between biological tissue and 
electromagnetic radiation will behave. Nowadays more 
and more electronic gadgets will have wireless 
connections, so it is essential to see the influence on a 
human body [9]. 

                                            
3 [P.S. Hall, Y.Hao ”Antennas and propagation for body-centric communication”, Artech House, 2006.] 

Figure 6: Agar-based solid phantom 
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3.2 Physical characteristics 
 

There are many different types of phantoms, but there are three basic constructs. 
Liquid, Semisolid (Gel), Solid (Dry) phantoms [9]. They have very different advantages 
and disadvantages, for brain semi-solid is good and suitable. For the skull, is it more 
appropriate to use a solid phantom to treat the defects as far as possible. Lastly the 
skin would be good if this also behaves as semi-solid tissue [10]. A relatively simple 
and easy way for making a semi-solid solution is the agar-based [10] phantom. The 
mixtures consists of agar that gives the phantom the jelly property. TX-151 powder 
gives the phantom a more solid and rubbery consistency and to control the 
conductivity, sodium chloride (NaCl) will be added. 

 

3.3 Homogenous tissue models 
 

To reduce complexity brain tissue simplified homogeneous models are used. The 
cavity inside the skull consists of many different tissues, membranes, fluids and sub-
space between them. Before reaching the brain, dura, arachnoid and pia-mater must 
be penetrated [11]. Finally at brain, also the brain consists of some tissues. In brief, 
grey matter, white matter, cerebrospinal fluid and parts of bone [11]. To facilitate the 
phantom the volumetric fraction was taken into account. The merger to one 
homogeneous tissue consists of cerebrospinal fluid, grey matter and white matter. 
Percentage in the same order was 17.85%, 54.41% and 27.73%. The weighted result 
turned out to mimic grey matter itself, see figure 7, both for relative permittivity and 
conductivity [12]. 

 

Figure 7: Relative permittivity and conductivity of main tissues from human brain [13] 
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The bone tissue in skeleton have three main parts called cortical (compact), cancellous 
(spongy) bone and bone marrow. The weight for cortical and cancellous bone are 
distributed as three-quarter and one-quarter of the skeleton [11]. The skull phantom 
will be treated as cortical bone. If the distribution is done evenly between cancellous 
bone and bone marrow the results will be close to cortical bone tissue. The weighted 
function is plotted to illustrate the mimic. 

The surface or outer layer of a human body consists of skin. The skin is divided in 
several layers like, epidermis, dermis and hypodermis. The latter is actually 
subcutaneous fat and will not be included for skin. Can also be seen as the 
accumulation of subcutaneous fat is very small on head and can therefore be 
neglected. Caution due to the existence of muscles on the temples, muscles should 
be taken into account. Since the upper part of the head is treated, muscles can be 
neglected and in the end it is simplified as only skin over bone [11]. Usually both wet 
and dry skin are showed in data sheet or tables [13]. The agar-based phantom will dry 
with time, skin curve somewhere between wet and dry skin can be seen as optimal. 
Further on measurements will show close but little higher values in relative permittivity, 
bearing in mind dehydration for all phantom tissues. 

Figure 9: Relative permittivity and conductivity of skin tissues of human skin [13] 

Figure 8: Relative permittivity and conductivity of bone tissues in human skull [13] 
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The thickness of skin are thinner in both in early and later years. Skin thickness which 
used for the phantoms will be from three to four millimeters [14]. The different layers is 
shown in figure 10. 

 

 
Figure 10: Cross section cube of the head tissues, epidermis, dermis and hypodermis4 

 

 

 

                                            
4 MNT Medical News Today [Online]. [cited 2015 June 15. Available from: 
http://static.medicalnewstoday.com/content/images/articles/283/283651/layers-of-human-skin.png 
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3.4 Semisolid agar-based phantom preparation 
 

Figure 11: Process to making an agar-based phantom [10] 

 

Decide on a sufficiently large amount of 
batter. Calculate the right proportions of 

each ingredient and measure the right 
amount, see table 1.

Mixture sodium chloride (to affect 
conductivity), sodium azide (acts as 

preservative) and agar together in the bowl 
filled with deionized water. If sodium azide 
is not used due to the toxicity, the phantom 
can be brushed with alcohol to evade this. 

Heat the mixture sufficiently, approximately 
80 ̊ C - 90 ̊ C, stir gently and let the agar 

dissolve properly. 

Mix gently the TX-151 powder (to increase 
viscosity) with bitwise small amounts 

through a sieve and spread it uniformly. Stir 
carefully so no air is mixed in. Mixing in the 

same way the polyethylene powder (to 
decrease the permittivity).

When everything is well mixed fill the form. 
Carefully try avoid air bubbles in the 

phantom, this will affect the permittivity 
vigorously.

To avoid dehydration the mold is wraped 
with thin plastic film. Let the mold to cool 

and solidify during one night at room 
temperature. Remove the form and wrap 

the final phantom in new plastic film.

The final phantom can be preserved and 
kept at room temperature, but a better 
choice is in a fridge to avoid fungus and 

mold.

Final phantom of brain.
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3.5 Measurements 
 

The equipment that was used to measure the dielectric constant 
and the conductivity was a Network Analyzer (PNA), Agilent 
E8364E, see figure 12, combined with a dielectric probe kit 
87050E. The measurements was performed by placing the 
material under test perpendicularly under the probe, see figure 13. 
The placement is less important for semi-solid materials or 
powder. 

 

The advantages for coaxial probe are [15] 

 Broadband 
 Simple and convenient (non-destructive) 
 Limited εr accuracy and tan δ low loss resolution 
 Best for liquids and semi-solids 

 

Material sample assumption 

 “Semi-infinitive” in thickness   
- “probe air gap” << MUT thickness 

 Non-magnetic 
 Isotropic and homogeneous 
 Flat surface 
 No air gaps (cavities) 

 
Other types of setups that could have been appropriate were, free space and cavity 
perturbation method. Free space was not available at the department and for cavity 
perturbation the volume was to be determined for very small pieces, which was too 
difficult for the materials. 
 

Figure 13: Slim probe method 

Figure 12: 
Programmable Network 
Analyzer (PNA), Agilent 
E8364E 
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3.6 Agilent probe measurements 
 

 

 

 

 

 

 

 

 

 

 

 

Starting 85070 (Software) Calibration 
- Set frequency

ie. (1 GHz - 50 GHz, 491 Num pts)

Resulotion of 0.1 for Linear sweep

Calibration
- Configure Cal...

Calibration type (Air/Short/Water), Probe type 
(Slim Probe), Refresh standard type (Water), 

Water Temperature [C̊] (22)

Calibration
- Perform Cal...

- Leave  the slim form probe open in air

OK Connecting the shorting block to the probe OK Insert the probe into 22.00 C water

OK To ensure good calibration, both distilled water 
and air will be measured

- Trigger measurement… (Water)

- Trigger measurement…(Air) MUT can now be performed

Figure 14: Agilent MUT process 
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4 Modelling of head phantom 
 

4.1 Phantom appearance, design and geometry 
 

The first step was to premediate which layers and 
complexity the phantom would have. The point is to 
recreate a model which interacts with electromagnetic 
waves as close as possible to a real biological head tissue. 
Intuitively it will consist of three parts, skin, bone and brain. 
The idea is that skin will act like a thin homogeneous 
surface with no fat or muscles on top. The bone structure 
of the skull will be denser and have similar geometrical shell 
structure as the skin except the inside that will follow 
partially the brain structure, see figure 15b. Lastly the brain 
will have a more complex and jelly structure, as 
convolutions, grooves(sulcus) and ridges(gyrus) [11], that 
enveloped by the skulls inside. So the further step was to 
think about the form of brain and its internal structure. The 
brain surface was solved by this form, that was ordered 
from a web site [16]. 

The brain compartment consists of several substances, both semi-solids and liquids. 
Directly under the bone there is the membrane called dura, which will primarily 
regenerate the bone at the cut-outs. Next membrane is a web-like fabric named 
arachnoid mater, which encloses a liquid known as cerebrospinal fluid together with 
the brain. Approximation will be done in the brain phantom and the cerebrospinal fluid 
will only be taken into account. Last but not least the two main substances will be taken 
into account. Hence grey and white brain mater.  

The skull part will only consist of a bonded structure of frontal, parietal and occipital 
bone, see figure 16a. The bones through-density will have compact or cortical bones 
properties, see figure 8. 

The thin layer of skin on the top of the head phantom will be simplified by only covering 
the defect with a little bit larger diameter size, see figure 23. 

The defects will be eight cavities in steps of one millimeter each, one two…eight, 

beginning with the lowest one in front and a pervading hole at backside. The diameter 
will be 30 millimeter of all defects, see figure 16b and 16c. The cavities is filled with air. 

In summary, the head phantom is simplified to three parts, i.e., consisting of skin, bone 
and brain. In case with brain it will have weighted properties from grey matter, white 
matter and cerebrospinal fluid [12]. Skull will be emerged from cortical bone, cancellous 

a) Brain mold 
(reference foam)

b) Inside view of 
conceived skull foam

Figure 15: Appearance 
from convolutions  
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bone and bone marrow. The final material will be like cortical bone tissue. Defects in 
levels will be created in the skull bone circulating around the whole skull phantom. Skin 
will have a thickness of 3 millimeter and cover the defects. 

 

5 Fabrication 
 

A common base mold was used for both brain and inside of skull.  

 

5.1 Brain 
 

The mechanical properties of a real brain is well adapted for a semi solid behavior and 
its electrical properties are widely available in literatures. Taking this factors into 
consideration an agar-based solution was more appropriate. Samples were made to 
see both the mechanical cohesion and electrical properties. All samples were tested 
and validated before fabricating the brain. 

The inside of the mold was treated with a thin 
layer of silicone spray, to facilitate removal of the 
mold. The batch was calculated for 1500 gram 
of distilled water, little more than the mold 
volume (1419ml). Residual mass was measured 
and validated, see figure 17 and 18. The brain 
phantom was brushed with alcohol and wrapped 
within a thin plastic foil to avoid mold and fungus 
growth.  Figure 17: Final brain is measured and validated 

a) Upper part of the cranium b) Model surrounded by defects, 
8 levels of re-growing bone, 
stage n represent thickness 

(depth) tn

c) Diameter of defect d = 30 
[mm], thickness (depth) tn

tn = n [mm]      n = 1, 2, 3,...,8

Figure 16: Skull bone before and after implementation of defects. 
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5.2 Skull 
 

To fit the brain phantom and avoid inaccuracies between brain and skull in terms of 
loose air gaps, the brain mold was used here. The approach is to make a pre-mold 
(skull) to recreate molds in other material. Latex was used and also good to providing 
the smoothness. To make uniformity and good distribution, the plastic brain mold was 
illuminated from inside. Many layers in rounds were added to handle and control the 
mass of latex. After this the mold of skull needed a long time to cure, so in between I 
tried many different solutions. One of the them was to create a brain sample in concrete 
and melt polyethylene powder over the concrete brain and then grind a skull shape 
out, but it was too time consuming and difficult. When the skull of latex was dry enough 
and the uniform distribution was controlled by illuminating, see figure 19d, the idea of 
the concrete mold was conceived. The skull mold was wrapped into plastic and 
submerged in a bowl with concrete. Also here it took a few days to dry. To avoid further 
subsequent adhesion of the concrete form a thin layer with vapor barrier was painted. 
The physical skull phantom could now be made by lowering the previous plastic brain 
mold. 

The idea from the beginning was to make an agar-based skull phantom, but due to 
insufficient amount of fine polyethylene powder (crystal size of 25 microns) the 
improvisation was necessary. The characteristic of the relative permittivity in body 
tissues follows similar to the permittivity of water, which translates to the fact that the 
human body mostly consists of water. In the end the skull should be moist, to keep the 
characteristic of the permittivity, wrapping was necessary. The stiffness and hardness 
would be good to hold up the skin, also to treat and implement the defects. Gypsum 
were tested and works fine. When only gypsum and TX-151 were used, the retention 
of water is inferior. A good alternative to maintain the moisture also in gypsum is to mix 
in agar and polyethylene powder. Agar retains the water and polyethylene is 
hydrophobic. Due to the conditions the measurements will focus on gypsum based 
skull. 

Figure 18: Measured values for brain, due to dehydration with time little bit higher values was desired. 
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5.3 Skin 
 

The idea from the beginning was to make a complete 
covering sheet of homogeneous skin layer. Several 
difficulties arose e.g. the control of the thickness and 
get it sufficiently strong and durable to physical 
stress. Simplifications were taken and done by doing 
a latex mask with unspecified electromagnetic 
properties. Cavities for skin flaps were cut out of the 
mask to replace with desired thin slices of skin. For 
creation of skin a tube of an inner diameter of 40 
millimeter was filled with agar-based batter. After 
solidified the finished rod was pressed out and sliced 
in desired thickness of 3 millimeters. 

a) Attached plastic 
mold of brain

b) One of many layers 
of latex

c) Illuminated from 
inside to see bad-wide 

layered

d) End results of equal 
distribution

e) Finished pre mold 
(Skull)

f) How the outer 
shape was done

g) Outer shape of the 
skull mold

h) How the outer 
shape was done

i) After casting and 
drying of gypsum skull

j) Final skull in gypsum

a) First choice by 
doing skin

b) secondary choice 
by doing skin

Figure 19: Process for making the skull of gypsum 

Figure 21: Different ways to doing skin 

Figure 20: Relative permittivity and conductivity for different mixtures of polyethylene powder and gypsum, same 
legend for both relative permittivity and conductivity graph 
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5.4 Implementation of defects 
 

Under the skin where the defects, in other words the cavities of 
empty space (air) and different skull thicknesses. To be able to 
construct the cavities, styrofoam was tested. The mechanical 
properties satisfy the extended pressure and the electrical 
properties are close to air, see results. Problem arose due to the 
adhesion for the thin cavities. To go around this sealing foam was 
used instead. The electromagnetic behavior showed same results 
for both cases. 

 

  

Eight cavities in steps of 1 
millimeter. [1 - 8 mm]

First choice, styrofoam for filling 
the cavities, good for deep 

cavities but was not used in the 
end

Secondary choice, met all criteria, 
sealing foam. Used in all cavities

Final results of eight defects

Figure 24: Two ways to fill up cavities with material that act electromagnetic as air, but in the end sealing foam 
was used in all cavities 

Figure 22: Relative permittivity and conductivity for the skin flaps (circular and square) 

Figure 23: Defect of 5 
mm 
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6 Bone tissue regeneration with implants 
 

A phantom was necessary for validating an antenna made in another project. The 
same basic idea was taken into account, but instead of defects, implants in re-growing 
bone was studying. A cube was made with three basic human tissues, brain, bone and 
skin. For the bone part a cubic cavity of 16x16x16 mm3 was made. Also different cubes 
(16x16x16 mm3) was made for different dielectric constants. The point is to follow and 
see the continuous process for bone healing. Stages from dielectric constants of 68 
(implant) to 12 (bone) was made. Some of the small cubes were also sliced in thickness 
of 4 mm and 8 mm to create average stages between the homogeneous cubes, see 
figure 25e and 25f.  

a) Brain (green), small cubes 
(different dielectric constants, 

skin (orange) and square 
toroid of bone tissue

b) Intermediate state of 
regrowing bone

c) Complete square phantom

d) Unit of finished stage of 
regrowing bone

e) Samples of different stages f) Stacked samples to make 
different dielectric constants

Figure 25: Phantom cube and associated parts 

Figure 26: Relative permittivity for the different cubes 
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7 Ingredients mixtures (ratios) 

Table 1: Ratios for different kind of phantoms 

  

Tissue 
Based on x 
mass[g]/[100g DI] 

MUT Graph/ 
Figure 

PEP 
25µm 

PEP 
Bigger 

Gypsum Sodium 
Chloride 

TX-151 Agar Gelatin Validation 
εr(f) and σ(f) 

Brain Final Brain 
Phantom 

18 16.44 - - 0.14 0.6 3.12 - OK 

Brain Cube 26 16.52 - - 1.13 2.54 3.14 - OK 

Bone Cube(toroid) - - - 150 0.6 0.6 - -  

Bone  - - 35 71 0.14 0.6 3.12 -  

Bone  20 - 35 100 0.14 0.6 3.12 -  

Bone  - - 35 100 - 0.6 - 3.12  

Bone  20 - 35 110 0.31 0.6 - -  

Bone  - - 35 120 0.14 0.6 3.12 -  

Bone  20 - 35 150 0.31 0.6 - -  

Skull Final Skull 
Phantom/Cube 

20,26 - 35 150 0.6 0.6 - - OK 

Skull/Pre stage Cube 26 70.56 - - 0.14 0.58 3.14 - OK 

Skull  20 - 100 - 0.31 0.6 - 3.12  

Skin Sheet 22 21.34 - - 0.54 1.345 3.14 - OK 

Skin Cube/Tube 22,26 21.24 - - 0.52 1.344 3.12 - OK 

Implant Cube 26 10.20 - - 0.649 1.72 3.14 - OK 
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8 Results 

 
 

 
 

 

Final brain phantom Relative permittivity 
and conductivity for 

brain

Final skull phantom Relative permittivity 
and conductivity for 

skull
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Final cavities of sealing 
foam

Relative permittivity 
and conductivity for 

sealing foam

Final skin flaps Relative permittivity 
and conductivity for 

orange skin flaps
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9 Conclusions 
 

An artificial model of a human head called phantom has been designed. This phantom 
can be used for emulation of realistic cases when bone grows back. Eight stages have 
been done of re-growing bone thickness. The reason for this phantom is to facilitate 
an antenna (sensor) fabrication and their optimization. Further solutions are also 
possible for implants in skull. For this a cubic box of a head tissue have been done. A 
square toroid sheet of skull have been made for inserting implants and intermediate 
state of re-growing bone. This intermediate stages have different dielectric constants 
and will affect the resonance frequency of the antenna. 

 

Figure 27: Final results for human head phantom including, brain, skull with defects and skin mask for holding 
tiles of skin flaps 
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9.1 Future work 
 

Making a phantom for long bone defects. 

The skull can be improved both in material and smoothness. Implementation and 
investigation of other re-growing structures. Better solutions to preserve the water 
content in time. Skin mask in latex could be made of right dielectric constant and for 
right conductivity. 
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Appendix 
 

Abbreviations 
 

CSF = Cerebrospinal fluid 
DI = Deionized water 
GM = Gray/Grey Matter 
MUT = Material under test 
PEP = Polyethylene powder 
PNA = Programmable Network Analyzer 
WM = White Matter 

 

 

Constants and relations 
 

Permittivity of empty space (Vacuum) 

𝜖0 = 8.854187817 ∙ 10−12 [
𝐴𝑠

𝑉𝑚
] [17] 

Permeability of empty space (Vacuum) 

𝜇0 = 4𝜋 ∙ 10−7 [
𝑉𝑠

𝐴𝑚
] [17] 

Speed of light 

𝑐0 = √휀0𝜇0 = 2.99792458 ∙ 108  [
𝑚

𝑠
] [17] 

Angular frequency and ordinary frequency 

𝜔 = 2𝜋𝑓 [
𝑟𝑎𝑑

𝑠
] [17] 

Wavelength and frequency 

𝜆 =
𝑐

𝑓
 [𝑚]  [17] 
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