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Abstract: With the recent advent of smart wearable sensors for monitoring brain activities in real-time,
the scopes for using Electroencephalograms (EEGs) and Magnetoencephalography (MEG) in mobile
and dynamic environments have become more relevant. However, their application in dynamic
and open environments, typical of mobile wearable use, poses challenges. Presently, there is limited
clinical data on using EEG/MEG as wearables. To advance these technologies at a time when large-
scale clinical trials are not feasible, many researchers have turned to realistic phantom heads to further
explore EEG and MEG capabilities. However, to achieve translational results, such phantom heads
should have matching geometric features and electrical properties. Here, we have designed and
fabricated multilayer chopped carbon fiber-PDMS reinforced composites to represent phantom head
tissues. Two types of phantom layers are fabricated, namely seven-layer and four-layer systems with
a goal to achieve matching electrical conductivities in each layer. Desired electrical conductivities are
obtained by varying the weight fraction of the carbon fibers in PDMS. Then, the prototype system was
calibrated and tested with a 32-electrode EEG cap. The test results demonstrated that the phantom
effectively generates a variety of scalp potential patterns, achieved through a finite number of internal
dipole generators within the phantom sample. This innovative design holds potential as a valuable
test platform for assessing wearable EEG technology as well as developing an EEG analysis process.

Keywords: Electroencephalogram (EEG); Electrical conductivity; Composite material; PDMS;
carbon fiber

1. Introduction

Electroencephalograms (EEGs) and Magnetoencephalography (MEG) are used for
sensing and localizing the neural activities of the brain where EEGs record the electrical field
on the scalp and MEG records the magnetic field [1] of the brain tissue. These techniques
are non-invasive, which provide excellent resolution for measuring brain functionality
and connectivity. As such, with the advent of wearable sensors for real-time brain health
monitoring, EEGs and MEG can be potential tools. EEGs or MEG are typically carried out in
medical diagnostics where the system is used in a highly controlled and static environment.
For mobile wearable applications, EEG or MEG studies need to be carried out in a dynamic
and open environment. Currently, the clinical data of EEG/MEG as wearables or even as
a mobile system are very limited. To advance the technologies further, researchers have
leaned on applying EEGs or MEG on realistic phantom heads.

Recently, phantom (alternatively termed as simulant) heads with matching material
properties of head /brain tissues have been investigated for the confirmation of source
localization techniques in inverse problems [2—4], analysis of EEG signal processing tech-
niques [5], the validation of MEG data measurement [6], etc. In principle, human head
tissue simulant materials should have the features and details of a real human head tissue.
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As shown in Figure 1, the major layers in a real head tissue include the skull, meninges,
and brain tissue. The skull is like a sandwich structure where the spongy bone forms
the core, and the cortical bone forms the outer layers. The meninges primarily include
the dura mater, arachnoid mater, CSE, and pia mater. The most inner layer of tissue is
the brain tissue, and it can be subdivided into white matter and grey matter. Over the
years, many researchers have built various types of head tissue phantoms based on the
intended applications. In other words, phantoms are only designed to match certain types
of physical properties but not all. For our research, we focus on phantoms that mimic the
electrical properties of head tissue. It can be understood that the design of the phantom
head’s shape and the corresponding composition of the head simulant can heavily influ-
ence the analysis of brain activities. Therefore, if the phantom material’s properties do not
match the properties of head tissue materials, the mismatch may yield irrelevant data. As
such, the use of property-matching brain-simulant material is important to make a reliable
phantom head.

Cortical bone
Spongy bone
— Cortical bone

. Dura matter |

: Arachnoid matter
Meninges CSF

: Pia matter
Grey Matter
White Matter

Grey Matter

Figure 1. The red dotted part shows the detailed human head tissue layers. Among all the layers,
dura mater, arachnoid mater, and pia mater were not considered while making the sample. For the
4-layer head tissue model, the brain, CSF, skull, and scalp layers were considered. In the 7-layer head
tissue model, white matter, grey matter, meninges, cortical bone, spongiform bone, cortical bone, and
scalp layers were considered. The meninges in our 7-layered head tissue model are only represented
by CSE.

For the purpose of EEG analysis, electrical conductivities are the most important
parameters in accurate source localization and construction [7]. It is also important for
the accurate understanding of the electrical activity in the live and postmortem brain
tissues using EEG and MEG [8], which is critical to understanding the accurate neurological
functions [9], neurological and psychiatric disorders [10], probable treatment [11], and
recovery observations [12,13]. As such, the focus here is developing simulant materials
with matching conductivities of head tissue materials. This is because any variation in
Electrical conductivity in simulated human head layers has a huge impact on EEG source
localization methods. In dipole reconstruction analysis, the conductivity of the skull and
skin can impact the source localization up to 3 cm [14,15]. The human brain conductivity
of both the white matter and grey matter layers has less impact on source localization but it
can impact the strength and orientation of the sources [11].

Obtaining a skull from a cadaver is often difficult, and the experimental setup is
complex and limiting. For this, many studies have been conducted to mimic the electrical
properties of human head tissue layers. In [5,16], an effective single-layer head tissue model
has been used. As different conductivity layers of head tissue can have different loss factors,
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such single-layer head tissue models may be inadequate for understanding layer-by-layer
signal conduction and loss. In [2,4], a post-mortem human head skull with no scalp was
used to study the EEG and MEG signal analysis. As the skull is one of the main barriers
to ensure effective signal conduction, the role of the scalp and its conductivity cannot be
ignored [14,15]. In [2,3], three layers of the human head model (brain—skull-"pseudo’ scalp)
were used for testing EEG equipment and source localization techniques. The CSF layer
between the brain and skull has a significant effect [17] on the EEG sensitivity measurement.
It can be understood that EEG sensitivity measurement studies may be prone to errors
even if three layers are used in the phantom heads. Also, in the EEG source localization
calculations, the distribution of spongiform bone thickness can affect the field potential on
the scalp [18]. So, any design without detailed skull bone layers might affect EEG source
localization calculations. In [19], a detailed human phantom head geometry was built
using agar, gelatin, agarose, etc. In the study of [19], the material processing is simpler, but
the final product did not provide the skull conductivity as it is harder to reach the skull
conductivity using these materials [20]. In other studies [21,22], detailed phantom head
geometry as well as the head tissue layer were built but most of the materials used were
not durable and involved multiple components to create targeted geometry.

To design different layers of head tissue with matching electrical properties, it is
first important to understand the electrical properties of brain layers and possible mech-
anisms of achieving the properties using phantom materials. Based on the most recent
and comprehensive study on head tissue conductivities, it is known that the conductivity
of each layer varies greatly [23]. Also, as the signal generated by the human brain is an
analog signal, it changes with frequency [21,24]. Depending on the different mental tasks,
the dominant frequencies and amplitudes of the sources vary. Therefore, the layers that
have been manufactured for this study were tested in the targeted frequency range for
conductivity. The validation of the targeted frequency range is explained in the results
section in detail. There is also evidence of geometrical variations in human head sizes and
the thickness of each layer of head tissues. Considering all the variations, it is not feasible
to test each of them separately. Therefore, the goal within the specified frequency range
is to build each layer that closely matches the suggested or median conductivities [23].
Reference [23] provides the range of conductivities of brain tissue layers based on many
reported studies. A great focus is put on building a three-layer skull as the skull has the
most effect on effective signal conduction [14,15]. The other head layers considered here
are the ones that impose the greatest effect on EEG analysis [15,25]. Various researchers use
different methods to construct different layers. The existing phantom materials serve two
distinct purposes—one to match the mechanical properties [26,27] and the other to match
the electrical properties. Oftentimes, many of the electrically equivalent phantom head
materials are not durable, which severely limits its applications. Here, we use Composite
materials for constructing different phantom layers. As the composite matrix is made using
polymer, the durability is high [28]. In this method, conductive short fibers are mixed with
nonconductive matrix material. The weight fraction of the conductive fibers is varied to
tune the overall conductivity of the composites.

In this paper, multilayer head tissue is built using fiber-reinforced polymer Composite
materials. Two types of models, namely a four-layer and a seven-layer head tissue model,
have been designed, fabricated, and tested. The details of the fabrication procedure and our
approach to tuning the electrical properties are discussed in the next section. The electrical
properties of each layer are measured under different frequencies and compared with the
corresponding head tissue materials. Finally, the effectiveness of the phantom layers is
tested with an EEG and the results are discussed.

2. Materials and Method

The electrically equivalent phantom head materials were created using silicon com-
posites. Different filler materials of different concentrations were tested to achieve the
targeted conductivity. To produce a multilayer head phantom model, Polydimethylsiloxane
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(PDMS)—carbon fiber (PDMS-CF) composites are chosen. There are two steps involved
in the making of a phantom head material with the desired Electrical conductivity. First,
different filler materials of varying concentrations are selected to achieve the targeted con-
ductivity. The test samples are made according to the specifications, as shown in Figure 2.
Here, ‘Dielectric Spectroscopy” has been used to study the conductivity of the composites
at different frequencies. In the next step, the layers with the closest matching conductivity
of human head layers are combined to construct the multilayer head phantom materials.
In our study, since EEGs work on lower frequencies [3], the electrical permittivity of the
material is not considered.

(a) (b)

Figure 2. The detailed dimensions of the single-layer sample for conductivity testing; (a) front view
shows the inner (d;) and outer (dy) diameter differences and thickness differences of extended lips
and the main sample. (b) The top view provides the overall sample outlook. The samples were made
in a circular shape to match the top copper plate shape of the conductivity measuring machine. All
the dimensions are also according to the requirements and limitations of the conductivity measuring
machine. Only the inner portion (d;) was measured while measuring conductivity. The outer diameter
(dg) and the thickness t; were built to hold liquid CSF while making a 4-layer sample.

We argue that the human head tissue can be divided into seven layers as shown in
Figure 2 considering the scalp as one layer and ignoring subdural space [29]. In view
of this, we have constructed two types of multilayer phantoms, namely the ‘Basic four
layers’ (brain—cerebrospinal fluid (CSF)-skull-scalp) and the ‘Detailed seven layers’ types,
as shown in Figure 1. Each layer has different material properties. The details of the
head layers are shown in Table 1. After the confirmation of the conductivity testing, the
7-layered sample was tested for the capability of AC signal conduction using an EEG. As
the 7-layered sample has the most possibility of signal loss, this sample has been chosen for
EEG testing. The 7-layered sample was tested by wet EEG to confirm the validation of the
sample while developing EEG systems.

Table 1. Details of the as-fabricated head layers.

Number of Sample Layers Name of Sample Layers Thickness (f5) (mm)

Scalp 4.34+0.11
. Skull 3.53 +£0.50

Basic 4 Layers CSE 3400
Brain 3.93 £0.42
Compeact cortical bone (top) 1.09 £0.15

Skull Layers Spongy or trabecular bone 212 4+ 0.07
Compact cortical bone (bottom) 1.03 £0.35

Brain Layer Grey Matter 1.23 £ 0.46
White matter 3.33 £0.57
Scalp 1.5545 £ 0.082
Compact cortical bone 0.40475 £ 0.092
Spongy or trabecular bone 141402

Detailed 7 Layers Compact cortical bone 0.3475 £ 0.04
CSF 1.3925 + 0.204
Grey matter 0.8665 & 0.15

White matter 2.08125 + 0.1
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3. Experimental Procedure
3.1. Sample Preparation

The composites were all mixed in a weight-to-weight ratio. The matrix was PDMS,
and the filler was carbon fiber (CF). The PDMS itself is an insulator material. The CF is a
conductive filler. The concentration of carbon fiber affects the conductivity of the composite.
The length of CF was kept at 1000 pum and the width was 40 um. The CF was chopped
using a commercially available stainless steel grinder at 1200 RPM. Each batch of chopped
carbon fiber was then measured using a microscope to ensure the length of the fiber. The
PDMS and carbon fiber were mixed at room temperature using a commercial resin mixer
at 120 RPM for 30 min. Then, the hardener was measured and poured into the mixer,
and mixed for another 15 min. The samples were poured into a mold and the degassing
chamber was used to clear all air pockets inside the samples. The mold for the sample was
printed using a 3D polymer printer. Each mold filled with the mixture was kept for 36 h
at room temperature to cure. For each wt%, a minimum of 5 samples were manufactured
and tested.

The top copper plate of the sample holder in dielectric spectroscopy has a radius
of 12.5 mm, and the bottom plate has a radius of around 20 mm. So, the sample was

2
designed accordingly. The dielectric spectroscopy would measure only % volumes of

the sample. The extended lips of thickness t; and diameter (dy — d;) were designed to hold
the liquid CSF while manufacturing a 4-layer head tissue model sample, seen in Figure 3a.
For the 4-layer sample, the CSF was made by combining NaCl and DI water of desired
conductivity [30]. The CSF was then injected into the hollow space between the skull and
the brain layer. To ensure water-tight sealing between the layers, a thick layer of sealant
was used. The sealant was made with a PDMS and CF (5 wt%) composite. The sealant
layer was also dried for a day before injecting the NaCl and DI water mixture.

For the 7-layer head tissue model’s multilayer samples, seen in Figure 3b, the sample
diameter was kept at 40 mm and the thickness was varied for each layer.

It is observed that the typical skull thickness varies between men and women across
different regions: frontal (men: 7.8 mm; women: 8.6 mm), parietal (men and women:
10.1 mm), occipital (men: 10.1 mm; women: 10 mm), and temporal (men and women:
6 mm) [31]. Additionally, the normal scalp thickness for adult humans is about 5.8 mm [32].
Cerebrospinal fluid (CSF) thickness ranges from 2.1 £ 0.9 mm to 6.3 & 1.7 mm [33]. Gray
matter (38 mm =+ 12.7 mm) and white matter thickness (25.1 mm =+ 11.3 mm) also vary,
depending on the head surface location [34]. To maintain similar human head geometry,
the minimum total thickness of a 7-layer model would be 77 mm. The maximum thickness
for samples in dielectric spectroscopy is 11 mm. Variations in human head tissue thickness
have an impact on the conductivity of specific layers. The variations in the thickness of
human head tissues affect the conductivity of the specific layer [35,36]. Given the available
resources, greater emphasis has been placed on matching electrical conductivity than on
matching geometric thickness, as conductivity is the most important property that affects
EEG research the most [7]. The thickness of each layer of the prepared sample is shown
in Table 1. For each multilayer sample, the bottom layer has been prepared first. After
curing the bottom layer, the next layer according to Figure 1 has been prepared and cured.
Each layer has been measured using a digital screw gauge after curing. While pouring the
sample solution into the mold, a measuring scale was used to determine the approximate
thickness of each sample to ensure a consistent thickness. For multilayer samples, the newly
produced layer thickness was obtained by subtracting the preceding layer’s thickness from
the overall thickness of the measured layers. The CSF layer was made with a PDMS and
CF composite. The liquid CSF was not used to make this layer. The reason behind this is
the limitation of the dimensions of the dielectric spectroscopy machine’s sample holder.
The thickness of each sample is limited to 11 mm. As there are more layers involved, the
thickness of the sample was crossing the limitation of the thickness of the machine. To
solve the problem, the CSF layer was made with a PDMS and Cf composite. For cortical
bone layers, the mixture was poured into the mold, creating a thin layer. As the composite
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mixture viscosity was high, a paintbrush was used to spread the sample layer around the
corner of the mold. Each of the layers was produced individually and cured for 24-36 h
depending on the thickness of the layer. Thus, a batch of 7-layer tissue samples takes
around 9 days to complete and a batch of 4-layer tissue samples takes 6 days to complete.
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Figure 3. (a) A 4-layer head tissue sample model. (b) This shows the EEG testing setup of a 7-layer
sample. A 7-layer head tissue sample model is highlighted with the red line. The dimensions of these
are mentioned in Table 1. For testing in the conductivity measuring machine, the signal generator was
skipped from the layer. The signal generator was inserted in the grey matter area while processing
the grey matter and CSF layer only for performing the EEG test. The signal generator tip was made
of silver chloride and a signal was supplied from DAQ to the signal generator using copper wire. The
dimensions of the sample shown here are for the EEG testing sample which was prepared according

to the EEG electrode placing requirement.

3.2. Conductivity Measurement Process

In a regular conductor, the valence band and conduction band overlap, creating
a continuous band of energy states that allows charge carriers to move freely. On the
other hand, PDMS (Polydimethylsiloxane) is nonconductive, displaying a disordered and
amorphous structure, along with a substantial energy band gap [37] which causes the charge
carriers to become confined within localized states, giving rise to a phenomenon known as
hopping conductance. As a result, charge carriers can only migrate to neighboring empty
states by jumping over a potential barrier and using quantum mechanical tunneling [38]. In
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this study, the conductivity of the PDMS sample was measured using Broadband Dielectric
Spectroscopy (BbDS) (Novocontrol Technologies GmbH & Co. KG (Montabaur, Germany)).
This technique has been widely employed in the polymer industry to analyze the electrical
properties of polymeric materials. The experimental setup, illustrated in Figure 4, involves
placing the sample material between two conductive electrodes. The diameter of the
electrodes was maintained at 20 mm. A sinusoidal voltage (1 V;ms) is applied to one
electrode, while the output current is measured through the other electrode. Depending on
the material’s characteristics, the output current can either be in phase or out of phase with
the input voltage signal. The conductivity of the material was measured over a frequency
range of 1 Hz to 1 kHz at room temperature.

Area, A

Uy

o

®

Electrodes

/g Sample

Figure 4. The experimental setup for dielectric measurement of the sample.

To determine the complex conductivity, the first step is to measure the complex
dielectric permittivity, £*, as a function of frequency, w. Once the complex permittivity data
are obtained, mathematical relations between permittivity and conductivity are used to
calculate the complex conductivity of the material. When a voltage Uy (V) of fixed frequency
(w27) is applied to the sample, it results in a current I(A) at the same frequency, but with a
phase shift (D).

These relations can be expressed in complex notation as shown below [39,40].

U(t) = Upcos(wt) = Re (U*eiwt> (1)

I(t) = Iycos (wt + D) :Re(feiwt) 2)

Here, U* = Uy, I* = I’ +iI”, and Re indicates the only real part of the complex notation.
The magnitude of the current can be measured by the following equation:

Ip= /(1?7 +1") )

Applying an electric field to a material leads to a phase shift between the current and
voltage responses, and this phase angle can be measured by the following equation.

I/

tan(®) = I (4)
The impedance and capacitance of the sample can be determined using the equations

provided below.

. u- U
* !/ no_— -
" =7"+i7" = T il (5)
1
C*(w) = C' +iC" = - (6)

jwz*



Appl. Sci. 2024, 14, 2495

8 of 16

By utilizing the measured impedance and capacitance of the sample, the complex
permittivity can be determined using the following equation:
* —i

% o &
elw) =€ —ie Co wZ'(w).Co @)

Here, Cy = % and d is the gap between two electrodes.

Now, the second step requires Maxwell’s equation to calculate the complex conductiv-
ity. Complex conductivity includes both the real and imaginary (reactive) components. It
considers both the steady-state flow of current and also takes into account the effects of
capacitive and inductive components. In general, at very low frequencies, the real part of
AC conductivity approaches DC conductivity. The complex conductivity can be expressed
by [41,42]

o =0 (w)+io" (w) (8)

Here, o* is the complex conductivity, o is the real part of the complex conductivity, i is
the imaginary unit (/(—1)), w is the angular frequency of the AC field (radians per second),
and ¢ is the permittivity of the material. According to Maxwell’s equation, the current
density (j) and the time derivative of the dielectric displacement (%J) are equivalent.

j=0'E ©)

ab .
e iwe*egE (10)

By equating Equations (9) and (10), the expression for complex conductivity can
be derived.
0*E = iwe*egE (11)

" = iwe*ey = o’ (w) +io” (w) (12)

3.3. EEG Testing

The EEG testing was carried out to determine the validity of the prepared sample. The
signal-to-noise (SNR) ratio was measured to validate the functionality of the layered sample
while developing the EEG system. Since the prepared samples for measuring conductivity
were small, a different dimension of sample Figure 3b was prepared to perform EEG testing.
A signal generator probe was put inside the grey matter layer as electrical activity collected
by the EEG is from this region [43]. The wet EEG has been used to collect the signal. As
the sample was small, only one electrode was used. The EEG electrodes A1, CMS, and
DRL were kept on the skin layer. A horizontal dipole has been created using a signal
generator setup. Two ‘male to male’ wires placed horizontally in the grey matter layer with
a positive and negative pole were generated using an in-house data acquisition system.
The dipole signal generator was kept 10 cm away from the edge inside the grey matter
layer. The EEG electrode Al was also kept 10 cm away from the edge of the skin layer. The
wet EEG uses electrolytic gel (Signa Gel, Parker Laboratories Inc., Fairfield, NJ, USA) over
the human scalp to reduce signal loss. The skin layer was treated as real human skin and
conductive gel was used on the top of the skin layer. All the EEG probes were connected
with an analog to digital converter (A/D converter). The A/D converter was connected
to the computer where data were measured and recorded. The signal generator was
connected and controlled by the computer. The data acquisition system (DAQ) converted
the command into signal generation. Although the real brain signal is a combination of
different complex frequencies and amplitudes, here, a simple sine wave was supplied as
a source. As the target is to test the feasibility of these layers for an EEG, the complex
brain signal is not used. A simple sine wave of multiple frequencies and amplitudes was
generated by the signal generator and recorded in a PC using Biosemi data acquisition
software (ActiView 9.02). The recorded received signal is then used in MATLAB (R2021b)
to calculate the SNR.
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4. Results
4.1. Conductivity Test

The carbon fiber (CF) of approximately 1000 x 40 pm was chosen to make multilayer
head tissue material. The filler material was chosen depending on the processibility and
targeted conductive properties. Figure 5a shows the conductivity of different CF and PDMS
concentrations. The frequency range was considered from 0 to 1000 Hz. Note that the
neural activities in a clinically significant and normal human brain occur between 0 and
200 Hz [44,45]. We consider this as a low-frequency zone. High-frequency oscillation (HFO)
can range up to 500 Hz in the epileptic region of a patient suffering from epilepsy [44,46,47].
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Figure 5. (a) The effect of CF concentration on the conductivity of PDMS-CF composites. This study
provides a functional relation between conductivity and CF concentration, which is then used to
set the CF concentrations for different brain tissue layers based on their targeted conductivities.
(b) Combined conductivity of 4-layer and 7-layer samples, which are nearly identical over the range
of frequencies covered. Note that the 4-layered sample exhibits wider statistical variation than the
7-layered sample. (c) The conductivities of the whole skull and its sublayers (i.e., cortical and spongy
layer) are shown. The inner and outer layer compact bones were made out of the same wt% composite.
As the spongiform layer thickness is more than compact bones, the combined conductivity leans
toward the spongiform bone’s conductivity. (d) The conductivities of brain tissue (combined white
matter and grey matter), white matter, and grey matter are plotted.

In Figure 5a, we observe an increasing trend of conductivity with increasing CF con-
centrations. In addition, the conductivity of the composite within the targeted frequency
zone is almost constant. From this study, we obtain a functional relation between CF
concentration and the conductivity of the composites. Note that by varying the CF concen-
trations between 1% and 6%, the conductivities of the composite vary somewhere between
1072 (S/cm) to 107! (S/cm). Table 2 shows the known electrical conductivities of different
head tissue layers. It can be observed that the conductivities of head tissue layers vary
between 107> (S/cm) to 1072 (S/cm). As such, we can process different brain tissue layers
with matching electrical conductivities by varying CF concentrations between 1% and 6%.
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The required carbon fiber concentration for each layer of head tissue is shown in Table 3.
The corresponding electrical conductivities of head tissue layers are shown in Figure 5b—d.
Figure 5b shows the conductivity of 4-layer and 7-layer head tissue samples. Figure 5c¢,d
highlight the conductivity values of the skull and brain tissue layers. Note the variation in
properties between the combined layers and their sublayers. Collectively, the measured
conductivities provide various combinations of Electrical conductivity values of different
regions of brain tissue as well as the whole tissue.

Table 2. The conductivity lists of recommended, median values, and achieved conductivities of the
head layers manufactured.

Name of the Layer Recommended (S/cm) Achieved (S/cm)
Scalp 41x1073 45x1073
Outer Compact Bone 5x107° 5x107°
Spongiform Bone 48 x 1074 7.5 %1074

Inner Compact Bone 7 %1072 5x107°

CSF 171 x 1072 2x1072

Grey matter 470 %1073 450 %1073
White matter 22x1073 23x1073
Name of the Layer Median Value (S/cm) Achieved (S/cm)
Brain 35x10* 0.5x10~*

Dura 6 x107* 8 x 107

Spinal Cord and cerebellum 1.60 x 1073 23 %1073

Eye 5.05 x 10~* 8 x 1074

Table 3. Carbon fiber concentration for each of the head layers manufactured.

Number of Layers Name of Layers CF (wt%)
Scalp 5
. Skull 2
Basic 4 Layers CSF Saline water
Brain 5
Compact cortical bone 1
Skull Layers Spongy or trabecular bone 2
Compact cortical bone 1
. Grey Matter 5
Brain Layer White matter 4
Scalp 5
Compact cortical bone 1
Spongy or trabecular bone 2
Detailed 7 Layers Compact cortical bone 1
CSF 6
Grey matter 5
White matter 4

The targeted conductivity values were chosen from the statistical study of human
head tissue [23] as shown in Figure 6. Note that the values and the statistics reported in
Figure 6 include 56 previously conducted experimental data points on various head tissue
layers. The comparison between the achieved value and recommended value is also shown
in Figure 6. The recommended value came from paper [23], where the study performed a
statistical procedure called ‘meta-analysis’ for examining data from 56 independent studies
and then determining average values. The median value has been taken from the boxplot
diagram of the same study [23] which shows the variation in conductivity in different
tissue layers. In Figure 6, the first and fourth solid line of each box is the first and third
quartile accordingly. The third solid line of each box is the median of the study. Now, the
recommended conductivity values [23] are available for a skull, its sublayers, CSF, brain
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tissue, white matter, gray matter, and scalp. In most cases, the recommended conductivity
value of each layer or region is the median value obtained from the statistical analysis [23].
For further details on how the recommended values are obtained, the readers are referred
to Ref. [23]. We set the composite composition for each layer to match the recommended
values. From Figure 6 and Table 2, it can be observed that most of the achieved values are
close to the recommended values. Although the spongiform’s targeted conductivity is much
higher than recommended, the three-layer skull bone (outer compact-spongiform—-inner
compact) showed a similar conductivity compared to the recommended one. The brain
layers (white matter and grey matter combined) do not have a recommendation in [23],
but our combined GM-WM layer exhibits similar conductivity compared to the median
value, as shown in Table 2. Table 2 also shows the specific values of the recommended
and achieved conductivities of each layer. While not included in our current study, we
also acquired the carbon fiber concentrations to align with the conductivities of the eye,
cerebellum, spinal cord, and dura. It should also be noted that there are no data available on
the combined conductivity of the whole head tissue. As our separate layers and sublayers
match very well with the recommended values of the corresponding layers, we argue that
the overall conductivity of the head tissue we report here reflects the overall conductivity
of human head tissue, and the value can be used for models requiring conductivity of the
whole head tissue.
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Figure 6. Boxplot showing the variation in head tissue conductivity in different studies reported
in [24]. It highlights the interquartile range, median, and extremes (minimum and maximum) of
different head tissue layers that were manufactured. The recommended conductivity from study [23]
is the black dot and the achieved conductivity [our study] from the sample for each layer is the
red dot.

4.2. EEG and Signal-to-Noise (SNR) Ratio Calculation

The signal-to-noise ratio measures the ratio of the supplied signal and the noises
received by the electrodes along with the supplied signal. The higher the signal-to-noise
ratio, the more the electrodes receive the noise-free signal. The signal-to-noise ratio was the
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200
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difference between the peak-to-peak amplitude between the source and the scalp potential.
Here, the scalp potential refers to the data that were received by the EEG electrode. For
practical purposes, noise can be added depending on the experimental requirement. Two
types of SNR experiments were performed. In type A (t4), the amplitude of an artificially
supplied sine wave was kept constant at 10 mV and the frequency varied from 10 to 1000 Hz.
In type B (tp), the frequency of the sine wave was maintained at 10 Hz and the amplitude
was varied. The amplitude of signals received by scalp or wet EEG is around 100 pV [48].
However, the generated signal is supposed to be higher than the signal received by the
scalp EEG. Electrocorticography (ECoG) which is referred to as subdural EEG places the
electrodes directly on the surface of the brain [48]. As we placed our signal generator on the
grey matter of the brain, the amplitude generated by the generator should be equivalent
to the signal received by the ECoG. The signal amplitude SNR comparison between the
EEG and ECoG [49] shows that ECoG has a 20-100 times higher SNR than the EEG. So, the
amplitude range considered for the experiment was 500-20,000 uV or 0.5-20 mV.

In Figure 7a, the results of SNR for type t4 are shown. There is a trend of increasing
SNR between 0 and 100 Hz and 500 and 1000 Hz. The SNR drops between 100 and 500 Hz.
All the SNR ratios except for 500 Hz show a positive value. This means that the signal
received by the electrode is higher than the noise it received along with the signal. The
highest SNR of 7.2616 dB for the t 4 experiments was found for 100 Hz. The lowest SNR of
—1.71 dB was found for 500 Hz. In Figure 7b, the results for type tp are shown. A general
increase in SNR with an increase in amplitude is observed with the exception of 10 mV. The
SNR for the 10 mV amplitude still provides a positive SNR, which proves that the signal
received is higher than the noise received with the signal. The lowest SNR of —9.9 dB is
for the 0.1 mV amplitude, which is a very low amplitude. For this type of low-amplitude
signal, different techniques can be applied to improve the SNR of received EEG signals [50].

500 600 700 800 900 1000 -‘nﬂ 0.2 0.4 0.6 0.8 1:2 14 1:6 18 2

1
Frequency (Hz) Amplitude (V) x10*

(a) (b)

Figure 7. (a) SNR for 1 mV amplitude and varying frequencies. (b) SNR for 10 Hz frequency and
varying amplitude.

5. Discussion

In this study, we developed a multilayer electrically equivalent head tissue phantom
and showed that the conductivities of individual layers as well as the overall conductivity
of the four-layer and seven-layer head tissue are well within the reported values. The
target conductivities of different layers of our human head tissue phantom were based on
the report that summarized the conductivities of head tissue layers out of 56 independent
studies [23]. We have shown that our Composite material system reasonably matches the
desired conductivities, as shown in Figure 6. We argue that both our four-layer and seven-
layer phantom models represent electrically equivalent phantom head tissue (Figure 1). As
such, for future studies, any of these models can be used. However, our main motivation
for building two different phantom tissues emanated from a specific application point of
view. For instance, depending on the posture type of the human body (i.e., standing, sitting,
or lying flat in a prone or supine position), the CSF layer thickness may vary, which, in turn,
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can alter the effective conductivity and signal intensity detected by an EEG [51]. In studies
where CSF thickness variation matters the most, the four-layer model will be more suitable.
When studies involve the effect of multiple factors such as CSF, skull, scalp, and depth of
white matter or gray matter, then the seven-layer model should be used. The seven-layer
model is also suitable for EEG studies where a more comprehensive phantom head tissue
model is used. Such phantom head cases include skull, scalp, CSE, white matter, gray matter,
eye, cerebellum [52], spinal cord, and dura [53]. By supplying any prerecorded data to the
signal generator, the same response can be created in phantom heads, manufactured using
any of these layers. Using these phantom heads, EEG equipment testing, electrode design
upgrade and testing, as well as suitability testing of EEGs in various dynamic environments
can be performed and compared especially when human subjects are not present.

Each of the layers individually and collectively can withstand the signal generation
inside them without changing the electrical and physical properties of the material. There-
fore, the SNR is unaffected by the signal supply inside the phantom layers over a lengthy
period. When a phantom head is constructed utilizing these layers, several experiments
can be carried out when conductivity is a major issue. As such, our modular material
system is suitable for a wide range of applications. This study can offer a recipe for creating
the layers as well as the ability to alter their thickness and geometry for any experiments
examining the effect of only a single layer’s thickness on EEG errors [53,54]. The SNR study
of the manufactured layers in Figure 7a,b can provide confidence in generating synthetic
brain signals for the experiment [55,56].

It should be noted that all the studies only considered the electrical properties, mostly
conductivity, but other properties like mechanical or thermal properties are not considered.
For future work, head tissue layers capable of withstanding very high-frequency oscillation
(VHFO) over 1000 Hz frequency [57] can be impactful in studying epileptogenic zones.
The signal-to-noise ratio (SNR) for certain lower amplitude signals often exhibits negative
values, indicating that the EEG receives more noise than the real signal. Such issues can
be improved by changing the experimental setup or by improving the quality of the EEG
probe. A full phantom head with human head geometry is not built and analyzed in
this paper. So, the geometry modeling error will be present in the analysis of source
localization. Most of the EEG studies conducted for detecting neurodegenerative disease,
alertness level, and fatigue detection are performed by analyzing frequencies, especially
the frequency power. These frequencies are known as dominant frequencies and vary
depending on different human tasks. These dominant frequencies are divided into ranges
such as Alpha (7-12 Hz) [58], Beta (12-30 Hz) [59], Gamma (25-50 Hz) [60], etc. These
ranges are selected considering the fact of human subject variations. Also, in some studies
such as inverse problems, the detailed geometric accuracy is considered unnecessary [61].
The source localization studies are the most affected by this geometric modeling error. In
real life, when individual head scanning is not possible for source localization studies,
changing some experimental setups such as increasing the number of electrodes [62],
incorporating close to accurate skull conductivity in the calculation [63], and using more
accurate 3D-measured co-registered electrode positions [63] has been suggested. So, tests
include analyzing frequency power in certain regions of the brain in static and dynamic
environments that can be performed with phantoms built using these layers.
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