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Abstract
This thesis presents a study of the measurements of a brain phantom designed for 
electroencephalography (EEG) research. The brain phantom mimics the electrical 
and structural properties of the human head, enabling precise control over experi-
mental conditions. The core of this study is to provide a comprehensive set of EEG 
measurements where the underlying source signal distribution is known, which ob-
viously is not the case in human measurements.
To assess inter-trial and inter-individual variability, all measurements were re-
peated on the same day, on two different days (different cap montage) and with 
three different gel filling which determine the internal conductivities ("inter-indi-
vidual" variability).
Initial challenges, including incomplete gel filling and unstable connections, are ad-
dressed through the design of an advanced refilling system and enhanced connect-
ors. The study also involves the construction of complex source brain signals, which 
were systematically tested to ensure their richness in information and similarity to 
real-world neural dynamics. Using these optimized signals and an improved phan-
tom filling, EEG data were collected, analyzed, and validated.
The research emphasizes the importance of balancing biological plausibility with 
experimental simplicity in signal design, incorporating features like smoothly var-
ying frequencies and noise to mimic natural brain activities. In addition, simple de-
composition algorithm, such as Independent Component Analysis (ICA), was con-
ducted as an indicator to estimate the complexity of source signals.

Keywords   brain phantom, refilling system, source signals, EEG measurement, 
decomposition analysis, inter-individual variability 
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Chapter 1

Introduction

1.1 Motivation

Electroencephalography (EEG) is a widely-used, non-invasive technique that records brain activ-
ities by placing electrodes on the scalp. It captures the electrical potentials generated by neurons
�ring in the brain, and translates these signals into data that researchers can analyze. The jour-
ney of the brain’s electrical signals to the scalp involves traveling through complex layers of brain,
cerebrospinal �uid (CSF), skull, and scalp, each of which alters the original signals. Through
research on EEG, brain activity patterns could be decoded to gain insights into neurological
function and dysfunction.

However, research on EEG has limitations on data from real human brains. The physical
and electrical properties of the head vary across individuals, and the distortion caused by the
intermediary tissues makes it di�cult to accurately reconstruct the original neural activity from
surface-level EEG signals. This challenge is further compounded by the fact that the number of
possible sources of brain activity far exceeds the number of electrodes available.

To overcome these challenges, a brain phantom, which is a physical model designed to repli-
cate the electrical and structural properties of the human head, is necessary to be developed as
a simpli�ed brain to conduct research on algorithms related to EEG. Unlike working with real
human subjects, using a phantom provides researchers with full control over the experimental
setup. For instance, the phantom allows researchers to introduce precisely known sources of elec-
trical activity, such as simulated neuronal signals, at prede�ned locations. This makes it possible
to assess how accurately EEG equipment and signal reconstruction algorithms can localize the
sources of brain activity.

After constructing a brain phantom, the process of obtaining meaningful data becomes equally
critical. The experimental setup can be tailored to address speci�c research questions. For in-
stance, di�erent source signals can be designed to simulate various neural activities, or, solutions
of di�erent conductivities can be �lled to study the impact of tissue properties on EEG signal
propagation. Through such customization, the brain phantom enables targeted investigations
into speci�c scienti�c or medical problems, providing controlled and reproducible environments
to test hypotheses and optimize computational algorithms.

1.2 Related Work

1.2.1 The newly constructed phantom

This phantom was originally conceptualized and designed by Nadine Heere as part of her mas-
ter’s thesis (Heere, 2021). Nadine laid the foundation by developing a model that incorporated
anisotropic properties of the human skull and realistic conductivities for various tissue layers,
which is a modular design that could be reproduced using 3D printing technologies. Following
this, Paul Wilhelm further re�ned and completed the phantom during his research internship
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1 Introduction

(Wilhelem, 2022), focusing on calibration and integrating arti�cial neuronal sources. The ap-
pearance of the completed phantom is shown in 1.1a.

Structure of the phantom
The structure of the phantom consists of several compartments designed to mimic the layered

composition of the human head. At its core, the brain compartment represents the internal
structure of the brain. The brain compartment reserves space for arti�cial dipole sources to
be inserted, which simulate neuronal activity and serve as a ground truth for testing source
localization algorithms. Surrounding the brain compartment is a shell representing the skull,
which was designed with a thin, non-conductive plastic layer. Between the skull and brain
compartments, the CSF layer is represented by conductive plastic material, providing a realistic
medium for signal propagation.

The design of the phantom also includes inlets and outlets for the brain and skull compartments
separately, which enable precise �lling of these cavities with conductive solutions. In the original
design, the solutions should be �lled in through the big inlet and air therefore comes out from
the small outlet. Besides, silicone caps were constructed by Paul to seal the openings.

(a) Completed phantom (b) Scheme of the antennas and connector

Figure 1.1: The newly constructed brain phantom

Arti�cial neuronal signal sources are embedded in the brain compartment and can emit con-
trolled electric signals that simulate real neuronal activity. Nadian designed the dipoles within
a vascular-style structure. Paul customized 10 antennas and put them into the phantom, with 5
antennas per hemisphere. Besides, a universal connector was designed to connect the antennas
and the signal emission device, as shown in �gure 1.1b.

The materials used in the phantom were chosen for their speci�c properties. For the scalp and
CSF layers, conductive PLA mixed with carbon black was utilized. This material was printed
using precise in�ll patterns to achieve resistivity values comparable to those of human tissues.

Filling of the phantom
Filling is an important step since it determines how well the signal propagates inside the phan-

tom. Initially, Nadine designed to use NaCl solutions to �ll the brain and skull compartments.
These solutions were calibrated to mimic the conductivity of human tissues, with target values
of approximately 1550� S/cm for the skull, and 33496� S/cm for the brain.

A practical challenge identi�ed was the leakage of the NaCl solutions from the thin and complex
cavities of the phantom, particularly in the skull compartment. The leakage not only led to the
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loss of the solution but also risked altering the conductivity of adjacent layers. Thus, Paul
replaced the pure NaCl solutions with a mixture of NaCl and sodium polyacrylate, which is a
gel-forming agent, thereby reducing the risk of leakage.

This approach achieved a stable gel-like consistency that maintained conductivity while pre-
venting undesired �ow. However, the inclusion of sodium polyacrylate posed additional chal-
lenges. The interaction between sodium polyacrylate and NaCl resulted in a slight deviation
from the target conductivities, necessitating further re�nements in future iterations. In addition,
the mixture of NaCl solution and sodium polyacrylate becomes more viscous over time. This
increased viscosity signi�cantly reduces the �uidity of the solution during the �lling process.
Even the �lling is carried out immediately after mixing, it is hard to ensure that the phantom
can be completely and smoothly �lled.

1.2.2 Simulation of brain signals

Previous studies have demonstrated that while brain signals are not simple sine waves, they
exhibit signi�cant correlations with such waveforms. One research (Suppes & Han, 2000) inves-
tigated the feasibility of representing brain waveforms as a superposition of a few sine waves.
Based on EEG data, the study applied Fast Fourier Transform (FFT) to extract high-energy
frequencies associated with brain activity. These dominant frequencies were then used to con-
struct sine waveforms, which were combined to approximate the EEG signals elicited by speci�c
words and sentences. The experimental results indicated that brain waveforms associated with
words and sentences could be e�ectively classi�ed and identi�ed using a few frequencies, typically
within the range of 2 to 15 Hz. In another research (Kirschfeld, 2005), the author focused on
alpha waves (frequency range 8�13 Hz) and their relation to the Berger e�ect, a phenomenon
in EEG studies where alpha activity is modulated by visual stimulation or cognitive tasks. The
research was based on that alpha waves can be represented as a linear superposition of sinusoidal
components.

When it comes to simulation of brain signals inside a phantom, researchers have designed
various simulated signals to achieve di�erent research objectives. One research (Leahy, Mosher,
Spencer, Huang, & Lewine, 1998), which investigated dipole localization accuracy based on EEG
data, applied a simple 10 Hz periodic sine wave as the simulated brain signal. Each dipole was
activated sequentially for 1 second with no temporal overlap between activations. Similarly,
another research (Oliveira, Schlink, Hairston, König, & Ferris, 2016) also used the simpli�ed sine
signals to explore the impact of vertical motion on EEG signals and the e�ectiveness of removing
motion artifacts. In this study, three dipoles were con�gured in the phantom, with each dipole
generating sine signals of di�erent frequencies: 6 Hz, 10 Hz, and 25 Hz, respectively.

In addition to feeding simpli�ed periodic sine signals to dipoles, another research (Audette,
Bieszczad, Allen, Diamond, & Kynor, 2020) inputted calculated driving signals into the dipoles
to achieve the playback of actual EEG signals on the phantom. Firstly, a known signal (e.g.,
a 10 Hz sine wave) was sequentially fed to each of the 34 electrodes inside the phantom, and
the corresponding EEG response was recorded for each electrode. Based on the recorded EEG
data, a transfer function matrix was constructed. By inverting the transfer function matrix, a
calibration matrix was obtained. This calibration matrix was then used to compute the driving
signals corresponding to actual EEG signals, enabling the playback of real EEG signals on the
phantom model.

1.2.3 Filling a phantom

Filling a phantom with �owing solutions or gel is not as straightforward as simply pouring the
material into it. During the �lling process, air bubbles are likely to form, which can interfere
with the homogeneity of the medium. Additionally, ensuring that every part of the phantom,
especially those with complex internal structures, is completely �lled can be challenging.
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One study (Iida et al., 2013) developed a 3D brain phantom with anatomically realistic struc-
tures for evaluating PET/SPECT imaging. To prevent air bubbles, the phantom’s compart-
ments were designed with continuous connectivity, ensuring no isolated spaces where air could
be trapped. The �lling process used distilled water with detergent to reduce surface tension and
a bone-equivalent K2HPO4 solution, while precise manufacturing techniques ensured smooth
internal surfaces to avoid bubble retention. Another study (Azimbagirad, Grillo, Hadadian,
Carneiro, & Murta, 2021) kept the sample in the oven for �ve hours to eliminate bubbles, but a
few bubbles still existed.

Figure 1.2: The newly designed �lling apparatus in Toyonaga’s research

In the research (Toyonaga et al., 2023), to prevent bubbles during the �lling process, a specially
designed circulatory �lling system was designed. As shown in �gure 1.2, a submergedpump
creates continuous �ow in the closed loop between the reservoir tank and the phantom. This
system circulated a radioactive solution, which is with distilled water and a surfactant to reduce
surface tension, through the phantom, ensuring quick and bubble-free �lling.

1.3 Objective

The main goal of this master thesis is to obtain measurements of a set of complex signals using
the newly constructed phantom. Prior to conducting the measurements, several preparatory
steps are required to solve the existing problems of the phantom. Next, the complex source
signals should be designed through programming and implemented by a signal emission device.
Finally, EEG measurements of the designed source signals will be conducted on the optimized
phantom.

Speci�cally, this master thesis consists of the following parts:

ˆ Optimization of the phantom: During the initial EEG measurement on this phantom
at the beginning of the thesis, it was observed that only very weak signals could be received,
and in some cases, the signals were di�cult to detect. This indicates that the phantom
has certain problems. Possible de�ciencies include leakage or evaporation of the gel within
the phantom, incomplete �lling during the last �lling process, the presence of air bubbles
inside the phantom, or unstable connections between the dipoles and signal cables. While
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the exact reason is uncertain, physical adjustments to the phantom are necessary. These
adjustments will include the following:

� Design and fabrication of a re�lling system: This system ensures that the gel
fully �lls the phantom and reduces the presence of air bubbles.

� Redesign and fabrication of the connector: The connection between the dipoles
and signal cables will be rebuilt to achieve a more stable connection.

ˆ Design of the source signals: One of the purposes of constructing the phantom is to
enable the input of various controllable source signals to generate diverse measurement
data, which can then be used for algorithmic studies, such as source signal separation
algorithms or back-projection algorithms. Therefore, the design of source signals needs
to consider the requirements of future algorithmic advancements. A set of interconnected
yet comprehensive signals should be designed to provide maximum support for potential
research questions within the limits of the data volume.

ˆ Acquisition of EEG data: Based on the preceding steps, EEG measurements will be
conducted on the optimized phantom to obtain the required data. Subsequently, a basic
analysis of the acquired data will be conducted to evaluate the quality of the measurement
and ensure the reasonableness for future studies.

1.4 Outline

Chapter 2 describes the methods used in this thesis. It begins with the design of the re�lling
system, detailing how pumps are utilized to enhance the re�lling process, how adapters are
designed to ensure the gel could be smoothly delivered to the correct compartments, and how a
support structure is developed to stabilize the phantom during the re�lling process. Additionally,
this chapter describes the design and test of source signals to ensure they share certain similarities
with real brain signals while being information-rich and reasonable enough to support algorithmic
applications. Finally, this chapter presents the measurement table, outlining how di�erent source
signal variables, such as frequency, source location and noise level, are designed for the planned
measurements.

Chapter 3 reports the results obtained by applying the methods described in Chapter 2.
This includes the practical implementation of the re�lling system, as well as the analysis of the
measurement results after completing the EEG measurements.
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Chapter 2

Methods

Chapter 2 introduces the setup and methodologies used in this study. Section 2.1 presents a
re�lling system that utilizes an air pump to powerfully suck gel into the phantom, making the
inner compartments of the phantom �lled as much as possible. In Section 2.2, di�erent types of
source signals are introduced, and preliminary sanity tests are conducted for each signal type,
laying a foundation of feasibility for subsequent experiments with real EEG equipment and
helping to establish the boundaries of the experimental design. Finally, Section 2.3 outlines the
design of the measurement table, which includes the data required to address multiple research
questions while keeping the dataset at a proper size.

2.1 Re�lling System

During the process of �lling conductive gel into the phantom, several challenges arise due to the
characteristics of the gel. The gel itself is thick, and its viscosity increases over time, making it
more di�cult to quickly and e�ectively �ll the phantom. Additionally, it is hard to determine
whether the phantom has been completely �lled or there are still air bubbles inside. To address
these challenges, a powerful re�lling system is required to �ll the gel even into small cavities
within the phantom.

In addition, the brain phantom brings advantages to easily constructing "di�erent brains"
by �lling gel with slightly varying conductivities to mimic human brain variability. This way,
we can measure a small population of phantoms but avoid the tedious process of printing and
assembling another one. Therefore, a re�lling system that supports complete and repeated
re�llments is necessary to ensure experimental precision and reproducibility.

The re�lling process contains four use cases. Each of the two compartments has two cases, as
shown below:

ˆ Old gel out: wash out gel with large amount of water; repeat the step until �nally only
water run out; then dry the phantom;

ˆ New gel in: suck out air, thus actively drawing the gel into the phantom.

In the following subsections, the overall design of the re�lling system will be introduced �rst,
and then details of how the self-made adapters are designed to support the connection in the re-
�lling system and a support frame to stabilize the procedure are described; �nally, an explanation
of steps to wash and re�ll the phantom is given.

2.1.1 Overall Design of the New Re�lling System

Initially, it was planned to use distilled water mixed with NaCl but leakage caused by small
imperfections (holes) made it necessary to use gel instead. Given the viscosity of the gel, passive
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Figure 2.1: Overall design of the re�lling system

�lling by gravity showed to be ine�cient and results in incomplete �lling, particularly in hard-
to-reach areas of the phantom.

Therefore, an active approach to pushing or sucking the gel into the phantom is necessary. To
achieve the aforementioned objectives, the re�lling system must be designed to provide su�cient
force to ensure the complete re�lling of the thick gel into the phantom, rather than relying on
the natural �ow of the gel.

An air pump can be integrated into this system to provide the required force. Speci�cally, the
air pump can be used to create a vacuum chamber, which would generate a pressure di�erential
between the vacuum chamber and the air inside the phantom. This pressure di�erence would
result in the air within the phantom being actively drawn out to the vacuum chamber, thus
creating a void within the phantom. As the air is evacuated, the prepared gel is simultaneously
drawn into the phantom, �lling the space left behind by the removed air.

Figure 2.1 shows the overall design of the re�lling system. On the most left of the �gure is
an air pump, which could generate a vacuum chamber to provide the necessary force for the
re�lling process. Connected to the air pump is a tank, which is used as the vacuum chamber.
The chamber is equipped with two valves on the top: one linked to the air pump and the other
to the phantom. On the most right, a liquid container, which is used to contain prepared gel, is
positioned at a higher place to allow gravity to assist in accelerating the �lling.

When it comes to how to use the re�lling system in di�erent cases, the structure of the openings
at the bottom of the phantom has to be considered �rst. The skull and brain compartments are
each equipped with a corresponding inlet and air outlet, as shown in �gure 2.2. The purpose of
the inlet is to allow pre-prepared gel to be �lled into the designated compartment through this
port. Meanwhile, the air outlet releases air from the compartment as the gel is �lled in, ensuring
that air is expelled simultaneously, allowing for consistent solution distribution throughout the
compartment. However, there is a size di�erence between the phantom’s air outlet and inlet,
with the outlet being signi�cantly smaller as it was originally designed to �ll in water only.

Considering the gel has much higher viscosity compared to water, in the �rst case "old gel
out", the water should be �lled in through the small air outlet and the old gel should be extracted
through the big inlet. Speci�cally, the air outlet is connected to the liquid container (with water
inside), while the inlet is connected to the vacuum chamber. By creating a pressure di�erential
between the vacuum chamber and the interior of the phantom, the system simultaneously draws
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Figure 2.2: Outlets and inlets at the bottom of the phantom.

water from the container into the phantom and suctions the gel into the vacuum chamber. This
process should be repeated multiple times, using a large volume of water to thoroughly rinse the
phantom’s interior, ensuring that all residuals of the old gel are completely removed.

The scenario of "new gel in" requires reversing the previous connections: the new gel should
be drawn in through the larger inlet, while air is extracted from the air outlet. Speci�cally, the
inlet is connected to the liquid container holding the new gel, and the outlet is connected to the
vacuum chamber. This setup ensures that the gel is e�ectively pulled into the phantom while
the displaced air is evacuated.

2.1.2 Design of Adapters

To use the vacuum to actively suck out/pour in gel with high viscosity, an adapter is needed to
support the connection between the tubes and the phantom. Ideally, one adapter only could be
used for all 4 use cases mentioned above.

To achieve the goal, the following requirements/constraints should be considered:

ˆ Two compartments: The adapter should �t either of the two compartments while work-
ing on only one compartment in each use case; i.e., the brain compartment and skull
compartments are operated separately when washing or re�lling.

ˆ Fixed gel channel: Gel with high viscosity can only pass through the large "inlet", no
matter whether it is being sucked out or poured in.

ˆ Good quality: The adapter should be durable and waterproof.

ˆ Sealing: The adapter itself should provide good sealing though extra sealing could be
supplied by external mechanical force like strips or clamps.

Thus, the basic concept of designing the adapter is as follows:

ˆ Material: Silicone could be used to provide the characteristics of waterproof and good
sealing; also it is easy to be made with.

ˆ Split adapter: The adapter could consist of two split parts, one dealing with "which
compartment is being processed", the other dealing with "which side the vacuum sucks".

Figure 2.3 is an illustration showing the side-sectional view of how two tubes are connected to
the brain phantom’s inlet and outlet.
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Figure 2.3: Side sectional view of adapters connecting tubes and phantom outlet/inlet

The lower part of the image represents the upside-down phantom, such that the 4 inlets/outlets
are on top. The upper part of the image shows an adapter designed to connect two tubes to
the inlet and outlet of the same compartment. The connection involves two adapter parts, with
adapter 2 (orange-�lled area) embedded in adapter 1 (green-shadowed area).

Adapter 1 chooses which compartment is being dealt with. Tube 1 and tube 2 are secured
within adapter 1 and are aligned with the inlet and outlet of one compartment of the phantom,
respectively. As shown in �gure 2.3, the brain compartment is targeted in this case.

The e�ect of adapter 2 is to block the other compartment, which is not being processed at the
moment. Adapter 2 is necessary due to the close distance of the two air outlets at the bottom of
the phantom, which means connecting the tube to one of the outlets inevitably a�ects the other
outlet. Adapter 2 is positioned beneath adapter 1. E.g., in �gure 2.3, adapter 2 blocks the skull
outlet.

Additionally, a small circular protrusion is designed on the right side of adapter 2. This
protrusion extends downward into the other inlet, ensuring the proper positioning of adapter 2
and preventing it from sliding or rotating during the wash or re�ll process.

Since adapter 2’s dimensions match the internal length and width of the recessed area at the
bottom of adapter 1, adapter 1 could be tightly �tted onto adapter 2. Thus, adapter 1 can also
remain stable without any displacement or rotation during use.

Figure 2.4 shows the side-sectional views of the two molds that are used to build the two
adapters mentioned before. The black-�lled area represents mold, which could be made using
3D printing technology. The shadowed area refers to the expected shape of adapters, which could
be made by pouring liquid silicone into the molds.

Figure 2.4a depicts how mold 1, which is used for making adapter 1, is designed. Mold 1 has
the following features:
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(a) Side-sectional view of mold 1

(b) Side-sectional view of mold 2

Figure 2.4: Side-sectional view of molds for building adapters

ˆ Overall shape: Mold 1 is a hollow cuboid with several protruding parts on the interior.
Its length and width are designed to cover all the openings at the bottom of the phantom
without exceeding the size of the phantom bottom.

ˆ Rectangular protrusion: The rectangular protrusion located in the center of the bottom
is designed to make space for adapter 2, meaning that its length, width, and height must
match those of the designed adapter 2. This ensures that the resulting adapter 1 after the
silicone is poured and cured will have a tightly �tting space at its base for adapter 2 to be
embedded.

ˆ Two conical-like protrusions on the rectangular protrusion: These two conical-like protru-
sions are speci�cally designed to secure the tubes in place. The widest part of each cone
must have a diameter larger than the inner diameter of the tube to ensure a tight �t when
the tubes are inserted. As shown in �gure 2.4a, these structures are not perfectly cone
because their bases taper inward. This design feature ensures that, after the silicone is
cast, the resulting adapter can securely hold the tubes in place, and the adapter will have
a tight outlet, directing water or gel �ow in the correct direction.

Figure 2.4b shows the structure of mold 2, which is used for making adapter 2. Mold 2 has
the following features:

ˆ Overall shape: Mold 2 also takes the form of an open, hollow rectangular box. As mentioned
before, the internal dimensions of mold 2 should match the rectangular protrusion in mold
1. In addition, to reduce the time of 3D printing the molds, the outer walls of both mold
1 and mold 2 can be designed to be relatively thin.

ˆ Protrusions: Protrusion 1 is a cylindrical protrusion aligned with the inlet on the phantom,
while protrusion 2 is a semi-cylindrical protrusion aligned with the outlet on the phantom.
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These protrusions ensure that, after the silicone is poured, adapter 2 will have openings
reserved for both the inlet and outlet.

ˆ Indentation 1: Indentation 1 aligns with another unused outlet on the phantom. Its purpose
is to create a downward protrusion on adapter 2 that can block this unused outlet.

ˆ Indentation 2: Indentation 2 is positioned along the edge of the unused inlet on the phan-
tom. This indentation does not need to be wide, as its purpose is to create a small down-
ward protrusion on adapter 2 that �ts into the inlet, ensuring that adapter 2 is correctly
positioned and remains stable during use.

Based on the design shown in �gure 2.4, the models of the molds are created using Blender.
Figure 2.5 shows the molds’ models in the Blender.

(a) 3D model of mold 1 (b) 3D model of mold 2

Figure 2.5: 3D models of molds

2.1.3 Design of Support

During the process of re�lling the brain phantom, it is necessary to invert the phantom and
place it upside down on the table, as both the inlet and outlet are located at the bottom of
the phantom. To securely position this irregularly-shaped phantom on the working surface, a
support structure is required to stabilize it.

The support is designed as a rectangular block, with an internal cavity shaped to match the
top of the inverted phantom, as shown in �gure 2.6. The thickness of the support needs to strike
a balance. It should not be too thin, as this would increase the risk of the phantom slipping out.
However, it also cannot be too thick, as that would signi�cantly increase the time required for
3D printing.

Additionally, two cylindrical holes are positioned on adjacent sides of the support. These holes
are intended for use with clamps or other securing devices to fasten the support to the working
table, preventing it from sliding or tipping over.

Furthermore, small rectangular slots are designed at the bottom of the support, in order to
accommodate elastic bands. These bands pass through the slots and secure the phantom to
the support, providing additional stability during operation and preventing the phantom from
slipping or tipping out of the support. As illustrated in the �gure 2.6, three slots are positioned
along the longer side of the support to hold the elastic bands, while one slot is located in the
center of the shorter side for the same purpose.
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Figure 2.6: 3D model of support

2.1.4 Steps of Re�lling

In the four use cases introduced earlier, the process of extracting old gel from the two compart-
ments could be performed without a speci�c order. However, when �lling new gel, it is important
to �rst �ll the skull compartment and then the brain compartment. The reason for this proce-
dure is that when the phantom is inverted, the skull is positioned below the brain and closer
to the outer edge, and the volume of the skull compartment is much smaller than that of the
brain compartment. If the brain compartment were �lled �rst, gravity and pressure would cause
the gel in the brain compartment to leak downward into the skull compartment. Conversely, by
starting with the skull compartment, the small volume of gel in it is unlikely to leak upward into
the brain compartment.

Speci�cally, the following paragraphs will provide a detailed explanation of the re�lling steps
in conjunction with �gure 2.1.

ˆ Step 1: old gel out. Take the washing of the brain compartment as an example. In this
case, tube 1 of the adapter is connected to the brain inlet (the larger hole) of the phantom
and to a vacuum chamber, allowing the old gel to be sucked out from the brain inlet. Tube
2 is connected to the brain outlet (the smaller hole) and to a water container, allowing
water to be drawn into the phantom.

First, the pump is turned on (with valve 1 on, valve 2 and 3 o�) to create a vacuum
chamber. Once the chamber is vacuumed, both the inlet and outlet are opened (with valve
1 o�, valve 2 and 3 on). As a large amount of water is quickly drawn into the phantom
from the water container, the old gel is sucked into the vacuum chamber. This process
should be repeated several times until the liquid being extracted is clear water without
remaining gel.

For the skull compartment, the process is similar. The only adjustment required is relocat-
ing the adapter so that tube 1 aligns with the skull inlet and tube 2 aligns with the skull
outlet. The connections between the tubes and the system remain unchanged.

ˆ Step 2: drying the phantom. After thoroughly washing the interior of the phantom
with water, the remaining water inside should be drained by keeping the openings facing
downward. Then, the phantom should be left in a vertical position for a period of time
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to allow any residual water to �ow out naturally from the bottom openings and to allow
evaporation, ensuring the phantom dries completely.

ˆ Step 3: new gel into the skull. During the �lling process, tube 1 of the adapter is
aligned with the skull inlet and connected to the liquid container holding the new gel, while
tube 2 is aligned with the skull outlet and connected to the vacuum chamber. Once the
vacuum chamber is created, both the inlet and outlet are switched on, allowing the new
gel to be quickly drawn from the gel container into the phantom while the air inside the
phantom is rapidly expelled into the vacuum chamber. This process needs to be repeated
several times until smooth �owing out of the new gel is observed through tube 2.

ˆ Step 4: new gel into the brain. For the brain compartment, the �lling process is similar
to step 3. The only adjustment required is repositioning the adapter so that tube 1 aligns
with the brain inlet and tube 2 with the brain outlet. The connections remain unchanged:
tube 1 is still connected to the gel container with the new gel, and tube 2 is still connected
to the vacuum chamber.

ˆ Step 5: add gel manually. The �nal step of the re�lling process is to manually add
a small amount of gel to both compartments. Due to reasons such as the strong suction
of the vacuum chamber, the result of inverting the phantom for a period, or potential
evaporation, there may be some minor gel loss. This loss is typically small, so only a small
amount of gel needs to be added manually to compensate.

2.2 Signal

In research based on the brain phantom, e�ectively simulating brain signals to feed into the
dipoles within the phantom is crucial. This section presents various types of designed signals
to simulate brain signals. Based on these signal designs, several sanity tests are conducted to
preliminarily assess the decomposition algorithm’s ability to separate mixed signals composed of
di�erent types of simulated brain signals, which provide foundational insights into the algorithm’s
performance under varied signal conditions and further experimental setup.

2.2.1 Di�erent Signal Structures

Brain signals are highly complex and vary depending on the type of brain activity, and the state
of the brain, such as awake, asleep, or engaged in a speci�c task. Thus, when designing the
signals fed to the dipoles in the phantom, which simulate the brain signals, a certain degree of
simpli�cation is necessary. However, the design of these signals should not be overly simplistic,
as that would deviate signi�cantly from real brain signals and undermine the purpose of using
the phantom. In addition, the used signals should contain enough information for a source
back-projection algorithm or decomposition algorithm to work with.

It is important that the signals designed should share certain characteristics with real brain
signals. Given that brain signals exhibit sinusoidal characteristics in certain frequency bands,
such as alpha waves (8-13 Hz), it is reasonable to use sinusoidal signals as a base or starting point
to design the signals. By incorporating variable parameters and adding randomness, the signals
can be made more complex and closer in nature to real brain activity. This balance between
simplicity and complexity ensures that the designed signals are both realistic and analyzable,
facilitating meaningful experimentation and analysis using the phantom model. Di�erent kinds
of signals, which are designed from simple to complex, are introduced in the following paragraphs.

ˆ Type 1: Simple Periodic Sine Wave

This signal is a periodic sinusoidal waveform, meaning it acts as a sine wave during its
active phase, while the sinusoidal activity pauses during the inactive phase. Adjustable
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parameters for this signal include the frequency of the sinusoidal component, the total
duration of the signal, the length of the active phase and the length of the inactive phase.

Additionally, in a realistic brain environment, various forms of noise are typically present.
Such noise may originate from simultaneous brain processes unrelated to the target activity
or extraneous biological signals. To simulate these real-world brain dynamics and enrich
the informational content, white noise has been introduced to the signal, thereby mimicking
the complex background neural activity.

Figure 2.7: Time- and frequency-domain plots of type 1 signal

Figure 2.7 shows the time-domain and frequency-domain plots of a type 1 signal with a
total duration of 30 seconds. The signal initiates at 2 seconds, with each cycle consisting of
an active phase lasting 1 second, followed by an inactive phase of 4 seconds. The sinusoidal
component has a frequency of 11 Hz. In the time domain, the signal is limited to 30 seconds,
consists of discrete sampling points with a sampling frequency of 1000Hz and involves a
repeating pattern of active and inactive phases. The amplitude spectrum of the type 1
signal, as shown in the lower part of �gure 2.7, displays a series of periodic vertical lines
across the frequency axis, which can be explained by applying Fourier transform principles.

According to Fourier transform theory, a signal that is periodic in the time domain corre-
sponds to a discrete spectrum in the frequency domain. Therefore, this periodic switching
of the sinusoidal signal results in spectral components at regular intervals. These lines ap-
pear around the main frequency of the sinusoidal component (11 Hz) and expand to both
sides at a 0.2 Hz step, which corresponds to the inverse of a 5-second period, re�ecting
the regularity of the activation and deactivation cycles. In addition, because the signal
is limited in the time domain, it consequently exhibits an in�nite spectral width in the
frequency domain.

When it comes to the shape pattern of the spectrum, it results from the spectral response
of a signal that has been modulated in the time domain with regular active and inactive
intervals. To be speci�c, the on-o� intermittent sinusoidal signal in the time domain can be
mathematically described as a sinusoidal signal multiplied by a rectangular window that
represents the periodic activation and deactivation of the signal. In the frequency domain,
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such a multiplication corresponds to a convolution between the original sinusoidal spectrum
and the spectrum of the rectangular window. The spectrum of a rectangular window is
represented by a sinc function sinc(x) = sin( �x )

�x , which has a main lobe centered at zero
frequency and side lobes that decay with increasing frequency. When the sinusoidal signal
is modulated by this rectangular window, the original frequency component (at 11 Hz in
this case) is convolved with the sinc function in the frequency domain. This convolution
process results in a central peak around the original main frequency (11 Hz) accompanied
by evenly spaced side lobes, creating the periodic vertical lines in the spectrum. The
spacing and width of these sinc side lobes are determined by the duration of the active and
inactive periods. A longer active period yields a narrower sinc function in the frequency
domain, which creates closely spaced side lobes; while the period of the signal (the total
length of active and inactive phase in one cycle) determines the spacing between these side
lobes along the frequency axis, which equals 0.2 Hz in this case.

The type 1 signal serves as the easiest and the most basic signal construction for simulating
brain signals, making it a good starting point for designing source signals to feed into dipoles
in the phantom. However, its highly regular structure makes it signi�cantly di�erent from
real brain signals. Besides, the simple periodic repetition provides minimal variability,
o�ering limited information for decomposition algorithms like ICA. To enhance the signal’s
informational richness, additional adjustable parameters or increased randomness could be
incorporated, making it a better simulation of real brain activity.

ˆ Type 2: Fast-Changing-Frequency Signal

Figure 2.8: Time- and frequency-domain plots of type 2 signal

The type 2 signal develops on the basis of the type 1 signal by introducing additional
randomness to the frequency of the sine wave, meaning that the sinusoidal component
during the active phase no longer has a �xed frequency. Instead, the frequency at each
point during the active phase is obtained by sampling from a Gaussian distribution centered
at the original �xed main frequency.

Figure 2.8 shows time-domain and frequency-domain plots of a type 2 signal with a total
duration of 30 seconds. The signal has the same start time, length of active phase, and
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length of pause phase as the example of type 1 signal. However, within each active phase,
the frequency of the sinusoidal component is not �xed at 11 Hz but rather varies for each
point, sampled from a Gaussian distribution centered at 11 Hz with a standard deviation
of 0.1 Hz. This randomness introduces variability, making the signal more complex and
dynamic compared to a simple periodical sine wave.

The frequency spectrum of the signal (bottom plot) shows a prominent peak around 11
Hz, corresponding to the central frequency of the active sinusoidal component, but it is
broadened due to the Gaussian variation in frequency across the active phase. Besides, the
amplitude spectrum of the type 2 signal displays numerous seemingly random vertical lines
on both sides of the central frequency peak, which results from multiple di�erent frequencies
contained in the signal and the spectrum has a periodic characteristic. Consequently, this
results in a denser, less organized pattern of frequency components on either side of the
main peak.

Adding stochastic elements such as Gaussian-distributed frequency variations enhances
the dynamic and information richness of this signal, making it closer to real brain activity,
which is non-stationary and often shows slight �uctuations in frequency due to various
neural processes. However, from the perspective of biological plausibility, brain signals do
not typically shift frequencies at such a rapid rate. In this regard, the type 2 signal may
not be suitable to simulate real brain signals.

ˆ Type 3: Slowly-Frequency-Changing and More Random Signal

Figure 2.9: Time- and frequency-domain plots of type 3 signal

In the type 2 signal, although the variability of the signal is increased by varying the
frequency, the extremely rapid frequency changes at each sampling point do not closely
resemble real brain signals. The frequency of real brain signals �uctuates according to the
brain’s state and speci�c activities, typically not changing at such a rapid rate. Recognizing
this limitation, the type 3 signal is designed to set frequency change to more realistic
intervals on the basis of the previous periodic signal. Speci�cally, during the active phase,
the sinusoidal signal frequency changes every several seconds, with each frequency value
sampled from a Gaussian distribution centered at a main frequency. This approach divides
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the active phase into multiple "slices," with each slice assigned a frequency sampled around
the main frequency, similar to the type 2 signal but with temporally consistent intervals.
For example, a 5s active phase could be divided into three slices of 1s, 2.5s, 1.5s, each slice
with the frequency of 11.1 Hz, 10.9 Hz, 10.8 Hz separately, which are sampled from an 11
Hz-centered Gaussian distribution.

Additionally, type 3 signal integrates randomness to several parameters to increase its
complexity and biological plausibility. These parameters include the randomization of the
initial starting time, the duration of each active phase, the length of the inactive phase,
and the length of each slice within the active phase. These added variables simulate the
stochastic nature of brain signals more accurately.

Figure 2.9 illustrates both the time-domain and frequency-domain plots of this type 3
signal. The parameters for this particular signal include a central frequency of 11 Hz for the
sinusoidal oscillation in each slice, with frequencies sampled from a Gaussian distribution
with a standard deviation of 0.1 Hz. The total duration is 30 seconds, the staring time
is randomly selected between 0-5s, the length of each active phase is randomly chosen
between 0.5-2.5s, the length of each inactive phase is randomly determined between 0-5s
and the length of each slice within the active phase is 0.15-0.3s, which means the frequency
of the signal changes every 0.15-0.3s.

In the frequency domain, the spectrum shows a broader range of components around the
central frequency 11 Hz. This is because each slice in the active phase has a slightly
di�erent frequency around 11 Hz, leading to a spread in spectral axis. The primary peak
remains near the central frequency, with a range of smaller peaks surrounding it, re�ecting
the Gaussian-distributed frequencies across slices.

The type 3 signal improves the balance between structured periodicity,and biological re-
alism. By allowing the frequency to vary at a slow pace and integrating multiple random
parameters, this signal o�ers a more real representation of brain dynamics compared to a
simple sinusoidal wave like type 1 signal or rapidly changing type 2 signal.

ˆ Type 4: Smoothly-Frequency-Changing Signal

Figure 2.10: Time- and frequency-domain plots of type 4 signal
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Type 4 signal is constructed on the basis of type 3 signal, with the only di�erence on the
determination of the changing frequency. In the prior approach, each slice’s frequency is
independently sampled from a Gaussian distribution centered at a �xed frequency, resulting
in abrupt changes in frequency from one slice to the next. For example, for frequencies
sampled from an 11 Hz-centered Gaussian distribution, the frequencies of slices within one
active phase may jump from 10.9 Hz to 11.3 Hz and then jump backwards to 10.8 Hz,
which changes steeply and abruptly.

In type 4 signal, however, each slice’s frequency is generated by adding a small Gaussian-
distributed random perturbation to the frequency of the preceding slice, which means
that the central frequency of the Gaussian distribution is un�xed but instead updated to
the frequency of the previous slice. For example, the starting frequency is set to 11 Hz.
The frequency of the �rst slice is sampled from an 11 Hz-centered Gaussian distribution,
resulting in a value of 10.9 Hz; then the frequency of the second slice is sampled from a
10.9 Hz-centered Gaussian distribution, perhaps generating a value of 10.7 Hz; afterward,
the frequency of the third slice is sampled from a 10.7 Hz-centered Gaussian distribution,
maybe obtaining a frequency of 10.8 Hz. In comparison to the type 3 signal, the method
for determining the frequency of each slice in the type 4 signal has been re�ned to introduce
a gradual variability.

Figure 2.10 shows the time-domain and frequency-domain plots of the type 4 signal. The
parameters for this particular signal include a starting frequency of 11 Hz, with frequen-
cies sampled from Gaussian distributions with a standard deviation of 0.1 Hz. The total
duration is 30 seconds, the staring time is randomly selected between 0-3s, the length of
each active phase is randomly chosen between 0.5-2.5s, the length of each inactive phase is
randomly determined between 1-7s and the length of each slice within the active phase is
0.2-0.7s, which means the frequency of the signal changes every 0.2-0.7s.

This approach maintains a central frequency of around 11 Hz but allows for a smoother and
more continuous transition between frequencies across consecutive slices. By continuously
updating the frequency rather than selecting entirely new values, the signal more closely
resembles natural frequency variations in biological signals, where frequency changes tend
to be gradual.

2.2.2 Sanity Test on Source Signals

Instead of measuring data with real EEG equipment on the phantom, sanity tests could be
conducted �rstly by de�ning a simple linear measurement model:

~b = A � ~s+ n;

where~b represents the simulated measurement data,~s denotes the source signals,A is a linear
forward mixing matrix, and n is noise.

The primary objective of the sanity test is to con�rm that the source signals fed into the
phantom’s dipoles are reasonable, for example, the source signals could pricipally be separated
by decomposition algorithms. Speci�cally, the sanity test should simulate the process from source
signals to measurement data and then try to decompose the simulated measurement data. By
comparing the reconstructed signals obtained through the decomposition algorithm with the
source signals, it can be determined whether the decomposition algorithm is e�ective under the
speci�c settings of the source signals, or to what degree could the decomposition algorithm still
work properly.

FastICA is used in the sanity test as a decomposition algorithm to get independent components
because of the e�ciency of the algorithm. Since the result of ICA is arbitrary in value, it is not
suitable to compare the amplitude of the reconstructed signals with that of the source signals
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directly. Instead, cosine similarity is used as the metrics for evaluation because it does not
consider the amplitude but the direction of the signals. Even if the two signals have di�erent
amplitudes, cosine similarity can still re�ect their similarity as long as their shapes or patterns
are similar.

This preliminary validation step is crucial for identifying any fundamental errors in the method-
ology or implementation before proceeding to more complex analyses. The following paragraphs
will detail the speci�c tests performed, the criteria used for evaluation, and the results obtained
from these preliminary checks.

ˆ Sanity Test 1: The Simplest Parameters

(a) Source signals (b) Mixed signals

(c) Independent components (d) Spectrum of independent components

Figure 2.11: sanity test 1: baseline test

The �rst sanity test, as a starting point, should set the simplest parameters to test a basic
case, providing a baseline for subsequent tests with varying parameters. For this simplest
test case, two type 1 signals are selected as source signals, with parameters as follows:

� Source Signal 1: Frequencyf 1 = 11 Hz, starting at 2 seconds, active for 1 second with
a pause of 4 seconds in each regular cycle, and includes 10% white noise.

� Source Signal 2: Frequencyf 2 = 10 Hz, starting at 2.4 seconds, active for 2 seconds
with a pause of 5 seconds in each regular cycle, also with 10% white noise.

The mixing matrix is de�ned as

A =
�

1 0:2
0:3 1

�
;

and n represents 10% white noise. This simpli�ed setup allows for a foundational test to
verify the process, establishing a reference point for subsequent tests with more complex
parameter con�gurations.
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Figure 2.11 presents the relevant visualizations for sanity test 1. In 2.11a, the source
signals are shown in the time domain; 2.11b displays the mixed signals obtained after
applying the linear forward mixing matrix, which represents the simulated measurement
signals, corresponding to~b in the previously de�ned model; 2.11c shows the two independent
components extracted after the FastICA decomposition; 2.11d illustrates the frequency
spectrum of these independent components in the frequency domain.

Upon visual inspection, 2.11a and 2.11c indicate a strong resemblance between the ex-
tracted independent components and the original source signals, with the di�erence being
a di�erent scale in amplitude. The quantitative metric also supports this similarity, with
the cosine similarity between the independent components and source signals exceeding
0.95. Additionally, the frequency spectrum in 2.11d aligns well with expectations, showing
two dominant peaks centered around 11 Hz and 10 Hz, corresponding to the original source
frequencies.

ˆ Sanity Test 2: Decrease Frequency Gap

(a) Source signals (b) Mixed signals

(c) Independent components (d) Spectrum of independent components

Figure 2.12: sanity test 2: decrease frequency gap to 0.2 Hz

In sanity test 2, based on the previous test 1, all other variables remain unchanged while
only reducing the frequency gap between the two source signals, bringing their frequencies
closer. Intuitively, as the source signals approach similar frequency characteristics, they
may become more di�cult to separate.

After multiple iterative tests that continuously decrease the frequency gap, it is observed
that when the frequency gap between the two source signals narrows to 0.2 Hz, the ICA
algorithm is no longer able to perfectly extract two distinct independent components.

The �gure 2.12 presents the results for the case where the two source signals have frequen-
cies of 10.2 Hz and 10 Hz, respectively. In 2.12c, it is evident that independent component 2
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contains contributions from the other source signal, as indicated by the red arrow. However,
the frequency spectrums shown in 2.12d still accurately identify the central frequencies of
the two source signals. Furthermore, the cosine similarity between independent component
2 and the original source signal only decreases slightly to approximately 0.94 in this case.

As the frequency gap is further reduced, the separation becomes even harder. When the
source signals have frequencies of 10.05 Hz and 10 Hz, the ICA algorithm fails to e�ectively
decompose the two source signals, also showing inaccuracies in the identi�cation of peak
frequencies.

ˆ Sanity Test 3: Complex Forward Matrix

(a) Source signals (b) Mixed signals

(c) Independent components (d) Spectrum of independent components

Figure 2.13: Sanity test 3: more complex forward matrix

In sanity test 3, based on sanity test 1, all other variables remain unchanged, while the
forward mixing matrix A is modi�ed to increase its complexity, making the elements ofA
closer in value. In the original forward matrix, the diagonal elements di�er signi�cantly
from the o�-diagonal elements, indicating a relatively low degree of mixing between the
source signals. In this test, the elements ofA are set to be more similar, thereby creating a
stronger mixing of the source signals, which theoretically makes the decomposition process
more di�cult.

After multiple trials, it is found that increasing the complexity of the forward matrix
signi�cantly impacts the ICA results. When the diagonal elements are at least twice as
large as the o�-diagonal elements in each row, the ICA algorithm typically succeeds in
identifying the two source signals, with the frequency spectrums showing correct peak
frequencies and the cosine similarity maintained above 0.8. However, as the values in each
row of the matrix become closer to one another, the ICA struggles to e�ectively separate
the two source signals.
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2.2 Signal

The �gure illustrates the case where A =
�
0:63 0:42
0:35 0:71

�
. As shown, 2.13c reveals that

independent component 1 contains some contributions from the other source signal, with
the cosine similarity around 0.82. This is also evident in 2.13d, where, although the most
prominent peak in the frequency spectrum of independent component 1 is centered at 11
Hz, a smaller peak can be observed around 10 Hz, indicating in�uence from the other
source signal.

ˆ Sanity Test 4: Increase Noise Level

(a) Source signals (b) Mixed signals

(c) Independent components (d) Spectrum of independent components

Figure 2.14: Sanity test 4: increase noise level of measurement model

In sanity test 4, the noise level is increased to evaluate whether the ICA algorithm can
e�ectively separate components in a more noisy dataset.

The �rst noise to test is the noise represented by the variablen in the previous model
~b = A � ~s + n. In the baseline test, the noise level was set at 10% white noise. After
continuously increasing the noise level, when the level is raised up to 35%, additional
components are observed to appear in the independent components obtained by ICA. As
shown in the �gure 2.14, although 2.14c does not clearly display the signal mixing due to
the high level of noise, evidence of mixing can still be observed in the frequency spectrum
of independent component 1 in 2.14d, where two peaks are visible. This indicates the
presence of mixed components within this independent component. Undoubtedly, further
increasing the noise level would make the decomposition results worse.

Another approach to increasing the noise level is keeping the noise in the measurement
model unchanged at 10% white noise, while increasing the noise level within the construc-
tion of the source signals themselves. The �gure 2.15 illustrates the results when the noise
level in the source signals is raised up to 0.6. As shown, even though the high noise level
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(a) Source signals (b) Mixed signals

(c) Independent components (d) Spectrum of independent components

Figure 2.15: Sanity test 4: increase noise level of the source signals

causes both the source signals and the mixed signals to appear highly disordered in the
time domain, the frequency spectrum of the independent components extracted by ICA re-
main clear. Furthermore, when the noise level is increased even further to 1, the frequency
spectrum of the independent components still exhibit two distinct central frequencies.
The result of sanity test 4 shows that increasing the level of the noise in the measurement
model has much more impact on decomposition than that in the source signals.

ˆ Sanity Test 5: Add Randomness to Noise
The noise level is increased directly in sanity test 4, while in sanity test 5, however, addi-
tional randomness is introduced in the noise construction to make the noise less predictable
and more complex.
One approach to add randomness to the noise is to multiply each sampling point of the
10% white noise by a random number within a prede�ned range. The broader the range,
the greater the variability in the generated noise.
The �gure 2.16 illustrates the source signals and results for a prede�ned range of(0; 0:2].
Though it is di�cult to visually �gure out the independent components in 2.16c due to high-
amplitude noise, the cosine similarity remains high at 0.94, indicating a good decomposition
result. When the range is expanded to(0; 0:3], the cosine similarity decreases to 0.88; with
a range of (0; 0:4], it decreases further to 0.82; and with a range of(0; 0:5], the cosine
similarity drops to 0.76.
Throughout this process, however, the frequency spectrum of the independent components
remain distinct, as shown in 2.16d. This demonstrates that, despite increasing levels of
random noise, the frequency characteristics of the components are preserved and identi�able
in the spectral domain.
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