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Barry McDermott1, *, Emily Porter1, Adam Santorelli1, Brendan Divilly2, Liam Morris2,
Marggie Jones1, Brian McGinley1, and Martin O’Halloran1

Abstract—Phantoms provide valuable test platforms for developing medical devices. Solid materials
in particular allow fabrication of stable and robust models. This paper presents a novel, anatomically
realistic, multi-layered head phantom made from dielectrically accurate, stable, easily mouldable, low-
cost tissue-mimicking materials for testing of microwave diagnostic systems. Also incorporated is a
mechanism for inserting reconfigurable lesions and a novel circulatory system modelling physiology.
Tissue-mimicking materials composed of graphite, carbon black, and polyurethane with small volumes
of acetone or isopropanol were fabricated and dielectric properties were measured across the 1–8.5 GHz
band. The tissue-mimicking material properties were adjusted until their dielectric properties matched
those of reference values for target tissues of interest, thereby emulating: weighted aggregates of head
tissues external to the brain, tissues comprising the brain, and blood. 3D printed anatomically realistic
head and brain moulds cast the phantom mixtures for each layer. Cylindrical holes in the brain layer
allow insertion of pathological lesion phantoms, such as haemorrhages. Tubing embedded in the brain
layer forms a symmetrical loop providing a novel simplistic model of circulation. The resulting head
phantom is anatomically realistic, dielectrically stable, enables pathology modelling, and has, uniquely,
a circulatory loop.This novel head phantom provides a valuable test platform for microwave diagnostic
studies.

1. INTRODUCTION

Many significant pathologies with structural aetiologies affect the brain. These include haemorrhagic
brain diseases, for example haemorrhagic stroke and the variety of bleed types caused by traumatic brain
injury (TBI) [1, 2]. Other pathologies featuring structural lesions include cancer, where tumours may be
present in the brain parenchyma. For many of these conditions, diagnostic imaging forms a crucial step
pre-treatment. Gold standard imaging modalities include Computed Tomography (CT) and Magnetic
Resonance Imaging (MRI). These technologies offer excellent anatomical detail but are not without
their drawbacks, which include cost, radiation exposure in CT, and the strong magnetic fields and bulk
of machine associated with MRI, leading to contraindications for patients with pacemakers and those
with claustrophobia [3]. Most significantly, there is a lack of access to these imaging modalities due to
the high associated costs which limit their availability in smaller or rural facilities, and the requirement
for experienced radiologists to assess the results [3], meaning that the technologies are not universally
available to patients who need it.

An emerging modality in the field of biomedical imaging is that of microwave diagnostics (MWD),
which relies on the contrast in dielectric properties of biological tissues: relative permittivity (εr) and
conductivity (σ) [4]. This technology has the potential to be translated into non-invasive, portable,
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low-cost devices, free from harmful ionising radiation, and could be valuable in the diagnostic pathway
of neurological patients. Developing such a technology involves testing of devices using methods that
range from computer simulations to trials on animal and human subjects. The former suffers from the
difficulty of modelling all the complexity associated with the head and the microwave device. The latter,
though near ideal, is slow, costly, involves ethical considerations, and may expose the entire developing
system to a potential excess of variables too soon. Hence, system testing with phantoms, physical objects
that emulate the properties of human tissues and organs, is a vital step in the technology development
process. Experiments with phantoms allow controlled testing to be performed on a physical real world
object.

An ideal phantom is easily fabricated, low-cost, anatomically realistic, mechanically and electrically
stable, and accurately models the physical phenomena of interest, which in the case of MWD are the
dielectric properties of the tissues of interest [5]. Such a phantom also needs to allow modelling of
other characteristics of interest. For example, if testing a tumour detection system, then the ability to
implant tumour phantoms at known locations within the head phantom would be desirable. The exact
requirements of a phantom will depend on the diagnostic technology being investigated, and the desired
test scenarios for the technology to face.

To date, most phantoms have modelled important structural features, both in terms of anatomy and
tissue properties. In contrast, there has been very few efforts to emulate physiological functionality [6].
Ultimately a phantom would be more realistic and closer to the ideal of a live subject if it incorporated
both structural and functional features. An important physiological system in the brain is the circulatory
system, with the flow of blood representing a potential noise source to imaging systems like MWD.

Tissue-mimicking materials (TMMs) are used to construct phantoms. There is a close relationship
between the dielectric properties of tissues and the water content of the tissue [7], and the dielectric
properties are a function of frequency [8]. Further, the properties of a tissue will show a spread of values
between individuals and will also depend on other factors such as age [6, 9]. Despite these complexities,
TMMs accurately matching the parameters across the frequency range of interest have been developed
for a range of tissues. A TMM or TMM set can then be used to fabricate the tissue or organ of interest,
resulting in a phantom.

TMMs can be liquids, usually involving emulsions or other dispersive mixtures of water and oils [6].
These allow easy alteration of the dielectric properties by adjusting the water content, but suffer from
issues with dehydration, which alters the dielectric properties. Further, liquid TMMs require a container
or vessel to hold their shape. A thorough review of liquid and semi-solid TMMs, and the phantoms
constructed from them, is given in [6]. At the other extreme are solid TMMs, which may not contain
water, and hence dehydration is not an issue. Such TMMs can maintain shape and dielectric properties
for long periods. Solid TMMs also allow more accurate anatomical modelling of organs and enable
modular fabrication to allow an accurate representation of the interior of the organ of interest to be
realised, complete with pathological lesions if desired. Hence, phantoms constructed from solid TMMs
have the advantage of being anatomically realistic and stable over time [6].

Despite the obvious advantages of solid TMMs, there are relatively few being used, particularly for
head phantoms. A popular solid TMM, ceramic powder, is presented in [10] and [11] in the development
of homogenous single layer head phantom. The material provides a wide relative permittivity range but
is not lossy, thus requiring the addition of extra conductive materials like carbon powders and resins
to attain an appropriate conductivity range [10]. Fabrication difficulty (relative to liquid and other
phantom types) and the more expensive materials involved are drawbacks of this material [6]. One
of the more advanced head phantoms reported is [12], which features multiple anatomically realistic
modules produced using 3D moulds. This head phantom has a solid exterior shell, and the TMMs
within are semi-solids based on agar mixtures [12]. However, [13] reports that the outer shell material
used in [12] does not have a realistic relative permittivity value for the aggregate outer layers of the
head.

In this work, we present easily fabricated, mouldable, low-cost, mechanically and electrically stable
solid TMMs made from polyurethane, graphite, and carbon black. These TMMs are based on those
proposed previously in [5, 8] for use in breast phantoms. In this study, we develop such TMMs for
head tissues. The addition of small volumes of acetone as a thinning agent increases permittivity as
reported in [14] and here, for the first time, isopropanol is used and shown to also increase conductivity
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to more realistic levels for a given mixture. Various ratios of the ingredients can mimic a range of
tissues. In this study, TMMs for three tissue types are developed: a weighted aggregate of the tissues
surrounding the brain (skin, skull, meninges, cerebrospinal fluid (CSF)); a weighted aggregate of brain
tissues (grey matter, white matter, CSF); and blood to mimic a pathologic haemorrhagic lesion. The
dielectric properties of these tissues are obtained from reference sources [15–17], and the TMM mixtures
are adjusted to emulate these aggregate values.

We then designed and fabricated a two-layer realistic head phantom using moulds created from
anatomically precise 3D print STL (stereolithography) files of the head [18] and brain [19], with the
outer aggregate TMM layer surrounding the inner brain mimicking TMM. Cavities were left in the
brain layer, which can be filled with any of a range of easily fabricated plugs containing the brain TMM
or blood TMM lesions of known size and location. For the first time, we also modelled the circulatory
system by embedding a length of narrow tubing into the brain layer. Fluid flow through the loop
replicates blood flow for a more physiologically realistic phantom.

The developed head phantom demonstrates a proof-of-concept for an anatomically accurate,
dielectrically realistic phantom that is stable long-term. The phantom provides a reconfigurable test
platform that can be employed to develop a MWD system for detecting haemorrhagic lesions of various
sizes and locations. The principle can be easily extended to other pathologies such as tumours, and can
allow for more intricate modelling depending on the needs of a given study.

The next section details the development of the TMM mixtures,while Section 3 outlines the
fabrication process of the head phantom. Finally, Section 4 concludes by discussing the significance
of the developed phantom.

2. TISSUE-MIMICKING MATERIAL DEVELOPMENT

In this section, we first outline the rationale for selecting the various head-tissue dielectric reference
values. Then, we discuss the TMM fabrication and testing. Finally, the results and the error and
uncertainty involved in the dielectric properties of the TMMs are examined.

2.1. Dielectric Reference Values

Historically, several studies have been performed to characterise the dielectric properties of the head
and brain. Foster et al. characterised grey and white matter individually, then calculated a weighted
average based on the relative proportions of each tissue in order to develop an overall profile of the
brain [20]. Other works, such as Schmid et al. characterised only one tissue type in a specific location,
for example the grey matter of the temporal lobe [21]. Today, foundational studies such as that of
Gabriel [15, 16], form the basis for the commonly used dielectric property database provided by The
Foundation for Research on Information Technologies (IT’IS) [17].

The IT’IS database provides single relative permittivity and conductivity values at each frequency
point, for each tissue type. However, standardising the dielectric properties of biological tissue is not a
trivial matter, and this data cannot be used without additional consideration for the many confounders
that impact dielectric data of biological tissues (including animal type, heterogeneity, temperature,
measurement technique, sample size, measurement accuracy and uncertainty). Gabriel’s work involved
combining data on various tissue types of different animals from a variety of studies with the selected
data biased towards human in-vivo data taken near body temperature [15, 16]. However, there is natural
heterogeneity in the properties of any given tissue [22], resulting in varying values at different locations
and a further variance seen in the biological tissues’ properties due to factors such as pathology, changes
in the metabolic activity of the tissue, temperature, and age [15, 23, 24]. There is also uncertainty, and
hence variance, introduced by the measurement procedure and possible measurement error in the studies
used to generate the reference data used [22, 25]. The result of all these factors, especially the natural
heterogeneity and measurement procedure [22], is a band of uncertainty around the reference values.
For example, Foster’s study reported a variability of about 5–10% in both εr and σ values at 100 MHz
when measuring dielectric properties of the brain [20]. A Gabriel study on rat brains of various ages
reported variation of 1–10% for brain tissues but up to 25% for skin and skull tissues [25]. A study
by Schmid on human brains analysed soon after death reported a variance of about 6% in both εr
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and σ [21]. Hence, the dielectric properties provided by databases such as IT’IS are imperfect, but
nonetheless provide a valuable reference source and are used in this study.

In IT’IS, the dielectric properties of the brain as a whole are equivalent to Gabriel’s data from the
cerebellum [17]. In other words, it is assumed that the cerebellum dielectric properties are representative
of those of the brain in its entirety. In this study, we investigate this cerebellum model, along with a
second, more refined, model derived from MRI anatomical studies of the brain by Lüders et al. [26].
Lüders’ study had a large sample size of 100 volunteers and showed the dominant tissues present in
the brain to be grey matter (55%), white matter (27%) and CSF (18%). These proportions were used
to generate a more accurate brain model for this study, called the ‘Brain Hybrid’. In this model, data
from the IT’IS database for grey matter, white matter, and CSF are weighted at 55:27:18, respectively.

The dielectric properties of these two brain models are shown in Fig. 1 to be similar, but not
identical, in properties. The variance and imperfection in reference values for dielectric properties is
reflected in this observation. The cerebellum can be considered a simplification of the overall brain and
would thus be expected to have similar properties to the more refined Brain Hybrid model. However
from a gross anatomy point of view, the cerebellum is composed of grey and white matter in the ratio
of approximately 84 : 16 [27]. This inconsistency in tissue composition (with a larger proportion of grey
matter and no CSF) accounts for the difference from the Brain Hybrid model. However, depending
on the nature of a given study, the simplified cerebellar model may be adequate. Therefore, a TMM
mixture emulating the brain would be expected to have properties similar to those of the two models.

(a) (b)

Figure 1. Reference (a) relative permittivity and (b) conductivity curves over the 1–8.5 GHz band
for the four tissues of interest: Cerebellum (brain model), Brain Hybrid (refined brain model), Outer
Hybrid (model of head tissues external to the brain) and Blood (model). Also shown are the TMM
mixtures that most closely mimic each target tissue.

Next, we discuss the tissues of the head exterior to the brain. An approach similar to that taken
to produce the Brain Hybrid model was taken to produce a refined estimate of the outer layer of the
model. This layer was an aggregate model of skin, skull cortical bone, skull cancellous bone, meninges
and subarachnoid CSF (called the ‘Outer Hybrid’). The detailed MRI study of Makris et al. is used
to calculate the proportions of these tissues as 33%, 34%, 17%, 14% and 2%, respectively [27]. These
proportions are used with data from IT’IS to generate the ‘Outer Hybrid’ dielectric properties profile.
Finally, the dielectric properties for blood across the frequency range of 1–8.5 GHz were also referenced
from IT’IS. A TMM mimicking blood was used to model haemorrhagic lesions.

Figure 1 shows the relative permittivity and conductivity values for the three tissues across the 1–
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8.5 GHz band, as well as those of the TMM mixtures used to mimic them. The TMMs have been
developed to match the target values, within the range of inherent biological variability of these
parameters. This TMM development and testing is described below in Subsection 2.2.

2.2. Methodology

The presented TMMs are composed of polyurethane, graphite, and carbon black. As described in [5]
and [8], polyurethane provides a mechanically strong and flexible base matrix while graphite and carbon
black, in varying proportions, can cover most relative permittivity and conductivity ranges seen in
biological tissues.

However, high water content tissues, such as blood, which have high relative permittivity and
conductivity values, cannot be accurately mimicked using just these components. In [14], it was found
that adding small volumes of acetone helped to increase the relative permittivity and conductivity
and hence facilitate the replication of high permittivity tissues. Acetone was also proposed to help
amalgamate the large amounts of graphite and carbon black involved in such mixtures. Despite adding
acetone in similar volumes (typically 0.5–3 ml per 50 g of mixture) to that reported in [14], dielectric
values, though increased, were still not high enough to model the high water content tissues of the brain,
particularly in terms of conductivity.

In this paper, we propose an alternative solution to increasing the conductivity of the TMMs. In
particular, by substituting isopropanol for acetone, the conductivity should be boosted since alcohols are
known to hinder agglomeration of graphite and carbon black leading to more conducting pathways [28].
Results, shown in Section 2.3, demonstrate that isopropanol indeed provides the increase in conductivity
needed to mimic the tissues adequately. Isopropanol also exhibits similar characteristics to acetone in
terms of permittivity and as a mixing aid.

The mixtures described in [14] used to mimic breast tissues were used as a starting point for
modification of the mixture ingredient compositions to meet the needs of this study. Sample TMM
mixtures were made using the methodology described in [8], each with a different composition of
ingredients. These sample mixtures were cast as rectangular cuboids 50 × 20 × 20 mm3. The mixtures
were designed to target the three tissues of interest.

The dielectric properties of the sample TMMs were measured across 101 points in a linear sweep
over the 1–8.5 GHz band using a Keysight E5063A ENA Series Network Analyser with a performance
probe from the Agilent 85070E Dielectric Probe Kit. The dielectric measurement was performed at four
random, but not overlapping, points on each sample. The properties measured were the real (ε′) and
imaginary (ε′′) parts of the complex permittivity. The former is the relative permittivity (εr) while the
latter is related to the conductivity (σ) as shown in (1), where ε0 is the permittivity of free space and
f is the frequency in Hz.

σ = 2πfε0ε” (1)
An important consequence of this is that the relative permittivity and conductivity are related and
cannot be changed independently of each other.

The measured properties were compared to the target properties for the three tissues of interest.
The results were used to design the next set of sample TMMs and this iterative approach followed for
10 iterations until the phantom mixtures created gave converging results as close to the target values
as possible, resulting in the final mixtures used to fabricate the head phantom.

2.3. Results & Discussion

The dielectric properties of the final TMM mixtures used to develop the phantom are shown in Fig. 1,
which also shows the values of the target tissues. The mean value of four readings at each of 101
measurement points are used to generate the curve for each TMM sample. The makeup of these
mixtures is shown in Table 1, with comparisons to reference tissues provided in Tables 2 and 3. We
note that there is only one brain TMM, but it is compared to two separate brain models (i.e., the Brain
Hybrid and the cerebellum) for completeness, while the other TMM mixtures of the outer layer and
blood are compared to a single respective reference value for these tissues.

As can be seen in Fig. 1, the two theoretical models for the aggregate brain tissues closely align
but are not identical. The cerebellum model for the brain as a whole is a simplification while the Brain
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Table 1. Concentrations, as % w/w (mass percentage), of ingredients used in the final mixtures of each
tissue mimicking material.

Target Tissue Graphite Carbon Black Isopropanol Polyurethane
Blood 44 4 3 49
Brain 44 3 3 50
Outer 30 5.5 0.75 63.75

Table 2. Average percent difference in relative permittivity and conductivity of the TMM mixture and
respective reference tissue values across the 1–8.5 GHz band (Note that the reference values themselves
show a wide variance as discussed in Section 2.1 above).

Target Tissue Relative Permittivity (%) Conductivity (%) Combined (%)
Blood 10 30 20

Brain Hybrid 13 34 23
Cerebellum 5 33 19

Outer 7 28 17

Table 3. Average percent difference in relative permittivity and conductivity of the TMM mixture and
the respective reference tissue values across the 1–4 GHz band (Note that the reference values themselves
show a wide variance as discussed in Section 2.1 above).

Target Tissue Relative Permittivity (%) Conductivity (%) Combined (%)
Blood 8 32 12

Brain Hybrid 11 13 12
Cerebellum 5 11 8

Outer 8 16 12

Hybrid model derived from Lüders’ MRI study [26] combined with the IT’IS database values [17] is more
refined. The percentage difference between the curves for the two models is 8% for relative permittivity,
5% for conductivity giving a combined difference of 6.5%. This result shows the relevance of carefully
selecting an appropriate model for biological tissues, as two valid models of an organ can give differing
(if similar) results.

From Fig. 1, it is also evident that the mean dielectric properties of the TMMs selected are not
a perfect match to the assumed dielectric reference values for the target tissues. This is particularly
noticeable in the conductivity plot where it is seen that the shape of the TMM and target tissue curves
vary. The permittivity plots are more closely aligned. The objectives of the study were to (1) fit TMMs
to within an acceptable error of the reference tissue values and to (2) maintain the contrast between
the different tissue types, and these objectives have been achieved.

With regards the first objective, the percent difference between the TMM dielectric properties
and those of the target tissues across the 1–8.5 GHz band are shown in Table 2. To calculate these
values, the absolute difference between the TMM and the respective reference is calculated at each
measurement point. This difference value is divided by the reference value at this point to normalise
the difference and is expressed as a percentage. Finally, the mean of these percentage differences across
the 101 measurements points is calculated are the final values reported here. Table 3 shows the percent
difference across the tighter 1–4 GHz band, where most microwave diagnostic applications exist. The
smaller frequency band has lower percent difference values than the wider band. The difference in
relative permittivity between a TMM and its respective target tissue is seen to be within the variance
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expected in biological tissue of around ±10% [20, 21, 25].
Next, Table 4 displays the standard deviation of the relative permittivity and conductivity

measurements from each selected TMM at a representative data point of 4GHz. The values shown
imply that the samples had a good degree of homogeneity, which would be a particular concern with
the mixtures containing higher amounts of graphite and carbon black as these were harder to mix.

Table 4. Mean and Standard Deviation of the TMM mixtures for relative permittivity and conductivity
at 4 GHz.

TMM Mixture Relative Permittivity Conductivity (S/m)
Blood 48.7 ± 2.1 4.2 ± 0.5
Brain 39.3 ± 2.9 2.3 ± 0.5
Outer 26.5 ± 3.0 1.5 ± 0.4

The outcome of second objective, of having the same contrast between the TMMs as exists between
the reference tissues, is shown in Table 5. The contrast between each pair of reference tissues is
calculated with the contrast between the respective TMM pair shown in italics underneath. These
values are calculated for both relative permittivity and conductivity and expressed as a ratio. To
calculate this ratio, the value of the relative permittivity or conductivity for the left side member of the
pair (as displayed on the table) is set to 1 at each measurement point by self-division with the right side
member value adjusted by division with the same value. The mean of these adjusted values across the
measurement points gives the final value recorded in the table. As can be seen in Table 5, the contrasts
between the TMM pairs are well matched to those of the reference pairs.

Table 5. Contrast ratios between reference tissue pairs and TMM pairs for relative permittivity and
conductivity.

Target Tissue Pair
Or TMM Mixture Pair

Relative Permittivity
(Ratio)

Conductivity
(Ratio)

Blood : Brain Hybrid 1 : 0.83 1 : 0.77
Blood : Cerebellum 1 : 0.77 1 : 0.79

Blood TMM : Brain TMM 1 : 0.8 1 : 0.55

Blood : Outer Hybrid 1 : 0.46 1 : 0.41
Blood TMM : Outer TMM 1 : 0.53 1 : 0.36

Brain Hybrid : Outer Hybrid 1 : 0.55 1 : 0.54
Cerebellum : Outer Hybrid 1 : 0.6 1 : 0.53

Brain TMM : Outer TMM 1 : 0.67 1 : 0.65

Lastly, all TMM mixtures were found to be mechanically stable after fabrication. Further, the
dielectric properties of the TMMs were re-measured periodically over the course of several weeks with
the properties found to be reproducible and not deteriorating by any appreciable amount, similar to
the dielectric stability findings in [8].

We note that by varying the amounts of graphite, carbon black, acetone (or isopropanol) and
polyurethane, it is possible to cover a broad range of relative permittivity and conductivity profiles
which would cover most, if not all, biological tissues. The range covered by the 85 sample phantoms
fabricated in this study is shown in Fig. 2. Also shown are reference lines for extremes of biological
tissues in terms of relative permittivity and conductivity: blood as a high-water content tissue, and fat,
as a low water content tissue.
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(a) (b)

Figure 2. Measured (a) relative permittivity and (b) conductivity curves over the 1–8.5 GHz band for
all 85 sample phantom mixtures tested. In dashed lines are the reference values for extreme tissues:
blood (black, high water content) and fat (red, very low water content).

3. HEAD PHANTOM FABRICATION

In this section, we present the development of a full head phantom based on the TMMs obtained in
Section 2. First, we detail how the head phantom was fabricated and note design choices made along
the way. Then, we present the completed hand phantom, and discuss its benefits and challenges of
fabrication.

3.1. Methodology

The complexity of any phantom fabrication depends on the requisite level of anatomical detail. The
degree of accuracy and precision required in replicating an anatomical region of interest will always
depend heavily on the needs of a given study. In our work, we have chosen to develop a two-layer
phantom, comprising a weighted aggregate layer of tissues external to the brain and an inner weighted
aggregate of brain tissues. The phantom has the additional feature of removable and modifiable
cylindrical plugs. These plugs can be used to model haemorrhages, based on the developed blood
TMM. This phantom composition is clearly a simplification of the true anatomy, for example other
head structures such as the nose, eyes and ears are all modelled as the external aggregate tissue while
the entire brain is modelled a homogenous mass. However, this structure is more than adequate for
early-stage testing of microwave imaging devices. If required for a study, a more complex and more
anatomically accurate phantom could be fabricated, by direct extension of the principles described here.

To achieve an accurate anatomical shape, 3D printed moulds of an actual human brain and head
were produced using STL files from [18] and [19]. The former was created from a reverse engineered
polygon mesh while the latter was derived from MRI data. These were printed with an Ultimaker 2+
Extended 3D printer. The 3D printed head mould was too fragile to withstand the process of fabrication
and so a counter mould made of polyurethane was fabricated using the 3D printed mould. This was
achieved by pouring polyurethane into a polystyrene box before placing the head mould inside until the
polyurethane set. This counter mould is shown in Fig. 3 along with the 3D printed brain mould.

The scalp-cortex distance data at various positions around the head [29] was used to ensure the brain
mould was positioned correctly, with respect to the surface of the head counter mould — approximately
15 mm on the top of the head and 11 mm on the lateral, anterior and posterior sides. The outer layer is
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(a) (b)

Figure 3. (a) Head counter mould made from polyurethane and (b) 3D printed brain mould for head
phantom fabrication.

(a) (b)

Figure 4. (a) External layer poured and laid inside the head counter mould with the brain mould
positioned inside, a wire is attached to the brain mould to aid in its removal once the external layer is
set. (b) Once set, the brain mould is removed intact to leave the outer layer with an impression of the
exterior surface of the brain on its inner side.

constructed from the crown of the head down as far as the level of the philtrum. This level aligns with
the base of the brain and the top of the spinal cord [30]. Further, the skull ends and the soft tissues
of the head begin to close in around the base of the brain here [30]. Had the model continued (and
narrowed) below this point, it would render removal of the brain mould impossible. As the objective
of this phantom is to model the brain and surrounding tissues, including the skull, it is unnecessary to
develop the phantom beyond this level.

Figure 4 shows the external tissue layer inside the head counter mould with the brain mould
embedded in the correct position. A wire attached to the brain mould aids its removal once the external
layer is set. Once the brain mould is removed the outer layer is complete and has an impression of the
external surface of the brain on its inner side, as displayed in Fig. 4.

Two 3D printed cylindrical plugs, of 25 mm diameter and penetrating to within 5 mm of the start
of the external layer, were then securely placed symmetrically on the left and right sides of the sagittal
plane through the cavity. The flat surface of the cylindrical plugs meant they could not be put in direct
contact with the irregularly curved surface of the inner surface of the external layer without the risk
of air-gaps when filled with phantom plugs later. The 5 mm of brain material is enough to ensure a
flat surface and yet be near enough to replicate lesions at or near the brain surface. The plug diameter
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of 25 mm allows replication of lesions of various shapes and sizes, with this as a limiting dimension.
Intracerebral haemorrhages (ICH) for example often adopt a ellipsoid topology [31] with the median
ICH volume being about 17 ml in the early stage [32]. A sphere, being a simplification of an ellipsoid, of
diameter 25 mm fabricated from blood mimicking TMM would replicate a haemorrhage of volume 8 ml,
while an ellipsoid 20mm× 20mm× 10 mm would represent a volume of approximately 17 ml. Hence, a
25 mm plug size allows testing of haemorrhages which cover the real world expected range.

A piece of narrow rubber tubing, in the shape of a smooth arc and of diameter 4mm with a 3mm
lumen was used to create a simplified model circulatory loop. The principal arterial structure serving
the brain, the Circle of Willis, and the major vessels distal and proximal to it such as the basilar artery,
internal carotid artery and the cerebral arteries are all of similar vessel dimensions [33]. The tubing was
placed posterior to the plugs in a symmetrical loop across the midline with the apex half way into the
brain cavity depth.

Next, the brain TMM mixture was packed into the cavity and allowed to set, resulting in the brain
layer with two cylindrical hollows once the plugs were removed. The ends of the rubber tubing were
also visible and accessible. These hollows are filled with plugs, containing only brain TMM, or brain
TMM with discrete lesions like haemorrhages made from blood TMM. The tubing allows replication of
blood flow by passing a fluid through it; for instance, physiological saline.

The cylindrical phantom plugs are fabricated using a corresponding cylindrical mould, produced
in two halves with fixtures to hold the halves together as seen in Fig. 5. These plugs are inserted into
the hollows, similar to the methodology described in [14]. Plugs created exclusively from the brain
mimicking TMM were used to model a normal brain when inserted, while various phantom bleeds were
fabricated using the blood mimicking TMM. The bleeds were of known, controlled size and shape, were
always small enough to fit in the cylindrical hollows, and when set could be placed into the cylindrical
mould with brain mimicking TMM surrounding and encasing them. Using these techniques, plugs with
pathologic haemorrhagic lesions could be placed in the brain phantom alongside normal brain plugs or
other haemorrhagic plugs. Examples of these haemorrhagic phantom lesions and tissue plugs are shown
in Fig. 6.

Finally, the complete head phantom was removed from the counter mould. The fabricated head
phantom supporting its own weight upright, and inverted to show the plugs and tubing, is shown in
Fig. 7. Due to the plugs protruding from the base along with the ends of the tubing, a stand was
fabricated to support the phantom along its edges, but leave the base exposed and elevated.

Figure 5. Cylindrical plugs (1) used to make cylindrical cavities in the brain layer and cylindrical
phantom plug mould equipment (2, 3). To create a plug, the phantom material is packed into the two
halves (2), which are then joined and held together by the supports (3) shown which are placed on the
top and bottom of the joined halves until the material sets.
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Figure 6. Haemorrhagic phantom lesions (bottom) are shown alongside an example of a completed
cylindrical phantom tissue plug (top). These plugs are either made wholly of the brain mimicking TMM
or have a haemorrhagic phantom lesion embedded in them at a known location. Haemorrhagic phantom
lesions can be of any size or shape as long as they fit within the dimensions of the cylindrical plug.
These plugs are fitted into the cavities in the brain part of the head phantom to complete it.

(a) (b)

(c) (d)

Figure 7. Photograph of the fabricated dielectrically and anatomically realistic head phantom. The
phantom contains two 25 mm diameter cylindrical hollows bilaterally located across the sagittal plane
along with a symmetrically placed circulatory loop across the midline. The head phantom is shown
upright ((a), (b) and (d)) and inverted ((c)). The inverted view shows the two cylindrical cavities,
which can be filled with phantom plugs, as well as the entry and exit points of the rubber tubing used
to create the circulatory loop. The loop forms an arc with the apex reaching approximately half way
into the brain cavity.
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3.2. Results & Discussion

Fabrication of the phantom is as important as TMM development in order to translate the dielectrically
and mechanically stable building blocks provided by the TMM mixtures into an anatomically realistic,
mechanically and dielectrically stable model of the body-region of interest, thus providing an accurate
test platform for MWD studies. As such, due diligence in the fabrication process is vital. Some of the
challenges and notable points encountered in the building of the overall head phantom are given below.

The head counter mould had an incision made in the sagittal plane to a level half way down the
mould. This incision allowed both sides be pulled open when inserting and removing the brain mould
and to allow ease of access when adding the first layer of outer TMM material. A Perspex enclosure
around the cuboid counter mould ensured no deformation of the counter mould could occur.

The 3D moulds of the head and brain were challenging to print. 3D printers perform well with
simple geometric objects, but objects with intricate and complex contours such as the brain with its
associated sulci and gyri can result in the printer mal-functioning. Ultimately, the moulds were printed
at low speed with successful prints taking 2–3 days to complete. This is only a limitation in the first
instance since once the 3D brain mould is printed, it is reusable for subsequent phantoms.

The TMMs were relatively easy to prepare for each layer. In particular, the 3% w/w (mass
percentage) isopropanol used in the TMM mixtures with a large percentage of graphite and carbon
black (brain TMM and blood TMM) significantly made the mixing process easier. Other candidate
mixtures with similar proportions of graphite and carbon black, but less or no acetone or isopropanol
were difficult to mix homogenously and tended to have unmixed granules left over, similar to the
findings in [8]. It was determined that the same percentage of isopropanol added to a mixture would
result in higher conductivity, and similar permittivity, compared to those using acetone. This increase
in conductivity was thought to be a consequence of the dispersion effect of alcohols on graphite and
carbon black causing more conductive pathways [28]. This effect was especially significant for mixtures
involving higher percentages of graphite and carbon black, such as the candidate blood and brain TMMs.
Isopropanol was needed to ensure realistic conductivity to emulate relatively high conductivity tissues,
such as blood, as acetone was found not to produce high enough values for such tissues. However,
samples made with isopropanol were somewhat more friable than those without but despite this, the
TMM’s mechanical robustness was still more than adequate to work with.

The TMMs, once made, were easy to mould and shape and were mechanically and dielectrically
stable. The overall phantom was also anatomically realistic with the cylindrical plugs fitting smoothly
and firmly. The phantom was capable of supporting its own weight and could be rested upright
on a stand. To replicate blood flow, and hence render the test scenario more realistic, fluid (we
propose saline)should be pumped through the embedded tubing. Overall, the developed head phantom
incorporates realistic anatomy, physiology, and dielectric properties, and as such will provide an excellent
test platform for MWD technologies.

4. CONCLUSION

Tissue-mimicking materials based on graphite, carbon black, polyurethane, and acetone or isopropanol
have been shown in this study to be easily fabricated and capable of spanning a wide range of relative
permittivity and conductivity values by adjusting the proportion of ingredients. Hence any biological
tissue, or aggregate tissue, can be emulated using a suitable tissue mimicking material (TMM) mixture.
This finding is demonstrated here, as, for the first time, tissue mimicking materials for tissues of the
head are developed using this material set. Further, the novel use of isopropanol to increase conductivity
to realistic levels has been proposed.

The TMMs are easily mouldable, relatively inexpensive compared to other solid TMMs, and
mechanically and dielectrically stable over time. The resultant phantoms created from the TMMs
share these attributes.

3D printed moulds produced from anatomically precise STL files enable the reproduction of realistic
structures that can be employed to fabricate multi-layered phantoms. The head phantom created for
this study is an example of this concept, comprising of two layers — an outer aggregate layer modelling
the tissues of the head external to the brain (skin, skull cortical bone, skull cancellous bone, meninges
and CSF) and an inner aggregate layer, modelling the grey matter, white matter and CSF of the brain.
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Pathology is modelled and adjusted through the use of cylindrical plugs. In this paper a blood
TMM replicating haemorrhage is demonstrated but the concept can be extended to include tumours or
any other suitable pathology, which features a distinct lesion of a particular tissue or tissue aggregate.
Finally, for the first time, a simplified physical model of circulation is incorporated into the head
phantomin order to mimic blood flow and model physiology. This improves the realism of the test
phantom. In the future, steps may be taken toward making a phantom that further improves the
replication of the human head, if desired for a given experimental investigation. For instance, one could
add more tissue types and layers, add more tubes for a more anatomically accurate circulatory system,
and add airways for an air mimicking TMM for nasal cavity.

In conclusion, this novel, realistic and modifiable head phantom will provide a valuable tool for
microwave diagnostic studies.
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