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Abstract

Epilepsy is a prevalent neurological condition marked by the occurrence of repeated,
uncontrollable seizures. This disorder can present in individuals of all ages, but commonly
manifests in children. One main treatment method is that of surgical intervention, in which
neurosurgeons identify and disconnect cranial regions involved in seizure generation; before
operation, brain mapping techniques such as intracranial electroencephalography (IEEG) and
transcranial magnetic stimulation (TMS) are utilized to delineate brain connectivity.
Investigating the safety of using these methods in tandem is to be completed via the fabrication
of a brain phantom model. The prototype decided upon involves a hydrogel brain encased in
clear resin that can be stimulated to depict any effects of TMS pulses on iIEEG electrodes. After
considering various criteria, such as substance reactivity and associated preparation techniques,
the FormLabs BioMed Clear resin was selected to comprise the skull, while two hydrogel
options are still being considered: an agar-based solution and a gelatin-based solution.
Preliminary testing was performed to delineate both hydrogels mechanically and thermally;
however, due to several inconsistencies in results and noted potential sources of error, a large
focus this upcoming semester will be further characterizing each option, focusing mainly on
thermal and electrical conductivity. Obtaining physiological accuracy will, in part, be
supplemented using both pediatric magnetic resonance imaging (MRI) and computed
tomography (CT) scans. After deciding upon the most appropriate brain tissue representative, a
final model will be constructed. Finally, the end goal is to stimulate the completed model,
including inserted iEEG electrodes, TMS pulses to observe any indication of electrode

displacement, temperature change, or induced currents.
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I. Introduction
Motivation

There are a range of neurological disorders, each capable of causing a profound impact
on an individual's life. Epilepsy, as the fourth most common neurological disorder, is
characterized by the regular appearance of uncontrollable seizures. These seizures occur as a
result of short, excessive electrical discharge in neurons and can either be focal in nature,
involving a local neuronal network, or generalized, engaging a larger bilateral network, as
displayed in Figure 1. This disorder can be detrimental to one’s ability to thrive, and is associated
with a higher risk of depression, accidents, and death. People of all ages can be affected by
epilepsy, but it often manifests before the age of one year [1]. Despite this broad demographic,
there is a significant lack of research and clinical explorations in pediatric patients, possibly due
to the complicated ethical challenges surrounding the participation of children in human studies

[2].
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Figure 1: Neuronal recruitment in focal and generalized seizures [3].

The obstacles that impede research studies utilizing pediatric participants may result in a
gap of treatment knowledge. As such, constructing study tools that can spur on discoveries
targeted towards this younger population is of great importance. An area of exploration tied to
epilepsy is that of various treatment methods. Aside from the use of medication, surgical
management is an oft-investigated treatment tool in the control of epileptic seizures. Prior to
surgical intervention, which may involve procedures such as temporal lobectomies, or removal
of certain portions of the brain, a variety of brain mapping techniques such as intracranial
electroencephalography (iEEG) and transcranial magnetic stimulation (TMS) are utilized to
provide a guide for neurosurgeons. These techniques, involving implanted electrodes and applied
magnetic simulation, respectively, have been tested on phantom models before being applied to
human subjects to certify their level of risk and effectiveness [4].

Existing Devices

While there exist brain phantoms that have been used for similar research, none meet all
of the specifications required by this project, particular in reference to the pediatric-focused
research question Dr. Ahmed seeks to address. Researchers at the University of [owa created a


https://www.zotero.org/google-docs/?egu8jt
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gel-based brain phantom to prove that TMS and iEEG can be safely used in tandem, specifically
in adult patients. The brain of this phantom was made of poly(acrylic acid) (PAA) saline gel, and
the skull was made of poly(methyl methacrylate) (PMMA), which is displayed in Figure 2.

A«

Figure 2: The adult brain phantom model developed at the University of lowa [4].

The researchers on this project determined combined use was safe by analyzing the
electrode change in temperature, displacement, and introduction of secondary electric currents.
This study suggested the combined use of TMS and iEEG is safe for adults, which parallels the
goals of this project; however, the safety of use in pediatric brains is the main priority, which has
not previously been explored [4]. There are different physiological and electrical properties
between the adult and pediatric brain, as well as different safety considerations. Because of this,
the University of lowa’s gel phantom cannot be used to determine if TMS and iEEG are safe in
pediatric patients. Pediatric brain phantoms do exist, but none meet the scope of this project. For
example, there is a 3D-printed pediatric head phantom which accurately depicts the size and
shape of a pediatric brain, but was fabricated to create an optimized protocol for pediatric
computed tomography (CT) imaging. The brain of this phantom was made with epoxy resin, and
the skull was made with plaster and resin [4]. As mentioned previously, the size and shape of the
3D-printed phantom matches this project, but there are no other similarities in their functionality.

Problem Statement

The goal of this project, therefore, is to develop a pediatric brain phantom model that can
be used to simulate the main effects of TMS on iEEG electrodes — induced currents,
temperatures, and changes in position — in order to verify that these brain mapping techniques
can be used in tandem.



II. Background

As previously described, epilepsy is a complex neurological condition in which recurrent
unprovoked seizures occur. These seizures are caused by short, excessive discharge of electrical
activity in the brain: the abnormal propagation of electrical impulses can be caused by
insufficient inhibition, excessive excitation, or a combination of both factors within the brain’s
neuronal network [1]. Various lobes within the cerebral cortex can be involved in seizure
generation, each associated with differing symptoms or manifestations. There are several
antiepileptic pharmacological treatments utilized in treating epilepsy, including both
narrow-spectrum drugs that work for specific seizure types and broad-spectrum drugs that have
some efficacy for a wider range of seizures. About 30% of patients have drug resistant epilepsy,
however; in this case, another treatment option considered is that of surgical intervention. The
mortality rate in children affected by epilepsy is 5 to 10 times higher than the rest of the
population, so properly treating and controlling these unprovoked seizures is paramount [5].

The surgical approaches taken when pursuing epilepsy treatment can vary widely,
depending on patient-specific pathology. As a whole, the techniques used prioritize minimal
invasive procedures that still target epileptogenic zones. These zones are classified as the regions
of the brain that are capable of generating seizures; upon removal or disconnection of these
areas, seizure freedom can potentially be obtained [6]. Prior to undergoing operation, brain
mapping techniques can generate spatial representations of the patient’s brain to map out which
regions are presenting abnormal behavior. One such method, iEEG, is routinely used in surgical
planning and utilizes electrode systems that are either connected across the surface of or
implanted into the brain. This method provides high spatiotemporal resolution and is especially
advantageous for epileptogenic foci localization [7]. TMS, another technique, assesses brain
circuit excitability through electromagnetic induction, inducing currents to produce action
potentials and painlessly activate brain networks [8]. TMS is renowned for its noninvasive
nature, as well as its capability to illustrate brain connectivity; its mechanism is displayed in
Figure 3.

Electromagnetic coil

Magnetic field

Figure 3: Application of a TMS coil to deliver a magnetic pulse [9].
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As a result, both techniques may provide complementary information for mapping out
critical brain regions that should be avoided during surgery. However, there are several safety
concerns around the use of TMS in patients with iEEG: that of secondary electrical currents,
heating of the implanted electrodes, and electrode array displacement, all of which would have
severe consequences for the affected individuals [4]. Additionally, the impact of these techniques
has only been studied on adult patients where dissimilar physiology and higher resting motor
thresholds might require higher levels of stimulation during treatment compared to pediatric
patients [10].

Client Information

The client for this project is Dr. Raheel Ahmed, a pediatric neurosurgeon at the American
Family Children’s Hospital (AFCH) who has a focus in pediatric epilepsy. The alternate contact
for this project is Dr. Arun Manattu, a scientist at the Waisman Center’s Pediatric
Neuromodulation Laboratory (PNL).

Design Specifications

The phantom must accurately represent the physiology of an average pediatric brain and
skull, with a skull circumference of 50-54 ¢m and overall volume of 1,300 cm® [11], [12]. The
material chosen for the brain must have a similar electrical and thermal conductivity to brain
tissue, approximately 0.2-0.5 S/m and 0.536 W/m-K, respectively [13], [14]. After TMS testing
with the phantom is complete, the electrodes must express a less than 1 °C temperature, fewer
than 30 uC/cm? difference in charge density, and minimal displacement. The phantom must
comply with MTR Standards 2.4 and 3.3, CFR Standards 882.5802, and ASTM F2182, all
describing safe practices for the use of iIEEG or TMS [15], [16], [17]. The budget for this project
is $500. See Appendix A for full design specifications.

III.  Preliminary Designs
Hydrogel Material

Gelatin

Gelatin is a natural protein that is derived from the hydrolysis of collagen. Gelatin is
widely used as a hydrogel due to its biodegradability, accessibility, and low cost. Its gelation is
thermo-reversible at approximately 20-25 °C [18]. Gelatin’s preparation includes polymerization,
crosslinking, and hydrolysis. Adjusting the concentration or crosslinking of gelatin during its
preparation can change the properties of the hydrogel like porosity, stiffness, and degradation
rate [19].
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Polyv(acrylic acid) (PAA)

PAA is a synthetic polymer derived from the polymerization of acrylic acid. Despite
being synthetic, PAA still shares many of the positive characteristics of natural hydrogels, such
as being biodegradable, nontoxic, and biocompatible. As a synthetic material, PAA can be easily
tuned to increase its mechanical properties via crosslinking or copolymerization [20].

Agar

Agar is a polysaccharide derived from the cell walls of seaweed. Agar is widely used in
biomedical applications due to its biocompatibility and strong ability to gel. Agar is composed of
a blend of agarose and agarose pectin, in which the agarose component allows for gelling.
Gelation is thermoreversible and occurs slightly above body temperature. The mechanical
properties of agar are generally considered to be low, but can be tuned by changing the
concentration of agar, crosslinking, or incorporating other materials [21].

Agarose
Agarose is a polysaccharide derived from red algae or seaweed and is a purified form of

agar. Agarose exhibits good biocompatibility, biodegradability, and thermoreversible gelling
making it widely used in biomedical applications. Chemical or physical modifications allow
agarose to be versatile and used in many different environments. The gelation of agarose occurs
below or around body temperature, and this process is thermoreversible. Agarose on its own is
considered brittle, but enzymatic modifications can improve this property. Processes like
crosslinking can be used to tune agarose to the desired mechanical properties [22].

Skull Material

Poly(lactic acid) (PLA)

PLA is a thermoplastic polymer widely used in engineering and biomedical applications
due to its biodegradable, biocompatible, and nontoxic properties. PLA is often derived from
renewable materials such as corn starch and sugarcane and is most commonly used for rapid
prototyping via 3D printing due to its wide accessibility and low cost [23]. While PLA has many
advantages, it is considered disadvantageous due to its brittleness, low toughness, and slow
crystallization rate [24]. The elastic modulus of PLA is 3.5 GPa and its tensile strength is 50
MPa [25].

Poly(methyl methacrylate) (PMMA)

PMMA is a thermoplastic polymer widely used in resin 3D printing which has a wide
variety of possible molecular weights. Using different molecular weights of PMMA can change
properties such as viscosity, elastic modulus, and brittleness. PMMA is considered advantageous
due to its transparency and high strength. The elastic modulus of PMMA is between 18 and 31
GPa [26].
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FormLabs BioMed Clear Resin (FBC)

FBC resin is a material commonly used for biomedical applications where there is
long-term contact with the skin or mucosal membrane due to its biocompatibility. FBC resin is
printed by FormLabs stereolithography (SLA) printers and may have a clear finish. FBC resin is
compatible with common sterilization methods, including autoclaving and ethylene oxide
sterilization, which make FBC versatile for many different applications. The elastic modulus of
FBC resin is 2.08 GPa and its tensile strength is 52 MPa [27].

FormLabs Standard Resin (FS)

FS resin is a material that is commonly used for creating parts that require showcasing
internal features, like fluidic devices, due to its highly transparent nature. FS resin is printed by a
FormLabs SLA printer, capable of a quick printing speed while maintaining accuracy. The
tensile strength of FS resin is between 46 and 60 MPa [28].
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IV.  Preliminary Design Evaluation

Design Matrices and Summary

Table 1: Hydrogel Material

Design Weight Gelatin Poly(acrylic Agar Agarose
Criteria acid)
Coﬁiﬁiw 20 2/5 8 3/5 12 | 55 | 20 1/5 4
Preparation 20 2/5 8 4/5 12 5/5 20 4/5 16
Tunability 20 1/5 5 5/5 20 3/5 12 3/5 12
Reactivity 15 4/5 12 3/5 9 2/5 6 3/5 9
Shelf Life 15 1/5 3 4/5 12 3/5 9 3/5 12
Cost 10 5/5 10 2/5 4 4/5 8 2/5 4
Total 100 46 69 75 57
Thermal Conductivity

The thermal conductivity criteria analyzes how easily a material conducts heat. A high
thermal conductivity value indicates the material is a great conductor and readily passes heat.
The brain has a thermal conductivity of 0.536 W/m-K, and the chosen material should be within
a similar range [14]. Agar was a close match to the thermal conductivity of the brain, measuring
0.52 W/m-K [29]. PAA and gelatin were slightly less than this at 0.37 and 0.30 W/m-K,
respectively [30], [31]. The thermal conductivity of agarose was significantly less than the brain,
only offering conductivity of 0.121 W/m-K [32].

Preparation

Preparation is defined as the level of difficulty that is required to prepare the hydrogel, as
well as the methods of fabrication possible for each material and their compatibility with this
project. Factors like time and amount of materials needed are considered in the difficulty of
preparation. The hydrogel that requires the least amount of time and materials will score the
highest. An ideal hydrogel will also be able to take on an anthropomorphic brain shape, most
easily achieved via a photoactivation fabrication technique [33]. Of the reviewed materials,
gelatin is the only that requires chemical modification in order to remain stable at room
temperature, despite having a relatively simple preparation without these modifications [18]. The
required modifications gelatin the lowest score in this category, while agar’s simple gelation and
greater stability at room temperature gave it the highest score. Agarose and PAA scored
intermediately as they both require other materials and multiple steps to prepare.


https://www.zotero.org/google-docs/?l0jf6e
https://www.zotero.org/google-docs/?awEz3M
https://www.zotero.org/google-docs/?pjjRuU
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Tunability

Tunability refers to the ability to adjust various material properties of the hydrogel via
changes in its concentration, crosslinking, and other techniques. Material properties are crucial in
determining which gel is most similar to the average pediatric brain, but these can differ
significantly based on adjustments made to the gel. The gel that scores the highest will be the gel
with the best tunability. In general, synthetic polymers are more easily tunable than natural
polymers, as they are more controlled and consistent [34]. Because of this, PAA scored the
highest as it is the only synthetic material. Gelatin scored the lowest as it is not tunable on its
own and requires chemical modifications to become easily tunable [35]. Agar and agarose scored
in the middle, as they can be easily modified by changing their concentrations, but are less
precise than PAA due to being natural materials.

Reactivity

Reactivity refers to the hydrogel toxicity levels, compatibility with the skull polymer, and
durability throughout each testing period. The hydrogel should pose no significant harm to the
handler when performing safe care with the gel such as wearing gloves and avoiding ingestion.
The hydrogel also must not induce a reaction of any sort with the exterior skull mold that will
encase the internal brain phantom. Lastly, the material must be able to maintain its structure
throughout a single testing period with iEEG and TMS, ensuring little variation in results due to
external sources. Agar scored the lowest due to its toxicity when inhaled and in contact with the
skin [36]. Additionally, it does not maintain its structure as well as the other gels when
needle-like items are inserted into the material [37]. PAA scored in the middle because although
it is generally non-toxic, it also does not maintain its structure after having items inserted into it
[38], [39]. Agarose earned the same score as PAA because although it can recover from item
insertion, it has higher toxicity levels [40], [41]. Gelatin was rated the highest because it is
non-toxic and will maintain its structural integrity [42], [43]. None of the materials are expected
to react with the cured resin material that will be used for the 3D-printed skull.

Shelf Life

Shelf life is defined as the gel’s degradability rate or time before the gel must be replaced
during testing. The hydrogel with the slowest degradability rate and longest amount of time
before it needs replacement will score the highest, as this gel is the most efficient to use. The gel
that scored the lowest was gelatin due to its thermal instability and quick degradation rate [44].
PAA scored the highest as it is a synthetic polymer that is not subject to enzymatic or hydrolytic
degradation [45]. Agar and agarose scored intermediately, with degradation rates of weeks to
months [46], [47].


https://www.zotero.org/google-docs/?Vfmw3w
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Cost

The cost criteria is the price of each hydrogel per gram. Gelatin is the least expensive
material by far, costing $0.05 per gram [48]. Agar had the next best price being approximately
$0.39 per gram [49]. Lastly, agarose and PAA were given the same ranking, costing $1.51 and
$1.74 per gram, respectively [50], [51].

Table 2: Skull Material

Design Weight Poly(lactic Poly(methyl FormLabs FormLabs
Criteria acid) (PLA) methacrylate) | BioMed Clear | Standard Resin
(PMMA)
Reactivity
and Shelf 25 3/5 15 5/5 25 4/5 20 3/5 15
Life
Transparency 20 1/5 4 5/5 20 5/5 20 3/5 12
Permittivity 20 2/5 8 3/5 12 5/5 20 5/5 20
Accessibility 15 5/5 15 1/5 3 4/5 12 4/5 12
Mechanical 1 =6 s | 4 | s5 | 10 | ss | 10 | 35 | 6
Properties
Cost 10 5/5 10 1/5 2 3/5 6 4/5 8
Total 100 56 72 88 73
Reactivity/Shelf Life

Reactivity is defined as the relative likelihood of the skull polymer to react with,
including enhance the degradation of, the brain phantom hydrogel. Both FormLabs filaments are
described as non-reactive under recommended conditions, and have very high boiling and flash
points. Shelf life refers to the polymers rate of degradation, especially when exposed to water.
This is primarily relevant to prevent rapid degradation of both the skull material and the
subsequent changes to the properties of the hydrogel material caused by reactions with any
dissolved skull materials. PMMA, followed by PLA and FBC display the slowest rate of
degradation in water. In this category, however, FBC scored highest due to extensive safety and
degradation testing with positive results. It is important to note that the reactivity of each skull
polymer will depend on the chosen brain hydrogel material — crosslinking agents such as
peroxides should be avoided [27].
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Transparency

The transparency category describes the need for optical clarity with regards to the brain
phantom itself. One of the main focuses of the client is to measure possible displacement of
implanted and surface electrodes during the application of TMS current; in order to capture this
potential movement, the user must be able to visualize the phantom itself. In a similar recent
study, clarity was essential, as a motion capture camera system was used to measure said
displacement. As such, two material options scored the highest in this category: PMMA and FBC
resin. Both materials are suitably clear, as PMMA is often touted as a glass substitute and FBC
resin is recommended for visibility purposes [27], [52].

Permittivity

Permittivity refers to a material's ability to allow electric field generation across it. In the
context of this project, permittivity closest to that of cranial bone is preferred: around 2.76 x 10?
F/m in the case of cancellous bone, and around 1.53 x 10° F/m in the case of cortical bone [53].
This value is crucial for accurate testing values and ensuring patient safety. All four polymers
displayed similar lower permittivities when compared to cranial bone. PMMA and PLA reported
values of 2.76 and 2.5 F/m, respectively, at maximum while FormLabs resin options displayed
comparatively higher permittivity values, in the range of 3-4 F/m [54], [55]. Thus, these two
materials were deemed closest to physiological, relative permittivities. It is important to consider
these differences between physiological and polymeric permittivity when establishing testing
procedures.

Accessibility

PMMA was by far the least accessible, due to the fact that it is not stocked as a material
option in the University of Wisconsin-Madison’s Grainger Design and Innovation Lab at Wendt
Commons (DI Lab), leading to the need to outsource a 3D printing service. Options for this
would be to submit prints to a fee for printing service, but these prints have a long lead time and
no direct control over the printing process. Another option would be to purchase a spool of
PMMA filament, requiring access to a printer not at the DI Lab. In contrast PLA, FBC resin, and
FS resin are all available to print in the DI Lab. PLA is the most accessible, as it is available on
the greatest number of printers and requires no post-processing once the print is complete. Both
FormLabs resins are slightly less accessible due to the fact that there are less available FormLabs
printers, and require DI Lab staff to perform post-processing to cure the final print to the desired
finish.

Mechanical Properties

The mechanical properties of the skull material were deemed necessary to consider as
well. Although the skull is not under mechanical duress during TMS testing, meaning that tensile
or elastic moduli were of little consequence to the material choice, finding a material with
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appropriate porosity to provide similar supportive capabilities to the human skull was preferable.
Once again, both PMMA and the FBC resin were rated the highest in this category. The mean
reported elastic modulus for the human skull is around 8.51 GPa; resin has been found to have an
elastic modulus of around 2.8 GPa, while acrylic-based polymers reportedly present elastic
moduli around 2.15 GPa. As both of these values are on the same magnitude of relevant human
skull properties, both materials received high scores [56]. Porosity was also considered, given the
reported porousness of human bone. However, this was not factored as heavily into this rating
given the inherent capability of 3D-printed parts to achieve a porous structure using a variety of
materials [57].

Cost

Cost was defined as the cost to 3D print the materials per gram. PLA was by far the most
affordable, at $0.05 per gram. FS resin is the next most affordable at $0.24 per gram and FBC
resin is priced at $0.42 per gram [23]. While the direct cost of PMMA is typically around $0.07
per gram, due to a lack of accessibility, there is an upfront cost associated with using this
material. One option is the prints would have to be outsourced to a third party 3D printing
service, 3ERP, which quoted $27 per gram to print in PMMA [58]. Another option is purchasing
an entire spool of PMMA filament costing in the range of $50-$67 for one kilogram [59].

Proposed Final Design

The proposed final design is a head phantom that accurately mimics the size and shape of
a pediatric head, similar to the design shown in Figure 5. The brain of the phantom will be
created using an agar hydrogel that incorporates a sodium chloride (NaCl) solution to increase its
electrical conductivity to match that of brain tissue. The skull of the phantom will be 3D printed
with FBC resin.

Figure 4: Pediatric sized gel box phantom CAD model.
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e

Figure 5: University of lowa skull-based phantom, to be adapted to pediatric size [4].

V. Fabrication
Materials

Skull Base:

FBC resin was chosen as the material for the skull base. FBC is an acrylate,
urethanedimethacrylate, methacrylate copolymer with a Young’s Modulus of 2.08 GPa [27]
consistent to an order of magnitude with the stiffness of cranial bone [56]. Additionally, this
material is readily available to 3D print at the DI Lab at the price of $0.24 per gram [57].

Brain Tissue

The brain tissue material will consist of a natural polymer tuned with NaCl for electrical
conductivity [60]. At present, both gelatin type A and agar are being considered for the polymer.
Head-to-head testing will be completed next semester to directly compare the options. Gelatin
Type A was purchased at 100 g from MilliPore Sigma at a price of $0.54 per gram [61]. Agar
powder was purchased at 500 g from ThermoFisher Scientific for $0.26 per gram [49].

Gelatin

Gelatin is a denatured form of collagen, a ubiquitous protein in animal tissue. Gelatin
forms a thermoreversible gel around 20 “C and melts quickly around 35 “C. Gelatin hydrogels
form by physical entanglements of triple helices, which is illustrated in Figure 6. Gelatin forms a
homogenous, ordered gel, making mechanical characterization straightforward. However, it has a
tendency to slowly degrade at room temperature.
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Figure 6: Microstructure of gelatin hydrogel [62].

dgar

Agar is a derivative of seaweed sugars, made of a combination of polysaccharides
agarose and agarose-lectin [21]. Agar gels at room temperature (25 “C) by physical entanglement
of sugar coils or chemical crosslinking. Figure 7 shows how agar sugars form random coils that
can make their microstructure non-homogenous upon cooling. Agar therefore offers improved
thermal properties but introduces a layer of complexity when considering mechanical
characterization.

Figure 7: Microstructure of agar hydrogel [63].

Methods

Skull Base

An initial prototype of the brain tissue was fabricated in a PLA square mold, similar to
the University of lowa preliminary phantom in Figure 4 [4]. This box phantom was printed in
PLA to carry out material testing on the gel itself.

CT scans of pediatric patients provided by the client were processed into 3D printable
files using the pipeline seen in Figure 8. Briefly, Digital Imaging and Communications in
Medicine (DICOM) files were uploaded to the 3D Slicer software, refined, and exported as
standard triangle language (STL) files into SolidWorks (Figure 9). A detailed protocol can be
found in Appendix B and C. Moving forward, MRI scans will be used to generate soft tissue
printable molds using a similar processing pipeline. The base of these molds will be 3D printed
in PLA, after which Ecoflex silicone will be used to create a soft, pliable mold where hydrogels
can form, set, and be easily removed.

The final skull model will be 3D printed on a FormLabs stereolithography (SLA) printer.

SLA 3D printing involves layer-by-layer deposition of liquid-phase resins, which are UV-cured
as they are deposited [64].
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Figure 8: File processing pipeline for 3D printable skull.
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Figure 9: Segmenting CT scan of pediatric patient into skull model in 3D Slicer.

Brain Tissue
Both hydrogel material options follow the same fabrication protocol, which is
summarized in Figure 10 below and detailed in Appendix D.
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Measure Stir in l?;;izg; Pour into Cool in
° .
DI water NaCl powder mold 4 °C fridge

Figure 10: General hydrogel fabrication protocol.

Final Prototype

The final prototype of this project will be a brain and skull phantom, representing the
anatomy of an average 5 to 7 year old pediatric cranium. The skull will be made of a clear resin
3D-printable photopolymer. The geometry of the skull will be obtained by processing CT scans
provided by the client, as seen in Figure 11.

The brain tissue will be made up of either a gelatin or agar based hydrogel. A gelatin
hydrogel would be composed of 6% Type 1 gelatin, while an agar hydrogel would be composed
of 1.2% agar powder. Each of these hydrogels would be tuned with <1% NaCl, and the
remaining volume would be composed of DI water.

|
Figure 11: 3D CAD model of pediatric skull base from processed CT scans.
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VI.  Testing
Mechanical Properties

To classify mechanical characteristics of the chosen hydrogel, shrink-swell testing was
performed (Figure 12). Analyzing material behavior in environments with varying solvents
presents valuable information on hydrogel durability and the consistency of its mechanical
properties. Because brain tissue characteristics stay relatively constant over short periods of time,
the ideal hydrogel and corresponding concentration must exhibit small variations when exposed
to solvents. In this case, 100% ethanol (EtOH) and deionized (DI) water were used to shrink and
swell the materials, respectively. Testing was performed on 0.5%, 1.0%, and 1.5% agar, with 3
replicates for each concentration. The full testing protocol can be seen in Appendix E. The mass
of each hydrogel is expected to decrease when placed in EtOH, but when returned to DI water,
the structure must remain fully intact while not greatly exceeding the original recorded mass,
ensuring similar structural integrity to that of brain tissue [65]. Gels with a higher water
concentration were expected to vary the most, while gels with higher polymer concentrations are
expected to vary the least. The statistical significance between conditions will be analyzed using
a one-way ANOVA test within MATLAB, which is shown in Appendix F, as well as one-sample
and paired t-tests. When deciding between agar and gelatin, the hydrogel with the most
consistent trends across varying concentrations will be favored.

Figure 12: Shrink-swell testing with agar.

Thermal Properties

Thermal conductivity, or the heat transfer behavior of a material, is crucial for ensuring
proper heat distribution during testing. To confirm that the final brain phantom iEEG and TMS
testing is translatable to human patients, the phantom must closely match the thermal
conductivity of pediatric brain tissue, approximately 0.536 W/m-K [14]. Testing was done on
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gelatin samples of 4%, 6%, and 8% concentrations, using 3 replicates each. Temperature
measurements were taken instantaneously over a 10 minute period using the circuit seen in
Figures 13 and 14 below, which features an LT1025 cold junction, K-type thermocouple, and
low-pass filter. Temperature values were recorded and reported using an Arduino Uno and the
corresponding Arduino IDE software. The code used for this process is shown in Appendix G.
The general procedural setup is illustrated in Figure 15, where the thermocouple was inserted
into a rectangular hydrogel sample at a known depth as it heats on a 35 °C hot plate. The change
in temperature was then used in (1) to determine thermal conductivity, k (W/m-K), where m is

mass (kg), c is specific heat capacity (J/kg-K), —— is the rate of temperature change (K/s), Ax is

’ dt
separation (m), A is surface area (m?), and AT is the temperature difference (K). The MATLAB
script in Appendix H was used to perform calculations and run statistical analyses via a one-way
ANOVA. The hydrogel type and concentration most similar to the defined goal value will be
chosen. The full testing protocol can be found in Appendix I.

dT
mxcx— —xAx

k=—Far— O

Figure 13: Thermocouple circuit.
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Figure 15: Thermal conductivity testing setup.

Future Testing

Labstand

In order to further characterize both the agar and gelatin hydrogels and their fine-tuned

derivatives, additional material testing is planned for next semester. Ultimately, either agar or
gelatin will be selected based on which can best balance thermal conductivity, electrical
conductivity, and relative mechanical strength compared to pediatric brain tissue. Specifically,
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the testing protocols described above will be repeated for both agar and gelatin in addition to
electrical conductivity testing and mechanical characterization via a rheometer.

The final testing procedure for mechanical properties will be adapted from the Franck lab
at UW-Madison, which uses Inertial Microcavitation Rheometry (IMR) to find hydrogel shear
modulus values [66]. For determining the electrical conductivity of each material, a current will
be generated across each respective hydrogel sample, where the voltage drop can then be
measured and further used to calculate electrical conductivity. Equations (2), (3), and (4) shown
below represent the full mathematical process to find electrical conductivity, ¢ (S/m), where V is
the voltage drop (V), I is induced current (A), R is resistance (), ¢ is resistivity (Q2-m), A is
surface area (m?), and L is length (m). A full planned testing protocol can be found in Appendix
J.

V = IR (2)
p =2 3)
o= 4)

VII. Results

Mechanical Properties

The results of shrink-swell testing with agar are shown graphically in Figure 16. As a
general trend, each sample decreased in mass most during the first 20 minutes. Little variation
was observed in the remaining 40 minutes, however, 1.0% agar maintained a fixed mass more
readily than the other concentrations. The average percent decrease of 0.5%, 1.0%, and 1.5%
groups was 30.3 £15.9,25.3 £2.46, and 23.9 + 3.14, respectively. As expected, lower
concentrations of agar were associated with a greater decrease in mass. The 0.5% group,
however, exhibited a large standard deviation, suggesting possible human error during
fabrication of the samples.

To compare initial versus final mass within conditions, paired t-tests were done across the
whole data set of each condition. These tests were carried out in order to validate the testing
protocol and shrinking trends across gels in the same group. The paired t-tests revealed p-values
0f 0.07, 0.005, and 0.01 for the 0.5%, 1.0%, and 1.5% agar conditions respectively. These results
indicate that the 0.5% agar gel did not have significant shrinkage, while the 1% and 1.5% agar
gels did, contrary to the expected results and trends suggested by the average percent decrease.

Additionally, a one-way ANOVA analyzing the shrinking behavior between each
concentration returned a p-value of 0.4176, signifying no significant difference between groups.
After shrinking, the samples were returned to water, which resulted in increased mass compared
to the initial measurements. Specifically, 0.5% agar experienced a percent increase of 13.3 +
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4.08, 1.0% had 20.2 +£2.78, and 1.5% had 13.8 £ 1.4. ANOVA analysis revealed a p-value of
0.0828, once again suggesting no significant difference across groups from this round of testing.
Each concentration experienced greater swelling than is ideal, however, the integrity of each
sample was maintained despite the noticeable increase in mass.

Mass of 0.5% Agar in 100% EtOH Over Time

Sample 1

1o Sample 2
a - Sample 3
e =
(%]
%]
© 1 |
=
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Sample 2
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0.8 | 1 1 1 1
0 10 20 30 40 50 60

Time (min)
Figure 16: Agar behavior over time when submerged in 100% EtOH.

Thermal Properties

Results from taking thermal conductivity measurements with gelatin samples are
represented in Figure 17. The calculated values for 4%, 6%, and 8% gelatin are 0.32 + 0.07, 0.67
+0.23, and 0.47 + 0.09 W/m-K, respectively. There is no significant trend expressed in these
results to relate gelatin concentration to the corresponding thermal conductivity value, as the
current outcome suggests 6% gelatin has the highest thermal conductivity of the three. The 6%
samples, however, expressed an unusually high standard deviation, so testing will be repeated to
ideally reveal more reliable results. Presently, 8% gelatin most closely resembles pediatric brain
tissue, with only a 13.1% difference compared to 42.9% and 26.6% in the 4% and 6% groups.
One-way ANOVA analysis gave a p-value of 0.082, again showing no significant difference
between sample groups. The concentration of NaCl was held fixed in each sample, which may be
contributing to the unexpected results. In the future, experimentation with concentration of saline
solutions in each hydrogel may reveal more accurate results that better resemble expected
thermal conductivity in brain tissue.
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Thermal Conductivities of Various Gelatin Concentrations
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Figure 17: Thermal conductivity of gelatin with varying concentrations.

VIII. Discussion

Completion of this phantom will allow Dr. Ahmed and his team to validate the use of
TMS in conjunction with iEEG for pediatric patients. A recent study conducted at the University
of lowa experimented with the combined use of TMS with iEEG on adult patients [4]. Initial
testing was performed using a gel box phantom, followed by a skull-based phantom. While this
addressed several of the current project's concerns, it failed to consider more stringent safety
standards and physiological differences present in pediatric patients.

Due to pediatric involvement, this project requires particular ethical considerations. iEEG
is currently approved for use in pediatric patients and is routinely used in surgical planning for
patients with uncontrolled seizures. However, while there have been several studies investigating
the use of TMS, there is still a lack of formal guidelines or standard protocols for pediatric
patients. As a research tool, this phantom must accurately represent a pediatric brain in electrical
and mechanical aspects in order to collect results on the efficacy of TMS used with iEEG.
Responsible conduct of research and development standards must be upheld. A risk analysis
should also be performed to mitigate potential sources of error. If the final phantom fails in any
of the three testing scenarios of electrode displacement, heating, or current generation, the
researchers should not proceed with in-vivo testing on pediatric subjects.

For each of the three ANOVA tests performed across testing conditions, there was
insufficient evidence to reject the null hypothesis. Although the main objective for hydrogel
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characterization is to match its properties to that of pediatric brain tissue, it is still important that
a significant difference between sample groups is observed. This ensures if future concentration
changes need to be made, the modifications in material properties are predictable. The
non-monotonic behavior for thermal conductivity, which was shown graphically and through
statistical inspection, suggests testing must be repeated. Some sources of error include
inconsistencies with sample sizes, purity issues from using food-grade gelatin, or poor sample
handling prior to testing. To minimize error when retesting, samples will be cut into rectangles of
equal dimensions, and the thermocouple will be inserted at the same depth for each gel.
Additionally, samples must only be removed from the 4 “C fridge immediately before the 10
minute testing period begins, helping to eliminate temperature variability.

The results from shrink-swell testing followed a more predictable trend. However,
ANOVA statistical analyses and high standard deviations, especially within the 0.5% agar group,
revealed retesting is needed. Paired t-test revealed that the 1.0% and 1.5% agar gels shrunk a
statistically significant amount across the 60 minute testing window, while there was not
sufficient mass loss in the 0.5% agar gel to reject the null hypothesis. These results indicate
inconsistencies in either testing or gel preparation for this particular condition, as a significant
amount of mass loss was expected for the lowest percentage agar gel. This inconsistency was
further confirmed with the high standard deviation in this dataset.

A potential human source of error within shrink-swell testing may be from the 20, 40,
and 60 minute time-points being relative, as each sample could not be weighed at the exact
increments defined. Another factor contributing to unexpected results could arise from the
inconsistent curing behavior of agar gels. Further, comprehensive characterization of agar’s
mechanical properties is often complicated by the tendency of its final microstructure to present
as randomly formed coils. By following strict fabrication and testing procedures which require
close attention to timeliness and proper documentation, these sources of error could be greatly
suppressed.

IX. Conclusions

Epilepsy is the fourth most common neurological disease, often manifesting in pediatric
patients before the age of one year [1]. iIEEG is routinely used in surgical planning for epilepsy in
adult and pediatric patients, and TMS may provide complimentary information for mapping
critical regions of the brain that should be avoided during surgery. However, there are still many
safety concerns around the use of TMS in patients with iEEG electrodes actively implanted. This
project aims to develop a phantom for validation of use of TMS in pediatric patients with
implanted cortical electrodes.

The complicated microstructure of agar makes it difficult to tune the exact mechanical
properties needed and test using a rheometer. Additionally, the agar hydrogels were prone to
contamination and allowed microbial growth during storage. Gelatin is not as stable at room
temperature compared to agar and requires storage in a 4 ‘C refrigerator between testing
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sessions. However, the preference for gelatin over agar in the Franck Lab, which focuses on
traumatic brain injury research, makes a compelling case for its use and would provide a plethora
of fabrication and testing methods to reference. Additionally, the electrical conductivities of both
agar and gelatin can likely be varied based on the concentration of NaCl added, instead of
relying solely on hydrogel concentration. Further testing is needed to confirm this hypothesis.

Moving forward, gelatin and agar will be tested head-to-head for thermal, electrical, and
mechanical properties using the protocols described previously. While gelatin is more readily
characterized mechanically compared to agar, there are potential benefits from both which are
worth exploring. In addition to future characterization, two hydrogel brains will be made with
implanted electrodes, one 6% gelatin and one 1.2% agar. The brains will be formed from a
silicone mold which replicates a provided MRI scan. The final brain will be placed in a
3D-printed skull which will be fabricated in two sections, allowing the brain to be easily
removed and replaced. The final goal for the project is to complete TMS testing on the phantom
with both hydrogels in order to make a final recommendation on which gel to use for further
testing.
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A. Product Design Specifications (PDS)

Function

Intracranial electroencephalography (IEEG) is routinely used in surgical planning for
individuals with uncontrolled seizures, such as those with epilepsy. Utilizing electrode
systems either connected across the surface of or implanted into the brain, this method
provides high spatiotemporal resolution [1]. Transcranial magnetic stimulation (TMS)
assesses brain circuit excitability through electromagnetic induction, inducing currents to
produce action potentials and painlessly activate brain networks [2]. While this
neuromodulation technique may provide complementary information for mapping out critical
brain regions that should be avoided during surgery, there are several safety concerns around
the use of TMS in patients with iIEEG: that of secondary electrical currents, heating of the
implanted electrodes, and electrode array displacement, all of which would have severe
consequences for the affected individuals [1]. Additionally, the impact of these techniques
has not been previously studied on children with epilepsy, but instead on adult patients;
dissimilar physiology and comparative higher resting motor thresholds might require higher
levels of stimulation, both of which indicate the need for adjusted treatment [3]. The goal of
this project, therefore, is to develop a pediatric brain phantom model that can be used to
simulate the main effects of TMS on iEEG electrodes: currents, temperatures, and changes in
position.

Client requirements

1. The phantom should represent the physiology of the pediatric brain in terms of overall
matter volume, approximately 1300 mm?, and circumference of the surrounding skull,
between 50 to 54 cm [4], [5].

2. The material should have efficient conductivity to allow for proper current testing; to
represent brain tissue conductivity, this value should lie between 0.2 and 0.5 S/m [6].

3. The device must be able to withstand a minimum of 50 magnetic pulses, as is common in
TMS sessions for human participants [1].

4. The phantom must not physically interfere with TMS coil application to allow for
adequate testing. To allow for optimal orientation, the TMS operator should be able to
hold the coil within 5.5 = 1.6 mm of the scalp [7].

5. The budget must not exceed $500.

Design requirements
Physical and Operational Characteristics
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a. Performance requirements

1. The phantom must withstand magnetic pulses up to a frequency of 0.5 Hz, as
performed in a previous TMS study on patients with implanted electrodes [1].

ii.  To reflect the higher motor threshold present in a pediatric nervous system, as
the corticospinal tract continues to develop, the phantom should tolerate
pulses up to 2T in magnitude [8], [9].

1. Similar physiological properties to the young child brain are ideal, including
an overall brain matter volume between 50 and 100 mm?® and appropriate
conductivity levels in the range of 0.2 to 0.5 S/m [4], [5].

iv.  The shape and structure of the model must be maintained despite implantation
of electrode arrays — up to 90 mm [1].

v.  The construction of the phantom and any necessary container must allow for
measurements of displacement, temperature change, and induced current; as
such, the device should be accessible from several points, such as from each
of the embedded electrodes.

b. Accuracy and Reliability

1. After treatment with TMS, the implanted electrodes should experience <1°C
of heating [10].

ii.  The iEEG electrodes should experience displacement of less than 20 mm, as
some deformations of the brain can naturally occur [11]. Ideally, there will be
no significant displacement.

iii.  Charge density must be less than 30 uC/cm? when TMS is being administered
at full power [1].

c¢. Life in Service

1. The phantom will be used to ensure the safety of TMS being used with iEEG
technology.

ii.  The phantom must be constructed from material that will not degrade over the
entire testing period, such as a 3D printed acrylic polymer. The client will
define the length of time in vitro testing with the phantom will occur.

iii.  Each round of TMS testing will last approximately 350 seconds [12].

d. Shelf Life

1. The shelf life necessary for this phantom will extend for the duration of client
testing. After in vitro testing is complete, the client will begin clinical trials
with pediatric patients.

ii.  To ensure minimal material degradation, the phantom will be stored at room
temperature and humidity, 22-24 °C and 40-60%, respectively [13].

iii.  Depth electrodes will be used. They will not be permanently implanted but
should be used within approximately 3 years [14].

e. Operating Environment
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1.  The phantom will be used in conjunction with TMS and iEEG technology.
Materials must be compatible with this technology.

ii.  The phantom will be used in a sterile environment and handled by
neurosurgeons during testing.

iii.  The phantom will be used at average room temperature, 22-24 “C, and
humidity, 40-60% [13].

f. Ergonomics
1. Neurosurgeons handling the phantom must be able to safely use and replace
components of the phantom, such as the gel and electrodes, between testing.

ii.  The phantom will be placed on a table for the duration of testing,
approximately 1 meter (m) off the ground.

g. Size
i.  The phantom should mimic the size of an average pediatric brain and skull.
ii.  The approximate volume of the phantom will be 50-100 mm? [4].
iii.  The approximate circumference of the skull of the phantom will be 50-54 cm
[5].
h. Weight
i.  The phantom will ideally be less than 2 kg to ensure the phantom is easy to
transport and lift without causing strain to the user.
i. Materials
1. The base of the phantom will be constructed from a 3D printed acrylic
polymer. Acrylic based filament or resin for 3D printing has good optical
clarity for viewing access into the phantom and good durability. 3D printed
polymethyl methacrylate (PMMA) parts showed minimal degradation over 5
years [15].

ii.  6-12 contact EEG electrodes will be embedded in silicone for precise
positioning of the implanted electrodes [1]. Depth arrays (platinum macro
contacts) are implanted while grid arrays (platinum-iridium) are placed on the
cortical surface [12].

iii. A hydrogel will be used to approximate brain tissue. Similar phantoms have
used a polyacrylic acid saline gel [1], agar, gelatin, or agarose. The addition of
NaCl is necessary to achieve physiologically accurate electrical conductivity
[16].

iv.  Fiberoptic fluorescent temperature sensors can be connected perpendicular to
the electrodes to measure changes in temperature [12].

v.  Ferromagnetic materials will be avoided so as to not interfere with the TMS
induced magnetic field [17].

j- Aesthetics, Appearance, and Finish
i.  The base of the phantom should be 3D printed from a clear filament/resin so
that the implanted electrodes and internal components can be easily viewed.



ii. A replaceable hydrogel brain mimics the texture and conductive properties of
the brain. However, a gel with greater optical clarity is desired for positioning
and viewing the electrodes.

iii. A gel-based phantom housed in a rectangular box is better for calibration
testing and can be used to evaluate temperature changes and basic
electromagnetic effects of TMS [18].

iv. A skull-based phantom would provide greater anatomical accuracy and more
complex geometry is important to evaluate TMS induced fields more
realistically [19]. Therefore a combination approach will be taken, where a
simpler gel-box phantom will be created for initial testing, before moving onto
a more complex skull-based phantom.

2. Production Characteristics
a. Quantity
1. The client desires one gel based phantom housed in a 3D printed rectangular
box to first be created for preliminary testing before progressing to a
skull-based phantom for improved accuracy.
b. Target Product Cost
i.  The total production cost must not exceed the budget of $500.

3. Miscellaneous
a. Standards and Specifications
1. MTR Standards 2.4 and 3.3 require pediatric patients with implanted
electrodes to have an inter-electrode impedance of up 10 kOhms maximum,
and that electroencephelograms be run with a reduced sensitivity of 7
microvolts (uV), respectively [20].

ii.  CFR Standard 882.5802 defines the use of TMS coils for treatment of
neurological and psychiatric disorders as Class Il medical devices with
specific controls. Therefore, the testing procedure defined must consider
magnetic pulse output, magnetic and electrical field, built in device safety
features, and patient exposure to sound during device use [21].

iii.  The testing of the phantom must follow ASTM standard F2182, which details
a test procedure for measuring temperature change due to induced current
during magnetic resonance applied to implanted devices [22].
b. Customer
1. The customers for this project are pediatric patients with intracranial
implanted electrodes who will need to undergo neurosurgery.
c. Patient-related concerns
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1. Patient-related concerns during simultaneous iEEG and TMS include heating
of electrodes, induced electrical current, and displacement of electrodes. This
phantom will investigate the likelihood and severity of each of these concerns
on a pediatric patient.

d. Competition

i. A similar phantom used to test the safety of combined iEEG and TMS was
recently made at the University of lowa [1]. This phantom used a polyacrylic
acid (PAA) gel base with a polymethyl methacrylate (PMMA) wall,
representing the brain and skull tissue, respectively. This phantom was
successfully used to verify safety of concurrent iEEG and TMS use in adult
patients undergoing treatment for neuropsychiatric disorders. While this
phantom addresses many of the current project’s concerns, it fails to account
for more stringent safety standards and physiological differences required
when considering pediatric patients.
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. Processing CT Scans in 3D Slicer

Open 3D Slicer — Load DICOM file.
Go to “Segment Editor”.
Add a new segment — choose “Threshold”.
Use slider to find bone thresholds (~150-3000 HU) and apply.
Preview model and refine using tools like:
a. Smoothing.
b. Islands — Keep largest.
c. Scissors/Paint for manual cleanup.
When satisfied: Segmentations — Export to 3D Model.
a. STL for direct 3D printing.
b. STL or OBJ for conversion to CAD software such as SolidWorks.
c. NRRD if uploading to any place that patient data needs to be anonymized.
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C. Processing STL Files into Workable CAD Files

File processing from STL to CAD:

1.

Obtain STL file or process DICOM file into STL (see procedure for doing this in 3D
Slicer).
Import STL file into Fusion360.
Manually remove any artifacts from scan (this can also be done in 3D slicer before
exporting as an STL file).
Use repair mesh — close holes, wrap, and stitch and remove.
Compress model to smaller ratio to avoid crashing with larger file.
Generally, want less than 50k triangles. The smaller the number the better, but with more
compression detail is lost.
Convert mesh to solid body (prismatic).
Export as STEP file.
a. Or to stay in Fusion360 to edit the CAD model stop here!
Import STEP file into SolidWorks
a. This step can take around 30 minutes to import, especially if the file has a lot of
triangles
b. Use internal repair tools to fill any remaining gaps.

10. Save as a SLDPRT (part) file.

To edit the CAD file:

1.

AN

Create a sketch on the surface.
a. May be necessary to create a plane along the surface by creating individual points
and anchoring them to the surface
b. SolidWorks is nice because it allows for the creation of 3D sketches, one reason to
use it over Fusion360.
Extruded cut from sketch to create top half of the skull.
Save a separate copy of the same file.
Reverse the extruded cut to leave the bottom half of the skull.
Additional extruded cuts to remove any undesirable components.
Save both files and export them as STL or STEP file for 3D printing.
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D. Hydrogel Fabrication Process

Gelatin Hydrogel

Materials:

e Type I gelatin powder (MilliPore Sigma)
e NaCl powder (Fisher Scientific)
e MilliQ deionized water

Methods:

1. Make a 0.17% saline solution by adding NaCl powder to deionized water at 60 “C, 300
RPM until completely dissolved.

2. Add appropriate amount of gelatin powder to reach a 6% solution and continue to
dissolve on a hot plate set to 60 “C, until the mixture is transparent. This should take
about 30 minutes.

3. Once dissolved, pour gelatin mixture into clean molds and cool in 4 “C fridge until set.

Agar Hydrogel

Materials:

e Agar powder (Thermo Scientific)
e NaCl powder (Fisher Scientific)
e MilliQ deionized water

Methods:
1. Make a 0.17% saline solution by adding NaCl powder to deionized water at 60 “C, 300
RPM until completely dissolved.
2. Add appropriate amount of agar powder to reach 1.2% solution and continue to dissolve
on a hot plate at 80 “C until completely dissolved. This should take about 20 minutes.
3. Once dissolved, pour agar mixture into clean molds and set at room temperature
overnight.



E.

Shrink-Swell Testing Protocol

Materials:

Prepared hydrogel of varying concentrations
o DI water
o Hydrogel powder
o NaCl powder

Cylindrical cutting tool

100% EtOH

Timer

Weigh boats

50 mL beakers

Analytical scale

Methods:

1.

A N A Al il

Label 50 mL beakers, at least 3 for each hydrogel concentration group

Place 10 mL 100% EtOH in each beaker

Cut uniform discs for each hydrogel sample that will fit into the labeled beakers
Record initial weights for each sample

Place each sample into its own beaker and begin a stopwatch

Record mass measurements every 20 minutes until 60 minutes have passed
Record final mass at 60 minutes

Replace EtOH with DI water in each beaker

After approximately 1 day has passed, record final swelled mass of the hydrogel
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F. MATL

AB for Shrink-Swell Statistics

%% BME 400 Shrink Swell Stats
data = readtable("Agar ShrinkSwell Stats.csv");

$final vs in

itial values across concentrations (0 min vs 60 min)

initial 0 5 = [data{l, "x0 5 nl"} data{l, "x0 5 n2"} data{l, "x0 5 n3"}];
initial 1 = [data{l, "x1 0 nl"} data{l, "x1 0 n2"} data{l, "x1 0 n3"}];
initial 1 5 = [data{l, "x1 5 nl"} data{l, "x1 5 n2"} data{l, "x1 5 n3"}];
final 0 5 = [data{4, "x0 5 nl"} data{4, "x0 5 n2"} data{4, "x0 5 n3"}];
final 1 = [data{4, "x1 0 nl"} data{4, "x1 0 n2"} data{4, "x1 0 n3"}];
final 1 5 = [data{4, "x1 5 nl"} data{4, "x1 5 n2"} data{4, "x1 5 n3"}];
all initial = [initial O 5; initial 1; initial 1 5];

all final = [final 0 5; final 1; final 1 5];

pct changel = (all final - all initial) ./ all initial * 100;

testl = pct changel (:);

group = ["0.5%";"1.0%";"1.5%";"0.5%";"1.0%";"1.5%";"1.0%";"1.0%";"1.5%"];

prl = anoval (
$p = 0.417¢,

%$significanc
reswell 0 5
reswell 1 =
reswell 1 5

all reswell

pct change?2

test2 = pct_
P2 = anoval (
p = 0.0828,

o\©

%% Paired T-
% load data

table = (Aga
data = table
% define var
t0_5 = data(
t60 5= data(

t0 1 = data(
t60 1= data(

t0 15 = data
t60_15= data

testl, group);
not significant at all

e initial mass vs rehydrated comparing concentrations

= [data{5, "x0 5 nl"} data{5, "x0 5 n2"} data{5, "x0 5 n3"}];
[data{5, "x1 0 nl"} data{5, "x1 0 n2"} data{5, "x1 0 n3"}];
= [data{5, "x1 5 nl"} data{5, "xl1 5 n2"} data{5, "x1 5 n3"}];

[reswell O 5; reswell 1; reswell 1 5];

= (all reswell - all initial)
change2 (:);

test2,group) ;

not significant but closer than the other

./ all initial * 100;

Tests 0 vs 60 Minutes of Agar Shrink-swell

rShrinkSwellTestingS4) ;
2array (table) ;

iables for time 0 and time 60 minutes for each condition
2, 2:4);
5, 2:4);

2, 5:7);
5, 5:7);

(2, 8:10);
(5, 8:10);
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% run a paired t test on the overall data sets
[h5, p5] = ttest(t0 5, t60_5)
% h=0, p=0.0798

[hl, pl] = ttest(t0 1, t60 1)
% h=1, p=0.0053

[h15, pl5] = ttest(t0 15, t60 15)
$h=1, p=0.0110

45



G. Arduino IDE Code for Temperature Measurements

int sensorPin = AOQ; // select the input pin

int sensorValue = 0; // variable to store value coming the sensor
float tempSum = 0.0;

int count = 0;

void setup() {

Serial.begin (9600) ;

}

void loop () {
// read the value from the sensor:
sensorValue = analogRead (sensorPin) ;
float voltage = (sensorValue * 0.0049);
float temp = (voltage + 0.267) / 0.0143;

count++;

tempSum = tempSum + temp;

float temp ave;

if (count == 100) {
temp ave = (tempSum/100);
Serial.println(temp ave);
tempSum = 0;
count = 0;

}

delay (10);
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H. MATLAB Script for Calculating Thermal Conductivity and Statistics

%% BME400 Thermal Conductivity Stats

table = readtable ("ThermalConductivityTemperatureTestingDataS2");
data = tablelZarray(table);

m= data(:, 7) ./ 1000;

c= [4;4;4;4;4;4;4;4;4] .*1000;

dTemp = data(:, 8);

dtime = [600;600;600;600;600;600;600;600;600];
x = data(:, 4) ./100;

A = data(:,3) ./ 10%4;

T = 35 - (data(:, 5));

percentgelatin = data(:, 2);

thermal conductivity = (m.*c.* (dTemp./dtime).*x)./(A.*T);
TC4 = thermal conductivity(1l:3, :);
TC6 = thermal conductivity(4:6,:);

TC8

thermal conductivity(7:9,:);

all = [TC4; TCe6; TC8];

groups = ["4%"; H4%";H4%H;H6%H;"6%H;"6%";"8%";"8%";"8%"],.
p = anoval (all,groups);

%p = 0.082, not significantly different across groups

a4 = mean (TC4);
s4 = std(TC4);
m4 = median (TC4) ;

a6 = mean (TC6) ;
s6 = std(TCo);
m6 = median (TC6) ;

a8 = mean (TC8) ;
s8 = std(TC8);
m8 = median (TC8) ;

figure (1)

boxplot (thermal conductivity, percentgelatin, 'Labels', {'4% Gelatin', '6%
Gelatin', '8% Gelatin'})

title ("Thermal Conductivities of Various Gelatin Concentrations", "FontSize",
106)

ylabel ('Thermal Conductivity (W/m-K)', "FontSize", 16)



I.

Thermal Conductivity Testing Protocol

Materials:

Prepared hydrogel of varying concentrations
o DI water
o Hydrogel powder
o NaCl powder

Scalpel

Ruler/Calipers

Large Kimwipe

Hotplate

Ring Stand

K-Type Thermocouple

LT1025 Cold Junction

LA741 Operational Amplifier

Resistors (1 kQ and 330 kQ)

Capacitors (0.1 pF)

Arduino Uno

Computer to run Arduino IDE and MATLAB

Methods:

1.

A

Sl

Cut prepared hydrogels into rectangular shape and take height, width, and length
measurements

Turn the hotplate on and set it to 35 °C

Wrap the hydrogel sample in a folded over Kimwipe and secure with tape

Mark how far the thermocouple will be inserted and measure the depth

Compile and upload Arduino code to begin gathering temperature data

Insert the thermocouple into the hydrogel sample and record the initial temperature
measurement

Place the sample onto the warmed hotplate and begin a stopwatch

After 5 minutes have passed, record the temperature

Once 10 minutes have passed, record the temperature, and remove the sample from the
hotplate

10. Wipe away any residual melted material
11. Repeat steps 3-10 for remaining samples
12. Load gathered data into MATLAB to calculate thermal conductivity for each group

48



49

J. Electrical Conductivity Testing Protocol

Materials:
Keysight E3631A DC power supply

e Two power cables

e Jumper wires

e Alligator clips

e Plastic box container (3 x 3 x 6 cm)

e Dirill

e Digital multimeter with two test lead probes

e Fabricated gelatin gels of varying concentrations
Methods:

1. First, make the housing for the gels using the plastic container(s) and a drill. Drill a hole

on each end of the length of the container to allow for later jumper wire and multimeter
probe insertion.

After ensuring that all necessary power supply and measuring components are accessible,
fabricate gels of desired concentrations and leave to set overnight at a temperature
between 1°C to 4°C.

Collect the starting volumetric and mass measurements of gels to be tested.

Fit within the housing, ensuring there are no gaps.

Before turning on the DC power supply, connect the two power cables — one to the
positive power output and one to ground.

Connect the cable endpoints to alligator clips, then to two individual jumper wires.

Fit the jumper wires into either end of the gel casing, followed by the probes of the digital
multimeter.

Begin by setting the DC power supply to output 1 V while keeping the current limit to 0.
Then, slowly increase the current output to 1 A while monitoring on the digital
multimeter.

Measure the voltage across the “resistor”, or the gelatin housed within its casing.



K. Shrink-Swell Raw Data

weight (g)
Time Point n 0.50% 1.00% 1.50%

initial 1 1.004 1.216 1.192
2 1.005 1.25 1.17

3 1.003 1.158 1.07

Addition of 10 mL 200 proof EtOH

20 min 1 0.9131 0.9087 0.9031
2 0.8386 0.9341 0.921

3 0.6335 0.9061 0.9096

40 min 1 0.876 0.8928 0.8742
2 0.806 0.9262 0.9062

3 0.592 0.9 0.8688

60 min 1 0.8274 0.8821 0.871
2 0.7502 0.9261 0.8865

3 0.5211 0.8959 0.8489

% decrease 1 17.58964143  27.45888158 26.9295302
2| 25.17412935 25.92  24.23076923

3| 48.04586241  22.63385147 20.6635514

Final mass 1 1.1626 1.4952 1.3492
2 1.0917 1.4675 1.3495

3 1.1583 1.3926 1.206

% change 1 960817.25%  226238.51% 137657.01%
final vs initial 2 15.80% 22.96% 13.19%
swell 3 8.63% 17.40% 15.34%
avg 320280.56% 75426.29% 45895.18%

std 554721.05% 130607.22% 79468.08%
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L. Thermal Conductivity Raw Data

Time Point n 4% 6% 8%
0 sec 1 20.6 201
2 19.6 16.7 20.6
3 18.67 17.7 211
4 18.7
5 19.9
5 min 1 24.3
2 20.5 20.5 23.9
3 24.2 22.5 24.6
4 234
5 255
10 min 1 26.1
2 21.2 22.5 25.6
3 26 24.8 26.2
4 255
5 27.4
heating plate at
35deg C
sample not
used
Surface
Sample Percent Area X Starting Ending Mass D_temp Width Length Height
ID Gelatin (cm?2) (cm) temp (C) temp (C) (g9) (C) (cm) (cm) (cm)
402 4 456 1.7 19.6 21.2.10.98 16 23 3.8 1.2
403 4 6 0.7 18.67 26 11.51 733 22 4 1.5
404 4 6.15 0.5 18.7 25.512.39 6.8 2 4.1 1.5
602 6 204 13 16.7 225 6.81 58 2.1 1.7 1.2
603 6 56 2 17.7 248 64 71 28 3.5 1.6
605 6 3.6 038 19.9 274 6.16 75 1.6 24 1.5
801 8 51 09 201 26.1 10.61 6 2 34 1.5
802 8 495 1.1 20.6 25.6 10.52 5 22 3.3 1.5
803 8 51 09 211 26.2 8.44 5.1 2 34 1.5
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Mass(g)
10.98
11.51
12.39

6.81
6.4
6.16
10.61
10.52
8.44



M. BPAG Expense Sheet
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L. Manufac- |Mft [Vendo |Vendo Cost .
Item Description turer Pt |r ¢ Cat Date |# Each Total Link
3D prints
Formlabs |Step wedge with .
WD
BioMed thicknesses of 0.1, ;jn d esien
Clear 0.2, and 0.3 inches . N/A N/A | NA |10/1 1| $7.14 $7.14
] Innovation
Sample for prelim Lab
Swatch presentation prop
Box tq hold gel for UW Design
Rectangula |potential and
r Box displacement ) N/A N/A NA 11721 |1 | $3.16 $3.16
. Innovation
Phantom |testing and poster Lab
presentation
0 le skull
Half Scale Sg:;::; efosr uoster UW Design
Skull p . P and N/A N/A  INJA  [11/24 |1 $1.66 $1.66
presentation .
Phantom ) Innovation
demonstration
Hydrogel Materials
Therm https://www.
500g of
Agar o in ?()grafnitial Thermo Al10 |o A1075 $128.6 thermofisher.
W . . .
Powder, P ) Fisher 752. |Fisher 10/20 |1 $149.15 com/order/ca
brain phantom . ... 1236 5
500g fabrication Scientific |36 | Scienti talog/product
fic /A10752.36
100g of Type A https://www.
Gelatin gelatin powder Millinore 9000 |Sigma sigmaaldrich
Type A, from porcine skin Si mI; -70-8 |Aldric |G1890 [11/25 |1 [$53.40| $53.40 .com/US/en/
100g for brain phantom & h product/sigm
fabrication a/g1890
Food grade 1;: Or?diiaf:afﬁiitm BME
& Y & |Knox N/A |Teachi N/A N/A |1/80.00 |  $0.00
gelatin lab used for gelatin
. ng Lab
screening tests
TOTA $214.51

L:
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