University of Central Florida

STARS
Honors Undergraduate Theses

UCF Theses and Dissertations

2022

Design and Development of Medical Devices for Multifaceted
Applications
Madisyn Messmore
University of Central Florida

Part of the Biomedical Engineering and Bioengineering Commons, Biotechnology Commons, and the
Mechanical Engineering Commons

Find similar works at: https://stars.library.ucf.edu/honorstheses
University of Central Florida Libraries http://library.ucf.edu
This Open Access is brought to you for free and open access by the UCF Theses and Dissertations at STARS. It has
been accepted for inclusion in Honors Undergraduate Theses by an authorized administrator of STARS. For more
information, please contact STARS@ucf.edu.

Recommended Citation
Messmore, Madisyn, "Design and Development of Medical Devices for Multifaceted Applications" (2022).
Honors Undergraduate Theses. 1257.
https://stars.library.ucf.edu/honorstheses/1257

DESIGN AND DEVELOPMENT OF MEDICAL DEVICES FOR MULTIFACETED
APPLICATIONS

by

MADISYN MESSMORE

A thesis submitted in partial fulfillment of the requirements
for the Honors Undergraduate Thesis Program in Mechanical Engineering
in the College of Engineering and Computer Science
And in the Burnett Honors College
at the University of Central Florida
Orlando, Florida

Spring Term, 2022

Thesis Chair: Mehdi Razavi, Ph.D.

ABSTRACT
The fields of biotechnology and biomedical sciences are rapidly evolving and involve the constant
growth of knowledge. Consequently, engineering design has to also remain at the cutting edge in
order to not inhibit the growth of these fields. This study focuses on engineering design and
analysis as it pertains to the field of biotechnology, at every step of the engineering process. More
specifically, how the engineering design and analysis approach can assist in solving medical
problems relating to bone diseases and biomaterials. The first part of the study focuses on a project
to design and manufacture a novel extracellular vesicle (exosome) isolation device, with the
primary purpose of creating an affordable and accessible method of isolating exosomes for the
testing and diagnosis processes in the Biomaterials & Nanomedicine laboratory. The second part
of the study focuses on the design and analysis of biodegradable bone implants, before, during,
and after implantation. Together, these projects aim to show the engineering processes of design
and analysis and serve to provide insight as to how engineering principles can be applied to the
medical field.
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CHAPTER 1: EXOSOME ISOLATION FILTER DESIGN (EXOSONS)

Abstract
The topic of interest in this study is the invention of a novel method of exosome isolation.
This device, currently titled ExosoNS (Exosome Isolation NanoSonic), seeks to revolutionize
how exosomes are currently isolated to make the process much more accessible and thus
widespread to accelerate the research into using exosomes as tools for diagnosis and innovative
therapies. This biofilter is currently undergoing physical testing, as its design has been fully
completed and only minor modifications should be made for it to successfully complete all
phases of testing. This filter is rooted in knowledge of biological samples and filtration protocols,
and the main hypothesis of the work is whether a novel system of filtration can be made that
vastly reduces the required sample volume, time per isolation, isolates high-yield high-purity
exosomes, and is easily capable of being manufactured in most labs around the world at a low
cost. This device, if the hypothesis is proven correct, could rapidly accelerate research into
biomarkers, exosomes, cancer diagnostics, and has the potential to be modified for even more
biofiltration applications.

Introduction
With the emergence of research into vibration and mechanical stimulation for biomedical
applications [1], it has been found that not only does nanoscale vibration promote cellular
regeneration, but it also serves to disaggregate exosomes in biological samples, such as blood,
without causing damage to their structure. Exosomes are also an emerging focus of study, as
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recently researchers have found these messenger vesicles can be used for early cancer diagnostics,
immunotherapy [2], diagnostics for the central nervous system and brain disorders, such as
Alzheimer’s disease [3], diagnostics for joint diseases, such as osteoarthritis [4], stem cell
differentiation techniques [5], and biomarker discovery [6]. Current exosome isolation techniques,
such as ultracentrifugation [7], immunoaffinity, PEG Precipitation, and others tend to be costly,
labor-intensive, and have low yield due to vesicle damage and aggregation. ExosoNS aims to solve
all the issues that the other methods of exosome isolation have, including cost. These methods are
compared in Figure 1.
Research Methods
Crucial research had to be undertaken before the design of ExosoNS could even begin. The
first major topic is existing methods of exosome isolation.
Table 1: Comparison Table of Exosome Isolation Methods
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Table 1 compares the current standard methods of exosome isolation in practice.
Research also had to be done to investigate recent innovations in the field of biofiltration
and exosome isolation. Two new methods have recently been published for exosome isolation, the
first being ExoTIC (Exosome Total Isolation Chip) [8]. This is one of the first ground-breaking
exosome isolation alternatives that remove the need for ultracentrifugation. This device, published
in 2017, holds the major advantages of reduced cost, modularity, and visibility. However, despite
being more easily manufactured in labs, there requires classical machining to achieve the proper
dimensions with the materials used. Additionally, the sample size requirement is still somewhat
high. ExosoNS aims to improve upon the most basic level of the design by lowering the sample
size requirement as well as utilizing 3D printing, a technology commonly available in most labs,
to remove the work and expense associated with machining.
Another innovation in the field of biofiltration is Sequential Filtration. Sequential Filtration
is more of a protocol than specifically a device, but the method employed is very similar to that in
ExosoNS. Using a specific sequence of filters with differing molecular weight cutoffs, biological
samples can have exosomes gently isolated in the process of flow [9]. This process makes sure
that little to no exosomes are damaged in the isolation process, which is a contrast from
ultracentrifugation protocols.
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Figure 1: TEM Imaging of a Nanofilter Used in ExosoNS

Exosomes must also be understood before any process of isolation can be fully planned.
Exosomes are typically in the range of 30-150 nanometers in size [10]. Contaminants in biological
samples are usually smaller than 30 nm, and most other particulates and microvesicles within
samples are around 200 nm and larger. Exosomes are comprised of a lipid membrane bubble, with
varying contents (typically genetic information like RNA and proteins) depending on the source
and destination [11].
Since ExosoNS relies heavily on the capability of the nanofilter membranes having the
proper sized pores and uniform distribution/shape of pores, it must be confirmed before any
assembly that there are filters that are capable of separating the three aforementioned molecular
size groups within biological samples to isolate high-purity exosomes. Figure 1 shows TEM
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imaging of a PES (Polyethersulfone) filter membrane advertised as having an average pore size of
30 nm. Unfortunately, the average pore size for this membrane was much higher than the
advertised 30 nm. However, because the membrane was multi-layered, the projection of the pores
resulted in a calculated average of close to 30 nm. In future works, it may be best to use lithography
to manufacture PES membranes with exact pore sizes and shapes, although this increases cost and
makes the system more difficult to manufacture.
PES filter manufacturing at the nanoscale is a highly niche market and is very difficult to
obtain at 30 nm. It is very important to ensure that not only are the pore sizes precise but also that
the membrane itself is sterile. Although they are somewhat difficult to obtain, PES membranes
were specifically chosen due to their biocompatibility and hydrophilic properties, as well as their
optimal material properties to maintain shape under flux from flowing liquids. Because PES is
hydrophilic, it allows for higher flow rates and reduced internal pressure when used in filters [12].
Design Methods
First considering the goals of the filter, then the engineering requirements corresponding
to those goals and its primary function, prototypes of ExosoNS could begin to be made. With the
goal of easy manufacturing and the desire of utilizing 3D printing, the skeletal components of the
filter were limited in material choice. The final choice of material for the main filter body is ABS,
and this is due to several reasons. ABS is a biocompatible plastic that is strong but with an elastic
modulus high enough to allow for high structural integrity when subjected to vibration. It also has
a high melting point (200o C), which is desirable for the sterilization process to allow for repeated
use of the filter. ABS is also lower in cost, although not as low as PLA. ABS was chosen over
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PLA due to the weakness of PLA and its lower melting temperature (170 ◦C). However, because
the filter does not undergo high-force processes, PLA can be used to make prototypes that match
the properties of ABS when subjected to the same structural and fluid tests. This aided in the
prototyping of ExosoNS, as PLA is cheaper and does not require an enclosure for printing (nontoxic fumes).

Figure 2: Manufactured Design Prototypes. [A] Shows a SolidWorks model of the top piece of prototype version 2
(v2). [B] is a 3D print of the top component of the ExosoNS prototype v2, using ABS plastic. [C] is a 3D print of the
top component of the ExosoNS prototype v2, using PLA plastic. The differences between ABS and PLA can only
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truly be seen in color, which is adjustable and not dependent on material type. [D] is a SolidWorks model of one of
the middle layers of ExosoNS prototype v3. This component did not change much at all between updates v2 and v3.
Part [E] is a 3D print of one middle layer of ExosoNS prototype v2 using ABS plastic. [F] is a 3D print of one
middle layer of ExosoNS v3 using PLA plastic. Component [G] is a SolidWorks model of the inlet/outlet layer of
ExosoNS version v3. This features a built-in adapter for attaching tubing based on the Luer attachment design
mechanism. [H,I] 3D print of inlet/outlet layer of ExosoNS version v3 using PLA plastic. [J] shows a Blender
rendering of ExosoNS prototype v3 which features the built-in tubing adapter inlet. [K,L,M] show the partial
assembly of ExosoNS version v2 to test part fit, scaling, and system stresses.

Figure 2 shows prototypes created with both ABS and PLA plastic.
One of the first design considerations for ExosoNS was modularity. ExosoNS had several
prototypes generated to find an iteration with the greatest capability of modularity and
modification. Because each component is independently manufactured or purchased, and the
membrane can easily be changed to isolate a different size particle, the capability of making the
filter capable of more than just isolating exosomes was held in high value.

7

Figure 3: SolidWorks Design Prototypes. [A] is the very first prototype of ExosoNS. This design was bulkier in the
skeleton, which made it more structurally reinforced. However, this bulk only succeeded in adding mass and
decreasing modification potential, so this led to [D] and [H] which are an expanded visual of the components in the
final design and a rendering of the final assembly, respectively. Since the forces involved are low, there is no need
for thick body plates. [G], [E], [F], [I], and [J] in Figure 3 are design prototypes for an add-on component of
ExosoNS, which is a vibrational sleeve.

Figure 3 shows several design iterations of the filter, including a nanovibrational sleeve.
This sleeve is designed to generate a nano-vibration that de-aggregates particles flowing through
the filters and ensures the pores do not get clogged by large particles, blocking the passage of
smaller particles. This add-on component is too complicated to be considered a component of
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ExosoNS, and since it is a completely independent and detachable component, this sleeve is best
reserved as its own project in future works.

Figure 4: Ansys CFD Tests for Fluid Flow Analysis and Fusion360 Vibrational Tests. Parts [A-I] show modal
analysis tests of one prototype of the filter performed in Fusion360, which is intended to ensure any vibration the
design is subjected to will not be in the resonant frequency or be a strong enough vibration to permanently deform
the filter. All Nano vibration is well outside of both criteria of each modal frequency found; thus, it was a success.
[J-L] in Figure 3 show steps of performing CFD testing in Ansys of the final prototype design. This test was to
ensure the applied fluid pressure wouldn’t be too much for any component of the filter, especially the inlet and
outlet as they had the smallest diameters. [L] Shows that it was not, in fact, too much pressure at any point.
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To ensure designs were worth manufacturing and testing, it was important to ensure they
could withstand the potential vibration they would be subjected to as well as withstand the internal
fluid pressure as a result of the sample being passed through two filters in one device.
Testing Methods
After the final prototype iteration had been generated, the testing phase was to begin. The
methods by which the filter was to be tested to ensure success were as follows:
● Water test to ensure minimal to no leakage
● Preliminary biological fluid sample tests
● Large-scale biological testing in Dr. Sugaya’s Lab
These tests were to be performed in that order and were only to proceed to the next test if
it succeeded in the previous. The first test is currently being repeated, as a problem of leakage
occurred. This problem was approached in several ways. The first proposed solution was to sand
between each skeletal piece to attempt to remove any deformities or extrusion lines that could
cause gaps for the liquid to fit through. This did not completely solve the problem. The next
proposed solution was to wrap the outside of the device in parafilm in conjunction with the sanded
version. This worked slightly more. The final proposed solution was to add a hydrophobic gel
layer between the sanded pieces and around the outside of the device. This was the most effective,
and the results are shown in Table 2 below.
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Figure 5: Prototype Assembly, With Hand for Scale (Left), and Cross Section of SolidWorks Model for
Approximating Inner Volume (Right)

Figure 5 (Left) shows the result of the first suggested solution to the leakage problem, held
in a human hand for scale. This device is the smaller of the iterations of prototypes, intended for
small sample sizes, such as blood samples. The inner space of the filter holds approximately 1.23
mL of fluid without a rubber pad for buffer, and about 0.64 mL of liquid with the pad. These
volumes were approximated using SolidWorks, and the cross section of the model used to
approximate this is shown on the right of Figure 5.
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Figure 6: Setup for Test Run with Water. [A] Microfluidic Pump, [B] Syringe connected to medical-grade silicone
tubing, [C] ExosoNS Device, [D] Tubing connected to outlet and releasing into container

Figure 6 shows the setup for the first several water tests. Water was measured and put into
a syringe. This syringe was loaded into a microfluidic pump, and then tubing was attached from
the syringe to the filter. The filter was held in place by a clamp on a stand to mitigate any variability
brought about by motion. Then a small section of tubing was connected to the outlet and set to
release into a small container. The water that fell directly from the filter (not through the outlet)
was collected, as was the water released to the container. These measurements were recorded in
Table 2.
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Table 2: Water Trial

Table 2: Water Trial
Input Volume (mL)

Leaked Volume (mL)

Percent Loss (%)

3

0.4

13.33

3

0.35

11.67

3

0.4

13.33

The volume loss due to leakage displayed in Table 2 is relatively small, the highest being
13.33%, however, when dealing with very small biological samples, it is crucial to use and save
as much of the sample as possible. There is the potential to attempt to collect the leaked fluid,
dilute it with water to reach the required sample volume, and return it to the filter. This could be
done multiple times. However, more research must be done on the potential effects of diluting
biological samples containing exosomes with water. The second trial of the now improved device
was conducted using nanobubbles suspended in PBS to visualize filtration efficiency once the
leakage issue was mainly mitigated. These results are shown below.

Figure 7: Evaluation of Filtration Using Nanobubbles Under a Microscope
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Unfortunately, the results yielded a higher concentration of nanobubbles in the sample that
was filtered than those that weren’t. However, this test is inconclusive for several reasons. The
first is that the distribution of the size of nanobubbles is extremely large, with most single bubbles
being much smaller than 30 nm, which should pass through the filter and are not visible with a
regular microscope. The second is that the distribution of bubbles in the solution is not constant.
Therefore, it is impossible to know if there were more bubbles in the sample filtered than the
sample not filtered. Regardless, the large enough bubbles to be visible should not have passed
through the filter at all.
Conclusion and Future Work
Because ExosoNS is in the first stage of trials, there still is some required modification and
testing for the filter to be up to standard to be used in labs around the world. The results of testing
the filter thus far have been inconclusive but still suboptimal. There are several theories for why
this is, the first being imperfections in the filter membranes. SEM imaging was done on both filters
before they were used, and the 30 nm filter membrane showed several pores across its surface that
were much larger than 30 nm. The only way to mitigate this issue would be to manufacture our
own membranes in-house using lithography. This is possible but extremely time-consuming and a
graduate-level project. The second theory is that the fluid pressure was too high for the thin
membranes, and it caused the pores to stretch and tear. Currently, this is being tested by having
repeated SEM imaging done on the filter membranes that were used. Depending on the results, the
device design will be altered and retested to mitigate this issue.
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In conclusion, ExosoNS has great potential for revolutionizing medical laboratory testing
and research and has the potential to be modified for even more applications and achievements,
but more research must be conducted to make this potential a reality.
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CHAPTER 2: DESIGN AND ANALYSIS OF BIODEGRADABLE
MAGNESIUM-BASED BONE IMPLANTS
Abstract
The modeling of bone implants is a highly complex process due to the variability in
loading, organic and irregular nature of bone geometries, and anisotropic nature of cortical bone.
This study aims to approximate the effects of loading on a biodegradable scaffold to determine
whether it can sufficiently withstand natural loading cases applied to it from an average human
(approximately 180 lbs.). More work is still to be done, but preliminary studies show promising
results.
Introduction
Biodegradable bone implants are an emerging focus of study in the medical industry
because of their potential advantages over current implants. Currently, the most common bone
implants are made from titanium, steel, cobalt-chromium alloys, and sometimes with a coating.
These implants, whether intramedullary nails, screws, or bone plates. are left in the body
indefinitely. These metals are biocompatible but not biodegradable, so these implants stay in the
body unless it becomes a necessity to remove them. This poses the potential problem over time
that serious infections [13] or reactions to the implant could occur that are potentially fatal. Lastly,
implant failure may happen with titanium implants due to hypersensitivity and allergy to the metal
by a significant number of patients [14]. Further disadvantages of titanium implants include stress
shielding (reduction in bone density) caused by a mismatch between titanium mechanical
properties and that of bone [15]. However, a balance must be found between a biodegradable metal
16

such as magnesium (Mg) that can degrade over time but retain its mechanical properties as long
as they are necessary. Using magnesium for bone implants has several advantages, the first being
its inherent biocompatibility [16]. It also has a low density, like that of cortical bone, which causes
less stress-shielding [17]. That, combined with their high machinability, makes magnesium alloys
very promising for bone implantation applications. There are a few key drawbacks of using most
magnesium alloys, which are their low elastic modulus, rapid degradation, and high hydrogen
evolution [18]. However, by selecting specific alloying components such as strontium and zinc,
some of these drawbacks can be mitigated.
Design Of a Biodegradable Bone Screw
One of the first devices designed with the magnesium-based biodegradable alloy utilized in the lab
was a bone screw. The task was to design a bone screw with threading capable of locking into the
bone that was also on the scale of a rat femur rather than a human femur. The initial design was
based on a state-of-the-art commercially available bone screw [19] and was designed in
SolidWorks. This is shown in Figure 8 below.

Figure 8: Initial Bone Screw Design, Modeled in SolidWorks and Scaled for a Rat
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In theory this design is optimal, however, limitations of the manufacturing tools the lab
had access too required several simplifications of the design. The second design removed the
pointed tip of the screw, which had been included to assist in drilling. Since the drilling would be
done by a separate tool beforehand and not with the screw attached to a bone drill, the top could
be excluded without causing problems. This feature had to be removed because the tip was too
fine for the machines available. A feature that was added was a slot for manually screwing in the
screw rather than using the tool that is typically commercially used for implementing the implant.
These changes are reflected in Figure 9.

Figure 9: Final Bone Screw Design Modeled in SolidWorks

The final design had one further simplification, and it was the removal of the gap between
threads. The thread gap had been implemented in the first two designs to increase the grip of the
screw on the bone hole. This gap allowed the threads to be opposite in direction, one side being a
left-handed thread and the other being a right-handed thread. Since the machinery available to the
lab could not make such fine details nor could it manufacture the inner section to be narrow without
18

damaging it, this had to be removed. The final product included a single thread type that spanned
the entire length of the screw, and the screw was the same diameter throughout. This is shown in
Figure 10.

Figure 10: Manufactured Bone Screw Scaled for Rats

The result of manufacturing has several obvious and non-negligible defects. These defects
increase the overall surface area as well as decrease the overall structural integrity of the bone
screw, causing more rapid degradation in immersion tests as well as in in vivo tests.
The bone screw has undergone corrosion tests as well as biocompatibility tests, and other
bone implants using the similar alloy with nanoparticles are being investigated further. This design
remains relevant for the other designs being investigated, as bone screws are necessary for holding
intramedullary nails in place, which is another implant type currently under investigation by the
lab.
19

Analysis Of a Biodegradable Bone Scaffold
Scaffold Concept Design & Analysis
The primary goal of analyzing the scaffold in question was to determine whether the
scaffold could withstand the weight of an average human. The secondary goal was to determine
whether it could continue to withstand these forces even after several months of degradation, up
to the point where bone regrowth would render the scaffold’s strength unnecessary. At the
inception of this project, the operating design of the scaffold was a cube shape with pores
throughout at specified intervals. This design was first modeled in SolidWorks so it could be
analyzed in Ansys Mechanical, as shown by Figure 11.

Figure 11: Initial Scaffold Design, Modeled in SolidWorks

The first major test to be performed was the application of weight equivalent to an average
human. An 800 N load was applied to the top surface of the scaffold, while constraints were applied
to the sides to prevent the scaffold from deforming or freely moving towards any side. Lastly, a
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roller constraint was placed on the bottom surface of the scaffold to replicate the contact it would
have with the bone surface it rested on.
Analysis on Prefabricated Scaffold Design
First, a model was generated of an average human male tibia, weighing approximately 180
pounds. The model was then modified with a defect and filled with a scaffold reflecting one that
has already been manufactured in the lab. The model was then simplified into an approximation
that operates under the assumption that the tibia is symmetric about two axes. This assumption is
not perfect, however, limitations imposed by student licensing of the FEA software available left
no other options. These figures are shown in Figure 12.

Figure 12: Accurate model of a human tibia, split at a common region of defect and filled with a scaffold (left) next
to a model approximating the same scenario, employing symmetry and section analysis (right).
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The next step involved applying material properties to the bone and to the scaffold, then
applying an 800 N ramped load to the top of the bone in a downward direction. The bone was held
in place at the bottom face in the Z-direction, and a condition of 0 displacements in the X and Y
directions was imposed on the bone. The first trial involved treating the cortical and cancellous
bones as the same type of bone, which assumes that the bone is a solid isotropic body with known
properties. This yielded promising results that you can see above, where the only potential failure
could arise at the outside edge. The second trial involved giving the internal region of the bone
properties of PVC foam, which has similar properties to cortical bone but is not exact. The results
are shown in Figure 13.

Figure 13: Stress on Scaffold, Modified Internal Bone Material

This result shows the importance of properly modeling the different materials involved in
the anatomy of bones when modeling bone implants. The stress was dispersed outwards, along the
outside of the shaft, causing much higher stress regions than in the inside. However, there was still
no failure of the structure.
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Figure 14: Stress on Scaffold, with 1 Month of Corrosion

The final trial involved implementing global degradation of the scaffold, to mimic the
natural corrosion that the implant would experience in the body over the course of one month.
These results are shown in Figure 14. The scaffold still held up under the same load conditions,
and the only issue that remains is the proximity of the pores to the outer surface of the scaffold.
Analysis Of a Biodegradable Intramedullary Nail
Intramedullary Nail Concept Design
As the investigation into biodegradable bone implants continued, the question of whether
the alloy could work for larger bone implants was raised. This includes intramedullary nails and
bone plates. An initial intramedullary nail was modelled in SolidWorks and then imported into
Ansys for structural analysis. The nail design and specifications were based on current industry
designs used in tibial implantation of an average human male [20,21]. This design is shown in
Figure 15 below.
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Figure 15: Model of a Typical Sized Cannulated Tibial Intramedullary Nail

Once the model was created, the same material settings could be used from previous
analyses of other bone implants. Additionally, because the nail is intended to be implanted into the
bone parallel to the length, it is necessary that a bone model be used and the volume that the nail
would take up be removed. The nail was virtually implanted into a model tibia using SolidWorks.
The result of this “implantation” is shown in Figure 16 below.
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Figure 16: Model of Intramedullary Nail Implanted into Average Male Tibia

Several issues have arisen from this virtual implantation, the most important being the
complexity of the geometries. Together, the two geometries far surpass the node limit of the
software license used in the lab. Because of the angles of the nail as well as the organic nature of
the shape of the tibia, any attempt at symmetry with this study would incur a large amount of error
in calculations and would render the simulation completely impractical.
In future studies, this problem will be solved with a more powerful FEA software license.
Additionally, a much more advanced computer would be required to solve the entire problem with
a nonlinear solver such as Ansys. However, these limitations are entirely solvable, and could lead
to very important breakthroughs in this study.
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Conclusions and Future Work
In conclusion, the analysis of bone implants is incredibly complex due to the nature of the
different major bone materials, as well as the complex organic geometries that human bones have.
However, there are several tools available to approximately simulate the conditions of bone
implants in the real world, and more work is constantly being done to improve methods and tools
to more accurately simulate real-world conditions with much less error.
The final conclusions that can be drawn from this study are that engineering and medicine do truly
work optimally when utilized concurrently, and that engineering can contribute to the fields of
tissue engineering and regenerative medicine in more ways than just the design of prosthetics. The
two main projects, although different in nature, share many similarities in approach and purpose,
as well as can be used together to advance therapies for individuals with bone diseases and defects.
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