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1 BACKGROUND
1.1 Introduction

Endovascular devices are becoming more widely accepted ischemic stroke treatment options in patient
healthcare. Current devices must be innovated to quantify the intricate anatomy of the human vascular
system. /n vivo models are limited by local vessel structure and may lack neurovascular anatomy
mechanical properties. Standard aneurysm models replicate the structure of the Circle of Willis; however,
they may lack the ability to replicate the mechanical properties of human vasculature. The project goal of
team BDL/Aneuvas is to research, develop, and mechanically test 3D printed material in relation to the
human common carotid artery, such that the material may be able to replicate human vascular properties.
The sponsor of this project is Timothy Becker, Ph.D., founder of Aneuvas Technologies inc. Stakeholders
include neurosurgeons, model developers, and material engineers. Upon completing the project, the team
will be able to statistically qualify a material printing method that will improve the current BDL model to
represent human vasculature. Neurosurgeons may benefit through being able to practice procedures on
practical models that will respond to instruments such as human vascular would. Model and material
engineers may find improvements to the devices they are designed for what materials and methods they
currently use due to this team's findings.

1.2 Project Description
The following is the original project description provided by the sponsor:

"The scope of this project is to analyze, design, build, 3D-print (with anatomical printer), and test
a 'plug-and-play' model of blood vessels, such as aneurysms, using non-biologic materials. This
system will model the vascular defect as well as allow for the testing of bioengineering devices to
repair said defects. The system will support monitoring equipment and tubing attached to the
inlets and outlets under static and dynamic loads."

1.3 Original System

NAU's Bioengineering Devices Lab has developed an in vitro blood flow and stroke model, which
replicates the conditions of the neurovascular system. In prior workings, the in vitro model has used
innovative 3D printing methods to create a practical model of the Circle of Willis. Now, the model is
being developed, in this capstone project, to allow researchers to quantify and characterize the mechanical
properties of the material in relation to the common carotid artery. The previous model included a single-
or double-layer 3D print of the Circle of Willis. This project will then apply vascular dimensions and the
concept of soft and hard tunica media and tunica intima, respectively, to the 3D printed model. The team
will test sample' pucks' and 'cylinders' representing cut-outs and lengths of the right common carotid
artery to validate material gradients and printing methods as "improvements" to the original design.

1.3.1 Original System Structure

The original model structure is of the Circle of Willis, including the left internal carotid, basilar, and right
internal carotid, a basilar bifurcation aneurysm, an anterior communicating aneurysm, and an internal
carotid terminus aneurysm, see figure 1. The Circle of Willis model is connected to a' tube



connector/interface', connecting the model to a flow system for
flow pressure testing.

1.3.2 Original System Operation

At the start of this project, the Circle of Willis model is
connected to the flow loop model. Prior mechanical property
tests were conducted on 'pucks' and 'cylinders' of 50-50 depths
of Agilus and Vero-Clear materials. The completed model
experienced flow pressure testing. The flow pressure testing
was conducted as part of a master's thesis by Christopher
Settanni using pressure transducers, LabView, and a DAQ
system. The flow model simulated physiological conditions
experienced by the human vascular system, such as pulsatile
flow and temperature [1].

Figure [ Circle of Willis model designed by
Christopher Settanni [1].

1.3.3 Original System Performance

At the time of the project's beginning, no testing of the model itself had been conducted. All material
testing was conducted on 3D printed 8mm pucks, tension strips, and cylinders to replicate the properties
of the human right common carotid artery (RCCA). In previous studies, the pucks had been printed as a
single solid material and as a double layer material. However, the pucks have not been tested for
anatomically similar millimeter depths or layers of the RCCA. The previous tests serve as a baseline and
guide for all upcoming testing to ensure that the standard operating procedures are relevant and
comparable results.

Previous research of the 3D prints is provided in Figure 2 and Figure 3 in Appendix A due to size.
Additionally, included are graphical representations of cumulative data relating to this study. This
statistical data is thus the foundation of Team Aneuvas's capstone project. Team Aneuvas will be
conducting the same tests with 3D printed material of controlled hardness and layer thickness similar to
the tunica intima and tunica media of the RCCA. This study will begin by using two very different
hardness ratios, i.e., Agilus 30 and Agilus 50, to see if the tests conducted would average the two numbers
or determine whether the change affects the property of the print. Then, the team will lower the gap in
hardness, i.e., Agilus 30 and 40, and test the samples again. All sets of data will be compared to the
previous test results conducted by Nicholas Norris in the cited text to determine if the change in hardness
and thickness of the 3D printed walls display change and compare to the properties measured in the
RCCA of the three donors. Once completed, the team may adjust the Circle of Willis model to reflect the
most favorable change from the material print methods analyzed.

1.3.4 Original System Deficiencies

The original system used 100% for the single-layer and 50-50% depths for the double-layer of Agilus and
Vero-Clear. The client would like that we test more anatomically correct ratios of material thickness and
shores of hardness. This would determine if using more anatomically correct measurements and hardness
will improve the model's function more closely to human vascular. Previous studies revealed that the 3D
printed material could come close to the mechanical properties of the human common carotid artery. As a
result, we will be testing the biaxial vascular tension of materials, blood vessel compliance, lubricity of
the model interior, and the compressive and shear modulus.



2 REQUIREMENTS

The team had scheduled multiple meetings with the client to discuss the project overview and what they
wanted to see as results throughout the project. Within the customer (client) requirements, the list will
include the size of the testing samples and material thicknesses, different stiffnesses of layered material,
the possibility to retain shape. At the same time, forces are being applied to the material, similar
properties to that of organic tissue. These customer requirements will then be analyzed and quantified by
using the engineering requirements. These engineering requirements will take the customer requirements
and convert them into scientific variables relative to the same concept, making it easier to change
variables as needed, obtaining solutions to the customer's needs. All of these requirements, customer and
engineering alike, will be placed within a House of Quality (HoQ) where each variable can be compared
to others supplying information to fully understand which requirements are more important and crucial to
the project outcomes than others.

2.1 Customer Requirements (CRs)

The customer requirements are goals that are provided to the team by the client. These requirements
provide an overview of what the client is hoping to see from the team's project. Each requirement
contains a different relative weight, dependent on how crucial they are to the project's success. These
requirements, along with their relative weights, are as follows:

- Size 3%)

- Easy to connect (8%)

- Hard interior/Soft exterior (Layered) (25%)
- Lightweight (3%)

- Material selection (25%)

- Retains shape (8%)

- Similar properties to organic tissue (25%)

- Cost within budget (3%)

The first customer requirement is size. This involves separating areas of the project. Firstly, in the testing
process, the testing samples must be printed out in specific sizes, all dependent on the testing procedure.
For torsion and compressive tests, the testing sample will be a different size than that of the sample used
in the expansion testing procedure. Secondly, the customer requires the team to stick with a rough
guideline in the ratio of materials. These thicknesses ratios will have little to no area for interpretation but
rather as set numbers that the team must follow when printing samples.

Within the project testing, specific procedures, expansion tests, for example, will require the sample to
connected to other instruments. Therefore, if the testing sample can easily connect to the required
instruments, then the sample cannot be easily tested. Therefore, the customer requirement of easy to
connect is vital to the project, but not as crucial as the following requirement, layer stiffnesses.

Weighting 25%, the customer requirements ask the team to design a product with a medium/hard interior,
and a soft exterior is essential within the project procedures. This customer requirement is essential in the
testing procedures, allowing the team to perform the necessary tests. The soft exterior and harder interior
allow the material to behave normally when forces are applied.

The following customer requirement is the weight of the design. The material that is finally selected must
be lightweight. This requirement is closely tied to needing the material to have similar properties to
organic tissue. By analyzing the actual organic tissue, there is not a large amount of weight in the design.
Therefore, the customer asked the team to design a decently lightweight product.



Being able to retain its shape while under applied forces will allow the design to repeatedly take on those
applied forces. Just like that of actual organic tissue, the vessels will constantly be under oscillating
forces. Implementing a durable and robust design will ensure that the design can be tested repeatedly until
proven successful or as a failure. Similarly, having a design that can retain shape is more durable, robust,
and highly reliable. The goal for the team is to create a design that will be durable but also produce the
same results no matter how many times the material is tested. Therefore, making sure that the material's
compliance is focused upon will satisfy the requirement supplied to the team by the client.

One of the most critical requirements, if not the most important requirement, is making the design contain
properties very similar to that of organic tissue. One crucial aspect of creating similar characteristics of
organic tissue is creating a safe design to operate. Like that of the organic tissue, the material must remain
watertight, allowing for all tests to be completed without any complications. Therefore, an essential step
in making sure the characteristic of material properties of the design is similar to the properties of the
organic tissue is to make sure that the design is safe to test and operate. The closer the team can bring the
properties of the 3-D printed material to that of the properties of actual organic tissue will result in
success in the project, satisfying the last customer requirements.

Lastly, a requirement that is important in every project one will participate in, money. Through the testing
and design stages of the project, the team must make sure that the budget is not forgotten but rather
included in every decision made. This will ensure that the team is designing the best product while still
being cost-effective throughout the process.

2.2 Engineering Requirements (ERs)

With each customer requirement, the team must quantify the requirements into variables that can be
calculated and altered accordingly. Creating the engineering requirements will allow the team to
understand what actions must be made to satisfy the customer requirements stated earlier. Each customer
requirement will have corresponding engineering requirement(s) that will help analyze the functionality
of the design, relating it to the customer requirements. There are three separate ways to analyze the
engineering requirements: target value, maximize value or minimize value. These paths in analyzing the
requirements will help justify the values.

The first engineering requirement is the stiffness of the material. This variable can be calculated through
the modulus of elasticity. This value describes how well a material elastically deforms under specific
stresses. This ER is essential in determining the size, layer stiffnesses, the weight of the design, material
selection, and having similar properties to the organic tissue counterpart. Making sure that the design has
a hard interior and soft exterior can be directly found by calculating the modulus of elasticity, providing
the stiffness of the material layers. Understanding the modulus of elasticity will help decide what
materials should be used and what should not be used, all dependent on the characteristic the team needs
to obtain similar properties to the organic tissue.

The following engineering requirement pertains to the thickness of the material. This will directly help
determine the needed size of the design and the capability of connecting the testing instruments to the
design. Therefore, making sure that the thickness of the material is within a specific range will allow
testing to flow smoothly and help obtain the best results possible. Minimizing the amount of material the
design requires to obtain the goals will help with the efficiency of the material and the cost by requiring
less material per product.

The following engineering requirement is the compressive modulus. One of the many tests that the team
will perform is a compressive test. This test will help determine if the interior and exterior layers are at
the right stiffnesses, the material selection, and whether the design has properties similar to organic tissue.
On the other hand, the compressive modulus is less of a factor in determining the design's size and
whether or not it is easy to connect to the testing instruments. Maximizing the compressive modulus value
will help illustrate how the materials can withstand changes in length under compressive loads.



The next engineering requirement in line is understanding the range of frequency that the material can
withstand. Within actual human tissue, the blood vessels are constantly under ranges of frequencies.
Therefore, to imitate organic tissue, the team must test whether or not the material can withstand and
behave the same way under the targeted frequency range. Similarly, understanding the range of
frequencies the material can withstand will help determine whether the shape is retained under those
circumstances.

Under axial loads, the amount of transversal strain is important when analyzing whether properties are
similar to organic tissue and determine the shape-retaining. This can be determined through the
calculation of Poisson's ratio. The Poisson's ratio provides the comparison between transverse strain and
axial strain. Therefore, understanding Poisson's ratio of the organic tissue will help the team find a design
that has a targeted Poisson's ratio.

An engineering requirement that is important in deciding what material is used and whether or not the
design retains its shape is calculating the material's compliance. Increasing the value corresponding to the
compliancy of the material will help result in a higher quality design. The organic tissue has a high level
of compliance, where it can constantly retain its shape under stress. Similarly, the size of the design and
the compliancy of the material has a strong relationship in the testing procedures. Therefore, increasing
the compliancy of the material will help the material become more like the organic issue counterpart

Within the torsion testing of the materials, one significant aspect that must be analyzed is the angular
acceleration of the instrument that will create torsional stress on the material. Previous values
corresponding to how the organic tissue reacted to the same tests allow the team to hit the targeted
angular acceleration value. The closer the value is to that of the organic tissue, the better. Therefore, the
angular acceleration engineering requirement will help determine material selection as well as helping to
create the most organic-like material one can design.

In a blood vessel, forces are acting in almost every direction. Therefore, analyzing the amount of radial
force the material can withstand will help decide whether the material is close to that of the organic tissue.
At a targeted value, the radial force will determine the material selection and the layering process. Though
some engineering requirements have a strong relationship with the amount of radial force the material
must withstand, the weight of the design is less likely to have a significant impact on the targeted radial
force goal.

The last two engineering requirements are the thickness of the layers and the amount of pressure the
material can withstand. The layering processes are crucial in almost every customer requirement. It will
help determine the soft/hard layering characteristics, material selection, whether the material retains its
shape, and lastly, whether it has properties close to that of the organic tissue. Pressure in mmHg is
measured and analyzed throughout the test. Material selection and the layering processes are important in
ensuring that the target pressure the material must withstand is met. Meeting this target will lead towards
one of the most important requirements in the project, the closest properties possible to that of the organic
tissue.



2.3 House of Quality (HoQ)

Comparing the customer requirements to the engineering requirements are helpful in order to make sure
there is at least one engineering requirement per customer requirement. However, multiple engineering
requirements are in place to determine and analyze multiple different customer requirements
simultaneously. Similarly, the engineering requirements are compared to the other engineering
requirements to see whether or not one variable will affect the results of another critical variable. This can
all be analyzed in the House of Quality, as can be seen in Appendix B. As one can see, every engineering
requirement has a targeted value or a goal to maximize or minimize that value. The targeted values are the
frequency, angular acceleration, radial force, and the pressure the material needs to withstand and that of
the Poisson's ratio, where, if met, provides proof in comparing the similar properties to that of the organic
tissue. The values that the team wants to maximize in order to meet the customer requirements are the
compressive modulus, the compliance, and the layering process. The compressive modulus and the
compliance relate to the amount of force the material can withstand and retain its shape and
characteristics. Therefore, the higher the value is, the higher quality results the team will see. The last
requirement that looks to maximize the value is the layering requirement. With the majority of the project
focused on the hard interior and soft exterior and the similarities in properties, the ways the material is
layered must be maximized. Lastly, the values that the team wants to minimize to meet the customer
requirements are the stiffness characteristic and the overall thickness of the design. Decreasing both of the
values will help obtain characteristics similar to the organic tissue, which in turn obtains successful
results.
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3 DESIGN SPACE RESEARCH

Chapter 3 includes the literature review from each of the team members. This literature review included
extensive research into competing systems, neurovascular and the common carotid artery biology,
mechanical property testing, and new nomenclature. Aspects of the project progression, such as website
development, were also researched. All sections of chapter 3 are summaries of information and the
intended application of the researched information to this project.

3.1 Literature Review

3.1.1 Student 1 (Isaac Smith)
3.1.1.1 Project Role

Isaac Smith is a senior mechanical engineering student. He has agreed to be the project lead for this
project. The responsibilities of his role are to help coordinate team meetings, review team progression,
promote an environment of teamwork and good communication, and manage critical tasks. In addition, he
must understand and help in all project categories to ensure uniform progression of the project.

3.1.1.2 Mechanical Testing — Hardness

At the campus of Purdue University, a research study was conducted on the efficiency of teaching
students how to conduct hardness testing. This paper was selected because the students tested polymer
materials, like the testing that our team would need to conduct. Shore Durometers were used to conduct
the tests in an introductory materials course. Round and flat tip durometers were used in this study, and
interestingly, the different tip types were tested on materials from different campuses using the same STL
experienced differences in hardness reading. "The reason(s) for the differences by type have not yet been
explored, but are presumed to be based on how the indentor tip geometry interacts with the variation in
molecular bonds generated by each processing method and machine" [2]. This cautions that there can be
variations in testing based on indentor tips, which may be a consideration during future testing for this
capstone project.

3.1.1.3 Mechanical Testing — Lubricity

The second paper illustrated the exact hardness and lubricity tests our team will be conducting. It was
determined that hardness and lubricity tests were destructive tests for the samples, which means that the
samples degraded after the tests were conducted. This paper is used to illustrate the lubricity testing our
team will be conducting. Lubricity testing is performed by soaking a cylindrical sample in PBS for four
days. Then the tube is fitted to a 'lubricity wheel.' A guide catheter is run through the sample up to the
rheometer ETC Tension fitting. The guide catheter was fitted with a Y-connector that held a 30cc syringe
filled with DI water. The Rheometer then pulls the catheter and measures the resistance experienced.
Using the geometry of the angle between the sample and the Rheometer ETC Tension fitting, the lubricity
is calculated as the force of friction [3].
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3.1.1.4 Vascular Anatomy — Tunica Intima and Media

3.1.1.4.1 Introduction to Vasculature

Tumca meda

During the original BDL research on the right common

carotid artery (RCCA), the three patient donors had a wall
thickness of 1.2mm [4]. This is because, during operation
and prep, the lab removed the tunica extrema from the '
RCCA. Concerning this study, team Aneuvas is evaluating

Tunca externa Tunca mtma

vascular anatomy to create an anatomically sound testing Smooth muscle Endome
sample and, in final development, a new model. The
RCCA is comprised of three main sections: the tunica Extornal elasty

membrane nternal elasti

extrema, media, and intima. Our client described that the memtrane
extrema are usually a more rigid structure that protects the
vasculature; the media is a thicker "soft" muscle. The
intima is a slightly more rigid "medium" muscle, see
figure 4. The research helped to verify the structure of the Figure 2 Layers of the RCCA [4].
RCCA. The literature review intends to evaluate the

dimensions of the media and intima and vascular properties and apply them to this project development.

3.1.1.4.2 Research Papers — Thicknesses in Controlled Research Groups

The first literature-reviewed research group evaluated the media-intima thickness of the RCCA using
ultrasonography. Ultrasonography is the use of high frequency-energy waved to evaluate tissue. However,
the portion of this report that will be focused on is the patients with healthy vasculature — not the coronary
artery "case patients." The team found that "the intima-media thickness of the common carotid artery in
case of patients and in control patients was, respectively, 0.81+£0.25 mm and 0.62+0.18 mm (P=0.001)."

[6].

The second research group evaluated used the same ultrasonography evaluation method as the first team.
However, the first team used a power base of 5 MHz, and the second team used a base power of 7.5 MHz.
Results indicate that "the mean common carotid intima-media thickness was 0.76 mm (SD: 0.19) for
women and 0.80 mm (SD: 0.19) for men" [7]. The group did not record the age range of the samples
collected. This may account for some of the variations between BDL and other research groups for
sample size.

3.1.1.4.3 Relation of Intima and Media to the Project

The vascular structure is an essential aspect that team Aneuvas is trying to replicate in a 3D print and test
variable conditions for mechanical property analysis. As such, this team needs to investigate the human
RCCA structure in terms of composition and depth of layers. It is possible that there could be variations in
depths by different research groups based on how the samples were prepped if disease or deformation
such as plaque is present, age of the donor, and the presence of adventitia during measurement or testing.
To further point to this possibility of variation, the next group reviewed stated that:

"Statistical analysis showed significant negative correlations between age and axial inversion
stretches for the CCAs (r=—0.67, P =0.03). A possible explanation for this correlation is that
aged arteries show reduced distensibility, since aging causes histostructural changes, such as
loss and degeneration of elastin fibers and laminae, and increase of collagenous material and
ground substance" [8].

It is important to acknowledge vascular variations because team Aneuvas will need to specify
what donor sample conditions we are imitating with 3D printing.
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3.1.1.5 Vascular Anatomy — Thickness and Axial Strain of the CCA

This research group analyzed 11 human donors of the common carotid TR FRER Ve
artery (CCA). The ages ranged from 67 to 86 years old, and any
samples that had deformations such as plaque were removed from the
study group. Samples were frozen, thawed, and tested within 14 days
of being collected. Different from the BDL testing, the adventitia was
intact for some tests, such as the radial expansion (BDL removed the Gidyeitiiaabe
adventitia layer); see figure 5 for a visual representation of the CCA in
this study. The research group used histology to confirm that adventitia
was adequately removed from the media-intima layers.

Media-Intim a tube

They also compared the testing ability of the adventitia layer alone and
the media — intima layer combined. Importantly related, the "unloaded
average thicknesses for the intact wall were determined to be 1.17 mm
(SD 0.16) for the CCA.... and MI composite .thick.ness to l?e 0.70 mm Figure 5 Adventitia and media lavers of the
(SD 0.13) for the CCA" [8]. The MI composite thickness is the CCA [8].

thickness of the media and intima combined. The research group found

that the MI reacted nonlinearly and stiffened under higher pressure as soft tissue. Remarkably, when
preconditioned for the radial expansion test, the CCAs displayed "increasing stretch softening” [8]. A
mark for future investigation outside of this project would be to compare BDL radial expansion and
compliance tests to this group's method of testing axial expansions. In general, this study relates to the
project with removing the adventitia, measurements of the layers, and axial testing of the vessels. It also
provides a deeper understanding of the intracity of CCAs and the relevance of this project to modern
science. Although the data recorded is not present here, it may be referred to in the future during data
analysis.

3.1.2 Student 2 (Luke Nelson)
3.1.2.1 Project Role

Luke Nelson is a senior mechanical engineering student. He has agreed to take on the role of a website
design leader. The responsibilities of his role are to create the team website to store all relevant data and
updates throughout the project and obtain and organize data, visuals, and reports, placing them
accordingly within the website and other locations. Therefore, by accepting the role of the website
designer, Luke has also agreed to be the lead data engineer, who will be in charge of data gathering, data
presentation, and interpretation. Having insight into each member's roles, the responsibilities include, but
are not limited to, assisting the other members if problems arise.

3.1.2.2 Stress/Strain

Combinations of lightweight, strong materials that contain high stiffness levels and can absorb a lot of
energy can become crucial in designing material that the team is

seeking after. In "Bioinspired Multilayered Cellular Composites with 50 . — , T
Enhanced Energy Absorption and Shape Recovery," Huan Jiang i \ :X:ri?‘::f’}'g‘d"”“ |
analyzes the multilayered cellular composites (MCC) that are 3-D )

printed by comparing them with an often-used material of
VeroWhitePlus. As one can see in figure 6, the measured
compressive stress-strain curves for Agilus and VeroWhitePlus
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materials [9]. An MCC is created through the combined use of both o 0 —,
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Agilus and VeroWhite. Combining the two can alter characteristics,
from elasticity and compliance to withstanding higher compressive e e
loads. One can see that incorporating the MCC structure rather than Nominal strain
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an individual material will help in generating designs that have characteristics closer to that of organic
tissue.

3.1.2.3 Biomaterial Engineering

As the world of technology constantly sees advancements, the world of engineering has been able to
coexist within the world of medicine and biology. With the growing advancements in technology, that
same technology has improved and even saved lives. The article "Biomaterial for Vascular Tissue
Engineering" by Swathi Ravi and Elliot Chaikof explains the research that has been conducted in the
generation of protein polymers that mimic native structural proteins and adopt the characteristics of the
arterial wall. The authors continue by stating that the challenges of creating the ideal tissue-engineered
vascular substitute are plentiful. However, significant progress and advancements have been made to
understand the importance of biomaterials' mechanical and biological requirements [10]. Understanding
more about the world of biomaterials and how they are used to create solutions to medical complications
will help the team understand the concepts within the project. Through this research and collaboration
among vascular professionals, material scientists, and biomedical engineers, existing complications in the
creation and perfection of an arterial substitute will unquestionably be surpassed.

3.1.2.4 Data Acquisition (DAQ)

In any experiment or project, one might undergo, the produced data will determine whether or not the
experiment processes were correctly done. Therefore, to make sure all data is collected correctly, proper
procedures and systems must be used to provide that certainty. Data Acquisition (DAQ) is a process that
involves collecting information and measurement to understand physical phenomena using sensors,
measurement devices, and a computer [11]. DAQ systems are highly versatile, allowing for multiple
measurements to be conducted simultaneously. By testing with a DAQ system, the team is able to factor
in multiple other potential variables that might affect the results of the project. These variables could
include but are not limited to temperature, humidity, vibration, calibration errors. [11]. Therefore,
understanding how DAQ systems work and performing DAQ processes accurately will allow anyone to
obtain the most accurate results they may want.

3.1.2.5 Professional Web Design

As the website designer in the team, an important aspect of the role is to make sure that all data obtained
is gathered and displayed professionally and adequately for any individual to examine. Therefore,
continuing the research into making the most professional and effective website will allow the team to
continue their research with no complications along the way. Much information can be included within
the website, from short biographies and research documents to navigation techniques and design
processes. Even though the team's website will not be as complete as some professional websites in the
world, there are a few basic tips that should be used in building and maintaining a website. These tips
include being consistent with the information, graphic elements, colors. [12]. Similarly, one major tip that
many do not follow is that if one doubts whether to include a piece of information, one should often stick
with a more straightforward, cleaner design [12]. By understanding these tips and many others, one can
make sure that a website conveys all the information correctly in a clean and precise way.

3.1.2.6 Circle of Willis

A broad understanding of the anatomical world of aneurysms is vital in understanding the project results
and possible changes. Within the Circle of Willis, there are Intracranial aneurysms (IAs), which are
acquired abnormal vascular dilations that occur in roughly 4% of the general population, characterized by
damage localized to the arterial wall, having lost in the internal elastic lamina and alteration of the middle
layer [13]. Cerebral aneurysms cause dangerous complications where its rupture and severe hemorrhage
result in a morbidity and mortality rate greater than 50% [13]. The study conducted by Dan Zimelewicz
Oberman evaluates certain variables concerning brain aneurysms, classifying if patients had a ruptured or
unruptured aneurysm in the anterior communicating artery (AcomA) and the posterior communicating
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artery (PcomA) and which area is associated more with the rupture. Within the results, Oberman explains
that 352 patients were diagnosed with an IA. However, only 132 of them were determined to have an
aneurysm that is located in either the AcomA or PcomA [13]. Continuing, Oberman states that the median
age of the patients within the study was roughly 62 years old, displaying a statistically significant
association between the age of the patient and a ruptured aneurysm, where only 52 of the patients had
ruptured aneurysms [13]. The study concludes that variations in the anterior complex of the Circle of
Willis, in addition to playing a role in the development of cerebral aneurysm, may contribute to their
rupture, especially those from AcomA aneurysms.

3.1.3 Student 3 (Kathryn Nelson)
3.1.3.1 Project Role

Kathryn Nelson is a senior mechanical engineering student. She agreed to take on the role of research and
financial leader. The responsibilities of her role are to keep up to date with any new products or research
that might assist in the development of the project, oversee all purchases, the main contact with Front
office for budget management, monitor and record all purchases for budget tracking, and update the Bill
of Materials.

3.1.3.2 Fused Deposition Modeling Printers

We will be using a Stratasys Objet 260 Connex3 or a PolyJet printer for this project. PolyJet, and many
other models like it, is a fused disposition modeling printer (FDM), meaning that it prints layer by layer,
with layers as thin as 10 to 200 micrometers or 10E-6 meters [14]. These printers can switch between
materials, such as various thermoplastics and biomaterials, in the middle of printing without any outside
interference and can mix materials by itself as well [ 14]. This type of printer is prevalent when it comes to
creating models replicating areas in the brain because of its ability to create such small models with
varying properties like those of vessels.

3.1.3.3 3-D Modeling Patients

One common use is creating scaled models of a patient's brain that neurosurgeons can use to practice
before surgery. The patient gets a computed tomography (CT) scan of their brain to get a model, creating
multiple 2D images of the affected and surrounding area, which are then turned into 3D models that can
be printed out [15]. These models allow neurosurgeons to better understand the situation before going into
surgery, which decreases surgery time and increases the success rate of the procedure [15]. Since the
surgery to cure an aneurysm can be dangerous to the patient if there is little understanding of the path to
take, creating these models with materials that replicate the properties of veins is proven to increase the
safety and or assist with future patients with similar cases. Creating these models can also assist in further
research in neurosurgery since there are accurate models of various brain vessels that can be studied to
improve current procedures.

3.1.3.4 Commonly Used Materials

The materials commonly used for these types of projects are VeroClear and Agilus30. VeroClear is a hard
plastic-like material used to create a hardened exterior to prevent deformation of the models and mimic
the resistance to expansion that brain vessels would have during tests [16]. Agilus30 is a rubber-like
material used to mimic the lubricity of the brain vessel while also providing some elasticity to the models
[16]. While these materials can be used on their own for specific models, they can also be mixed with
different ratios to provide various properties to match veins in different parts of the body. These materials
can also be used to replicate different types of diseases that can affect vessels, which can better
understand how to handle curing those diseases properly.
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3.1.3.5 Vascular Anatomy

To better understand the area that we are focusing on, we investigated the vascular anatomy of the brain.
The brain is made up of a plethora of nerves and arteries, each with its physical properties [17]. The
system that will be focused on is the arterial and capillary system which contain internal carotid arteries
that enter the skull, carry 80% of the total blood to the brain, and create a circle surrounding the base
called the circle of Willis [17]. The capillaries in this system contain 50-60% of the total blood volume,
and their walls are made up of a single layer of cells that vary in properties depending on the type of
vessel [17]. The arteries in this system can suffer from pressure differences caused by various factors
(disease, surgery, etc.), affecting their radius and lubricity [17]. These changes can cause strokes, harming
the patient, or cause lasting damage to the patient's vessels leading to other complications.

3.1.3.6 Circle of Willis

To shrink the focus for the project, we decided to research the circle of Willis further. The circle of Willis
is a network of various arteries that surround the base of the brain to help provide circulation between the
brain and brain tissue [18]. As of right now, there are three types of patterns that the circle can have: no
variation, one posterior communicating artery with hypoplasia (little cell growth) or aplasia (no cell
growth), or both posterior communicating arteries with hypoplasia or aplasia [18]. These patterns affect
the remaining arteries and change the path neurosurgeons take during surgery which could affect the
patient's safety. Understanding these circles and the effect of each pattern can help ensure that
neurosurgeons are prepared for their patient's specific needs.

3.1.4 Student 4 (Aditya Ponugupaty)

In this project, Aditya has been assigned to be the test manager for the semester. His primary function is
to plan, coordinate, test, and gather the data for the team to use. Since the project relies heavily on data
acquisition, data quality must not be misconstrued; that way, when a design proposal is developed, it
matches our data.

3.1.4.1 Rheology testing

As a test engineer, my primary objective is to get good data to use to make a good model. The Rheometer,
which we will be using for most of our tests, if not all, calculates the stress, strain, and strain rate of a
specimen. Since the specimen we are testing is a complex mixture of soft polymers, we need to consider
the possibility of error, which would entail not getting the valid stress-strain values. The article that the
team will be using will help us navigate through any challenges we face when collecting the data.
Sometimes when measuring the shear stress of our sample, we can misinterpret the data by looking at the
wrong experimentally accessible window, i.e., the window of the data interval, and see that data aligns
with our assumptions. This might not actually be the case as the data before the interval and after can be
read to see the strain reactions to the sample [19]. To avoid this, I will be using the figures and data
discrepancies highlighted in my research, such as stress-strain assumptions, the factor of safety equations
for different mechanical tests, and general rheometer troubleshooting, which are all highlighted in the
article [19]

3.1.4.2 Wall Shear Stress and its effects on developing an aneurysm

In order to understand the scope of the project, we have to understand the causes of the problem we are
trying to solve. Aneurysms in the circle of Willis, a group of arteries in the lower side of the brain, is what
the project is based on, so we had to find what is causing the aneurysms in that area. This article was used
to determine the effects of wall shear stress on the artery's relation to the occlusion of an aneurysm. The
paper talks in detail about how in the arterial wall, frictional forces may have led to aneurysm formation
due to high amounts of wall shear stress and hypertension [20]. It then says that high shear stress can be a
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factor in determining where the aneurysm can be developed. They measure the flow rate and determine
the shear stress on the walls in each vessel in the circle of Willis and determine critical areas with higher
shear stress, and tied it with data of general aneurysm formation positions [20]. This correlation proves
that higher shear stress in some vessels will yield to the formation of aneurysms.

3.1.4.3 Mechanical Properties of a Common Carotid Artery (CCA)

Now that we have established the cause of the project, we then look at the available data. Since we are
making a model that emulates a CCA, we have to look at the elastic and mechanical properties to
compare our data. This article shows us identified variables such as pressure, Intima-Media thickness
(IMT), and elastic modulus [21]. This will help us in various ways as; if we need to measure using a
different set of variables or need a formula for a particular test, we can refer back to this article and look
at how they approached the problem. We can also compare our data points to the one in the article and
determine if we are on the right track or not. This will be a crucial aid when it comes to testing.

3.1.4.4 Wall Tension in Cerebral Artery Aneurysms

Not much is known about how to assess wall tension in cerebral aneurysms computationally. The testing
mechanics we are using, which is the Rheometer, can only base properties by stress over strain. But the
Rheometer cannot determine the tension in an artery with a legion, such as an aneurysm [22]. This article
will help us guide through the design where we have to develop the aneurysm model. This can help us
determine the maximum tension a model can handle with our given material properties. The article
provides advanced isogeometric fluid-structure analysis to determine the tension of the aneurysm with its
structural dimensions [22]. This has never been done before and is a novel method. We can use these
formulas and create another variable for our material and see if our tension values exceed typical values.

3.1.4.5 Carotid Artery Diameter and its effects on compliance

As a group, we have extensively researched the mechanical properties of the common carotid artery and
its physical properties. Much of this data has been extensively researched using different methods to
acquire them, but it is different for compliance data. This is highlighted in the article that we use for
compliance data:

"Vascular compliance in the human carotid artery has not by far been evaluated to the same
extent. Previous investigations were performed either on exposed vessels, on materials that were not sex-
matched, or with inclusion of subjects in a limited age range." [23]

This makes it difficult to compare our data to existing ones as some of the research could be done with
poorly run systems or unhealthy test subjects, as previously mentioned. The article that we will be using
sets out to evaluate 119 healthy subjects and measure their change in arterial diameter, pressure strain
elastic modulus (Ep), and stiffness (p) were calculated and used as the inverse estimate of compliance
[23]. The results show a linear decrease in compliance in male and female subjects [23]. This data can
give us a good benchmark to compare our values and also use their existing data to determine a better fit
for our vessel.

3.2 Benchmarking

Benchmarking was conducted on three companies that work in either 3D printing or bio-related 3D
printing. The baseline is the BDL owned PolyJet 3D printer sold by Stratasys. Relevant problems for this
benchmarking session include types of material used, printing methods of different companies, and goals
of companies working in the medical devices field for 3D printing. These attributes relate directly to the
project proposal of finding a new method of printing materials that can produce a model capable of
simulating human vasculature. This evaluation is based on the studies conducted by BDL, before the start
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of this project, on human donors for the right common carotid artery.
3.2.1 System-Level Benchmarking
3.2.1.1 Existing Design #1: Biomodics

A company like Biomodics, where they look towards developing the future medical devices for the health
sector, provides an intriguing interest in the benchmarking process. Biomodics works thoroughly with
supercritical fluid processing and functional surfaces and materials for drug delivery [24]. Biomodics has
a strong patent portfolio of new material technologies. These material technologies have seen success in
working with the human body. Therefore, by looking to design a material that works well with organic
human tissue, Biomodics will be thoroughly studied and examined in the benchmarking process.

3.2.1.2 Existing Design #2: Stratasys

Stratasys is one of the leaders of the 3-D printing world. Stratasys printing is seen in many industries,
including aerospace, automotive, dental, consumer products, medical, and railway industries [25]. From
their research, they have simulated everything from soft tissue and muscles to cartilage and bone in a
single print job. Similarly, they have been able to incorporate transparent materials to get an unobstructed
view of hidden tissues and blood vessels [26]. Seeing advancements that Stratasys has made in the 3-D
printer world and the 3-D material made them a perfect existing design for the team to benchmark and
study.

3.2.1.3 Existing Design #3: Axial 3D

The work done by Axial 3D has supplied aid for surgeons in multiple health sectors. Today, many 2D
imaging processes can complicate pre-operative planning, leading to many complex surgeries being
misdiagnosed or mixed-planned. Nevertheless, through these same 3D images, Axial 3D makes
conceptualized complex three-dimensional anatomical structures, which provides aid to even the most
experienced surgeons [27]. Axial 3D combines the world of 3D printing and medicine, a crucial company
to research in the study during the benchmarking process. Axial's models are similar to the design ideas
that the team is hoping to achieve by the project's end.

3.2.2 Subsystem Level Benchmarking
3.2.2.1 Subsystem #1: 3D Printing Method

3D Printing methods, in general, are the overarching idea behind our project. This creates a necessity to
compare what BDL is doing for printing (as a baseline and what technology is available to us) to what
other companies are doing. Each of the significant system-level companies that are analyzed all has
similar 3D printing processes. However, it is hard to say what method is "best" without researching what
is currently on the market and what current model deficiencies are with respect to the project.

3.2.2.1.1 Existing Design #1: MRI Scan/Imaging

Making models patient-specific is a design that will most likely be met within the term limit of the
project. However, it is an important concept to grasp to understand the entire project. Being able to scan
the focused human organ will allow each 3D model to be printed with characteristics related to the
corresponding organ and make sure that each model is designed to be identical to the organ/system being
analyzed. The use of MRI scans and imaging allows the expert to understand what is happening beneath
the individual's skin without having to be cut open. Therefore, this provides a different meaning behind
the project. By design material that will act as similar as possible to the actual human tissue will allow for
more pre-operative planning, surgical simulations, intrateam discussions, and, finally, reduce the time and
cost of surgery [27].

18



3.2.2.1.2 Existing Design #2: PolyJet

Different kinds of PolyJet material are used, all dependent on the characteristics that the designer wants to
imitate. In this project, the team is working a lot with Agilus PolyJet material. Like what Stratasys uses in
their products, Agilus is used mainly due to its highly rubber-like characteristics. This material has a high

tear-resistance and can withstand repeated flexing and bending [28]. The team is looking to further Agilus
use in the project through these characteristics, utilizing its exceptional durable properties.

3.2.2.1.3 Existing Design #3: Polymer Networks

Polymer Networks are essential in the biocompatibility and the biomimicry of our design. One of the
significant variables of the projects is the altering of the polymer network. Each change in the network
will directly change the characteristics and functionality of the material. Therefore, understanding
polymer networks used in similar circumstances will help the team find the successful design there are
aiming after.

3.2.2.2 Subsystem #2: Modeling Method

For modeling methods, different companies use a variety of tools to create their 3D printed models. We
will be using PolyJet materials; however, there is potential that a "better" material is on the market, in
development, or in current models that could be improved. Some companies emphasize the model
structure accuracy but become deficient in the mechanical properties concerning the model application.
For example, a vascular model of an intracranial aneurysm may be structurally relevant for a
neurosurgeon to practice. However, the model walls may not respond the same to a catheter as a human
vessel would. Thus, current modeling methods must be benchmarked to create a subjective, more
anatomical, and mechanically accurate model.

3.2.2.2.1 Existing Design #1: MRI Scan/Imaging

One modeling method that has seen major advancements is that of modeling based on the images or scans
that have been provided. This will allow each model to be unique, dependent only on each image. This
method provides the most intellectual understanding. However, it also provides the most accurate results.
These scans will provide 2D images that will be converted into 3D models through this process.

3.2.2.2.2 Existing Design #2: Basic CAD with a .STL File

The modeling method that the team is working with as of now is creating basic CAD models and printing
the 3D model through the use of STL files. Though this requires less intellectual understanding than MRI
scanning and imaging, it still provides a high level of accuracy, dependent on the designer. Therefore, the
team understands that to obtain the most accurate information, the CAD models that will be used must be
thoroughly examined and must contain important details throughout the model.

3.2.2.2.3 Existing Design #3: Vascular/Biologic Approach

The vascular/biologic approach is the modeling method that requires the highest intellectual
understanding of the anatomical world is that of the vascular/biologic approach. This approach bases all
understanding of the knowledge of the human body and the vascular system. After obtaining this
information, then it will be converted into models that can be used to 3D print. This approach contains
pros and cons, where it contains a high level of the anatomical areas of the project but contains less
understanding in the 3D printing design aspect. Therefore, to see the best results, one must have a high
intellectual understanding of every aspect of the project.

3.2.2.3 Subsystem #3: Biological Approaches

Lastly, the biological approach to creating models is different for competing companies. How the
company incorporates human biology into its models will help inform and guide our team to produce a

19



functional model. The implications of different company methods may require additional research and
brainstorm for developmental processes. For instance, the technology available may be a limiting factor to
our model innovation, or a competing method may be more developed and capable than the currently
available processing. Evaluating these attributes helps the team to understand the market and the project
relevance better.

3.2.2.3.1 Existing Design #1: Aim of Axial 3D: Cranial vasculature

The company, Axial 3D, takes MRI scans and uses many images to develop a 3D image. From this 3D
image, engineers can create a printed, 3D model of accurate vasculature of a patient for a surgeon to
practice on. This is an exciting approach compared to the current BDL method of using a biological
approach (standard human anatomy) to model a Circle of Willis model.

3.2.2.3.2 Existing Design #2: Aim of Stratasys: Developing Practical Medical Models

Stratasys prides itself in being able to print client-provided models to a high degree of accuracy. However,
they also use a form of normal human anatomy to create comprehensive surgical models.

3.2.2.3.3 Existing Design #3: Aim of Biomodics: Device Complications

Biomodics aims to improve biocompatibility. This importance in compatibility will allow the company to
handle many different areas of medical complications, anywhere from surgical infections to drug
delivery and analysis. Therefore, the team shows interest in Biomodics' research due to their continued
advancement in the design, focusing highly on biocompatibility and biomimicry. Understanding and
furthering advancing this research is the aim of the team. Therefore, creating Biomodics as an initial
benchmark will allow the team to continue towards their project goal of biomimicry and compatibility.

3.3 Functional Decomposition

3.3.1 Black Box Model

The Black Box Model is a design tool to help the project concept generation process. This model helps to
provide insight into the functions that go into a developed model solution to the project problem. For the
3D printing project, the black-box model is slightly unconventionally used. However, the black box
model in this manipulation served to help the team realize what topics to focus on and break down the
design process. The inlet functions are material ratio and material patterns. For a 3D printing project with
precision in the micron units, altering the material ratio is a relatively easy technological capability.
However, controlling the ratio or gradients of material is what the team aims to do to produce a model
that is replicable of human vascular. This data is based on the right common carotid artery (RCCA) and
can produce similar mechanical properties to the human donor samples analyzed by BDL in prior
research. The team then brainstormed patterns of the material. One hypothesis was that by altering the
pattern of the material printed by using different shores of hardness, the team might find data that would
have either a higher standard deviation from the human samples or that the properties of varying shores
would be averaged. This study will not be conducted based on the design generation and selection. Due to
this project being an analytically heavy project, the outlet of the black-box model is "testing
results/outcomes," see figure 7. The design selected will be printed and ran through various mechanical
property tests to determine the structure's capabilities.
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Figure 7 Black Box Model.
3.3.2 Functional Model/Work-Process Diagram/Hierarchical Task Analysis

The functional model helped the team break down variations of the 3D designs generated and gradients of
material shores that could be used, see figure 8. Headed by the project topics, we then break down the
design patterns that were generated during brainstorming. The arrows indicate which design the team
selected, which two designs were runners up, and the final design that was a no. For each design concept,
there are two material gradients advised by the client to create a proof of concept for changing shore
gradients. This model helps the team visually break down the gradients being used per design and record
what gradients will be tested. There are a wide variety of combinations of gradients available, so this is
the order chosen.
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Figure 8 Functional Model.
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4 CONCEPT GENERATION

After talking more with Dr. Becker and brainstorming potential solutions that fulfill the client's
requirements, each teammate came up with a design. Some designs build off current designs used for this
type of research, while others look at more complex patterns. Each design considered the difficulty of
printing, how the materials could be layered and how that layering could affect the model's properties, and
how closely it replicates the human vessels.

4.1 Full System Design #1: Crosshatch

This design focused on a crosshatched pattern design where each material would be weaved into each
other. This design would provide a mix of hard and soft materials and provide great flexibility or
compliance to the model. However, the weaving pattern will cause complications when printing, creating
many air pockets that could affect future testing and not allow for multiple layers since all the materials
are woven into a single layer. This design was also one of the more complex designs, but it does not
mimic the natural occurring layering method.

4.1.1 Figure [9]: Crosshatch design

4.2 Full System Design #2: Alternate Layering (Block-0)

This design mimics a build block design where the top layer of material would have multiple evenly
spaced holes, and the bottom layer will have pegs that fit into those holes. Due to the hole-peg nature of
the design, the secures together, and the type of layering allowed each layer to have its hardness level.
Some issues with this design are that the pegs could cause issues with printing since everything has to line
up nicely, or there will be air pockets, and that it will be challenging to add more than two layers to the
design.
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4.2.1 Figure [10]: Alternate Layering

4.3 Full System Design #3: Gyroids

This design uses sinusoidal patterns to interweave materials together. This pattern allows the model to
have more complex properties and allows for multiple materials to be used in a single layer. Some issues
are that this design would provide many complications when printing since the design is so complicated.
Also, it does not allow for diversity of hardness levels within the model since there can only be a single
layer and does not have much compliance.

4.3.1 Figure [11]: Gyroids

4.4 Full System Design #4: Alternating Shores

This design focused on simple layering materials with a varying hardness on top of one another. The
materials are printed with a simple layering method, no mimicking patterns or creating pegs and holes,
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with the bottom layer taking up most of the model. In this design, the layers will be meshed to create tight
bonds, leading to no air pockets and requiring much support when printing. While this is a simple design,
it does have a similar type of layering to the organic tissue and allows for a transition between soft and
hard materials. This transition will allow the model to have close to the desired compliance needed during
testing.

4.4.1 Figure [12] : Alternating Shores

4.5 Subsystems Concept

4.5.1 Subsystem #1: Pattern

The pattern the layers are printed in could affect the print time, the integrity of the layers. The printing is
in a UV Cured material. So, when changing the pattern of the material through different shore hardness,
there is potential to change the overall material's properties when tested. There is also potential that the
pattern would be subjectively averaged when tested, which means that a mixed pattern of 30A and 40A
may average to an ordinary 35A. This is going to be a testing application through testing 30A and 50A. If
shores are too average, then changing gradients would become obsolete unless an in-between of two
materials not commonly manufactured is desired.

4.5.1.1 Design #1: Mesh Print

Mesh print involves UV-cured printing. The layers are printed so closely together that they are essentially
meshed, creating no air pockets. The lack of air pockets mimics the water tightness of human vessels and
ensures that the liquid used during the compliance test stays within the tube. This type of printing also
allows for an easy gradient to be created between layers, assisting in the transition from soft to hard
materials. The simplicity of this type of printing means that there will be less time to print the models,
which allows for multiple types of models to be printed in a shorter amount of time. However, this type of
printing does not allow for more complex designs and expands upon current printing techniques.

4.5.1.2 Design #2: Overlapping Layers

Overlapping layers involves creating strings of each material essentially and weaving them together,
creating a sheet. This print type creates a sturdy model that allows for a more complex way of mixing
materials within layers. However, due to the weaving pattern's nature, there will be too many air pockets

24



within the layers, which causes issues with the compliancy tests, doesn't match the same water tightness
as human vessels, and makes it difficult to examine each material. This type of printing also increases the
print time of the models due to the complexity of the design and could cause complications of
unintentional mixing while printing.

4.5.1.3 Design #3: Equation Driven Patterns

Equation-driven patterns involve using standard equations to creates the mix of materials within layers.
Since the equation remains the same for every layer, models are easy to replicate for future projects. This
type of printing also avoids air pockets, creating the model's wall with a watertight seal, mimicking the
same property as human vessels. However, due to the complexity of this design, it would not be easy to
analyze each layer's effectiveness without averaging all the data. Due to the way the materials are mixed,
the models would become too rigid to mimic the softness of human vessels. While the models for this
type of printing would be easy to replicate, the printing portion itself would be complicated, increasing
print times and causing potential complications with dispensing the materials.

4.6 Subsystem #2: Layering

The type of layering of a model can influence the model's properties. Each model is roughly 1.2 mm in
thickness.

4.6.1.1 Design #1: Simple layering (1-3 layers)

With simple layering, each layer is the same thickness, and all would have the same hardness level. This
design allows for any desired number of layers to be printed within the model and allows for quick tests
to be done since print time would reduce. Some cons to this type of layering are that because it is so
simple and does not allow for more than one material to be used, the data found from these tests would
not be of much use, and there is not any variety of hard/softness levels within the model. Since each layer
is roughly the same thickness, the models would not match the layering of human vessels.

4.6.1.2 Design #2: Thickness Relative to the Vascular Anatomy

This design would be trying to mimic the same thickness to vascular anatomy. There will be two layers;
the first layer will take up roughly 80% of the thickness to mimic the media section of vessels. This layer
will also be printed using a softer material, while the thinner layer will be printed with a more rigid
material. This design does exclude the extrema layer of the vessel since that layer only provides support
and has little to no effect on the testing that will be performed [4]. The pros of this layering design are that
the thickness of the two layers is relative to vascular anatomy, which will help provide accurate data
during the tests. Some cons to this design are that this type of design has not been tested in previous
research, so there is a possibility of this design suffering from minor changes tests continue.

4.6.1.3 Design #3: Different Hardness of Layers

The different hardness of layers design focuses on each layer having a slightly higher hardness than the
previous. Each layer will have an equal thickness, and this design could have as many layers as desired.
This design allows for materials to be mixed in particular layers which provides a transition between hard
and soft materials. The multiple layers of different materials can mimic the different hardness levels that
vessels have, which could be used to help provide somewhat accurate results to natural vessels. However,
since each layer has the same thickness, this does not replicate the layering in vessels, and models with
this design will not provide the desired results.

4.7 Subsystem #3: Material
The type of materials used and the ratios of those materials can affect the properties of the model.
4.7.1.1 Design #1: Agilus 30 & 50 Combination

This mixture of materials involves mixing Agilus 30 and 50. The higher the number, the higher the
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hardness levels, so Agilus 50 would have a higher shore than Agilus 30. The outer layer would be Agilus
30, while the inner layer is made of Agilus 50. Having a more rigid interior is more anatomically correct
and provides a more lubricious surface. This will also help provide structural stability to the structure.
During compliance tests, the sample does not rupture and is hypothesized to display similar qualities of
the human RCCA. 50A may be too rigid to provide vascular-like responses. However, it is used to
validate combining different shores in specific thicknesses to determine a change in overall material
properties.

4.7.1.2 Design #2: Agilus 40 & 60 Combination

This mixture involves combining Agilus 40 and 60. The outer layer would be Agilus 40, while the inner
layer would be made of Agilus 60. The slightly harder 40 shore on the exterior causes the model to be
more lubricious than the Agilus 30, displaying similar properties to human vessels. While having the
interior have a high hardness level provides needed structure to the model during compliancy tests. It is
possible that the material could be too rigid to mimic the flexibility of human vessels and affect the results
from the lubricity test. There is a possibility with the mix of Agilus 40 & 60 that the results would simply
be the average of the two numbers, making the results the same as using Agilus 50 instead of producing
different data. If that is true, then there is no need to switch to Agilus 60.

4.7.1.3 Design #3: Pure VeroClear vs. Pure Agilus

This design focuses on using the pure version of either material when creating the layers. Pure Agilus is
exceptionally soft, which provides the needed flexibility for specific tests, but this material is highly
fragile. This material would most likely tear during most of the tests performed, such as busting during
the compliance test, providing inadequate data. Pure VeroClear is highly rigid, with no flexibility, and
provides a sturdy layer, but due to that lack of malleability, it would also result in inadequate data. A
model created with these materials would not mimic human vascular's softness/hardness levels and would
prove to be a waste of the budget.
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5 DESIGNS SELECTED - First Semester

In this section, we will analyze the different concepts that the team has generated and the analysis for
streamlining our requirements into the final design. The team brainstormed on all the different
possibilities and created four different solutions highlighted in section 4.0. This was done by reviewing
our research on the subject and getting approval from the client. The team then used different problem-
solving tools to decompose the requirements into smaller subsections (sub-functions) to fulfill and
solutions (concept variants). Then a decision matrix was created to analyze the concept variants and
narrow it down to our final design.

5.1 Technical Selection Criteria

After creating four distinct geometries for our concept variants, we decided to use the decision matrix to
analyze our concept variants using the criterion developed in the QFD (Quality Functional
Decomposition). A weight is assigned to each criterion and is totaled to 1. Typically, the decision matrix
only has one type of alternative and is compared to the criterion and assigned a value; these values are
then totaled up and ranked between all the alternative concepts and are given a high rank to low rank. In
our case, we are asked by the client to see if there are any differences in the material properties if the
ratios (shore) change in our design. Therefore, we included two different shore values of the materials for
all concept variants and will compare them to the criterion. These criteria are soft exterior, medium
interior, lightweight, compliance, equivalent properties to organic tissue. These designs are then given a
value the group thought appropriately and then multiplied to the weighted criteria. This is shown in the
decision matrix in the appendix. C

5.1.1 Alternate Shores

Based on our analysis, the decision matrix has concluded that alternate shores geometry is the best design
that fits all our engineering requirements. It meets all our criteria and does so with high margins. A vital
part of this concept is that the layers have different firmness; this creates a mesh with a softer outer shell
and a medium firmness interior that mimics tissue. We have two layers of varying height and make up a
height of 1.2mm. Our client recommended that we make it look like a vessel in shape and feel; this
matched all the demands the client wanted. The layers have meshed so that there will be no air pockets,
and that will help us with a tighter bond between the layers. Overall, it matches all our criteria and will be
a good baseline for us to use. We also have the advantage of having two different layers with two different
firmness values on their own. When meshed, it would make a system of mimicking an artery, which we
hope to achieve with this design.

5.2 The Rationale for Design Selection

5.2.1 Decision matrix evaluation

If we see in the decision matrix below in appendix C, the design with the alternating shores ranks 1 when
compared to all the other designs. The design matched all our criteria with top points and helped it rank
the highest, and it was helpful that the device was compatible with the higher-ranked criteriums and
fulfilled what the client wanted. The design ranks first in our decision matrix due to its high ratings in
Soft Exterior, Compliance, and Similar Properties to Organic Tissue. The weight of these criteria shows
us how important they are to the client and overall design evaluation; Soft Exterior is considered 20% of
the total importance while Compliance and Similar Properties to Organic Tissue are weighted as 15% and
35% respectively in importance. However, some of the design's capabilities fall short of other highly
weighted criteria; such disadvantages came out to be its firmness on the interior (medium firmness
interior) and lightweight.
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5.2.2 Technical Analysis

Dividing our mechanical properties into two different correlations helped us analyze each component
thoroughly and in a manner that would help us validate our design alternatives. We will analyze
compliance values and how similar it is to organic tissue. These were selected as the two primary analyses
as they ranked the highest in weight percentage.

5.2.2.1 Compliance

Compliance is an essential aspect of making our model responsively like human tissue. A pressure
transducer and a 10cc syringe filled with Conray are connected to a tube of 3D printed material to
measure compliance. The material is inflated with Conray to specific pressures the human body would
experience, and images are captured with a fluoroscope. The internal walls/diameters are visible in the
image and measured to find the vessel's compliance at a set pressure. The goal is to print a cylindrical
tube that outward expands under pressure to the same degree as human RCCAs would; see Appendix A
for donor valued compliance data.

5.2.2.2 Similar to organic tissue

The material printed will be tested for its mechanical properties, which will then be compared to human
RCCA mechanical properties. For the height in our sample, we have two sublayers meshed to make a
whole layer. The actual carotid arteries are three layers: Tunica intima, Tunica media, and Tunica extrema
[30]. From a purely physical and design specifications standpoint, we are adverse the extrema part of the
layer. With the recent changes from the data collected, it will not be printed on the Circle of Willis design
we would make at the end of the capstone year. This omission of the tunica extrema is because the BDL
team removed the adventitia and tunica extrema from the RCCAs (Right Common Carotid Artery) before
their testing. As a result of this, we need to make models that are similarly layered to compare the data
sets. For the intima and media thickness (IMT), we can take the measurements from the age range 41-86
as that is around the time most aneurysms begin to show up; So, the media values are 0.95mm (P25+P50)
and intima 0.61mm [30]. This is close to our geometry, an overall depth of 1.2mm, dividing the two
layers by 80% media and 20% intima. So, our values are close in media — 80% of 1.2 = 0.96mm. and the
intima has a difference from 0.61 in actual RCCAs (Right Common Carotid Artery) to 20% of 1.2mm =
0.24mm [30].
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7 APPENDICES
7.1 Appendix A: Original System Performance Tables

VC-A30-30A VC-A30-40A VC-A30-layered Silicone
% diff. p value % diff. p value % ofiff. p value % diff. p value

{A) Nondestructive compressive moduli

Donor 1 22.5 <001 379 <001 20.5 <001 537 <001

Donor 2 336 <001 390 <001 328 <001 &6 <001

Donor 3 310 =.001 361 =001 303 <001 54.9 005
(B) Nondestrisctive shear moduli

Donor 1 823 <.001 720 <.001 B41 <001 387 <.001

Donor 2 2850 =001 2740 <001 2900 <001 1450 <.001

Donor 3 1450 <001 15%0 <001 1680 <001 B23 <001
{C) Nondestructive Poisson's ralio

Daonor 1 15.6 356 81 560 130 146 3.96 828

Donor 2 14.5 .128 336 D02 18.4 007 306 015

Donor 3 4.32 774 17.1 195 1.92 847 134 391
(D) Nondestructive tensie moduli

Donor 1 474 <001 515 <.001 664 <001 976 <.001

Donor 2 418 <001 432 <001 485 <001 595 < 001

Danor 3 266 <001 276 <001 313 <001 391 <001

Note: Values in bold/italics represent significant results and/or % diff. less than 30%.
Figure 2 Table display of polymer vs. donor mechanical properties by testing method [2].
VC-A30-30A VC-A30-40A VC-A30-layered Silicone
% diff. p value % difff. p value % diff. p value % diff. p value

(A) Hardness moduli

Donor 1 2.44 TG 48.2 001 47.0 002 771 <001

Donor 2 100 002 4.35 410 8.82 498 52% D04

Donor 3 112 009 12.6 555 15.2 485 50.1 048
(B) Radial force

Donor 1 -318 00 335 023 ara 001 5570 003

Donor 2 11,500 <.001 12,000 002 13,2000 <001 157,000 <.001

Donor 3 169 020 180 A10 208 009 3550 Do3
{C) Lubricity

Donor 1 26.2 <001 15.3 <001 28.6 <001 &64.5 =001

Danaor 2 3.93 <001 10.3 <001 7.05 <001 53.8 <001

Donor 3 17.6 <001 539 <001 20.2 =001 604 =001
(D) Compliance

Donor 1 202 <001 202 <001 .77 793 384 249

Daonor 2 27.3 070 27.3 074 750 <001 B85.2 <.001

Donor 3 102 002 102 003 30.4 077 58.7 D41

Figure 3 Table display of polymer vs. donor mechanical properties by testing method [2].
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7.2 Appendix B: HOQ
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7.3 Appendix C

Decision Matrix

Alternatives

Cross-Hatch Alternate Layering (Lego) Gyroids Alternating Shores

Criteria Weight A30-A50 A30-A60 A30-A50 A30-A60 A30-A50 A30-A60 A30-A50 A30-A60

Soft Exterioir 0.2 60 12 40 8 80 16 60 12 40 8 20 4 100 20 60 12

Medium Interior 0.2 20 4 60 12 20 4 60 12 80 16 80 16 20 4 60 12

Lightweight 0.1 20 2 60 6 20 2 60 6 20 2 60 6 20 2 60 6

Compliance 0.15 100 15 80 12 100 15 80 a 60 9 40 6 100 15 80 12

similar Propertiesto | oo | o | 21 | 40 | 14 [ 100 | 35 | 60 | 21 | 60 | 21 | 40 | 14 | 100 | 35 | 60 | 21
Organic Tissue

Totald 1 | 54 | 52 | 72 | 51 | 56 | 46 | 76 | 63

[Rank] - | 5 | 6 | 2 | 7 | 4 | 8 | 1 | 3
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7.4 Appendix D: Pugh Chart

| Alternatives |

Crosshatch Alternate Layering Gyroids Alternating Shores
Baseline
Criteria (From BDL) Totals Rank
Stiffness/E (Kpa) 5 0 + + 3 1
Thickness (mm) 5 - - + 0 4
Compressive Modulus (kPa) 3 - + - 0 1 7
Frequency (rad/s) 3 - - - - -4 9
Poisson's Ratio 5 - - + 0 -1 7
Compliance (cm”2/mmHg) 3 + + - + 2 2
Similar properties to organic tissue 5 0 0 - 0 -1 5
Cost Within Budget 5 0 0 - 0 -1 5
0
Totals -3 0 -2 2
Rank 4 2 3 1
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