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 2 

 
Abstract— Objective: To develop dielectrically accurate, easy 

to mould solid tissue-mimicking materials (TMMs) for use with 
electrical impedance tomography and combine them into a head 
phantom with realistic anatomy and adjustable pathological 
lesions. Methods: The conductivity profiles of fat and blood, 
which span those of most biological tissues, along with aggregate 
models of the tissues of the head external to the brain, the tissues 
of the brain, and the cerebellum are identified across the 1 kHz – 
1 MHz band. TMM mixtures made from polyurethane, graphite, 
carbon black and either acetone or isopropanol are fabricated to 
emulate the conductivity profiles of the reference tissues. 3D-
printed anatomically realistic moulds of the head and brain are 
used to cast a two-layer head and brain phantom with cylindrical 
holes left to allow addition of phantom pathological lesions such 
as haemorrhages.   Results: The tissue-mimicking material spans 
a wide biological range of fat to blood and is adjustable to match 
any target tissue. Uniquely, the material is mechanically stable 
and easy to mould. The fabricated head phantom has excellent 
anatomic realism, and can represent a healthy brain or one with 
pathological lesions. The added lesions are easy to adjust in terms 
of size, shape, and material properties. Conclusion: The 
presented TMMs can be used to fabricate realistic phantoms for 
use in electrical impedance tomography studies of most tissue 
sets. Significance: These tissue-mimicking materials are an 
important development in phantom technology for electrical 
impedance tomography; the sample head phantom demonstrates 
the value and flexibility of the TMMs. 
 

Key Words— Biomedical engineering, biomedical imaging, 
dielectric materials, electrical impedance tomography, phantoms 
 

I. INTRODUCTION 
LECTRICAL Impedance Tomography (EIT)  is an imaging 
modality that shows promise in a number of medical 

applications, such as breast imaging, head imaging, and most 
successfully to date, lung function monitoring (Brown, 2003), 
(Frerichs et al., 2017). EIT devices typically involve an array 
of electrodes placed around the region of interest that inject 
alternating current of frequencies of the order of 1 kHz – 1 
MHz into the system. Voltages are recorded between pairs of 
electrodes in response to the injected current. Then, the current 
injection patterns and voltage responses are used to build a 
map of electrical conductivity (σ) in the area surrounded by 
the electrodes. Electrical conductivity is a function of the 
frequency of the applied stimulus, which in this case is 

alternating current (AC). Hence, the term ‘AC conductivity’ is 
occasionally used to differentiate it from the direct current 
(DC) conductivity. In this work, we use ‘conductivity’ to 
indicate ‘AC conductivity’, and the two terms are used 
interchangeably throughout. Different biological tissues have 
different characteristic conductivities and hence the generated 
conductivity map can be used to interpret which tissues are 
present in the region under study. EIT suffers from drawbacks 
that include poor spatial resolution and the sometimes ill-
conditioned inverse nature of the system, which often result in 
low sensitivity to the phenomena of interest but high 
sensitivity to noise. Conversely, EIT technology benefits from 
being a relatively cost-effective, non-invasive, and hazard-free 
imaging modality with excellent temporal resolution (Brown, 
2003), (Holder, 2005), (Adler, Grychtol and Bayford, 2015). 
These benefits, and the hope that improved mathematical and 
computational techniques may overcome the limitations of 
EIT, make EIT an attractive area of research. EIT is of 
particular interest in neuroimaging, where pathologies 
affecting the brain (such as stoke) currently rely on modalities 
including Computed Tomography (CT) and Magnetic 
Resonance Imaging (MRI) to make a definitive diagnosis. 
Although these modalities offer unparalleled anatomical 
detail, they are expensive and face challenges with radiation 
exposure and, crucially, availability. For stroke patients the 
availability is of vital concern since key treatments depend on 
a short time window between the stroke occurring and a 
definitive diagnosis of the aetiology, whether ischaemic or 
haemorrhagic (Bath, 2000), (Lee and Newberg, 2005). 
 Theoretically we envisage a use for EIT at the point of 
initial patient contact used to give an early diagnosis and allow 
initiation of treatment with the more established modalities 
used later, if necessary, at a hospital or other specialist centre. 

Development of emergent imaging technologies such as 
EIT often involves the use of phantoms as an intermediary 
step between computer simulations and in-vivo testing. 
Phantoms are physical objects that emulate tissues, organs and 
indeed the entire anatomy of interest. Phantoms are 
constructed from individual tissue-mimicking materials 
(TMMs). Phantoms allow real world testing of a technology 
under controlled conditions, thus allowing a gradual transition 
from the relative simplicity of a computer model to the 
complexity of an animal or human subject. 

 Stable Tissue-Mimicking Materials and an 
Anatomically Realistic, Adjustable Head 

Phantom for Electrical Impedance Tomography 
Barry McDermott*, Brian McGinley, Katarzyna Krukiewicz, Brendan Divilly, Marggie Jones, Manus 

Biggs, Martin O’Halloran, and Emily Porter 
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Ideally, phantoms that are used for testing new technologies 
should be low-cost, easy to fabricate, anatomically realistic, 
and mechanically stable. Importantly, they should also 
accurately replicate the physical properties of interest, which 
for EIT is the conductivity profiles of the biological tissues in 
the region of interest across the 1 kHz – 1 MHz band. It is 
noted that the purpose of this study is to develop a tissue 
mimicking material exclusively for use in EIT. It is not the 
intention that the material or phantoms developed from it be 
used with other imaging modalities such as CT or MRI. As 
such physical properties of matter relevant in CT such as 
radiodensity of materials (Chun-Yen Lai et al., 2014) or those 
of concern in MRI such as relaxation times (Hellerbach et al., 
2013) are not considered as emulation targets. 

 Finally, phantoms should be adaptable to allow modelling 
of various test scenarios, including normal or healthy regions, 
and diseased regions of any given type, location, size, or 
shape. For example, in a head phantom for stroke imaging 
studies, the ability to place phantom haemorrhages of known 
size and shape at various known locations would be extremely 
valuable (Brown, 2003), (Garrett and Fear, 2015), 
(Mobashsher and Abbosh, 2015).  
 As a representation of the current state of the art in 
phantoms and TMMs used in EIT studies, a selection of head 
phantoms for application in EIT from the literature is 
presented briefly here. Phantoms are found to range in 
complexity, with the degree of realism needed dependent on 
the proposed study. Gamba et al. modelled the brain and scalp 
as a simple saline filled tank surrounded by a Plaster of Paris 
skull layer (Gamba, Bayford and Holder, 1999). A similar 
phantom is shown in (Nissinen, Kaipio and Vauhkonen, 
2016), which is used to study the shielding effect of the skull 
on electrical current. A relatively complex four shell model is 
presented in (Sperandio, Guermandi and Guerrieri, 2012), 
which used gel based TMMs based on agar to model skin, 
skull, cerebrospinal fluid (CSF) and brain independently. A 
film is used to separate the layers to prevent diffusion without 
interfering with the current travel or measurement data. The 
layers were constructed as concentric hemispheres, limiting 
the anatomical realism. Li et al. produced a head phantom for 
EIT with a noteworthy intricate skull layer in which the 
conductivity profiles of the different skull bones were 
individually modelled using different water and plaster 
powder mixtures cast by anatomically realistic 3D moulds; the 
skull and brain layers were then created from aqueous 
solutions (Li et al., 2014). This phantom would be of merit 
particularly if the variance in conductivity properties of the 
skull was an area of special interest for a study. For other 
work, however it may be overly detailed and introduce 
unwanted complexity. As is often the case, the needs and 
goals of a given study will dictate what level of detail needed 
from the phantom. A solid TMM to create the skull layer 
based on a resin along with agar and saline solution to emulate 
the brain is shown in (Wang et al., 2016) which was used to 
study haemorrhage in the brain. In (Bonmassar et al., 2010), 
agarose gel mixed with saline was used to develop a head 
phantom with haemorrhagic lesions mimicked by saline filled 

cavities. 
 Notably, there is a lack of solid TMMs in use in EIT 
studies, despite their clear advantages over liquid and semi-
solid based materials. A head phantom based on solid TMMs 
would enable stable system testing over time, and facilitate 
testing between various system prototypes. 

In this work, we present solid TMMs for use in EIT 
phantoms, with specific focus on head and brain phantoms. 
The solid TMMs are fabricated based on polyurethane, 
graphite, and carbon black compositions. These materials have 
been investigated previously for microwave studies, 
particularly in the field of breast imaging (Garrett and Fear, 
2015),  (Garrett and Fear, 2014). However, the TMMs that are 
used at the higher microwave frequencies are not directly 
applicable in the lower frequency EIT range. Therefore, we 
have developed novel TMMs to model tissues of interest for 
the EIT frequency range. For the first time, we investigated 
these solid TMMs in the frequency band of 1 kHz – 1 MHz, 
which is representative of most EIT studies (Brown, 2003). 
Various proportions of the ingredients were shown to produce 
mixtures that can cover the range of conductivities seen in the 
biological tissues across this band, from the low water extreme 
of adipose to the high water extreme of blood. The proposed 
TMMs are low-cost, easy to fabricate, and mechanically 
stable. 
 Further, an anatomically and dielectrically accurate head 
phantom was developed to exemplify the advantages of these 
TMMs. The two-layer head phantom was built from the 
TMMs that emulate a weighted aggregate model of the tissues 
external to the brain (skin, skull bone, meninges, CSF) as the 
outer layer and the tissues of the brain as an interior layer. The 
head phantom enables addition of haemorrhagic lesions of 
known sizes and locations. In this way, the head phantom 
provides an excellent, realistic test platform for EIT for 
braining imaging. Significantly, the head phantom is easily 
reconfigurable for a wide range of distinct test scenarios.  
 This head phantom is meant as a simple demonstration of 
this type of TMM. It could have been made more detailed if 
needed. For example, the modelling of all the tissues external 
to the brain as one layer may not suit a particular study. It 
would be perfectly feasible to extend the technique of 
fabrication described to produce distinct skin, skull and 
meninges layers if needed. Further the skull itself could be 
modularised to emulate the work of Li et al. (Li et al., 2014) 
and accurately model the electrical properties of the individual 
skull bones. This was beyond the intended goals of this study 
however. 
 This paper is organised as follows: the next section 
describes the TMMs, detailing the development of mixtures 
that target specific biological tissues, namely those of the head 
and brain along with the biologically extreme low and high 
water content tissues, fat and blood. The conductivity profiles 
of the TMM mixtures are then analysed and compared to 
reference values.  Section III then describes the development 
of a head phantom based on these TMMs and demonstrates 
the advantages of such a phantom, especially in modelling 
pathologies such as haemorrhages. Finally, Section IV 
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concludes the paper and highlights the expected advantages of 
using this TMM in future EIT phantom studies. 

II. TISSUE-MIMICKING MATERIALS 
TMMs used to create EIT phantoms must replicate the 

dielectric properties of individual tissues, particularly 
electrical conductivity. The conductivity is closely related to 
the water content, i.e., the extracellular fluid (ECF) portion, of 
the tissue. Therefore the biological limits of conductivity are 
given by the tissues with low water content, such as adipose, 
and those with high water content, such as blood (Holder, 
2005), (Fear, Meaney and Stuchly, 2003). The conductivity 
also depends on the frequency of the applied current, with 
most current moving through the ECF portion of a tissue at 
low frequencies where the cell offers high resistance due to its 
capacitor-like membrane. At higher frequencies, the cell 
membrane offers progressively less resistance to current which 
increases the conductivity of the overall tissue (Holder, 2005). 
The electrical properties of tissues also vary between subjects 
due to natural inhomogeneity in structure and composition, as 
well as other factors such as age (Gabriel, 2005), (Gabriel and 
Peyman, 2006).  

Despite these intricacies, reference values of the dielectric 
properties of tissues have been produced across the frequency 
band of interest and are available from sources such as 
(Hasgall et al., 2015), which is based primarily on the work of 
Gabriel et al. (Gabriel, Gabriel and Corthout, 1996), (Gabriel, 
Peyman and Grant, 2009). TMMs are developed to emulate 
the conductivity values of the tissue, or indeed tissue 
aggregate, under study across the band, while one or more of 
these TMMs are used to construct a complete phantom of an 
organ or other anatomical structure. 

TMMs can be classified based on the physical state of being 
liquid, solid or an intermediate like a gel or semi-solid 
(Mobashsher, 2015). Liquid TMMs are based usually on 
aqueous solutions, often-involving saline, suspensions or 
indeed emulsions combining oily components.  Since the 
dielectric properties are closely related to water content these 
TMMs facilitate easy adjustment of the dielectric properties 
and these materials are also easy to fabricate. But they tend to 
dehydrate, causing a change in their dielectric properties, and 
need a container to hold their shape. Hence, they are not 
dielectrically or mechanically stable. Further, creating discrete 
layers and the prevention of mixing of layers is an issue. 
Finally, components added to an aqueous base if not soluble 
will lead to problems when trying to maintain homogeneity as 
the tendency to sediment must be tackled (Mobashsher, 2015). 
Gel and semi-solid TMMs based on materials such as agar 
seek to address these limitations but do not fully resolve them. 
They are again easy to modify and fabricate.  They can hold 
shape and different layers can be placed side by side allowing 
modularity. However, they do contain water and although 
often very stable will eventually suffer from the effects of 
dehydration. Further, they are deformable which may cause 
issues when for example placing electrodes (Mobashsher, 
2015). 

Solid TMMs in contrast do not commonly include water 

and therefore do not dehydrate, rendering them dielectrically 
stable. Further, they tend to hold their shape, resulting in the 
possibility of creating more anatomically realistic and 
mechanically stable phantoms. The materials involved and the 
fabrication process of solid TMMs tends to be more expensive 
and specialised than other TMMs types (Mobashsher, 2015). 
The advantages of solid TMMs often outweigh the challenges. 
Therefore, this work focuses on the design and development 
of solid, stable TMMs. However it should be noted that it may 
be the case that a liquid or gel TMM is more suited depending 
on the need. For example sometimes MRI imaging maybe 
combined with EIT and phantoms suitable for this are often 
liquid or gel based (Davidson et al., 2012), (Sadleir et al., 
2006). Further at a clinical testing stage of a potential stroke 
diagnostic technology it would be necessary to test the result 
from EIT with a gold standard like MRI. In this scenario a 
phantom that is suitable for both modalities would be needed. 
If, however, the phantom is to be used at the early 
development stage where the ground truth of lesion location is 
known, than MRI confirmation of the result may not be 
needed. 

The next subsection details the ingredients used in the 
TMM mixtures and overviews the fabrication process. Then, 
the technique used for measuring AC conductivity is 
discussed. The reference AC conductivity profiles of the target 
tissues are identified, followed by an analysis of the proposed 
TMMs in relation to the reference properties that they target. 

A. TMM Ingredients and Fabrication Protocol 
The TMMs are based on polyurethane, graphite and carbon 

black, as previously described in (Garrett and Fear, 2015), 
(Garrett and Fear, 2014) for application in microwave studies. 
Polyurethane (VytaFlex 20 from Smooth-On, Easton, PA, 
USA) provided a stable and flexible base matrix into which 
graphite (Graphite powder, general purpose grade from Fisher 
Scientific, Loughborough, Leics, UK) and carbon black 
(Carbon Black, acetylene 50% compressed, 99.9% + from 
Alfa-Aesar Ward Hill, MA, USA) were added. The 
conductivity profile of the mixture is altered depending on the 
proportions of each ingredient used.  

To create the TMMs, two liquid polyurethane precursors 
(which comprise the Vytaflex 20 product) are weighed and 
mixed thoroughly. Combining these materials begins the 
polymerisation process, ultimately setting fully and curing 
over the course of 12 – 16 hours. These two precursors are 
mixed in a 1:1 ratio by weight. The mixing is done manually 
using a glass pestle and mortar. In a separate vessel, the 
graphite and carbon black are measured before being mixed 
together thoroughly ensuring that these two powder 
components are homogenously blended. Next, this powder 
blend is gradually added to the polyurethane in the mortar and 
blended thoroughly with the pestle before more powder is 
added. Homogeneity is assessed visually at this stage and is 
validated later by measurements of the dielectric properties at 
a range of sites on the samples (to assure homogeneity 
different sites on the same sample should measure similarly). 
For mixtures with high powder content, we add additional 
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ingredients to ensure mixability and to achieve the desired 
electrical properties. Specifically, small volumes of acetone 
may be used to thin mixtures seeking to replicate high water 
content tissues, which required higher percentages of graphite 
and/or carbon black to be used. This addition of acetone also 
results in an increase in conductivity, an effect also seen in 
(Santorelli et al., 2015). In this work, small volumes of 
isopropanol are uniquely used to achieve the same result but 
giving a more exaggerated increase in conductivity compared 
to acetone. This increase in conductivity is postulated to be a 
result of enhanced dispersion of graphite and carbon black in 
isopropanol. Alcohols are known to prevent agglomeration of 
these materials resulting in more conducting pathways (Kim et 
al., 2008). 

Once all the ingredients are thoroughly mixed together, the 
TMM is cast into shape using a mould and let set overnight. It 

was found that higher powder content samples were 
progressively more difficult to shape: a lower percentage of 
graphite and carbon black mixtures could be poured into a 
mould, while higher percentage mixtures needed to be pressed 
and kneaded. 

In total, a set of thirteen mixtures was prepared. Over all of 
the mixtures, the graphite used was in the range of 7.5% – 
45% w/w (mass percentage) and carbon black used was in the 
range 3% - 7% w/w (mass percentage). For mixtures with 
higher amounts of graphite and carbon black, which are used 
to mimic high water content tissues, a volume of acetone of 1 
ml for every 100 g mixture was used. Adding similar volumes 
of isopropanol in place of acetone also resulted in this effect. 
Isopropanol however was found to further increase the 
conductivity compared to acetone but the resultant mixtures 
were more friable.  

The mixtures chosen were found to cover the biological 
range in the microwave band as shown in (Santorelli et al., 
2015) and hence were adopted as a test set in this EIT band 
study. For these initial samples, rectangular cuboids of 50 mm 
x 20 mm x 20 mm were made from the mixtures using a 
mould. These cuboid samples were later cut to produce 
multiple specimens of a given sample and then the 
conductivity was measured across the 1 kHz – 1 MHz band 
using impedance spectroscopy.  

 

B. AC Conductivity Measurements 
 Complex impedance spectroscopy of the TMMs was 
performed using a PARSTAT 2273 Advanced 
Electrochemical System (Princeton Applied Research) in a 
three-electrode cell arrangement in a 0.1 M KCl (Potassium 
chloride >99.0 % from Sigma Aldrich) aqueous solution. An 
Ag/AgCl (3M KCl) electrode and a platinum wire were used 
as the reference and counter electrodes, respectively. The 
impedance measurements were carried out over a frequency 
range of 1 kHz to 1 MHz, with an AC voltage amplitude of 40 
mV.  

The impedance profiles were then used to calculate the AC 
conductivity (admittance) of TMMs according to the relation 
(Panteny, Stevens and Bowen, 2005), (Suvarna, Rao and 
Subbarangaiah, 2002) : 
 

𝑆 = #
$∙&

 ,          (1) 
 

where t is the thickness of the specimen (between 5�10-3 m and 
10-2 m), A is the area of the cross section (0.283�10-4 m2) and Z 
is the impedance modulus (Ω). 

C. Reference Values 
 The reference values for AC conductivity used in this 

study are from The Foundation for Research on Information 
Technologies (IT’IS) database (Hasgall et al., 2015).  These 
values, in turn, are derived largely from the studies of Gabriel 
(Gabriel, Gabriel and Corthout, 1996), (Gabriel, 1997). The 
work of Gabriel et al. was to both do measurements and to 
conduct an extensive literature review of studies measuring 

 

 
 

 
 
Fig. 1. AC Conductivity curves for the reference tissues (Hasgall et al., 
2015) (blood, brain hybrid, intermediate brain hybrid, cerebellum, outer 
hybrid, fat) and the selected TMM mixtures that most closely emulate these 
target tissues across the frequency band. The values are plotted on a 
logarithmic frequency scale (above) and linear frequency scale (below).  
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dielectric properties (including conductivity) on a variety of 
tissues over an extensive frequency range.  The selected data 
was biased towards human in vivo studies conducted near 
body temperature. The resultant database is a comprehensive 
and invaluable resource for researchers that require the 
dielectric properties of tissues. However, the dielectric 
properties that can be obtained from the database are not 
perfect. Variations exist in the dielectric properties of tissues 
due to a variety of both intrinsic and extrinsic factors. For 
example, tissues are naturally heterogeneous (Gabriel and 
Peyman, 2006), resulting in a spread of values both between 
subjects and for a given sample depending on the location 
within a tissue studied. Other intrinsic factors such as age, 
metabolic activity and pathology can affect the properties 
(Gabriel, 2005), (Pethig, 1987). Extrinsically, variance is 
introduced by the measurement technique used, measurement 
error and sampling technique (Gabriel and Peyman, 2006). 
The consequence of all of these sources of variations in 
dielectric data is a band of uncertainty around the reference 
values. Notably, a Gabriel study on the variation of dielectric 
properties due to age in rats over  
300 kHz – 300 MHz found a variation of about ± 10% for 
brain tissues and ± 20% for the of the skull and skin (Gabriel, 
2005).  

In relation to dielectric properties of tissues at frequencies 
under 1 MHz (the region of interest in EIT) further uncertainty 
arises. Most of the reference values in this band were derived 
from measurements on excised tissues and the overall amount 
of data available is scarce. As a result, the database often 
provides a “best guess” on values (Gabriel, Peyman and Grant, 
2009). A relatively recent study, again by Gabriel et al., 
addressed these issues by conducting a review and performing 
some measurements (Gabriel, Peyman and Grant, 2009). For 
these reasons, one can assume that the variance from the 
reference values would be even more pronounced at these 
lower frequencies. Indeed measurements done in vivo on 
porcine tissues at 40 and 70 Hz show significant variability in 
conductivity of  ± 24% for fat, ± 35% for blood and ± 118% 
for skull bone (Gabriel, Peyman and Grant, 2009). This 
potentially wide band of variance must be kept in mind when 
using reference values from the IT’IS database. 

In this work, we are interested in targeting several tissues 
with TMMs. Specifically, we examine blood and fat, which 
are representative examples of extreme high and low water 
content tissues, respectively. The values for these tissues are 
directly available from the database. Further, we investigate 
head tissues in order to fabricate a head phantom. The head 
phantom is a two-layer model with an outer layer modelled as 
a weighted aggregate of the tissues external to the brain (skin, 
skull, meninges and CSF) and an inner brain layer. In addition, 
blood is used to model brain haemorrhage as an example of 
pathology. 

The TMMs involved in the head phantom are composites of 
multiple tissues that are present. The compositions are 
designed to be as realistic as possible. Makris et al. produced 
an MRI study demonstrating the proportions of the tissues 
external to the brain as 33% skin, 34% skull cortical bone, 

17% skull cancellous bone, 14% meninges and 2% 
subarachnoid CSF (Makris et al., 2010). These proportions are 
used to weight reference data for these tissues to produce an 
“Outer Hybrid” model of the outer layer. With regards to the 
brain layer, another MRI study by Luders et al. (Lüders, 
Steinmetz and Jäncke, 2002) reported the dominant tissues of 
the brain to be 55% grey matter, 27% white matter and 18% 
CSF. A “Brain Hybrid” is produced by similarly combining 
these ratios with the discrete tissue reference data. However a 
second brain model is provided directly from the IT’IS 
database which are based on Gabriel’s data for the cerebellum 
(Hasgall et al., 2015). The cerebellum lacks CSF and is 
comprised of grey matter and white matter in the ratio 84:16 
(Makris et al., 2010). As such it is a simplification of the brain 
and this simplified model may be adequate depending on the 
nature of a given study. For the purpose of this study, the final 
reference brain model used was one with values intermediate 
to the refined “Brain Hybrid” model derived from MRI data 
and the simplified cerebellum model. This final brain model 
was called the “Intermediate Brain Hybrid”, with conductivity 
values calculated as the mean of the respective values from the 
“Brain Hybrid” and cerebellum models. 
 The AC conductivity profiles of these reference tissues 
across the 1 kHz – 1 MHz band are shown in Fig. 1. using 
both a logarithmic and linear frequency scales for clarity. Also 
shown in Fig. 1 are the conductivity values of the selected 
candidate TMM mixtures for each tissue. The TMMs were 
developed and measured as described in subsections A and B 
above. The data in Fig. 1 demonstrates that the TMMs cover 
the biological range of conductivity values (from fat to blood) 
and also emulate, within the allowed biological variance 
discussed above, the target tissues of fat, blood, Outer Hybrid 
and Intermediate Brain Hybrid. 

D. Results & Discussion 
The AC conductivity profiles of five selected TMM mixtures 
from the initial thirteen-member test set are shown in Fig. 1. 
These selected mixtures are the ones that most closely match 

 
 
Fig. 2. AC Conductivity curves for the reference tissues (Hasgall et al., 2015) 
(blood, brain hybrid, intermediate brain hybrid, cerebellum, outer hybrid, fat) 
and the selected TMM mixtures that most closely emulate the target tissues of 
blood, intermediate brain hybrid, outer hybrid and fat across the 50 kHz – 250 
kHz  band. This band is that which is covered by a commercial EIT research 
device, the Swisstom Pioneer (EIT Pioneer Set, no date). 
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the target reference values. It is seen that the biological range 
from fat to blood is covered by the profiles of the fat 
mimicking TMM mixtures (two of them) and the blood 
mimicking TMM. Further the TMM is seen to be successfully 
able to target discrete conductivity profiles, in this case the 
Intermediate Brain Hybrid as a model of the brain and the 
Outer Hybrid as a model of tissues external to the brain. Table 
I describes the ingredients use to fabricate the selected TMM 
mixtures. It is noted that there are two fat mimicking TMM 
mixtures documented as different mixtures are found to be a 
better match to the fat reference profile at different points 
across the 1 kHz – 1 MHz band. 
 

 
TABLE I 

CONCENTRATIONS, AS % W/W (MASS PERCENTAGE), OF INGREDIENTS USED IN 
THE FINAL MIXTURES OF EACH TISSUE MIMICKING MATERIAL. ACETONE IF 
ADDED (INDICATED AS  YES/ NO) IS AS 1 ML IN ADDITION TO EACH  100 G  

MIXTURE. 
Target 
Tissue 

Graphite  Carbon 
Black 

Polyurethane Acetone 

Blood 45 4 To 100 % Yes 
Brain 42.5 4 To 100 % Yes 
Outer 42.5 3.5 To 100 % No 
Fat (1) 35 5 To 100 % No 
Fat (2) 30 5.7 To 100 % No 

 
TABLE II 

AVERAGE PERCENTAGE ERROR IN AC CONDUCTIVITY OF EACH TMM MIXTURE 
AND THE RESPECTIVE REFERENCE TISSUE VALUES ACROSS THE 1 KHZ  - 1 

MHZ,  50 KHZ – 250 KHZ BANDS, AND AT THE 50 KHZ POINT.  
 

Target Tissue Conductivity 
Error (%) 
(1 kHz – 1 MHz) 

Conductivity 
Error (%) 
(50 kHz – 250 
kHz) 

Conductivity 
Error (%) 
(at 50 kHz) 

Blood 7 2 1 
Brain  8 2 0.5 
Outer 27 20 23 
Fat (1) 47 27 35 
Fat (2) 52 14 16 

 
Indeed it is the case that EIT often does not use broadband 

measurements, often instead taking readings at discrete 
frequencies, 50 kHz being a common point (Holder, 2005). 
EIT strategies include time difference EIT where readings are 
compared to a baseline but typically all are taken at a single 
frequency value. Another technique is frequency difference 
EIT where measurements on a sample are taken at different 
but again discrete frequencies (Holder, 2005). Hence, for a 
given experiment if the frequency of interest is known then a 
TMM set could be designed to target the reference tissue 
values specifically for that frequency or discrete set of 
frequencies as opposed to generally over a band of 
frequencies. In this way, a more specialised, and more 
accurate phantom can be developed.  

In this study the focus was to create TMM mixtures that 
would emulate the reference values sufficiently well, that is 
within the variance allowed as described above, over the full 
range from 1 kHz – 1 MHz. However it is of interest to profile 

the AC conductivity profiles of the selected mixtures and the 
respective reference values in the range covered by a 
representative commercial EIT research device, the Swisstom 
Pioneer, which covers the range 50 kHz – 250 kHz (EIT 
Pioneer Set, no date). This profile is shown in Fig. 2.  

The degree to which the selected TMM mixtures 
successfully emulate the target tissues is measured across the 
band. The absolute difference between the target tissue and the 
reference is calculated at each point. This difference value is 
converted to a percentage of the reference value at this point to 
normalise the difference with respect to the reference value. 
Finally, the mean of these percentage differences are the final 
value reported here. These values are shown in Table II. Table 
II displays the errors across the 1 kHz – 1 MHz band but also 
across the 50 kHz – 250 kHz band covered by the Swisstom 
Pioneer. The error at the commonly used 50 kHz point is also 
shown in this table. 

It is seen in Table II that one of the two fat TMM models 
give closer alignment to the fat reference profile depending on 
the band chosen. It is also seen that the TMM mixtures are 
within the allowed variance but that it is more difficult to 
emulate the reference tissues with lower conductivity values. 
This is an artefact of the way in which the error is reported – 
with a given absolute difference between candidate TMM and 
reference giving a bigger percentage difference for fat 
compared to say blood as the former is being expressed as a 
percentage of a much smaller number compared to the latter.  

Of note is the finding that the percentages of graphite and 
carbon black used in this study are similar to those used by 
Santorelli et al. (Santorelli et al., 2015) to match the high 
conductivity target of tumour in the microwave frequency 
range, as opposed to the high conductivity target of blood 
here. However, the lower percentages of graphite (15 – 25%) 
and carbon black (0%) used successfully by Santorelli et al to 

 
 
Fig. 3. AC Conductivity curves over the 1 kHz – 1MHz band are plotted, 
demonstrating the effect of isopropanol when added to two of the TMM 
mixtures: the Blood TMM and the Fat TMM 2. In both cases, the conductivity 
is dramatically increased but the greatest increase is for the fat mimicking 
TMM. The reference tissue profiles shown are those of extremely conductive 
biological tissues for which these isopropanol containing mixtures may be 
useful: CSF, urine and blood (Hasgall et al., 2015). 
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model fat in the microwave range are not sufficient in the EIT 
range, as shown in Table I, where much higher concentration 
mixtures of graphite and carbon black are needed to emulate 
fat. The result of this is that the concentration range of 
graphite (30 - 45%) and carbon black (3.5 – 5.7%) that covers 
the biological range is tighter than that used in microwave 
studies and hence the conductivity profiles are more sensitive 
to small changes in concentrations of the constituent 
chemicals. This is shown by the fact the outer layer TMM 
only contains 2.5% w/w (mass percentage) less graphite and 
0.5% w/w less carbon black than the blood TMM. Therefore, 
the AC conductivity profiles may not extrapolate down in 
frequency as expected, and TMMs should be examined or 
modified based on the desired properties for a given frequency 
range.   

E. Effect of Isopropanol 
As discussed above, acetone is needed to aid mixing where 

high concentrations of graphite and carbon black are used. 
Acetone also was found to increase the conductivity of the 
mixtures. In this study, we also examined using isopropanol in 
place of acetone, at the same amount of 1 ml per 100 g 
mixture. Using the isopropanol was found to significantly 
increases conductivity for any given TMM. However, the 
resultant mixtures were more friable than those that contained 
acetone or no mixing aid. Hence it was preferable not to use 
isopropanol if possible. In the case of the target tissues of this 
study no TMM with isopropanol was needed. However, the 
boost in conductivity may be required to emulate some 
unusually highly conductive biological materials, for example 
CSF and urine. The conductivity profiles of CSF, urine, and 
blood are therefore plotted in Fig. 3, along with those of the 
blood TMM and the fat TMM 2, both with and without 
isopropanol. It is clearly seen the isopropanol gives a large 
increase in conductivity allowing the levels of CSF and urine 
to be reached. Although these unusually high conductivity 
tissues were not a focus for this study, this result proves the 
versatility of this TMM in reaching extremely high 
conductivities. This increase in conductivity compared to 
acetone is postulated to be a result of the dispersion effect of 
the alcohol on graphite and carbon black resulting in more 
conducting pathways in the material (Kim et al., 2008). 

III. HEAD PHANTOM DEVELOPMENT 
To further demonstrate the value of these TMMs for use in 

EIT applications, an anatomically precise, mechanically 
stable, robust and dielectrically accurate head phantom was 
developed. The head phantom was designed with two-layers, 
demonstrating the ease of creating modular phantoms from the 
TMMs with a high level of modularity and detail dependent 
on the needs of a given study. In this study, a two-layer model 
was used as proof of concept but there is no reason why 
additional layers or modules could not be developed. An outer 
layer was modelled by a TMM mixture replicating the AC 
conductivity profile of a weighted aggregate of tissues 
external to the brain, described as the “Outer Hybrid” model 
above. The “Intermediate Brain Hybrid” TMM model (also 

detailed above) was then used to emulate the AC conductivity 
of the tissues of the brain as an inner layer.  

In addition, three cylindrical cavities were left in the brain 
layer, later to be filled with cylindrical plugs containing either: 
solely brain TMM, solely haemorrhage TMM, or brain TMM 
with discrete haemorrhagic TMM pockets of known size and 
location. Hence, these plugs provided a way to model 
haemorrhagic lesions and a variety of plugs ensured the 
lesions were reconfigurable and adjustable in terms of size and 
location. The principle could easily be extended to model any 
pathology featuring discrete lesions, for example tumours. The 
three cylindrical cavities were of 25 mm diameter and 
extended the full thickness of the brain layer, passing 
obliquely from the base of the phantom to the start of the outer 
layer. The choice of three cylindrical cavities was a trade-off 
between maximising the number of test cases and 
compromising stability of the brain layer. Also, space was a 

 
 
Fig. 4. Steps involved in head phantom fabrications. In (1) the 3D printed 
head is used to impress in on polyurethane which then sets, leaving a head 
shaped counter mould cavity as shown in (2). Next, the outer later TMM is 
packed into the cavity and the 3D printed brain positioned to ensure the 
outer layer is laid correctly as shown in (3). Removal of the 3D printed brain 
leaves a cavity into which brain mimicking TMM is next packed with 
cylindrical rods placed and positioned to leave cavities for plugs (4). Once 
set, the counter mould can be removed leaving the complete head phantom 
with an outer layer, inner brain layer and cavities that can be plugged with 
cylindrical plugs that can be made exclusively of brain mimicking TMM or 
can have discrete lesions in them at known positions (5). 
 

 
 
Fig. 5. 3D printed anatomically accurate head (left) and brain (right). As 
well as being anatomically accurate in terms of structure they are also 
correctly sized. The photographs are not shown with the same scale, i.e., the 
brain here is shown bigger than it actually is (relative to the head) for 
purpose of illustration. 

  

Page 8 of 12AUTHOR SUBMITTED MANUSCRIPT - BPEX-100742.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



 9 

limitation to the number of cavities possible. The positioning 
was selected to give test case opportunities on the front, 
middle and rear of the head with the oblique angles 
maximising the amount of brain volume that can be filled by 
test plugs.  

The steps involved in the process are illustrated in Fig. 4 
and the design and fabrication detailed next. Anatomically 
accurate STL (stereolithography) files of the human head 
(Grozny, no date) and brain (Dilmen, no date) were 3D printed 
to produce moulds using an Ultimaker 2+ Extended 3D printer 
with polylactic acid (PLA) as the print material (Ultimaker 2+ 
Extended 3D Printer, no date). The head STL file was 
developed from a reverse engineered polygon mesh (Grozny, 
no date) with the brain STL developed from MRI studies 
(Dilmen, no date). These 3D prints are shown in Fig. 5. A 
counter mould was developed for the head by pouring 
polyurethane into a large box and placing the smaller head 
mould inside. Once set, the head was removed. After 
thoroughly spraying the inner surface of the counter mould 
with mould release spray (Universal Mold Release from 

Smooth-On, Easton, PA, USA) the outer layer TMM mix was 
then fabricated and laid down evenly on the surface, along the 
crown of the head and down the sides. Details of the position 
of the brain cortex surface with respect to the scalp (Stokes et 
al., 2005) was used to ensure the thickness of the outer layer 
was anatomically correctly. The cortex surface is found to be 
approximately 15 mm from the scalp on the crown of the head 
and about 11 mm from the lateral, anterior and posterior 
surfaces of the scalp (Stokes et al., 2005). Using this 
information, the brain mould, sprayed in mould release spray, 
is positioned within the head counter mould with the outer 
layer built up in the gap between the head and brain surfaces. 
The head counter mould with the brain positioned within and 
the outer layer packed between is shown in Fig. 6. 
Anatomically, when the head is viewed in sagittal section, the 
brain extends down to approximately the level of the philtrum. 
At this level the spinal cord begins (Standring, 2009); hence it 
is be reasonable to stop the outer layer at this point. However, 
the model was built up to extend to the level of the lower lip, 
matching the limits of the counter mould and resulting in a 
cosmetically more realistic head phantom upon completion.  

Once the outer layer is set, approximately 24 hours after 
initial pouring, the brain mould is removed. The mould release 
spray, attached wire and some careful dissection of excess 
outer layer TMM across the base of the brain is needed to 
ensure removal is achieved without damage to the mould. An 
impression of the external surface of the brain is left on the 
inner layer of the outer layer. This completes the fabrication of 
the outer layer with the result shown in Fig. 7. 

 
The brain TMM is then mixed and packed into the cavity 

left from the removal of the brain mould. Three 3D printed 
cylinders of 25 mm diameter were placed at various positions 
obliquely extending into the brain layer from the surface. The 
cylinders are pushed in as to penetrate to as near to the start of 
the outer layer as possible. The brain layer is built up and 
packed around these cylinders. Once the brain layer sets, the 
cylinders are removed to leave a brain layer with three 
cylindrical cavities. These cavities can be filled with plugs of 
phantom material to replicate lesions: haemorrhagic lesions in 
this study made from blood TMM. The placing of the 
cylinders extending the full thickness through the brain layer 
ensures haemorrhages can be modelled at all heights from the 
surface of the brain through to the base along the line of the 
cylindrical cavity. The cylinders are chosen to have a 25 mm 
diameter that enables lesions within an expected range of 
dimensions. For example intracerebral haemorrhages (ICH) 
are typically ellipsoid (Sims et al., 2009) with the median 
volume being about 17 ml in the acute stage (Mobashsher et 
al., 2016). A blood TMM lesion shaped as an ellipsoid with 
dimensions of 20 mm x 20 mm x 10 mm equates to this 17 ml 
volume. Simplified shapes include, for example, a sphere of 
diameter 25 mm or a cuboid of 20 mm3 both of which model a 
blood volume of 8 ml, or a cuboid 20 x 20 x 30 mm3 which 
corresponds to 12 ml volume of blood. Some of these 
simplified sample haemorrhagic lesions are shown in Fig. 8. 

The plugs of phantom material are fabricated using a mould 
of the same shape and dimensions as the cylinders used to 
produce the cavities. These moulds are in two halves and are 
shown alongside the cylinders in Fig. 8. Phantom material is 

 
Fig. 6.  Counter mould of the head made from polyurethane with the 
impression of the 3D printed head from Fig. 5 (left). The 3D brain mould is 
positioned in the head counter mould cavity with outer layer TMM laid 
down around it (right). The positioning of the brain within the cavity is 
based on anatomical information (Stokes et al., 2005) to ensure the 
placement is correct. A wire is placed around the brain, falling into the 
cerebral fissure on the topside, in order to aid removal of the brain after the 
outer layer sets. 

 
Fig. 7. Removal of the brain mould leaves the completed outer layer in the 
head counter mould. The impression of the outer brain surface is imprinted 
on the inner side of this outer layer. 
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worked into each half of the mould with the two halves joined 
together and kept in place using elastic bands until the plug is 
set. The material used can be wholly “Intermediate Brain 
Hybrid” TMM that results in plugs that complete the brain 
when inserted. Alternatively, the plug can be entirely of blood 
TMM that results in a gross haemorrhagic lesion of 25 mm 
diameter and extending full thickness through the brain along 

the line of the cylindrical cavity. Finally, discrete blood 
lesions of cuboid, spherical or other shapes can be fabricated 
and embedded in “Intermediate Brain Hybrid” TMM to result 
in a discrete lesion of known size and location in the plug. 
Examples of a complete plug and discrete lesions also are 
shown in Fig. 8. 
 The complete head phantom, after removal from the counter 
mould, is shown in Fig. 9. The result is a phantom of realistic 
anatomy, being made in two layers from realistic moulds. 
Further, the head phantom is mechanically robust as 
demonstrated by the ability to support its own weight, and is 
dielectrically accurate since the dielectric properties of the 
constituent TMM mixtures are known. Finally, the cylindrical 
cavities allow the introduction of phantom pathological lesions 
of known location and size. As such this head phantom 
provides a valuable test platform EIT studies related to the 
head and brain. 
 

IV. CONCLUSION 
In this work, solid tissue-mimicking materials (TMMs) 

have been developed for use in testing Electrical Impedance 
Tomography medical applications. Over the 1 kHz – 1 MHz 
range, the tissue-mimicking materials are designed to have AC 
conductivity profiles that cover the biological range of 
conductivities, as delimited by blood (high conductivity) and 
fat (low conductivity). Furthermore, the TMMs can be tailored 
to match the conductivity of any tissue or aggregate tissue, as 
demonstrated in this work through the TMMs for blood, fat, 
and composite models of the head tissues external to the brain 
and the tissues of the brain. Unusually highly conductive 
tissues such as CSF and urine can also be mimicked by the 
novel use of isopropanol, which increases the conductivity of 
a mixture. 

These TMMs are a valuable addition to the development of 
phantoms for EIT applications and offer significant 
advantages, including being dielectrically accurate and 
covering the biological range of AC conductivities occurring 
between 1 kHz – 1 MHz. Further, phantoms developed from 
these TMMs are easy to shape and mould, with a mechanically 
robust and stable shape. Modular, anatomically realistic 
phantoms can be developed using a selected set of phantoms 
as building blocks to give a mechanically stable, dielectrically 
accurate complete phantom structure. This concept is 
demonstrated through the development of an anatomically 
accurate head phantom that uses TMM mixtures modelling the 
tissues external to the brain and those of the brain itself. The 
head phantom also incorporates the ability to model 
pathologies using TMMs. Lesions of known size, shape, and 
location can be swapped in and out to allow easy 
implementation of a wide range of reproducible test cases to 
aid the development of EIT technologies. 
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Fig. 8. Cylindrical plugs (1) used to create the cylindrical cavities in the 
brain layer. Plugs of phantom material are then created using the 
corresponding mould (2). Material is packed into the two halves, which are 
then joined and allowed set. A completed phantom plug is shown in (3). The 
plug may be purely healthy brain mimicking TMM, purely blood TMM, or 
contain discrete blood lesions embedded in brain TMM of known size and 
location. Some examples of blood TMM lesions are shown (4). These lesion 
TMMs can be sized and shaped as required. The lesions are then inserted 
into the mould as shown by (5) and (6) where two lesions are positioned 
surrounded by brain mimicking TMM in one half of the mould, before the 
second half of the mould is placed on top, completing the phantom plug (3). 
 

 
Fig. 9. Final head phantom shown upright (top left, top right and bottom 
left) and inverted (bottom right). The inverted view shows the three 
cylindrical cavities, one of which has a cylindrical plug inserted. The 
cavities are at an oblique angle to maximize the area of the brain into which 
phantom lesions can be positioned.  
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