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Abstract

This thesis explores how the change in material and the structure can better serve medical
functions. A 3D printed physical phantom and a hydrogel coated orthopedic implant were
developed.

The purpose of physical phantom work was to characterize and improve the ability of fused
filament fabrication to create anthropomorphic physical phantoms for CT research. Specifically,
we sought to develop the ability to create multiple levels of x-ray attenuation with a single material.
CT images of 3D printed cylinders with different infill angles and printing patterns were assessed
by comparing their 2D noise power spectra to determine the conditions that produced a minimal
and uniform noise. A backfilling approach in which additional polymer was extruded into an
existing 3D printed background layer was developed to create multiple levels of image contrast. A
print with nine infill angles and a rectilinear infill pattern was found to have the best uniformity,
but the printed objects were not as uniform as a commercial phantom. An HU dynamic range of
600 was achieved by changing the infill percentage from 40% to 100%. The backfilling technique
enabled control of up to 8 levels of contrast within one object across a range of 200 HU, similar to
the range of soft tissue. A contrast detail phantom with 6 levels of contrast and an anthropomorphic
liver phantom with 4 levels of contrast were printed with a single material. In conclusion, this work
improves the uniformity and levels of contrast that can be achieved with fused filament fabrication,
thereby enabling researchers to easily create more detailed physical phantoms including realistic,
anthropomorphic textures.

The goal of the orthopedic implant work is to replace the damaged cartilage with a synthetic
hydrogel. This requires a method for securing the hydrogel in a defect site with the same shear
strength as the cartilage-bone interface. Bonding hydrogel to a titanium base that can in turn bond
to bone could enable long-term fixation of the hydrogel, but current methods of forming bonds to
hydrogels do not have the shear strength of the cartilage-bone interface. This thesis reports the first

method for attaching a hydrogel to metal with the same shear strength as the cartilage-bone
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interface. The average shear strength of the junction between 1.2-mm-thick hydrogel and metal
made in this manner exceeded the shear strength of porcine cartilage-bone interface. The shear
strength of attachment increased with the number of bacterial cellulose layers and with the addition
of cement between the bacterial cellulose layers. This new method of attachment will be useful to
the creation of hydrogel-coated orthopedic implants for treatment of osteochondral defects.

After creating the bonding between hydrogel and metal base, the thesis then introduces the
work of a synthetic hydrogel. The goal of the work is to increase the mechanical strength of the
hydrogel, which further increases the shear strength between the hydrogel and metal base. This
work shows that reinforcement of annealed PVA with BC leads to a 3.2-fold improvement in the
tensile strength (from 15.6 to 50.5 MPa) and a 1.7-fold increase in the compressive strength (from
56.7 to 95.4 MPa). The highly crystallized BC-PV A hydrogel that results from annealing is the first
hydrogel with a tensile and compressive strength that exceeds that of cartilage. When tested against
cartilage, annealed BC-PV A wore an opposing cartilage surface to the same extent as cartilage and
was three times more resistant to wear than cartilage. The improved tensile strength of annealed
BC-PVA enabled it to attach to a metal base with a shear strength 68% greater than the shear
strength of cartilage on bone. The high strength, high wear resistance, and low COF of annealed
BC-PV A make it an excellent material for replacing damaged cartilage.

The wear performance of the BC-PVA hydrogel was further improved by doping nanoclay
into original hydrogel network. By using a two-step infiltration, a tensile strength of 37.98 MPa
was achieved. The wear of opposing cartilage against the hydrogel was much better compared to
cartilage itself. Thus, the nanoclay doped hydrogel also has the potential to be used in actual

cartilage repair.
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1. Introduction
1.1 Motivation of This Work

Medical device is the device intended for serving medical functions, ranging from medical
thermometers to implants. A report estimated the spending in 2016 on medical devices and in-vitro
diagnostics totaled $173.1 billion in united states. The global medical devices market in 2020 was
valued at $456.9 billion, which is an increase at a compounded annual growth rate (CAGR) of 4.4%
since 2015.

In order to fulfill the increasing need, medical devices with specific properties need to be
developed to better serve the medical functions.

For example, vascular stents, tubular implant that been widely used to open blocked vessels
have undergo different design development over time. The bare-metal stents are the first generation
and were made of corrosion-resistant materials, such as stainless steel or nitinol (Ni-Ti), they were
implanted permanently.'! The bare-metal stents were just passive mechanical devices and used for
providing support for the vessel walls. Then, in 2002, the first DESs (Drug-Eluting stents) were
introduced in the market. The structure was based on the previous design, but a drug-eluting durable
polymer was coated on the outer surface.>* The new design led to long-term safety and efficacy.

Similarly, by coating the traditional metal orthopedic implant with bioactive ceramics led
to better osseointegration with bony tissue,

In terms of changing the structure to derive ideal function, it’s also been widely adapted.
Bending, torsion, tensile, compression can be implemented by changing the structure of the object.
Panetta et al.’ has shown that the hinge joint can be realized by a single component by changing
structure. Tension can be achieved by using auxetic material, torsion can also be achieved by elastic

textures.®



As aresult, in order to better serve medical device, we need to find out the requirement for
the specific medical device and then develop suitable materials and changing the structure to
achieve the ideal properties that match the requirements.

In this work, I will talk about the work has been done regarding developing two medical
devices. The first one is physical phantom and the second one is a hydrogel coated orthopedic

implant for cartilage repair.
1.2 3D Printed Physical Phantom for Computed Tomography (CT)

Computed tomography (CT) is a medical imaging technique used to diagnose and screen
for a variety of conditions of the head, chest, abdomen, pelvis, and spine.” CT is now widely used
due to its ability to generate cross-sectional image thus provides more detailed information than the
plain X-rays

The utility of CT for diagnosis has led to a 100-fold increase in its use between 1982 and
2006; approximately 80 million scans are performed per year in the US.? As it involves an extended
exposure to an x-ray source from multiple angles, CT scanning naturally results in a greater x-ray
dose that for a conventional x-ray. For example, the x-ray dose from a CT scan of the chest is 60
times greater than for a conventional chest x-ray.” Given the important role played by CT imaging
and the potential radiation risk, it is critical that the lowest possible dose be used to meet clinical
needs.

Since humans cannot be used to optimize CT imaging protocols due to radiation concerns
and lack of objective ground truth, phantoms are used to test image quality.'*!> Commonly used
imaging phantoms for CT (e.g. Catphan®, ACR®) consist of simple objects of varying size in a
uniform background. These common phantoms lack the physical realism necessary to evaluate the
ability of a new imaging system or algorithm to detect clinically relevant tasks such as a small, low-
contrast lesion in the complex three-dimensional matrix that is the human body, let alone account

for variability in body structure across a patient population.



Virtual phantoms have been developed to create more anatomically realistic images for
testing of CT imaging systems.'*!® By performing a simulation of the CT imaging system in silico,
it is hoped that virtual phantoms will enable virtual clinical trials to evaluate the performance of
new technology.!*! It is much easier and cheaper to create the thousands of phantoms necessary
to provide a statistical representation of the human population in a computer than with physical
models. Although virtual phantoms are much more realistic than commonly used physical
phantoms, virtual phantom simulations necessarily involve approximations and corrections to
account for imaging processes that are difficult to model or are proprietary, including physical
processes such as system noise as well as manufacturer reconstruction algorithms. It is challenging
for a virtual imaging platform to account for every aspect of a clinical CT imaging system due to
the difficulty of modeling complex physical processes as well as proprietary hardware designs and
reconstruction algorithms. Therefore, it may be necessary to use anthropomorphic physical
phantoms that are scanned on clinical systems, especially when evaluating new technology for
which the accuracy of a virtual imaging simulation is less certain.

Over the last decade, researchers have made great advances in leveraging additive
manufacturing to convert virtual phantoms into physical phantoms with increasing accuracy and

realism.?> Methods to convert virtual phantoms to physical phantoms for x-ray imaging include

23-25 26, 27

inkjet printing of photocurable resins, inkjet printing on paper, and fused filament
fabrication.?®3° Each method has its advantages and disadvantages. Inkjet printing of resins can
provide a phantom with features down to ~200 pm, but current commercially available printers
(e.g. Polyjet) cost tens to hundreds of thousands of dollars and are closed systems in that they do
not allow the owner to use custom inks or printing processes. It can also be difficult to load
sufficient concentrations of custom materials into the printing resins to provide contrast without
damaging the printer. Inkjet printing on paper is a much cheaper method that also has high

resolution, but there are no commercially available systems to automate the stacking and alignment

of many pieces of paper to create a phantom. It can also be challenging to load inkjet inks with
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sufficient material to provide contrast without negatively affecting the printability of the ink. As
paper is used as a substrate, it may be challenging to create a phantom with a low attenuation, such
as for the lungs.

Fused filament fabrication (FFF), also known as Fused Deposition Modeling (FDM), can
create relatively large objects in a fully automated manner.3" 3? Although the printing resolution
may be limited to 0.5 mm for hobby-level 3D printers, higher resolutions (50-100 pm) can be
achieved by higher quality machines. The polymers used for FFF are very low in cost, and the open
nature of FFF systems makes it easy to create new materials to mimic the x-ray contrast of different
parts of the human body.

To date, studies of FFF for x-ray phantoms have determined the attenuation values for
different 3D printing materials and infill densities, and printed 3D models to mimic the shape of
bones, arteries, a skull, and the lungs.?-3% 3334 One issue with the FFF models created to date is that
they contain two or fewer contrast levels in the same print by either using different materials® or
different infill densities.?® If the default printer settings are used for such prints, the printer will
create a solid shell at the boundary between the materials, which negatively impacts the realism of
the model.*® In addition, the infill printing pattern is clearly visible in most 3D models reported to
date, which results in a distracting texture that does not mimic a uniform background.

In the following chapter, we examine what combination of infill angle and infill pattern
most closely mimics a uniform background that minimizes FFF printing artifacts. In addition, we
introduce a new approach called backfilling that enables printing multiple contrast levels in one
object using a single material while achieving a smoother transition between the contrast levels.
These methods are combined to 3D print a contrast detail phantom and liver phantom with multiple
levels of contrast, both with a single, standard material. These methods will enable researchers to
achieve a new level of anthropomorphic realism with low-cost FFF printers without the need to

create custom 3D printing materials.



1.3 Cartilage Repair

Articular cartilage is the thin layer (2-4 mm) of highly specialized connection tissue of
diarthrodial joints.’> The principal function of cartilage is to distribute joints loads, and also to
provide a smooth, lubricated surface for the relative movement of opposing joint surface, with
minimal friction and wear.* Articular cartilage can be damaged due to the acute trauma®’ or cyclic
mechanical load.**:*° However, mature cartilage doesn’t have blood vessels, lymphatics or nerves*>,
as a result, articular cartilage has a limited intrinsic healing capacity. Approximately 900,000
people*® in United States suffer from cartilage damage every year with the knee been mostly
affected.*! 6.5 million of people suffered from arthritis in Canada is estimated to happen by 2031,
which is 16% of population.*? Arthritis also affected 70 million U.S. adults in 2005, and the
estimated cost of arthritis was $60 billion, which also expected to increase to $100 billion by 2020.4
Thus, an effective treatment is essential for the improving people’s life quality and relieving the
economic burden.

1.3.1 Current Therapies for Cartilage Repair

The treatment of the articular cartilage lesion remains problematic and is dependent on a
wide range of factor including the patient’s selection, daily activities, age, grade and quality of the
lesion.** Conservative therapy can be selected when patient experience mild symptom or surgery
could do more harm than good. Conservative therapy includes medication, weight loss, bracing,
physical therapy, nutrition supply. etc. The goal of conservative treatment is to reduce the pain
instead of healing the lesion. The asymptomatic lesion may lead to permanent knee damage,
revealed in the long-term follow-up.* No structure improvement evidence has been found with the
conservative therapy. 4 t

Surgical strategies can be selected for more severe cases, including bone marrow
stimulation (microfracture), autologous chondrocyte implantation (ACI) and osteochondral

auto/allograft.



Microfracture is to simulate the new cartilage growth by generating new blood supply.
Typically, the damaged cartilage was removed by the surgeon, a sharp tool called awl was used to
create multiple holes 3-4 mm apart in the subchondral bone area. This also create new blood supply
from the bone marrow, along with the new cells which helps to form new cartilage. After the
surgery, the patients need to go through strict rehabilitation to prevent excess load bearing in the
microfracture area. The recovery may take 4-7 months until the patients can increase the activities.*’
Though improvement was found in the short-term (in 2 years), the long-term failure rate remained
an issue. Deterioration was found after 18 months after surgery, especially in the patients older than
40 years.*® Up to 62%’s long-term failure rate can be found in the cartilage survival test.*

Autologous chondrocyte implantation (ACI) is first documented in 1994°° and is a cell-
based treatment. The process is performed in several steps. First, the healthy cartilage sample is
harvested from the non-weight bearing area. The sample, which contains healthy cartilage cells
(chondrocyte) was cultivated in the laboratory for cell propagation for six weeks. Then, another
implantation surgery occurred for implanting the newly grown cell. ACI is mainly used for younger
patients with single defects larger than 24 sq cm and less than 3-6 mm depth.’! The short-term
failure rate of ACI is 5-13% .5? But based on the data analysis of Rauno-Ravina and Jato meta®,
they didn’t find evidence that ACI is more effective or safe than other conventional techniques.
Multiple surgical processes, long rehabilitation time and periosteal flap complications have
encouraged research in alternative treatment.>*

During Osteochondral autologous transplantation (OAT), an osteochondral implant was
harvested from the patients themselves in a non-weightbearing area, then the healthy cartilage, the
graft was matched to the damaged surface and implanted in the area of defects. A single plug of
cartilage or multiple plugs can be taken or transferred in the process. Due to cartilage immune
privilege, the immune rejection of non-autologous articular cartilage has seldom been considered,

which enables the transplantation of osteochondral allograft. Osteochondral allograft



transplantation has a similar process compared to OAT, except the graft was harvested from a donor
instead of patients themselves.

Osteochondral autologous transplantation showed satisfactory results. Smailys et al treated
osteochondral defects for 28 athletes, and 96% of them showed excellent results, and 93% of them
returned to sports at their preinjury level after 6.5 months.>> Many studies also showed an overall
85% success rate using free grafts for osteochondral allograft transplantation.**

Although with good overall results, the limitation of OAT and osteochondral allograft
transplantation prevents further application. Due to the need for healthy cartilage plug from patients
themselves in the non-load bearing area, the size of the cartilage defects needs to be small to ensure
enough cartilage plug can be harvested.

For osteochondral allograft transplantation, medium to large, full-thickness lesions can be
treated. However, fresh allografts, which provide a higher chondrocyte availability, have a higher
risk of disease transmission. The cryopreserved frozen grafts reduced the possibility of disease
transmission, but with low chondrocyte availability. Only 1% of all cartilage repair surgeries uses
fresh allograft due to the limited supply.>® The cost of the osteochondral allograft transplantation is
also high.

Ideally, an artificial osteochondral plug that mimics the structure and properties of an
osteochondral allograft can both serve its function and be widely available at a low cost.

1.3.2 Focal Resurfacing

Focal resurfacing is an emerging technique which is using an artificial implant to replace
the damaged cartilage surface. Compared to the regeneration method like ACI, it allows immediate
weight-bearing. The source is also widely available compared to the OAT. The surgical procedure
usually starts with creating a vacant space for the artificial implant, then the implant was inserted

in the hole and fixed with built-in fixation components.



Ideally, the artificial implant will match the properties of the actual cartilage. Current
commercial implants are mainly made of metal, ceramic and plastic. However, the high COF made
it easier to damage the opposing cartilage surface.

In addition, these materials are much stiffer than cartilage and will therefore cause an
abnormal stress distribution in the joint, potentially contributing to the damage of surrounding
cartilage. The failure rate for such implants is approximately 20% after 4 years.

1.3.4 Hydrogel Resurfacing

Due to the limitation of current focal resurfacing material, hydrogel, which has a lower
COF and stiffness, became an emerging material for cartilage resurfacing. We will then talk about
the requirement for cartilage-equivalent material
1.3.4.1 Requirement for Hydrogel

To act as a suitable material for cartilage resurfacing, the material needs to have similar or
better properties in mechanical strength and stiffness, surface tribology and wear performance and
great biocompatibility.

In case of weak mechanical properties, the replacement hydrogel won’t be able to stand the
load bearing during human activities, thus will lead to a quick failure and a re-surgery. If the COF
is too high, it may also cause damage to the opposing cartilage surface.

Ideally, the hydrogel replacement material will be implanted in human body and stay
functional in the long term, so we want it to be biocompatible so it won’t affect the nearby cartilage
or the human body, the hydrogel itself need to be non-biodegradable so it can stay in place for
longer time.

Moreover, as an implantable device, the hydrogel needs to be adhered to bone or integrated
to a base that can be implanted in the human body. The shear strength between the hydrogel and
the substrate needs to be equivalent or higher than the connection between actual cartilage and the
subchondral bone. The specific requirement and the current state will be covered in the following

sections.



1.3.4.2 Mechanical Strength

The main task of cartilage is to support human body’s daily activities over a long time
without damage, so it’s very important to have sufficient compressive and tensile strength to
support the load induced during intensive activities. Human cartilage has a tensile strength range
of 8.1- 40MPa, and a compressive strength range of 14-59 MPa.’%° The tensile and compressive
modulus range of cartilage is 58-228 MPa and 8.1-20 MPa,**% respectively. Currently, few
synthetic hydrogels have matched the goal.

Yang et al®!

crosslinked Poly(vinyl alcohol) by 4-carboxyphenylboronic acid (CPBA) in
the presence of calcium ions. The gel utilized the dual dynamic crosslinking method to form borate
bonds between CPBA and PVA, as well as the ionic interaction between CPBA and Ca?'. The
strategy led to a compressive strength of 25 MPa and a compression modulus of 5.6 MPa. Kotov
et al®? reported a hydrogel with aramid nanofibers (ANFs) and PVA to achieve a compressive
strength of 26.5 MPa and a compressive modulus of 4 MPa by utilizing the hydrogen boding
between ANFs and PVA. Although the compressive strength reported is high, but the compressive
modulus was not in the cartilage equivalent range.

Gong et al® fabricated a bacterial cellulose (BC) / PAAm double network hydrogel with a
tensile strength of 40 MPa and a tensile modulus of 114 MPa, although the tensile strength matched
the requirement, the compressive strength was only about 5 MPa, improvement in compressive
strength was needed.

Wang et al* developed a 3D printable hydrogel consisted of cellulose nanocrystal (CNC)
and poly (phenyl acrylate)-acrylamide (PA-AAm) copolymer. The gel introduced the hydrophobic
component with has the in the gel which increased the mechanical properties with a highest tensile
strength of 16.5 MPa and compression strength of 31.1 MPa, however, the tensile modulus (232.4
MPa) and compression modulus (65.5 MPa) was too big compared to cartilage. But as stated in the
paper, the hydrogel performance can be tuned by the formula of the hydrogel, so it’s promising that
comparable mechanical strength can be achieved.

9



1.3.4.3 Lubrication and Wear

Another important task of the cartilage is to provide lubrication during the movement of
joints, which further prevent wear. The lubrication of the cartilage can be characterized by the
coefficient of friction (COF), the COF of cartilage is in the range of 0.001-0.1, however, the COF
may relate not only to the material, but also the test conditions, long-term wear test may also be
chosen while testing the hydrogel’s lubrication properties.

Serro et al®® developed an annealed PVA hydrogel with a COF of 0.09 between gel and
stainless steel balls, 52% smaller than that of cartilage (0.19), the wear performance was not
researched.
1.3.4.4 Hydrogel Fixation

Apart from the equivalent mechanical properties compared to cartilage, the hydrogel
implant for defect cartilage replacement needs to have strong adhesion to the subchondral bone,
ideally comparable to the shear strength of osteochondral junction, which was reported to 7.25 +
1.35 MPa,* however, the commercially available glues do not meet the requirement. Currently, the
strongest tissue adhesive report is cyanoacrylate,®” with a lap shear strength of 0.7 MPa between 2
cartilage pieces. In contrast, the shear strength between nylon to nylon and steel to steel is 2.8 and
7.3 MPa, respectively. The adhesion of hydrogel remains a problem because of its high-water
content. Most of the existing tissue adhesive was relied on the diffusion of molecules through water
to interact with the polymer network. Research have been done on removing the interfacial water
between the two surfaces to form intermolecular bonds inspired by the animals like mussel,
barnacle and spider-web glues.®*”° For example, Zhao et al”' proposed an adhesive in the form of
dry double-sided tape to remove the interfacial water thus received a strong adhesion on the wet
tissue. A shear strength of 118 kPa was achieved.

So, in the following chapters, we will talk about the work have done in order to develop a hydrogel
coated orthopedic implant. Briefly, in chapter 3, we will talk about a hydrogel fixation strategy
which achieve a cartilage-equivalent shear strength between hydrogel and metal base. In chapter 4,
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we will talk about the fabrication of a synthetic hydrogel composite which has a 50.5 MPa in tensile
strength and a 95.4 MPa compression strength. The hydrogel also has an equivalent or better wear
performance compared to cartilage, the shear strength between the hydrogel and the metal base is
also larger than pig cartilage. Finally, in chapter 5, we introduced a nanoclay as a doping material

to further increase the wear performance of the gel.
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2. 3D Printed Physical Phantom for Computed Tomography
(CT)

2.1 Introduction
Physical phantoms are commonly used to evaluate and calibrate medical imaging systems,

but commercially available phantoms are costly and do not accurately reflect the structure of the
human body. 3D printing can potentially solve these problems, and enable printing of realistic,
patient-specific phantoms for the planning of surgeries or irradiation. The ideal 3D printing
approach would create physical phantoms with the structures and HU values that mimic human
organs and contrast agents. In addition, such an approach would be open rather than closed so as to
enable the rapid development of new printing techniques and materials by the users. At present no
3D printing approach has met these criteria. The material set currently available for 3D printing is
limited and does not intrinsically match the HU values of human organs, let alone contrast agents
such as iodide. Researchers have developed ways around the limited materials set by filling in 3D
printed molds with materials that have the target HU values,”””* but this approach lacks the
convenience of a completely 3D printed phantom. Researchers has done utilized several additive

manufacturing technique to create physical phantoms, include inkjet printing of photocurable

23-25 26,27

resins, 2 inkjet printing on paper,®®?’ and fused filament fabrication.”®**However, each method
has its own advantages and disadvantages. Inkjet printing of resins has a high printing resolution,
but the commercially available printer and printing resins are of high cost. The close-system nature
of this printing method disables the ability to use customized materials, which limits the change in
the phantoms’ contrast level and material composition. Inkjet printing on paper also provides a high
resolution, but it can also be challenging to load inkjet inks with sufficient material to provide
contrast without negatively affecting the printability of the ink.

Although the resolution of FFF printing is typically limited to 0.5 mm for hobby-level

printers, higher cost printers such as the nscrypt can easily achiever resolutions of 50 — 100 pum.

FFF printers also offer the ability to print multiple materials of the owner’s choice, including
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materials that are custom made to mimic the contrast level of human anatomy. While the PolyJet
printer costs several hundred thousand dollars, excellent FFF printers can be purchased for less than
a few thousand dollars. These attributes make FFF an attractive printing modality, especially for
CT imaging phantoms for which 0.5 mm resolution may be sufficient.

In this chapter, we examine what combination of infill angle and infill pattern most closely
mimics a uniform background that minimizes FFF printing artifacts. In addition, we introduce a
new approach called backfilling that enables printing multiple contrast levels in one object using a
single material while achieving a smoother transition between the contrast levels. These methods
are combined to 3D print a contrast detail phantom and liver phantom with multiple levels of
contrast, both with a single, standard material. These methods will enable researchers to achieve a
new level of anthropomorphic realism with low-cost FFF printers without the need to create custom

3D printing materials.

2.2 Material and Methods

2.2.1 CT Imaging

CT images were acquired with the Discovery 750 HD from GE Healthcare using the
standard chest protocol with tube potential of 120 kV and current of 99 mA. An Axial scan mode
was used. The rotation time was 0.4 s. The CT slice thickness is 0.625 mm. The filtered
backprojection algorithm with STANDARD reconstruction kernel was used for every image. As
an example of a commercial phantom made of uniform, tissue-equivalent material, a CT phantom
insert representing blood (Multi-Energy CT Phantom, Gammex Inc., Middleton WI) was imaged
with the printed objects as a control. The CT images shown are all single CT slices. The HU values
are averaged over 20 slices. The standard deviation is averaged over 20 standard deviation numbers

in each CT slice.
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2.2.2 NPS Analysis

In the daily quality control of a CT scanner, the noise of the system is one of the key
parameters that is examined. The phantom fabrication process may also result in intrinsic, structure
noise that will affect the ability to create and discern features of interest. Thus, we first sought to
minimize the noise level inherent to the FFF printing process. This was done by both examining
the uniformity of the CT images, and plotting their 2D noise power spectrum (NPS).” The infill
print pattern and number of infill angles was varied to minimize structure noise as seen on the NPS.
The NPS analysis of the print was performed on 20 CT slices for each object using imQuest
available via TG233.7
2.2.3 3D Printing

The FFF printing process involves creating a 3D model, converting it to an STL file, and
converting the STL file to G-CODE instructions for the 3D printer. All the models with the
exception of the liver were designed in Fusion 360 (Autodesk, San Rafael CA) and exported as an
STL file for slicing. The STL files were sliced by Simplify3D (Simplify3D Software, Cincinnati
OH) and exported as G-CODE for printing with a PRUSA MK3 (Prusa Research a.s. Czech
Republic). The filament used throughout the study was polylactic acid (PLA, MatterHackers Inc.
Lake Forest, CA, pro series silver) with a diameter of 1.75 mm.

For FFF printing, the filament is extruded through a heated nozzle (the print head) and
deposited on a substrate as lines. The infill angles control the direction of extruded lines, and the
infill pattern controls the pattern of the lines in 1 layer. The infill percentage is the amount of
material that occupies the internal part of the print. By varying the infill percentage, one can change
the amount of material deposited at the desired region. The infill percentage can be varied from 0%
(hollow) to 100% (solid).

All prints were performed with a layer thickness of 0.2 mm, a printing temperature of
200 °C, a bed temperature of 60 °C, and a nozzle diameter of 0.4 mm. These are default print

settings. All models were printed without a solid top and with 3 bottom layers with 100% infill.
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The printing speed was 20 mm per min for the first layer, and 60 mm per min for the subsequent
layers. The fan speed was 0 for the first layer and 100% for the other layers. A cylinder 30 mm in
diameter and 0.4 mm height was printed in parallel with the object to enable the nozzle temperature
to reach steady state after the fan was turned on between the first and second layers, i.e., the second
layer of the 30 mm cylinder was printed before the second layer of the object.

The shell is a solid outline extruded on the outer surface of the object, serving as the outer
wall of the print. The existence of a shell usually results in a high-density wall between 2 objects
or surfaces. For printing the 2-level contrast model with shell or no shell, a 3D model of a cylinder
20 mm in diameter and a ring with an outer diameter of 30 mm and an inner diameter of 20 mm
was loaded into Simplify3D. The inside cylinder and outside ring were assigned an infill percentage
of 80% and 85% respectively. For printing the model with the shell, the number of shells was 1 and
the outline overlap was 15%. For the print with no shell the outline overlap was 99%.

For the process of backfilling, which is essentially printing twice in the same location, a
model for the background and a separate model for the backfilled volume were loaded into the
software at the same time. We start with a background layer that has an infill percentage of 80%
(HU = -150) and backfill in order to achieve the range of -150 to 50 HU that is typical for a human
organ.”’ The infill percentage for the backfilling step was chosen to be 60% to ensure the print
pattern was not visible. However, printing one layer within another will increase the height of the
backfilled region, so the extrusion multiplier, which controls the material flow rate, must be reduced
from the default value of 1 to prevent the printer nozzle from colliding with the backfilled region.
From empirical testing, extrusion multiplier values between 0.1 and 0.4 avoided collision while
extruding a consistent, continuous filament during printing.

For the contrast detail phantom, a cylinder 165 mm in diameter was printed as the
background with an infill of 80%. Five backfilling processes were printed on the background with

an extrusion multiplier between 0.1 and 0.3 with an increment of 0.05.
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One CT slice of an XCAT Phantom'* was manually segmented into 3 ranges denoted as
“low” (184-224 HU), “high” (225-495 HU), and “all” (-50-495 HU). Each segmented image was
converted into STL format, then loaded into Simplify3D for printing. The liver was embedded in a
background cylinder with a diameter of 190 mm and an infill of 70% to avoid imaging artifacts.
The “all” surface was printed with an extrusion multiplier of 0.15 to provide the cylinder
background. The “high” and “low” surfaces were printed with the extrusion multiplier of 0.25 and

0.15, respectively, on the “all” section to achieve the desired anthropomorphic pattern.

2.3 Results

2.3.1 Uniformity

Before modifying the HU values of the phantoms, we first sought to create a phantom with
a uniformity approaching that of a commercial phantom. First, we modified the number of infill
angles. Figure 1A shows images taken from the Simplify 3D Software showing how changing the
number of infill angles changes the appearance of a rectilinear infill pattern. The lines in this image
are the path taken by the 3D printer’s extruder. Note that the software image shows a 10% infill to
better visualize the print plan, but that the actual cylinder was printed with 80% infill. As can be
seen in Figure 1A-C, a commonly used rectilinear infill pattern with 2-angles is clearly visible in
the CT image and there is a strong cross-like pattern in the 2D NPS. By averaging over up to nine
infill angles, the infill pattern was no longer visible in the CT image, and the background appeared
more random. The 2D-NPS pattern also showed less structure noise except for a peak at one
specific frequency (about 0.5 mm™). Based on these results, nine infill angles were used for the rest

of the printed objects discussed in this study.
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Figure 1. (A) Simplify 3D software images for a rectilinear pattern with 2, 4, 6, or 9 infill angles
and a 10% infill percentage for a cylinder 30 mm in diameter and 20 mm in height. (B) Single-slice
(0.625 mm-thick) CT images of cylinders printed with the different infill angles shown in A, but
with 80% infill. The CT image window width is 50 HU. (C) 2D NPS of the cylinders in Figure 1B.
(D) Simplify 3D software images for different infill patterns. (E) CT image with a window width
of 50 HU. (F) 2D NPS of cylinders with rectilinear, Fast Honeycomb, or Full Honeycomb infill
pattern, printed with 9 angles and 80% infill. A “uniform” commercial phantom representing blood
is included in E&F for comparison. The NPS window is [0,100] for all objects.

Besides the number of infill angles, the print pattern also has an effect on the uniformity of
the CT image. Figure 1D-F compares a Rectilinear infill pattern to two others, Fast Honeycomb
(Fast HC) and Full Honeycomb (Full HC). The rectilinear pattern with 9 angles is the most uniform
as judged by the 2D NPS, but it also has a bright outer shell. The Full HC infill results in a more
obvious pattern in the 2D NPS than the other two, likely because the size of the hole in the object
is much larger than the others. For the Fast Honeycomb pattern, the 9-angle pattern can be seen in
the 2D NPS. Based on these results, we find the rectilinear pattern in Figure 1F with 9 infill angles

provides the most uniform background.
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2.3.2 Creating Multiple Levels of Contrast

After optimizing the infill angle and pattern to maximize the uniformity of the printing
objects in CT images, we next turned to improving control over the attenuation value of the print.

As was demonstrated in previous studies, 3% 3334

a simple way to control the attenuation value of
a print is to change the infill density. Figure 2 illustrates the effect of the infill percentage on the
appearance and the HU value of test cylinders (20 mm in diameter and 30 mm in height). As shown
in Figure 2C, when the infill percentage is low (20%), the print pattern is easily visible in the CT
image, a condition that makes this infill percentage unsuitable for mimicking the texture of tissue.
When the infill percentage is 40% or higher, the print pattern is not as obvious. Figure 2D
demonstrates a linear relationship between the attenuation and the infill percentage. The typical
attenuation range for soft tissue is -150 to 50 HU. This same range of contrast can be achieved
using 80% to 100% infill.

Although the infill percentage can create multiple levels of contrast in the same object, it
is challenging to make a smooth transition between different infill percentages. The default
approach to printing multiple levels of contrast is shown in Figure 3A for a cylinder with two infill
percentages. The software creates a two-layer-thick shell between the two areas of infill, which
shows up as a bright line in the CT image (Figure 3D). If the shell is removed (Figure 3B), there
is still a third level of contrast in between the two cylinders (Figure 3E). The presence of a shell in
the CT image of the “no shell” cylinder is due to an artifact of the printing process. Figure 3B shows
the path taken by the 3D printer’s extruder results in u-turns at the interface between the inner and
outer shell. Excess material tends to be extruded at these turning points, resulting in the observed
shell. To address this issue, we devised the backfilling method illustrated in Figure 3C, in which
we first print a background layer, and then extrude additional polymer into a desired region.
Backfilling is essentially printing twice in the same position. As shown in Figure 3F, this method
allows one to achieve two adjacent regions with different densities without an additional boundary
in the transition region.
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Figure 2 . (A) Simplify 3D software images of cylinders with different infill percentages for test
cylinders 30 mm in diameter and 20 mm in height. All cylinders were printed using nine random
infill angles. (B) Camera images of cylinders with different infill percentages. (C) CT image of

cylinders with infill percentages ranging from 20% to 100%. The window width is 1250 HU. (D)
The linear fit between mean HU and the infill percentage.
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Figure 3. Simplify 3D software images for prints with (A) shell, (B) no shell, and (C) backfilling.
(D-F) The corresponding CT images with a window width of 1250 HU. The outer ring or
background regions were printed with nine infill angles and 80% infill with a rectilinear pattern.
Shell and no shell are printed with a rectilinear pattern and infill percentages of 85% in the center.
The backfilled region was printed with a 60% infill and Fast HC pattern with an extrusion multiplier
of 0.2.
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Figure 4. (A) Calibration fit for the HU value vs. extrusion multiplier. (B) Design of an 8-piece-
pie denoting regions with different extrusion multipliers. (C-E) CT images of printed pies with
different infill patterns. The CT window width was 250 HU for all images.

Figure 4A shows the linear relationship between the extrusion multiplier, a number which
controls the material flow rate, used during backfilling and the corresponding HU value of the
backfilled region. The standard deviations indicate that regions with an extrusion multiplier
difference of 0.05 will have a measurable difference in their HU value. This suggests that the
backfilling method can create objects with up to 8 levels of contrast with a single material. To test
this possibility, we created a pie model (Figure 4B) wherein each backfilled slice of the pie used a

different extrusion multiplier value. Figure 4C shows the CT image of the model created with a
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rectilinear printing pattern. Although eight contrast levels are clearly visible in the CT image, there
is also a thin line of higher contrast between the printed regions due to the over-extrusion from the
nozzle when it changed directions. Switching the background and backfill pattern to Fast HC
removed the problem of the high contrast boundary. However, the Fast HC method results in dark
line artifacts visible in the print (upper left of Fig 4D) due to under-extrusion when a new extrusion
process starts. Using a rectilinear background with a FAST HC infill can reduce both the high
contrast boundary and the dark line artifacts. This printing approach allows up to eight levels of

contrast with a smooth transition between adjacent regions.

6mm 3mm

4mm

Figure 5. (A) Simplify 3D software image showing the dimensions of the printed areas

(3 —20 mm). The different colors in (A) represent different printing processes with extrusion
multipliers of 0.1, 0.15, 0.2, 0.25, 0.3 respectively. (B) Optical image of the contrast detail
phantom. (C) CT image with a window width of 280 HU.

2.3.3 Phantom Applications

To demonstrate the clinical utility of this new printing methodology, we fabricated a
contrast detail phantom containing targets with sizes and contrast levels embedded in a uniform
background. This design was based on a previous phantom fabricated using polymer inkjet
printing.”® Figure 5 shows the design and resulting CT image of our contrast detail phantom, which
contains 5 different contrast levels and 4 different sizes of cylindrical objects ranging from 3 mm

to 20 mm.
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As a second application we demonstrate the printing of an anthropomorphic phantom based
on a virtual XCAT liver phantom (Figure 6A). The three contrast levels were printed with three
backfilling processes on a cylindrical background, as illustrated by the design in Figure 6B. As can
be seen in the resulting CT image of the printed liver phantom (Figure 6D), the details of the patient

liver were replicated by the printed liver phantom.

0.15 backfill

70%
background

50 mm

Figure 6. (A) Simulated CT image of virtual XCAT liver phantom. (B) Software design of the liver
phantom. (C) Optical image of the printed liver phantom. (D) CT image of the printed liver phantom
with window width of 350 HU. The phantom was printed with a 70% infill, rectilinear pattern for
the cylinder, 60% infill, Fast HC pattern with an extrusion multiplier of 0.15 for the liver
background, and 60% infill, Fast HC with an extrusion multiplier of 0.15 and 0.25 for the low
contrast and high contrast regions, respectively.
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2.4 Discussion

There is great interest in research related to optimization of CT technology. Virtual
simulation offers diverse phantom designs and allows precise control over experimental parameters
but may not be accurate enough for certain tasks such as simulation of system noise or proprietary
reconstruction algorithms. Physical phantoms with known structure act as reference standards that
are widely used for research and for quality assurance of clinical scanners. Current commercial CT
phantoms have a uniform background and relatively simple shape, and thus cannot fully represent
the complexity of human anatomy, giving them limited utility for patient-specific research. In an
attempt to address the lack of realistic commercial phantoms, this study proposes new methods to
fabricate physical phantoms with anthropomorphic structure and multiple levels of contrast.

3D printing is used because of its ability to create complicated shapes and designs with
ease. Among various printing techniques, FFF was chosen for its many practical and unique
characteristics. First, it is widely available and very cost effective. Our current printer and parts
cost less than $3,000 and the materials cost $20/kg. Second, the open software allows custom
control over parameters including the extrusion factor as well as devising new procedures such as
backfilling. Third, FFF offers the ability to use a wide range of commercial and custom materials.
By spanning the extremes from air to high density materials, FFF boasts a very wide dynamic range.
In comparison, other techniques such as inkjet printing on paper require a substrate which imposes
a baseline attenuation, which is undesirable for applications requiring very low attenuations such
as lung phantoms.

Previous FFF-based phantoms were limited by the relatively simple printing pattern,
resulting in obvious linear texture artifacts visible in the resulting CT image.?* 3° We solved this
problem by increasing the infill angles and optimizing the infill pattern during the printing process.
As a result, the uniformity is improved after optimizing the printing parameters, both visually and

in the 2D NPS.
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Previous studies reported that the contrast level of the print can be changed by using
different materials or by changing the infill percentage.?-3% 3334 A different artifact arises, however,
because current FFF phantoms do not have a smooth transition between two contrast levels. Instead,
there is often an unrealistic boundary. Our proposed backfilling method solves this problem. Using
rectilinear as the background infill pattern and fast honeycomb as the backfilling pattern led to the
combination of uniform background and smooth transition between different contrast levels. The
contrast levels within the backfilling region can also be controlled by varying the extrusion

multiplier. Unlike previous reports limited to two contrast levels,?- 3

our method can print up to
eight levels of contrast in a single object.

The usefulness of our proposed techniques was demonstrated by designing and fabricating
two medical imaging phantoms. First, we created a contrast-detail phantom. Unlike commercial
phantoms that can cost thousands of dollars, this 3D-printed one can be created in 24 h for about
$20 in material. Second, we showcased the ability of FFF to reproduce anthrophonic structure by
creating a liver phantom with 4 levels of contrast and irregular shape. Such fabricated phantoms
can be used in CT research including task-specific assessment of imaging technology or patient-
specific optimization of acquisition protocols.

This study has several limitations. First, even after the optimization of the printing
parameters, the 3D printed phantoms are less uniform than the commercial phantom used for
comparison. A higher resolution FDM printer with a smaller nozzle size and finer motor control
may address this problem, with the tradeoff of longer printing time and higher printer cost. The
resolution of the current printer also makes it difficult to backfill regions less than 2 mm in diameter.
In addition, there is some deviation between the desired and the actual contrast levels, which may
be aggravated within a small region of the printed object due to inaccurate motor movements with

a small amount of filament. These issues may be solved with a printer with more advanced motor

and extrusion control.
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Currently we are using a single material to provide the attenuation difference within the
CT image, which may be adequate for evaluating non-contrast protocols on conventional CT
systems. However, dual energy or photon counting CT requires discerning other materials like
iodine or calcium. This can be potentially solved by multi-material printing using commercial or
customized filaments, thanks to the open nature of FFF. Future work may focus on using the
backfilling method and optimized printing parameters with multiple materials to create phantoms

with multiple attenuation levels and material properties that are clinically relevant.

2.5 Conclusion

By demonstrating a new method to obtain up to eight levels of contrast with a single
material, this study has improved the ability of fused filament fabrication to create realistic physical
phantoms for CT imaging research. This study also describes the printing parameters that optimize
the uniformity of a printed phantom area, and how to obtain smooth transitions between areas with
different HU values. The utility of these methods was demonstrated by creating a contrast detail
phantom with 6 levels of contrast and anthropomorphic liver phantom with 4 levels of contrast.
The low-cost and easily customizable phantoms described here could facilitate the improvement of

CT imaging protocols and the characterization of CT imaging systems.
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3. Attaching Hydrogel to Metal with the Shear Strength of the
Cartilage on Bone

3.1 Introduction

The highest reported shear strength (2.28+0.27 MPa) for a hydrogel on titanium was
achieved by first bonding freeze-dried bacterial cellulose (BC, which consists of a network of
celluose nanofibers) to titanium with an a-tricalcium phosphate (a-TCP) cement, followed by
infiltration of polyvinyl alcohol (PVA) and poly(2-acrylamido-2-methyl-1-propanesulfonic acid
(PAMPS) into the bacterial cellulose to create a BC-PVA-PAMPS hydrogel.”! This approach was
named Nanofiber-Enhanced STicking (NEST). Although the shear strength achieved with NEST
represented a three-fold increase over the state-of-the-art, it did not achieve the highest values of
the shear strengths (7.25+1.35 MPa) that have been reported for the human osteochondral junction.
In addition, the way in which the shear strength of the samples was tested in that previous work,
i.e., in a plug-to-plug orientation, did not allow for direct comparison with the shear strength of
cartilage with the same test fixture.

The goal of this work was to increase the adhesive shear strength between a hydrogel and
a metal substrate so that it matched the shear strength of attachment between cartilage and bone in
the same test fixture. To do this, several alternative cements were compared to a-TCP. Although
these alternative cements increased the shear strength of attachment between porous titanium plugs,
they did not increase the adhesive shear strength between the BC-PVA-PAMPS hydrogel and
porous titanium. We hypothesized the shear strength of the hydrogel on titanium was limited by
delamination of the cellulose nanofiber layers, which are oriented parallel to the direction of the
applied shear force. This hypothesis was tested by wrapping the BC layer over the sides of the
cylindrical metal plug such that the cellulose nanofibers were oriented perpendicular to the
direction of the applied shear force. The BC layers and the resulting hydrogel were secured in place
with a shape memory alloy clamp. This change in nanofiber orientation increased the shear strength

of attachment to be equivalent to the porcine osteochondral junction in the same test fixture. In this
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orientation, the shear strength of attachment increased with the number of BC layers, which
increased the force required to fracture the hydrogel at the periphery of the plug. This new method
of hydrogel attachment will be useful to those seeking to develop orthopedic devices with surfaces

that mimic the properties of cartilage.

3.2 Material and Method

3.2.1 Materials
Bacterial Cellulose (BC) was purchased from Gia Gia Nguyen Co. Ltd. Poly(vinyl alcohol)

(PVA) (fully hydrolyzed, molecular weight: 145,000 g mol-1), N,N’-methylenediacrylamide
(MBAA, 97.0%), 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (12959), potassium
persulfate (KPS), 2-acrylamido-2-methylpropanesulfonic acid sodium salt (AMPS, 50 wt.%
solution in water) and phosphoserine were purchased from Sigma Aldrich. Phosphate buffered
saline (PBS) was purchased from VWR International. Ti-6Al-4V ELI (Grade 23) powder was
purchased from 3D Systems. a-tricalcium phosphate (a-TCP) was purchased from Goodfellow
Corporation. 100 mesh stainless steel powder was purchased from Alfa Aesar. Zinc phosphate
cement was purchased from Prime-Dent. RelyX Luting 2, RelyX Unicem, RelyX Ultimate cements
and the Scotchbond Adhesive were purchased from 3M ESPE.
3.2.2 Additive Manufacturing of Titanium

Titanium plugs were fabricated via selective laser melting (SLM) of Ti-6Al-4V ELI
powder on a titanium substrate in an inert argon atmosphere using a 3D Systems DMP ProX 320.
Plugs were designed to have a diameter of 6 mm and a height of 6.35 mm. The top 1 mm of the
plug was composed of a porous strut structure with a porosity of 70%, as reported previously.”!
After printing, the samples were removed from the build plate via wire electrical discharge
machining and cleaned by sonication for 15 min in DI water to remove the excess unadhered

powder.
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3.2.3 Preparation of Samples for Cement Shear Testing

Several cements were tested between two porous titanium plugs. To prepare the sample
with a-TCP cement, a dry cement mixture consisting of 0.040 g phosphoserine (PPS), 0.312 g of
a-TCP and 0.048 g of stainless-steel powder (SSP) was placed into a small dish, 0.140 ml of water
was added, and the powder was rapidly mixed with the water. Approximately 0.150 ml of the wet
cement mixture was added on top of a porous titanium plug in a metal die with an inner diameter
of 6 mm. A second titanium plug was immediately placed into the die with the porous layer in
contact with the wet cement, and the sandwich structure was pressed together for 1 hour at 250
MPa. The sample was placed into water at 85°C for at least 24 hours to facilitate the transformation
of a-TCP into hydroxyapatite and was stored in water until just prior to shear testing.

To prepare the sample with zinc phosphate cement, approximately 1 g of the liquid was
mixed with 2 g of powder for 90 seconds. The addition of the powder into the liquid was carried
out slowly, smoothly and carefully with constant stirring. After that, approximately 0.150 ml of the
wet zinc phosphate cement mixture was added on top of the first porous titanium plug in a metal
die with an inner diameter of 6 mm. The second titanium plug was immediately placed into the die
with the porous layer in contact with the wet cement, and the sandwich structure was pressed
together for 1 hour at 250 MPa with a hydraulic press or for 2 minutes by hand. After the cement
was completely dry (~2 hours), the sample was placed into water at 22°C for at least 24 hours and
was stored in water until just prior to shear testing.

To prepare the sample with RelyXTM Luting 2 and RelyXTM Unicem cement,
approximately 0.150 ml of the wet RelyXTM Luting 2 or RelyXTM Unicem cement mixture was
added on top of the first porous titanium plug in a metal die with an inner diameter of 6 mm. The
second titanium plug was immediately placed into the die with the porous layer in contact with the
wet cement, and the sandwich structure was pressed together for 1 hour at 250 MPa with a hydraulic
press or for 2 minutes by hand. The sample was placed into water at 22°C for at least 24 hours and

was stored in water until just prior to shear testing.
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To prepare the sample with RelyXTM Ultimate cement, Scotchbond Adhesive was first
applied to the porous surfaces of both titanium plugs. The adhesive was allowed to set for 20s
before being blown by air for another 5s. After that, approximately 0.150 ml of the wet RelyXTM
Ultimate cement mixture was added on top of the first porous titanium plug in a metal die with an
inner diameter of 6 mm. The second titanium plug was immediately placed into the die with the
porous layer in contact with the wet cement, and the sandwich structure was pressed together for 1
hour at 250 MPa with a hydraulic press or for 2 minutes by hand. The sample was placed into water

at 22°C for at least 24 hours and was stored in water until just prior to shear testing.

3.2.4 Preparation of Freeze-Dried BC

All hydrogel samples were made with freeze-dried BC. BC sheets were cut and placed
between 2 metal plates. A 6.59 kg weight was applied to the metal plate to flatten the BC sheets.
The BC sheets were frozen at -80 °C and then in liquid nitrogen. Note that if the BC sheets are
placed directly into liquid nitrogen without the pre-freezing step they fractured. The BC sheets were

then removed and freeze-dried at -78°C for 24h.

3.2.5 Preparation of Samples for Hydrogel Plug-to-Plug Shear Testing

Several cements were used to attach the hydrogel between two porous titanium plugs to

test the adhesive shear strength.
For the a-TCP sample, a cement mixture consisting of 0.080g PPS, 0.624 g of a-
TCP, and 0.096 g of SSP was placed into a small dish, 0.280 ml of water was added, and the powder
was rapidly mixed with the water. Then 0.150 ml of the wet cement mixture was added on top of
the porous titanium plug in the die. The Freeze-Dried BC sheet was then placed on top of the cement
in the die, and an additional 0.150 ml of the wet cement mixture was added on top of the BC sheet.

A second porous titanium plug was then placed on top of the Freeze-Dried BC sheet in the die to
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create a sandwich structure. The sandwich structure was pressed for 1 hour at 250 MPa. The sample
was placed into water at 85°C for 24 hours to facilitate the transformation of a-TCP into
hydroxyapatite. The sample was then placed into a hydrothermal reactor with a mixture of PVA
(40 wt.%) and DI water (60 wt.%) to infiltrate PVA into the BC layer. The sample was frozen at -
78°C and thawed to room temperature to further increase the strength of the hydrogel. The sample
was then soaked in a solution containing AMPS, (30 wt.%) cross-linker (MBAA, 60 mM), and heat
initiator (potassium persulfate, 0.5 mg ml-1) for 24 hours. The hydrogel was heat cured at 60 °C
for 8 hours and the sample was soaked in DI water for at least 24 hours.

For the zinc phosphate cement, approximately 1 g of the liquid was mixed with 2 g of
powder for 90 seconds. The addition of the powder into the liquid was carried out slowly, smoothly
and carefully with constant stirring. Approximately 0.150 mL of the wet zinc phosphate cement
mixture was added on top of the first porous titanium plug in a metal die with an inner diameter of
6 mm. The BC sheet was then placed on top of the cement in the die, and an additional 0.150 mL
of the wet cement mixture was added on top of the BC sheet. The second porous titanium plug was
then placed on top of the BC sheet in the die to create a sandwich structure. The sandwich structure
was pressed for 1 hour at 250 MPa or for 2 minutes by hand. After the cement was completely dry
(~2 hours), the sample was placed into water at 22°C for 24 hours to rehydrate the BC. The sample
was then placed into a hydrothermal reactor with a mixture of PVA (40 wt.%) and DI water (60
wt.%) to infiltrate PVA into the BC layer. The sample was frozen at -78°C and thawed to room
temperature to further increase the strength of the hydrogel. The sample was then soaked in a
solution containing AMPS, (30 wt.%) cross-linker (MBAA, 60 mM), and heat initiator (potassium
persulfate, 0.5mg ml-1) for 24 hours. The hydrogel was heat cured at 60 °C for 8 hours and the
sample was soaked in DI water for at least 24 hours.

For the RelyXTM Luting 2 and RelyXTM Unicem cement, approximately 0.150 mL of the
wet RelyXTM Luting 2 or RelyXTM Unicem cement mixture was added on top of the first porous
titanium plug in a metal die with an inner diameter of 6 mm. The BC sheet was then placed on top
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of the cement in the die, and an additional 0.150 mL of the wet cement mixture was added on top
of the BC sheet. The second porous titanium plug was then placed on top of the BC sheet in the die
to create a sandwich structure. The sandwich structure was pressed for 1 hour at 250 MPa or for 2
minutes by hand. The sample was placed into water at 22°C for 24 hours to rehydrate the BC. The
sample was then placed into a hydrothermal reactor with a mixture of PVA (40 wt.%) and DI water
(60 wt.%) to infiltrate PV A into the BC layer. The sample was frozen at -78°C and thawed to room
temperature to further increase the strength of the hydrogel. The sample was then soaked in a
solution containing AMPS, (30 wt.%) cross-linker (MBAA, 60 mM), and heat initiator (potassium
persulfate, 0.5mg ml-1) for 24 hours. The hydrogel was heat cured at 60 °C for 8 hours and the
sample was soaked in DI water for at least 24 hours.

For the RelyxTM Ultimate cement, Scotchbond Adhesive was first applied to the porous
surfaces of both titanium plugs and both surfaces of a BC sheet. The adhesive was allowed to set
for 20 seconds before being blown by air for another 5 seconds. After that, approximately 0.150
mL of the wet RelyXTM Ultimate cement mixture was added on top of the first porous titanium
plug in a metal die with an inner diameter of 6 mm. The BC sheet was then placed on top of the
cement in the die, and an additional 0.150 mL of the wet cement mixture was added on top of the
BC sheet. The second porous titanium plug was then placed on top of the BC sheet in the die to
create a sandwich structure. The sandwich structure was pressed for 1 hour at 250 MPa or for 2
minutes by hand. The sample was placed into water at 22°C the rehydrate the BC. The sample was
then placed into a hydrothermal reactor with a mixture of PVA (40 wt.%) and DI water (60 wt.%)
to infiltrate PVA into the BC layer. The sample was frozen at -78°C and thawed to room
temperature to further increase the strength of the hydrogel. The sample was then soaked in a
solution containing AMPS, (30 wt.%) cross-linker (MBAA, 60 mM), and heat initiator (potassium
persulfate, 0.5mg ml-1) for 24 hours. The hydrogel was heat cured at 60 °C for 8 hours and the

sample was soaked in DI water for at least 24 hours.

32



3.2.6 Preparation of Samples for Single-Plug Shear Testing

For preparing the pig cartilage samples used for the shear test, the pig knee was first
clamped on a bench vise. An osteochondral autograft transfer system (OATS) tool was used harvest
the osteochondral plug from the pig knee. The OATS donor harvester was positioned on the pig
knee surface and tamped approximately 15 mm into the surface. The handle was rotated to harvest
the plug and withdrawn. The pig plug was extruded out by the core extruder. The pig plug was cut
to make the bone region 8 mm in length

Preparation of all hydrogel samples started with cutting the freeze-dried BC. The
freeze-dried BC was placed on that to avoid the direct contact with the laser cutter. Another metal
plate is placed on the edge of the BC to ensure the BC stay in its place. The BC was cut in the shape
of an octagon with an inner diameter of D mm and 8 legs which has leg lengths of L mm and widths
of W=0.383D. The sample was labeled as BC-D-L after cutting. The 8-piece star shape (BC-D-L)
was generated by MATLAB and loaded into adobe illustrator. For example, the 3 layers BC shear
test sample was fabricated with 3 pieces of BC-6.5-2 from top to bottom. The following cutting
settings were used: Speed = 100%, Power = 20%, and Frequency = 100. After cutting, the BC was
removed and placed in petri dish.

For adhering three pieces BC to the shear test rod with one layer of cement and a clamp, a
stainless-steel test rod was machined to have a top section with a diameter of 5.7 mm and a height
of 2 mm, and a bottom section with a diameter of 17 mm and a height of 13 mm. The three pieces
of cut BC were placed in an alignment fixture. Scotchbond Universal Adhesive was applied to the
layer of the BC in contact with the rod and the top surface of the rod. The adhesive was allowed to
set for 20 seconds before being blown by air for another 5 seconds. About 0.15 g RelyX Ultimate
Cement was then applied to same surfaces coated with the Scotchbond Universal Adhesive. The
rod was pressed into the BC layers and then into the ring clamp. The cement was cured for 1 h. The
sample was heated in an oven at 90°C for 10 min to shrink the clamp. The sample was then soaked

in DI water for 1 hr in a centrifuge tube.
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For creating the sample without the cement, the same procedure was followed as above but
no adhesive or cement was applied to the BC or the rod. For creating samples with three layers of
cement, additional adhesive and cement was applied as described above between each layer of BC,
in addition to between the BC and the rod. For testing samples with 2 layers of BC, the top diameter
of the rod was 5.8 mm instead of 5.7 mm, and the size of the cut BC layers were BC-6.5-2 and BC-
6.5-2. For testing samples with 6 layers of BC, the top diameter of the rod was 5.2 mm, and the
size of the cut BC layers were 3 pieces of BC-6.5-2.25 and 3 pieces of BC-6.5-2.

After attachment of BC to the metal rod, all hydrogel samples were made by infiltrating
PVA and PAMPS into the BC. For infiltration of PVA, the rehydrated sample was placed in a
hydrothermal bomb with 40% PV A and 60% DI water. The hydrothermal bomb was heated at 120 °C
for 24 h to infiltrate PVA into the BC layers. After 24 h, the hydrothermal bomb was removed from
the oven and opened while it was hot. The sample was taken out from the bomb and the extra PVA
around the sample was manually removed. The sample was placed into a -80 °C freezer and taken
out from the freezer after 30 minutes. The sample was thawed to room temperature before the next
step, infiltration of PAMPS. The thawed sample was put into a 30% AMPS (2-acrylamido-2-
methylpropanesulfonic acid) solution with 9 mg/mL MBAA crosslinker, 5 mg/mL 12959 and 0.5
mg/mL KPS for 24 h (all fully dissolved). The sample was taken out and cured with UV for 15
minutes. It was transferred to an air-tight centrifuge tube and placed into a 60°C oven for 8 h for
heat curing. After curing, the implant was placed in PBS for rehydration.

3.2.6 Shear Test

Shear testing was performed on a 830LE63 Axial Torsion Test Machine equipped with a
100 Ib load cell. Each test was performed in customized shear test fixtures. Fixture 1 (see Figure 7)
was used for shear testing of samples in a plug-to-plug configuration. The plugs were placed in the
fixture so that the interface between the plugs was centered in the gap between the L-shaped metal
plates that make up the fixture. For shearing of cartilage or hydrogel on metal samples, the sample
was secured in a cylindrical hole in the left side of fixture 2 (see Figure S2). The hole size was 6
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mm for the pig plug and 7 mm for the hydrogel samples. Spacers were added underneath the
samples to precisely align the shear plane to the cartilage-bone or hydrogel-metal interface. The
right side of the fixture was machined to have a complementary half-cylinder that was used to push
the hydrogel or cartilage off of their substrates. The diameter of the right half-cylinder matched that
of the left side (either 6 or 7 mm). Rubber was placed between the sample and the right shear fixture
to apply pressure during the shear test in order to minimize cleavage and peeling. A crosshead

displacement rate of 2 mm min-1 was used for all the measurements.

Figure 7. Image of shear test fixture 1, used for shear testing of the plug-to-plug samples shown
in Figure 1A and B.
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Figure 8. (A) Example of BC sheet cut with legs for wrapping over the edge of the metal rod. (B)
Diagram denoting the diameter D, length L, and width W describing the dimensions of the sheet.
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Figure 9. Rendering of the fixture used for aligning the rod, cut BC, and ring clamp.
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Figure 10. Schematic of shear test fixture 2, used for shearing cartilage off bone and the clamped
hydrogel off from metal rods.

3.3 Results and Discussion
3.3.1 Testing of Cements in a Plug-to-Plug Orientation

Following upon our previous efforts to increase the shear strength of hydrogel attachment
with the NEST method, we tested the shear strength of other cements besides the a-TCP cement
described previously.”! The shear strength of alternative cements was first tested between two
titanium plugs topped with a 1-mm-thick layer of 3D printed struts with a porosity of 70%. In the
case of the a-TCP cement used previously, the sandwich structure was pressed together in a die at

250 MPa to reduce the porosity of the cement.”!

The other plugs were pressed together by hand.
An example image of a sample made with a RelyX Ultimate cement before and after shear testing
is shown in Figure 11A.

Shear testing was performed on a Test Resources 830LE63 Axial Torsion Test Machine
equipped with a 100 Ib. load cell and a custom-made shear testing fixture (see Figure 7). Note that

in this “plug-to-plug” sample configuration, the shear force is applied evenly over the entire area

of attachment. As shown in Figure 11C, all the alternative cements that were tested exhibited higher
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shear strengths than a-TCP cement for bonding two porous titanium plugs. All sample fracture
surfaces indicated cohesive failure similar to the RelyXTM Ultimate cement sample shown in
Figure 11A.

Next, we tested the attachment of the same cements to the BC-PVA-PAMPS hydrogel in a
sandwich structure. The sample was prepared by cementing a BC sheet between the titanium plugs.
The sample was either pressed together by hand for 2 minutes, or for 1 hour at 250 MPa. PVA and
PAMPS were then infiltrated into the BC to create a hydrogel. An image of a sample prepared with
the RelyXTM Ultimate cement is shown in Figure 11B.

In contrast to the results for bonding porous titanium, none of the alternative cements
pressed by hand increased the shear strength of hydrogel attachment relative to a-TCP pressed at
250 MPa (Figure 11D). We hypothesized the relatively low strength of attachment was due to a
lack of penetration of the cements into the nanofibrous BC matrix. This hypothesis was tested by
pressing the other cements at 250 MPa in the wet state prior to curing, similar to the case of a-TCP.
The application of pressure increased the shear strength for each alternative cement. However, none
of the shear strengths were significantly greater than that achieved with a-TCP. It was surprising
that the RelyXTM Ultimate cement, for example, exhibited a shear strength 6.9 times higher than
a-TCP for bonding porous titanium, but did not significantly increase the shear strength for bonding
the hydrogel.

Scanning electron microscopy (SEM) images of the fracture surfaces for the porous
titanium (Figure 11E) and hydrogel (Figure 11F) samples were taken to determine the reason for
the lower shear strength of the hydrogel samples. For the porous titanium sample (Figure 11E), a
number of smooth fracture surfaces are visible in the SEM image, indicating failure was due to the
fracture of the cement. However, in the case of the hydrogel sample, no smooth fracture surfaces
are visible for the cement. Instead, the SEM image shows the nanofibrous surface of the BC. No
fiber pull-out or fiber fracture is readily apparent in the image. Instead, it appears as though failure
was due to delamination of the layers of nanofibers in the BC.
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Figure 11. (A) Image of two titanium plugs bonded with RelyX Ultimate cement before and after
shear testing. (B) Image of two titanium plugs bonded to BC-PVA-PAMPS hydrogel with RelyX
Ultimate cement before and after shear testing. (C) Adhesive shear strengths of two titanium
plugs bonded with various cements. (D) Adhesive shear strengths of two titanium plugs bonded
to the BC-PVA-PAMPS hydrogel with various cements. (E) SEM image of the fracture surface in
(A). (F) SEM image of the fracture surface in (B).

3.3.2 Overcoming the Delamination of the Bacterial Cellulose

Figure 12 shows the layered structure of the BC is readily apparent when imaged by SEM
in a direction perpendicular to the sheet. The sample in Figure 12 was prepared by freeze-drying
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and cutting the BC. The layered nature of BC has been noted in a number of previous studies.”%

It is due to the layer-by-layer construction of the BC film by bacteria at the air-liquid interface.
Studies of collagen in cartilage have indicated it also has a layered structure, albeit one in which
the layers start by being oriented perpendicular to bone and then curve over to be parallel to the
cartilage surface.® The structure of collagen layers in cartilage suggests the attachment strength of
the BC-PVA-PAMPS hydrogel can be increased if the BC layers are curved over such that the
nanofiber sheets in the BC are oriented perpendicular to the direction of shear. A perpendicular
orientation of the nanofiber sheets relative to the direction of shear should increase the shear
strength because removal of the BC-PVA-PAMPS from the titanium would then require fracture
of the BC nanofibers. In contrast, shear-induced fracture of the BC-PVA-PAMPS hydrogel in a
direction parallel to the surface of the BC sheets involves delamination of the layers and breaking
relatively few nanofibers (see Figure 11F). This situation is similar to the case of fiber reinforced
polymer composites, which are 25-40 times stronger in the plane of the fiber sheets than out of
plane.® Indeed, the highest shear strength achieved in Figure 11D (3.12 MPa) is approximately 6

times lower than the tensile strength of the hydrogel, a test which involves nanofiber fracture.®’

Figure 12. SEM image of a cross-section of a bacterial cellulose sheet.
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Our strategy for orienting the BC nanofibers in the hydrogel perpendicular to the direction
of shear is to wrap the hydrogel around the periphery of the metal plug and secure the hydrogel in
place with a shape memory alloy clamp. The clamps were received in their temporary (deformed)
state. Upon heating, the clamps shrink back to their permanent shape. The shape memory alloy
clamp was chosen over other potential clamps due its small size and high clamping force. For the
ring clamps used here, the supplied diameter was 6.4 mm, the ring thickness was 0.27 mm, and the
ring height was 1 mm. Upon heating, this clamp supplies a nominal clamping force of 300 N (67
1bf). A NiTiNb shape memory alloy (Alloy H from Intrinsic Devices, Inc.) was chosen for the
clamp due to its convenient operating temperature and large temperature range over which the
clamping force is maintained. For this alloy, the full clamping force is obtained at 165 °C and is
maintained from -65°C to +300°C. The NiTiND alloy is also more corrosion resistant than NiTi,
which is used currently in implants, suggesting that it is biocompatible.?*°

A brief overview of how the hydrogel is attached to a metal base is illustrated in Figure 13.
Freeze-dried BC sheets were cut into octagonal shapes with 8 legs that can be bent over the edges
of the implant (see Figure 8 for an example). This shape was designed to minimize excess BC that
would otherwise be folded up on the sides of the cylinder. The pieces of cut BC were placed into a
fixture (see Figure 9) that facilitated centering and alignment of the ring clamp with the pieces of
BC and the metal rod, which in this case was stainless steel. The metal rod was pushed down
through the fixture so that the ring pushed the pieces of BC onto the metal rod. The sample was
subsequently heated in an oven at 90 °C to initiate clamping (which starts at a temperature of 50 °C).
The part was then heated in a hydrothermal bomb at 120 °C for 24 with PVA to infiltrate the
polymer into the BC. Finally, the BC-PV A was infiltrated with PAMPS by soaking in a solution of
30% AMPS (2-acrylamido-2-methylpropanesulfonic acid) with 9 mg/mL. MBAA crosslinker, 5
mg/mL 12959 and 0.5 mg/mL KPS for 24 h. The sample was cured with UV for 15 minutes,

followed by curing at 60°C for 8 h for heat curing.
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Figure 13. Overview of the novel method of attaching a hydrogel to a metallic plug with a shape
memory alloy clamp.

Having the right distance between the inner diameter of the ring and the outer diameter of
the rod was critical to achieving a high clamping force without breaking the BC. For example, for
attachment of three pieces of BC to the metal rod, the outer diameter of the rod was 5.7 mm and
the inner diameter of the ring was 6.4 mm, leaving 0.35 mm for the three pieces of BC. Each piece
of frieze-dried BC was 0.14 = 0.03 mm, for a total thickness of 0.42 mm, so the BC had to be
compressed by approximately 6% per sheet to slide the ring into place. This compression of the BC
allowed the ring to build up clamping force as it was heated. If the ring shrank with no resistance
from the BC, then there would be no clamping force. If the space between the rod and metal rod
was reduced below 0.35 mm, then the BC fractured as the ring was slid over the BC.

We next sought to directly compare the strength of attachment of the hydrogel to the rod
to the strength of attachment of cartilage to bone. This was not possible with the plug-to-plug
configuration used for the samples in Figure 11 because there is no way to attach a rod to the surface
of cartilage with the same strength as the osteochondral junction. Previous tests of the shear strength
of the osteochondral junction have used an L-shaped jig that pulls a square-shaped piece of cartilage
off bone while constraining the movement of cartilage in a direction perpendicular to the shear

plane.®°! To perform a similar test with our cylindrical specimens, we fabricated the shear test
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fixture shown in Figure 10. The specimen was secured in a cylindrical hole in the left side of the
fixture. The right side of the fixture was machined to have a complementary half-cylinder that was
used to push the hydrogel or cartilage off of their substrates. A crosshead displacement rate of 2
mm min’' was used for all the measurements (same rate as for the previous measurements in a plug-
to-plug configuration). We note that while fixture 1 in Figure 7 applies the shear force relatively
evenly over a given interface, fixture 2 in Figure 10 focuses the applied force on one edge of the
rod. This difference in the manner in which the force is applied is expected to lead to a lower
observed shear force relative to fixture 1, especially since fixture 2 can potentially cause cleavage
and peel stresses.

Figure 4A shows the results for shear testing samples with shear test fixture 2. Pig cartilage
had an average shear strength of 1.16 + 0.35 MPa. Figure 4B shows the cartilage was sheared
cleanly off of the underlying bone in this sample. The lower shear strength of cartilage measured
with fixture 2 relative to previous work (2.45 + 0.85 to 2.6 £ 0.58 MPa) may be due to the
cylindrical shape of our specimens, which may concentrate stress over a smaller area at the edge of
the specimen compared to the rectangular specimens tested previously.®® ! We attempted to avoid
stress concentration by shearing the sample with a matching cylindrical surface, but this attempt
may not have been entirely successful. There may have also been some peeling and/or cleavage in
addition to shear due to imperfect alignment or imperfect constraining of the cartilage from moving
out of the shear plane. Although we obtain a lower number for the shear strength of cartilage than
previous authors, the fact that we perform a direct comparison with hydrogel samples in the same
fixture should still provide a valid answer to the question of whether we have achieved cartilage-
equivalent shear strength. Further, we note that the standard deviation of our cartilage shear strength
measurements (+ 0.35 MPa) is lower than those obtained previously (>0.85 MPa), indicating our
measurement method is at least as precise as previous efforts.

By using a shape memory clamp without cement, a hydrogel sample with three layers of
BC was attached to the metal rod with a shear strength of 0.98 MPa (Figure 4A). We note that this
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result is well-within the error of the average shear strength for pig cartilage, indicated cartilage-

equivalent shear strength can be achieved with the clamp alone. Figure 14C shows the attachment

failed due to the hydrogel being pulled out of the clamp. The hydrogel is also dented where it was

contacted by the shear fixture, but this is difficult to observe in Figure 14C.
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Figure 14. (A) Results for shear testing with the fixture shown in Figure 10. N=3 for all
measurements. (B-E) Shear testing samples after failure.
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Addition of 1 layer of cement between the hydrogel and the metal rod resulted in an
attachment strength of 0.81 + 0.17 MPa. This result indicates the addition of cement underneath
the first layer of BC does not increase the strength of attachment beyond what was achieved with
the clamp alone. However, the addition of cement did change the failure mode. The hydrogel
fractured rather than pulled out of the clamp (see Figure 14D). The failure mode in 14D is preferable
in the context of a hydrogel-capped implant because even though the hydrogel fractured it is still
covering the metal and not exposing an opposing cartilage surface to wear by a metallic surface,
for which the coefficient of friction is higher than that of the hydrogel.®’

Next, we made a sample with 3 layers of cement, one layer beneath each of the three BC
layers. In this case the average shear strength increased to 1.76 = 0.88 MPa. This average shear
strength exceeds that measured for the pig cartilage samples, but the standard deviation makes the
difference in measurements not statistically significant. The addition of cement in between the
layers may have increased the average strength by creating a layered composite of cement between
each of the BC layers that reinforced the hydrogel. The failure mode for this sample was similar to
the case of 1 layer of cement.

We attempted to create a sample in which the hydrogel was attached to the surface of the
metal rod with only the cement and not the clamp. This sample proved impossible to make because,
without the clamp, the hydrogel detached from the metal pin during the PVA infiltration process.
Presumably the expansion of the hydrogel during PVA infiltration created a sufficient shear force
to detach the hydrogel from the surface of the smooth metal rod. Instead, we attached 3 layers of
hydrogel to a porous titanium plug with cement between each layer. This sample was prepared with
Rely X Ultimate cement and was pressed at 250 MPa, similar to the best result in Figure 11D. Shear
testing of this “no clamp” sample with fixture 2 yielded a shear strength of 0.93 + 0.21 MPa. Note

that this shear strength is 3.4 times lower than the shear strength of 3.12 + 0.63 measured with
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fixture 1, indicating that method of measurement used with fixture 2 leads to a lower observed
shear strength for a sample with an identical interface. Figure 14E shows this sample failed
cohesively in a similar manner as the cartilage sample.

The way in which the samples made with the shape memory alloy clamp fractured (see for
example Figure 14D) suggests that the shear strength of the samples is limited by the tensile force
required to fracture the hydrogel that is curved over the edge of the implant. The shear test pushes
the hydrogel off of the metal pin, which creates a tensile force on the hydrogel that is clamped
around the sides of the pin. This tensile force can either pull the hydrogel out of the clamp (Figure
14C) or cause the hydrogel around the periphery of the pin to fracture (figurel 14D). These results
suggest that the shear strength of attachment can be increased by making the hydrogel layer thicker.
Figure 15A shows the results testing this hypothesis. As expected, the shear strength of attachment
increases as the number of BC layers is increased from two to six. However, none of the differences
in the results were statistically significant. Each of these samples had one layer of cement in

between the BC layer and the metal pin, and all failed cohesively (see Figure 15B-D).
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Figure 15. (A) Results for shear testing with the fixture shown in Figure 10. N=3 for all
measurements. (B-D) Shear testing samples after failure.

3.3.3 Application of a Clamp to the Creation of Hydrogel-Capped Implants

Shape memory alloy clamps can be produced in a variety of sizes for clamping hydrogels
to the surface of implants for repair of osteochondral defects. Figure 16 shows an example of using
a larger shape memory alloy clamp to attach the BC-PVA-PAMPS hydrogel to an osteochondral
implant with a diameter of 20 mm. In this case five pieces of BC were cut into shapes with 8
octagonal legs that allowed the legs to fold over the edge of the implant. A 0.25-mm-thick coating
of commercially pure titanium was applied to the stem of the implant and underneath the base with
a plasma spray process in order to improve integration with bone.*? The top surface of the implant

had a radius of curvature of 20 mm to match the native curvature of the femoral condyle.”® Figure
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16B&C show an example of how such an implant would be used to resurface the knee. Figure 16B
shows an example of a cartilage defect. The surgeon would drill out a hole over the defect site that

1s complementary to the shape of the hydrogel-capped implant. The hydrogel-capped implant
p ry p ydrog pp p ydrog pp p
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would then be pressed into the hole to replace the damaged cartilage.
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Figure 16. Process for attaching the BC-PVA-PAMPS hydrogel to a titanium implant for
treatment of osteochondral defects.

3.4 Conclusion
In conclusion, we have developed a process that enables the attachment of a hydrogel to

the surface of an orthopedic implant with the same shear strength as the cartilage-bone interface.
Clamping the hydrogel around the periphery of the implant reorients the nanofibers in the BC so
that they are perpendicular to the direction of shear. This reorientation increases the average
strength of attachment by necessitating fracture of the nanofiber sheets to shear the hydrogel off
the metal rod. Without this reorientation, the BC layers delaminate, resulting in a lower shear
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strength. The clamping process can be used in conjunction with adhesive cements to prevent the
hydrogel from being pulled out of the clamp. The shear strength also increased with the number of
BC layers used in the hydrogel, indicating the shear strength is limited by the tensile force required
to fracture the hydrogel at the periphery of the implant. This new method of hydrogel attachment
can be used to create hydrogel-capped orthopedic implants with joint-facing surfaces that mimic
the mechanical and tribological properties of cartilage, and bone-facing surfaces that enable

integration with bone for long-term fixation.
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4. A Synthetic Hydrogel Composite with a Strength and Wear
Resistance Greater than Cartilage

4.1 Introduction
We have previously reported an approach to create a cartilage-equivalent hydrogel by

infiltrating a bacterial cellulose (BC) nanofiber network with polyvinyl alcohol (PVA) and poly(2-
acrylamido-2-methyl-1-propanesulfonic acid sodium salt) (PAMPS). ** This hydrogel exhibited a
tensile strength of 22.6 MPa and a compression strength of 20 MPa. In comparison, the range of
tensile and compression strengths reported for human cartilage are 8.1-40 MPa and 14-59 MPa,
respectively.”®7 Thus, there is still room to improve the strength of hydrogels to be at the higher
end of the range of strengths reported for cartilage, or to even exceed cartilage in strength, while
having a similar modulus, coefficient of friction, and resistance to wear.

In preparing the BC-PVA-PAMPS hydrogel, we used the freeze-thaw method to gel the
PVA-water mixture after infiltration into the BC. This gelation step is necessary to increase the
strength of the PVA hydrogel, and to prevent dissolution of the PVA in the following PAMPS
infiltration step. The freeze-thaw method is commonly used to create PVA hydrogels with tensile

%8101 The increase in strength upon freezing and thawing the PVA is

strengths up to 1 MPa.
attributed to crystallization of the PVA chains and phase segregation.”® * The tensile strength of
PVA hydrogel can be further increased to 18-20 MPa by drying and annealing the PVA, followed
by rehydration.'”*'* We will hereafter often refer to the process of drying, annealing, and
rehydration as simply “annealing” to be concise, i.e., an “annealed” hydrogel is one that has gone
through the process of drying, annealing, and rehydration. The reason for the higher strength of
annealed hydrogels is that the annealing process greatly increases the crystallinity and decreases
the water content of PVA relative to the freeze-thaw process. A disadvantage of the annealing

process is that it can result in more bubbles and cracks in the PVA, especially as the sample

thickness increases or water content increases.
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Given the higher tensile strength of annealed PVA relative to freeze-thawed PVA, we
decided to test whether changing from a freeze-thaw to annealing process can improve the
mechanical strength of a BC-PVA-PAMPS hydrogel while retaining adequate control over the
hydrogel shape and defect content. Given the tensile strength of a BC-PVA-PAMPS hydrogel (22.6
MPa), is already similar to the tensile strength of a PVA hydrogel made by annealing (20 MPa), it
was not obvious that switching to the annealing process for a BC-reinforced hydrogel would yield
further improvements in the mechanical strength. In addition, the presence of BC or PAMPS could
potentially interfere with the crystallization of PVA that occurs during the annealing process,
thereby hindering the improvement in mechanical strength that occurs as a result of crystallization.
It was also not clear whether we could obtain high-quality, bubble-free, crack-free samples after
annealing PVA reinforced with BC. Obtaining samples that are as free of defects as possible is
necessary to maximizing the mechanical strength of the hydrogel. Finally, it was unclear whether
the lower water content of the annealed hydrogel might cause the COF and opposing surface wear
to be too high.

This work shows that reinforcement of annealed PVA with BC leads to a 3.2-fold
improvement in the tensile strength (from 15.6 to 50.5 MPa) and a 1.7-fold increase in the
compressive strength (from 56.7 to 95.4 MPa). The highly crystallized BC-PVA hydrogel that
results from annealing is the first hydrogel with a tensile and compressive strength that exceeds
that of cartilage. Reinforcement of the PVA with BC essentially eliminated the deformation and
bubbles that would otherwise occur during annealing. When tested against cartilage, annealed BC-
PVA wore an opposing cartilage surface to the same extent as cartilage and was three times more
resistant to wear than cartilage. The COF of BC-PVA against cartilage was equivalent to that of
cartilage against cartilage. In contrast to results with freeze-thawed BC-PVA, addition of PAMPS
to the annealed BC-PV A decreased the tensile strength of the hydrogel due to a loss of crystallized
PVA and an increase in water content. The improved tensile strength of annealed BC-PVA enabled
it to attach to a metal base with a shear strength 68% greater than the shear strength of cartilage on
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bone. The high strength, high wear resistance, and low COF of annealed BC-PVA make it an

excellent material for replacing damaged cartilage.

4.2. Methods
4.2.1 Materials

Bacterial Cellulose (BC) was purchased from Gia Gia Nguyen Co. Ltd. Poly(vinyl alcohol)
(PVA) (fully hydrolyzed, molecular weight: 145,000 g mol'), N,N’-methylenediacrylamide
(MBAA, 97.0%), 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (12959), potassium
persulfate (KPS) and 2-acrylamido-2-methylpropanesulfonic acid sodium salt (AMPS, 50 wt.%
solution in water) were purchased from Sigma Aldrich. Phosphate buffered saline (PBS) was
purchased from VWR International. Fetal bovine serum (FBS, Canada origin, collected from cattle
typically 12-24 months old) was purchased from Corning. Shape memory alloy ring clamps were
purchased from Intrinsic Devices.
4.2.2 Fabrication of BC-PVA-PAMPS Hydrogel

BC sheets were pressed to be 0.5 mm thick and placed into a hydrothermal reactor with a
mixture of PVA (40 wt.%) and DI water (60 wt.%). The hydrothermal reactor was sealed and heated
at 135°C for 24 hours to allow the PVA to diffuse into the voids of BC and form a BC-PVA
hydrogel. The BC-PVA hydrogel was removed from the reactor when hot (>85°C). Note the
hydrothermal reactor was pressurized with hot steam and is a burn hazard, so personal protective
equipment including lab coat, heat resistant gloves and full-coverage face shields should be used
when opening the reactor. The residual PV A solution was removed by scrapping the surface of the
BC-PVA samples with a metal spatula. The samples were frozen at -78°C for 30 minutes and
thawed at room temperature to physically crosslink the PVA network. The BC-PVA hydrogel was
then soaked in a solution of AMPS (30 wt.%), MBAA (60 mM), 12959 (50 mM) and KPS (0.5 mg
mL-1) for 24 hours. The hydrogel was cured with a UV transilluminator (VWR International) for

15 minutes on each side, and further cured in an oven at 60°C for 8 hours to ensure even and
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complete curing. The resulting BC-PVA-PAMPS hydrogel was stored in PBS for at least 24 hours
before further characterization.
4.2.3 Fabrication of Annealed BC

BC sheets were pressed to be 0.5 mm thick. The BC sheets were then placed into a 90°C
oven for 24 hours before being annealed at 90°C for an additional hour. The resulting annealed BC
was cut into the desired shape and stored in 0.15 M PBS for at least 24 hours.
4.2.4 Fabrication of PVA Hydrogel

To fabricate the PVA hydrogel, a slurry of PVA (40 wt.%) and DI water (60 wt.%) were
mixed in a metal baking pan (diameter: 203.2 mm) and heated at 120°C for 20 minutes in an
autoclave sterilizer. To make annealed PV A hydrogel, the resulting hydrogel was dried in an oven
at 90°C for 24 hours before being annealed at 90°C, 120°C or 140°C for an additional hour. To
make freeze-thawed PV A hydrogel, the autoclaved hydrogel was frozen at -80°C for 30 minutes
and thawed at 23°C for 30 minutes. The resulting PV A hydrogel was cut into the desired shape and
stored in 0.15 M PBS for at least 24 hours before tests.
4.2.5 Fabrication of Annealed BC-40 wt.% PVA Hydrogel

BC sheets were pressed to be 0.5 mm thick and placed into a hydrothermal reactor with a
mixture of PVA (40 wt.%) and DI water (60 wt.%). The hydrothermal reactor was sealed and heated
at 135°C for 24 hours to allow the PVA to diffuse into the voids of BC and form a BC-PVA
hydrogel. The BC-PVA hydrogel was removed from the reactor when hot (>85°C). Note the
hydrothermal reactor was pressurized with hot steam and created a burn hazard, so personal
protective equipment including lab coat, heat resistant gloves and full-coverage face shields should
be used when opening the reactor. The residual PV A solution was removed by scrapping the surface
of the BC-PVA samples with a metal spatula. The samples were dried in an oven at 90°C for 24
hours before annealing at 90°C, 120°C or 140°C for an additional hour. The resulting annealed BC-
PVA hydrogel was cut into a desired shape and stored in 0.15 M PBS for at least 24 hours before
tests.
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4.2.6 Fabrication of Annealed BC-10 wt.% PV A Hydrogel

BC sheets were pressed to be 0.5 mm thick and placed into a baking pan (15.6 cm X 8.6
cm X 4.2 cm). Approximately 30 mL of 10 wt.% PVA solution was added to the baking pan. The
baking pan was placed in an oven at 90°C for 24 hours and annealed at 90°C for an additional hour.
The resulting annealed BC-PV A hydrogel was cut into the desired shape and stored in 0.15 M PBS
for at least 24 hours.

4.2.7 Fabrication of Annealed BC-PVA-PAMPS Hydrogel

BC sheets were pressed to be 0.5 mm thick and placed into a hydrothermal reactor with a
mixture of PVA (40 wt.%) and DI water (60 wt.%). The hydrothermal reactor was sealed and heated
at 120°C for 24 hours to allow the PVA to diffuse into the voids of BC and form a BC-PVA
hydrogel. The BC-PVA hydrogel was removed from the reactor when hot (>85°C). Note the
hydrothermal reactor was pressurized with hot steam and created a burn hazard, so personal
protective equipment including a lab coat, heat resistant gloves and full-coverage face shields
should be used when opening the reactor. The residual PVA solution was removed by scrapping
the surface of the BC-PVA samples with a metal spatula. The samples were dried in an oven at
90°C for 24 hours before being annealing at 90°C, 120°C or 140°C for an additional hour. The
annealed BC-PV A hydrogel was then soaked in a solution of AMPS (30 wt.%), MBAA (60 mM),
12959 (50 mM) and KPS (0.5 mg mL-1) for 24 hours. The hydrogel was cured with a UV
transilluminator (VWR International) for 15 minutes on each side, and further cured in an oven at
60°C for 8 hours to ensure even and complete curing. The resulting annealed BC-PVA-PAMPS
hydrogel was stored in PBS for at least 24 hours before further characterization.

4.2.8 Fabrication of Hydrogel on the Stainless-Steel Pin

Preparation of all hydrogel samples started with cutting the freeze-dried BC. The BC is cut
in the shape of an octagon with diameter D and 8 legs which has leg length of L and widths of
W=0.383D (See Figure 8 for example). The sample was labeled as BC-D-L after cutting. The 8-

piece star shape (BC-D-L) was generated by MATLAB and loaded into Adobe Illustrator. In Adobe
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[lustrator the stroke of the shape is changed to 0.0001 pt to ensure accurate cutting. The file is sent
to the laser cutter (Epilog Fusion M2) by using the print function and the laser cutter was selected
as the printer. The vector process is used, with 100% speed, 20% power and 100% Frequency.
These setting can be changed in the printer preference tab. For cutting the BC, a clean metal plate
was placed on the bed of the laser cutter, and the freeze-dried BC was placed on onto the metal
plate. Another metal plate is placed onto the edge of the BC to ensure the BC stays in place. The
focus was adjusted and the shape was cut by the machine. After cutting, the BC was collected and
stored in a petri dish for future use.

For preparing the shear test samples, six pieces of BC were adhered to the stainless-steel
rod with one layer of cement and a clamp. On overview of the assembly method is shown in Figure
13. A stainless-steel test rod was machined to have a top section with a diameter of 5.2 mm and a
height of 2 mm, and a bottom section with a diameter of 6.75 mm and a height of 13 mm. Three
pieces of BC-6.5-2.25 and 3 pieces of BC-6.5-2 were placed in an alignment fixture. Scotchbond
Universal Adhesive was applied to the layer of the BC in contact with the rod and the top surface
of the rod. The adhesive was allowed to set for 20 seconds before being blown by air for another 5
seconds. About 0.15 g of RelyX Ultimate Cement was then applied to the same surfaces coated
with the Scotchbond Universal Adhesive. The rod was pressed into the BC layers and then into a
shape memory alloy ring clamp. The cement was cured for 1 h. The sample was heated in an oven
at 175°C for 10 min to shrink the clamp. The sample was then soaked in DI water for 1 hr in a
centrifuge tube before future use. The sample with BC on top then went through the specific
hydrogel fabrication process.

Compression test samples were fabricated using the stainless-steel rod and a clamp, but
without cement. Wear test samples were fabricated with a stainless-steel rod 5.7 mm in diameter

and 38 mm in height, 3 pieces of BC-6.5-2, and the shape memory alloy ring, but without cement.
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4.2.9 Monotonic Tensile and Compression Tests

Monotonic tensile tests were carried out on an Instron 1321 (Instron, Norwood, MA, USA)
and a TestResources 830 (TestResources, Shakopee, MN, USA) load frame at a rate of 0.25 mm s°
I, The finished hydrogel was cut into an ASTM D638-14 Type V shape with a titanium hollow
punch for testing (see Figure 20 for examples). The dimensions of the samples were measured with
a caliper before testing. The ultimate tensile strength (UTS) was the maximum stress measured
before fracture in the case of the BC-PVA samples, or the maximum compressive stress at 80%
strain for the PVA samples. The tensile modulus was taken as the slope of the stress-strain curve at
a stress of 1 MPa for comparison with previous studies of human cartilage.”®

The compressive properties of all samples were measured with an axial Torsion System
(TestResources 830LE63). Cylindrical samples of PVA were cut out of films of hydrogel samples
with a hollow steel punch with a diameter of 4 mm. BC-PV A samples were attached to a metal pin
for compression testing in order to have a sample that was sufficiently thick. The dimensions of the
samples were measured with a caliper before testing. The compressive properties were measured
with a strain rate of 0.05 s™. The ultimate compressive strength was taken as the maximum stress
measured before fracture. The compressive modulus was derived as the slope of the stress-strain
curve at a stress of 0.4 MPa for comparison with previous studies of human cartilage.®’

4.2.10 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was performed on hydrogel samples to determine
the PVA crystallinity. The tests were completed on a TA TGAS550. In a typical experiment, a
hydrogel sample of approximately 5 mg was placed in an aluminum pan and heated at a scanning
rate of 10 °C/min under a nitrogen gas flow from 25°C to 300°C. Typical thermograms for PVA,
BC-PVA and BC-PVA-PAMPS hydrogels are shown in Figure 17.

The calculation for how much of the PVA was crystallized, i.e., the degree of crystallinity,
was adopted from Hassan et al.!®> After the DSC thermogram was acquired, the area under the

melting peak over the range 140-220°C (as shown in Figure 18) was integrated to obtain a value
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with units of J-°C-S™!-g"!. This number was then divided by the heating rate (0.17 °C-S™") to obtain
AH (J-gh). The crystallinity of PVA was then calculated by dividing AH for the sample by the heat
required for melting a 100% crystalline PVA sample, AH. = 138.6 ] /g, and the weight fraction of

PVA in the sample, wpva,

AH

Xpva = Wpya X AH,

where Xpy, 18 the crystallinity of the PVA.
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Figure 17. DSC thermograms for (A) freeze-thawed and annealed PVA hydrogels, (B) freeze-
thawed and annealed BC-PV A hydrogels (B), (C) annealed BC-PVA and BC-PVA-PAMPS. The
concentration of the AMPS solution to make the BC-PVA-PAMPS was 10 wt%.
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Figure 18. DSC thermogram for an annealed BC-PV A hydrogel sample demonstrating how the
peak was integrated.

4.2.11 Measurement of Solid Weight Fraction
The weight of approximately 1 g of hydrated hydrogel was measured before drying at 90°C

for 24 hours. The weight of the dehydrated sample was then measured. The weight after
dehydration was divided by the weight before dehydration to determine the solid weight fraction
of the hydrogel sample.
4.2.12 Wear Testing

The wear resistance of the hydrogels and porcine cartilage samples were determined with

the pin-on-disk setup shown in Figure 19. The pin-on-disk method was used with an Anton Paar
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Rheometer (MR302) and a tribology accessory (SCF7). Cartilage samples were harvested from pig
femurs with an osteochondral autograft transfer system (Arthrex). The femurs were purchased from
a local grocery store and frozen at -78°C before harvesting the samples. Hydrogel samples were
polished with #600, #800, #1000, #1200, #1500, #2000, #2500 and #3000 sandpapers to make them
smooth prior to testing. A hydrogel pin was fabricated by using the method described in section
2.8. A disk of hydrogel or porcine cartilage with a diameter of 12.7 mm was adhered with
cyanoacrylate glue (Gorilla Glue Company) to the sample holder. The testing parameters were as
follows: 1,000,000 rotations; angular speed: 319 rounds per minute (maximum linear velocity: 100
mm s-1); normal force: 28.26 N (pressure: 1 MPa). A pressure of 1 MPa was applied to each sample
for 5 minutes before tests started. The tests were performed in FBS. FBS is often used during wear
tests to mimic the lubrication provided by synovial fluid!'%¢-1%%,

After the wear test, the samples were rehydrated in FBS for 24 hours to allow the gels to
recover from the applied pressure before the wear depth was measured with a High-Resolution X-
ray Computed Tomography (Micro-CT) Scanner (Nikon XTH 225 ST). A 3D model of the
reconstructed Micro-CT images was rendered with Avizo 9 Lite. To measure the wear depth, a
slice of the 3D model was taken in the middle of the wear mark. The wear depths were measured
from the images of the middle slices with Image].

For calculating the COF, we determined the total friction force (F) from the torque (7) and

the radius of the pin in the pin-on-disk setup (R):!'%

P 3T
2R
The COF can then be calculated by:
COF = F
=

Here Fy is the normal force (28.26 N). The linear velocity (v) was calculated by:
v = wR

where w was the angular speed of the pin.
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Figure 19. Images of the test setup using (A) a cartilage pin and (B) a hydrogel pin for the
measurement of the wear and COF. (C) Image during the wear test.
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4.2.13 Shear Testing

Shear testing was performed on an 830LE63 Axial Torsion Test Machine equipped with a
100 1b load cell. Each test was performed in a customized shear test fixture (see Figure 10). For
shearing of cartilage or hydrogel on metal samples, the sample was secured in a cylindrical hole in
the left side of the fixture. The hole size was 6 mm for the pig plug and 7 mm for the hydrogel
samples. Spacers were added underneath the samples to precisely align the shear plane to the
cartilage-bone or hydrogel-metal interface. The right side of the fixture was machined to have a
complementary half-cylinder that was used to push the hydrogel or cartilage off of their substrates.
The diameter of the right half-cylinder matched that of the left side (either 6 or 7 mm). Rubber was
placed between the sample and the right shear fixture to apply pressure during the shear test in
order to minimize cleavage and peeling. A crosshead displacement rate of 2 mm min™! was used

for all the measurements.

t
Shear Test Fixture

' Applied
Force

Hydrogel

Figure 10. Image of the shear test fixture used for shearing cartilage off bone and the hydrogel
off metal rods.
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4.3. Results
4.3.1 Effect of Annealing on Morphology

We first examine the effect of the hydrogel composition on the shape of the sample after drying,
annealing and rehydration (or simply “annealing” to be concise). Figure 20A shows a sample of
BC became wrinkled and folded at the edges after annealing. BC samples that were annealed in a
10 wt% solution of PVA were also deformed (Figure 20B). The PVA layer that forms on top of
the BC after annealing contains a large number of bubbles and easily delaminates from the BC film.
The bubbles are presumably the result of the evaporation of water. Figure 20C shows a sample of
40 wt% PVA also formed a large number of bubbles and deformed during the annealing process.
However, reinforcement of 40 wt% PV A with BC allowed the hydrogel to retain its shape without
deformation after annealing. We attribute this lack of deformation to the higher solid content and
tensile modulus of the BC-reinforced PVA. The nanoscale network of the BC layer appears to
suppress the formation of the large bubbles that are visible in the 40 wt% PV A sample. Comparing
Figure 1B&D indicates that the approach of infiltrating a high concentration of PVA into BC in a
hydrothermal bomb, followed by removal of excess PVA from the BC surface, results in a more
uniform hydrogel than if a BC sample is placed in a more dilute PVA solution that is concentrated
via drying. These results demonstrate that, unlike BC alone, PVA alone, or the combination of BC
with a 10 wt% of PVA, the BC infiltrated with 40 wt% PVA could retain its shape and remain

relatively free of bubbles and other defects after annealing.
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Figure 20. Hydrogel samples before and after annealing and rehydration. All samples were
annealed at 90°C for 25 hours and rehydrated in PBS solution for 24 hours at 23°C. (A) A sample
of BC without PVA. (B) A sample of BC that was annealed in a solution of 10 wt% PVA. (C) A
sample of PVA. (D) A BC sample that was infiltrated with 40 wt% PV A in a hydrothermal bomb
for 24 hours at 120°C before annealing and rehydration.
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4.3.2 Effect of Annealing on the Mechanical Properties of PVA hydrogel

To determine the effects of annealing on the mechanical properties of various hydrogel
compositions, we first analyzed the effects of annealing on a PVA hydrogel as a reference point.
The PVA was fully hydrolyzed with a molecular weight of 145,000 g mol'. A 40 wt.% PVA
solution was dried at 90°C for 24 hours, annealed at 90°C, 120°C or 140°C, and then placed in a
0.15 M PBS solution for 24 hours for rehydration. PVA samples that underwent a freeze-thaw cycle
were tested for comparison. Figure 21A and 21B show that annealing the hydrogel dramatically
increased the tensile and compressive strength relative to samples that had undergone a freeze-thaw
cycle. Figure 22D show that, relative to the freeze-thaw process, annealing increased the tensile
strength by 60 times (from 0.26 to 15.6 MPa) and the compressive strength by 9 times (from 14.8
to 140.8 MPa). Increasing the annealing temperature from 90°C to 140°C led to an increase in the
tensile strength and modulus, similar to previous work.!?% '3 The increase in strength and modulus
has been ascribed to the increase in the crystallinity and solid content of the hydrogel after annealing.
Figure 21E confirms that the crystallinity and solid content of the annealed PVA hydrogels are
much greater than that of a freeze-thawed PVA hydrogel. For example, a PVA hydrogel made via
the freeze-thaw process has an overall solid content of 0.09 and a PV A crystallinity of 0.21, whereas
a PVA hydrogel made via annealing at 90°C has an overall solid content of 0.42 and a PVA
crystallinity of 0.58. The crystallites formed during annealing strengthen the otherwise amorphous
PVA by acting as tough cross-links that redistribute applied stresses and hinder crack
propagation.'® % The crystallites also increase the solid content and strength of the hydrogel by

reducing the amount of water taken up by the PVA when it is soaked in 0.15 M PBS after annealing.
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Figure 21. (A&B) Representative tensile stress-strain curves and compressive stress-strain curves
for PVA hydrogels annealed at different temperatures. (C) Tensile strength and moduli of PVA

annealed at different temperatures. (D) Compressive stress at 0.8 strain and moduli of PVA

annealed at different temperatures. (E) Crystallinity and solid content weight fraction of PVA
annealed at different temperatures.
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4.3.3 Effect of Annealing on a BC-PV A hydrogel
Next, we applied the same annealing process to BC-PVA hydrogels. As with the PVA hydrogels,

the BC-PVA hydrogels were dried at 90°C for 24 hours, annealed at 90°C, 120°C or 140°C, and
then placed in a 0.15 M PBS solution for 24 hours for rehydration. Figure 22A and 22C show the
tensile strength of the annealed BC-PVA hydrogels reached 50.4 MPa, an increase of 4.6 times
relative to the BC-PVA that went through a freeze-thaw cycle, and an increase of 3.2 times relative
to annealed PVA that was not reinforced with BC. Figure 22B and 22D show the compressive
strength increased from 55.32 MPa to 95.35 MPa after annealing. Similar to the PVA hydrogel,
this dramatic increase in strength can be attributed to the increase in crystallinity and solid content
after annealing. Figure 22E shows the crystallinity of the BC-PVA hydrogel increased from 0.07
after a freeze-thaw cycle to 0.4 after annealing. The solid weight fraction of the BC-PV A hydrogel
increased from 0.11 after a freeze-thaw cycle to 0.53 after annealing. These results shows that PVA
can still form crystallites within the nanofibrous BC network, and that these crystallites increase

the solid content and strength of the hydrogel.
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Figure 22. (A &B) Representative tensile and compressive stress-strain curves) for BC-PVA
hydrogels annealed at different temperatures. (C) Tensile strength and moduli of BC-PVA
annealed at different temperatures. (D) Compressive strength and moduli of BC-PV A annealed at
different temperatures. Crystallinity and solid content weight fraction (E) of BC-PVA annealed at
different temperatures. Crystallinity here stands for the weight fraction of crystalline PVA in the
entire hydrogel sample, including the PVA and water.

4.3.4 Effect of PAMPS on an Annealed BC-PVA hydrogel

We previously reported that the incorporation of PAMPS into a BC-PVA hydrogel made
with a freeze-thaw cycle resulted in an increase in the tensile and compressive strength of the
hydrogel.®* Thus, we next sought to determine the effect of incorporating PAMPS into an annealed
BC-PVA hydrogel. As shown in Figure 23A, the addition of PAMPS into the annealed BC-PVA
hydrogel led to a decrease in the solid content relative to BC-PVA alone, from 0.53 to 0.37. DSC
thermograms (see Figure 17) show that after the addition of 10 wt% PAMPS, the peak from
melting crystalline PVA disappeared, indicating the addition of PAMPS destroys the PVA
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crystallites that form during the annealing process. The decrease in solid content and loss of
crystallinity upon addition of PAMPS led to a decrease in the tensile strength (from 48.9 MPa to
20.8 MPa), tensile modulus (from 444.8 MPa to 150.5 MPa) and compressive strength (from 98.1
MPa to 56.0 MPa in Figure 23B) of the hydrogel. The increase in water content of the hydrogel
and loss of strength was likely due to the fact that PAMPS is a negatively charged polymer, and

this negative charge results in an osmotic pressure that swells the hydrogel with water.”
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4.3.5 Wear and COF of Hydrogels against Cartilage

The wear resistance of a potential replacement for cartilage exceeds that of cartilage to ensure
durability and minimize the generation of wear debris that could potentially cause an adverse
biological reaction. We have previously shown that the wear resistance of a BC-PVA-PAMPS
hydrogel is equivalent to that of cartilage and is superior to that PVA or PVA-PAMPS when tested
against a stainless-steel pin.** These hydrogels were made by applying a freeze-thaw cycle to
crystallize the PVA. Here we compare the wear resistance of PVA-based hydrogels (PVA, BC-
PVA, and BC-PVA-PAMPS) that have been dried and annealed at 90°C to that of porcine cartilage
when tested against a porcine cartilage plug in FBS. Figures 19 shows our pin-on-disc
configuration for testing the wear of hydrogels in fetal bovine serum (FBS). The porcine cartilage
plug was rotated against the hydrogel surface 10° times under 1 MPa of pressure and at a speed of
319 rotations per minute (maximum linear velocity was 100 mm s'). Figure 24A is a schematic

illustration of how the wear test was performed.

Figure 24B shows cross-sectional Micro-CT images of the hydrogels that were acquired
in the center of the wear mark to measure the maximum wear depth. Figure 24C compares the
wear depth of the hydrogels and cartilage. The wear depth of the BC-PV A hydrogel with 0% AMPS
was 70.1 um. The addition of 20% AMPS decreased the mean wear depth to 65.9 um, but the
difference between the 0% and 20% AMPS samples was not statistically significant. This
comparison illustrates that the negative charge and higher water content caused by incorporating
PAMPS into an annealed BC-PVA hydrogel does not significantly improve the wear resistance.
Both of these values were 3 times lower than the wear depth on the cartilage sample, which was
227.8 um. The wear depth for annealed and rehydrated PVA was 301.0 pm, four times greater than
either BC-PVA sample. These results indicate the presence of BC in the hydrogel can dramatical

improve the wear resistance of an annealed PV A hydrogel to be superior to that of cartilage
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We also recorded the COF during the wear test. Cartilage maintained a constant COF of
0.020 during the test. The COF of BC-PV A decreased during the test from 0.040 to 0.021. The BC-
PVA hydrogel with 20% AMPS had a similar COF as that without AMPS. In contrast, the COF of
PVA increased dramatically during the test, from 0.033 to 0.135. Previous work has similarly
demonstrated the COF of PVA against cartilage increases over time while the COF of cartilage
against cartilage is constant.!'" 2 The increase in the COF for a PVA-Cartilage interface has been
ascribed to transfer of damaged PVA to the cartilage surface, which in turn decreases the ability of
the cartilage surface to maintain a lubricating water layer.!'? The incorporation of BC into PVA
clearly inhibits damage of the hydrogel, allowing it to maintain a low coefficient of friction similar
to that cartilage during the wear test. The presence of AMPS in the hydrogel does not appear to be

necessary for maintaining a low COF and high resistance to wear.

It is critical that materials used for cartilage replacement on one side of the joint, i.e., on
the femoral condyle, do not cause wear of cartilage on the opposing surface, i.e., the tibial plateau.
Traditional orthopedic materials like cobalt-chrome and ultra-high molecular-weight polyethylene
are known to damage an opposing cartilage surface to a greater extent than hydrogels due to the
higher COF and hardness of traditional orthopedic materials.!'*!!'> To assess the wear caused by
BC-PVA and BC-PVA-PAMPS hydrogels on cartilage, we created hydrogel plugs for wear testing
(see section 4.2.8). Hydrogel plugs were pressed against cartilage samples (see Figure 25A and
Figure 19B) with 1 MPa of pressure, and rotated 10° times at a speed of 319 rotations per minute

(the maximum linear velocity at the circumference of the pin was 100 mm s!).

Figure 25B shows cross-sectional Micro-CT images of the cartilage samples that were
acquired in the center of the wear mark to measure the maximum wear depth. Figure 25C compares
the wear depth on cartilage caused by the hydrogels or cartilage. The wear caused by the BC-PVA

on cartilage (247 + 16 um) was not significantly different from the wear caused by cartilage on
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cartilage (228 £ 12 pum). The addition of PAMPS into the BC-PVA reduced the wear on the

opposing cartilage surface to 81 + 27 um, significantly below the wear of cartilage on cartilage.
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Figure 24. (A) A schematic for how the wear of hydrogels vs. cartilage was measured. (B)
Micro-CT cross-section images and (C) the wear depth of cartilage and hydrogel samples after
106 cycles under 1 MPa of pressure, a spin rate of 100 mm/s, and with FBS as the lubricant. (D)
The coefficient of friction between cartilage and the hydrogels during the tests over 24 hours.
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Figure 25. (A) A schematic for how the wear of cartilage vs. hydrogels was measured. (B)
Micro-CT cross-section images and (C) the wear depth of cartilage and hydrogel samples after
106 cycles under 1 MPa of pressure, a spin rate of 100 mm/s, and with FBS as the lubricant.
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4.3.6 Shear Strength

We hypothesized that increasing the tensile strength of the hydrogel should also increase
the shear strength. In order to be used for a cartilage replacement material, a synthetic hydrogel
must be secured into a defect site with the same shear strength as the junction between cartilage
and bone. One way to accomplish this goal is to have hydrogels that directly attach to bone or
cartilage with sufficient strength, but this is not yet possible. Alternatively, the hydrogel can be
attached to a metallic base, such as titanium, which has the ability to integrate with bone. We have
previously reported the ability to attach BC-PVA-PAMPS hydrogels to a metallic base with a shear
strength equivalent to the cartilage-bone interface. This attachment method used the same
combination of adhesive and shape memory alloy ring that we used to construct the hydrogel plugs
for wear testing. Previous tests indicated the strength of hydrogel attachment was limited by the
tensile force required to fracture the hydrogel that is curved over the edge of the metallic base. Thus,
increasing the tensile strength of the hydrogel should in turn increase the shear strength with which

the hydrogel is attached to a metallic base.

The setup used for shear testing is illustrated in Figure 10. Figure 26 shows the results for
shear testing a plug of porcine cartilage on bone extracted from a pig knee, testing of a BC-PVA-
PAMPS hydrogel made with the previous freeze-thaw process, and testing a BC-PVA hydrogel
annealed at 90 °C and then rehydrated. Both of the hydrogels are attached to stainless-steel rods
with a combination of RelyX Ultimate cement and a shape memory alloy ring. The BC-PV A shear
strength of 1.98 is significantly greater than that of porcine cartilage (p-value from one-way
ANOVA is <0.05). The average value of the shear strength for BC-PVA is also 40% greater than
that of BC-PVA-PAMPS, but the error in the measurements is such that the difference in these
values are not statistically significant. Comparison of the sample after failure show that while pig
cartilage was sheared completely off of the underlying bone, both BC-PVA-PAMPS (made with

the freeze-thaw process) and BC-PVA (made by annealing at 90 °C, followed by rehydration) were
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fractured on one side of the cylindrical sample but remained attached. These results show that the

shear strength of attachment for the annealed BC-PV A is greater than that of pig cartilage.
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Figure 26. (A) Results for shear testing of pig cartilage and hydrogels secured to metal pins with
adhesive and shape memory alloy clamps. (B-D) Images of samples after testing to failure. The
osteochondral plug was extracted from a pig knee. The BC-PVA-PAMPS hydrogel was
fabricated with the freeze-thaw process. The BC-PV A hydrogel was annealed at 90 °C and

rehydrated.

4.3.7 Application to an Implant for Partial Knee Resurfacing

Thus far we have described the compression strength and shear strength of BC-reinforced hydrogels
attached to a metal pin with a diameter of 5.2 mm. While this size is convenient for testing, such a

diameter is too small to serve as an implant for partial knee resurfacing. In addition, the samples
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lacked the curvature necessary to mimic the natural curvature of the femoral condyle. Thus we
sought to demonstrate the ability of the hydrogel to attach to a metal base with a size and shape

representative of an implant for partial knee resurfacing.

Figure 27A&B show images of an implant 20 mm in diameter with a radius of curvature
of 20 mm. An implant diameter of 20 mm is a typical size used for an osteochondral allograft, and
a 20 mm radius of curvature is within the range of typical curvatures for the femoral condyle.!!
The peak force on the knee during jogging has been measured to be 5 551 N for a body weight of
100 kg."'” The tibiofemoral contact area has been measured to be 1 500 mm? at 3 100 N."'® If we
make the conservative assumption that the contact area will not increase at a higher force, then the
peak stress on the contacted area of the knee during jogging is 3.7 MPa. The implants in Figure
8C&D were subjected to a stress of 16 MPa, 4.3 times greater than the peak physiological force on
the femoral condyle. After this test, there were no signs of fracture or damage on the surface of the

hydrogel. This test indicates an implant created with the annealed BC-PV A hydrogel can withstand

the compressive forces in the knee without fracture.

Peak anterior shear forces in the knee for walking have been measured to be 30% of body
weight, or 294 N for a 100 kg individual.'!® This is the highest shear force measured in the knee for
any investigated daily activity.!!” The tibiofemoral contact area has been measured to be 1 500 mm?
at 3 100 N, which is approximately equivalent to the peak normal force during walking for an
individual with a body weight of 100 kg.!'® As the peak normal force coincides with the peak shear
force, we can use this tibiofemoral contact area to calculate that the peak shear stress experienced
by cartilage during walking is 0.2 MPa (294 N = 1 500 mm?). Shear testing on the implant indicated
failure did not occur until a stress of 0.9 MPa was applied. Since the implant can withstand shear
loads 4.5 times greater than that experienced by cartilage in the knee, this result shows the annealed
BC-PVA hydrogel and method of attachment have sufficient strength for creation of an implant for

partial knee resurfacing.
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Before Mechanical Test

After Failure Under a Shear Stress of 0.9 MPa.

Figure 27. (A) Top and (B) side images of a 20-mm-diameter implant for partial knee resurfacing
of the femoral condyle. (C) Top and (B) side images after compression at 16 MPa, which show
there are no signs of failure. (E) Top and (F) side images after failure under a shear stress of 0.9
MPa.
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5. Nanoclay Doped Synthetic Hydrogel

5.1 Introduction
As discussed in chapter 4, we introduced an annealing process to increase the crystallinity of PVA,

thus further increased the mechanical strength of resulted BC-PV A hydrogel. By using this method,
we successfully eliminate the use of AMPS (2-acrylamido-2-methyl-1-propanesulfonic acid
sodium salt), which may be a potential hazard if implanted. However, as shown in chapter 4, the
wear performance of the annealed BC-PVA-AMPS gel on opposing cartilage is better than the
annealed BC-PVA gel, it may be due to the negative charge of the PAMPS network, since
negatively charged polymer network has shown to provide good lubricity. Gong et al'?° studied the
COF of a PAMPS-PMAAm hydrogel, which had a cartilage equivalent compressive strength. The
COF was showed to be 0.04 against a cylindrical alumina ceramic pin, compared to 0.07 of a
UHMWPE. The wear depth after 1,000,000 wear cycles has shown to be 3.2 um, similar to that of
UHMWPE (3.33 um). Kinjo et al'*! and Gong et al'*? attribute the low friction of PAMPS hydrogels
to the repulsion forces provided between the PAMPS network and the opposing surface (often glass
or ceramic). So, we want to replace AMPS with a charged nanoclay which is shown to be

biocompatible, aiming for a better wear performance compared to the annealed BC-PVA hydrogel

Laponite is a biocompatible product,'* ** which is mostly used in research about Drug Delivery,

125 A few of research has introduced

bioimaging, Regenerative medicine and tissue engineering
laponite as a rheology modifier to increase the printability of hydrogel. However, few research has
done on the change of the tribological properties with laponite, here, we propose that by adding the
laponite particle in the BC-PV A network, the charge of nanoparticle will lead to a better lubrication

and wear performance. At the same time, the BC-PVA network will help to maintain the

mechanical property in the cartilage-equivalent range.
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5.2 Methods
5.2.1 Fabrication of Annealed BC-PVA Hydrogel

BC sheets were pressed to be 0.5 mm thick and placed into a hydrothermal reactor with a
mixture of PVA (40 wt.%) and DI water (60 wt.%). The hydrothermal reactor was sealed and heated
at 135°C for 24 hours to allow the PVA to diffuse into the voids of BC and form a BC-PVA
hydrogel. The BC-PVA hydrogel was removed from the reactor when hot (>85°C). Note the
hydrothermal reactor was pressurized with hot steam and created a burn hazard, so personal
protective equipment including lab coat, heat resistant gloves and full-coverage face shields should
be used when opening the reactor. The residual PV A solution was removed by scrapping the surface
of the BC-PVA samples with a metal spatula. The samples were dried in an oven at 90°C for 24
hours. The resulting annealed BC-PV A hydrogel was cut into a desired shape and stored in 0.15 M
PBS for at least 24 hours before tests.

5.2.2 Fabrication of Annealed LAP-BC-PV A Hydrogel

BC sheets were pressed to be 0.5 mm thick and placed into a hydrothermal reactor with a
mixture of Laponite (1%)- PVA (40 wt.%) and DI water (59 wt.%). The hydrothermal reactor was
sealed and heated at 135°C for 24 hours to allow the PVA and Laponite to diffuse into the voids of
BC and form a LAP-BC-PVA hydrogel. The LAP-BC-PVA hydrogel was removed from the
reactor when hot (>85°C). Note the hydrothermal reactor was pressurized with hot steam and
created a burn hazard, so personal protective equipment including lab coat, heat resistant gloves
and full-coverage face shields should be used when opening the reactor. The residual PV A solution
was removed by scrapping the surface of the LAP-BC-PVA samples with a metal spatula. The
samples were dried in an oven at 90°C for 24 hours. The resulting annealed LAP-BC-PV A hydrogel
was cut into a desired shape and stored in 0.15 M PBS for at least 24 hours before tests.

5.2.3 Fabrication of Annealed LAP-BC-PVA-2 Hydrogel
BC sheets were pressed to be 0.5 mm thick and placed into a hydrothermal reactor with a

mixture of PVA (40 wt.%) and DI water (60 wt.%). The hydrothermal reactor was sealed and heated
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at 135°C for 24 hours to allow the PVA and Laponite to diffuse into the voids of BC and form a
BC-PVA hydrogel. The BC-PVA hydrogel was removed from the reactor when hot (>85°C). Note
the hydrothermal reactor was pressurized with hot steam and created a burn hazard, so personal
protective equipment including lab coat, heat resistant gloves and full-coverage face shields should
be used when opening the reactor. The residual PV A solution was removed by scrapping the surface
of the BC-PVA samples with a metal spatula. The same process was repeated with a mixture of
Laponite (1%), PVA (40%) and DI water (59%). The samples were dried in an oven at 90°C for 24
hours. The resulting annealed LAP-BC-PVA-2 hydrogel was cut into a desired shape and stored in

0.15 M PBS for at least 24 hours before tests.

5.3 Results
As can be seen in the figure 28, although the tensile strength of the LAP-BC-PVA gel is

still in the cartilage equivalent range, it’s much lower than the BC-PVA gel that we previously
discussed, we believed that it’s due to the high viscosity of the LAP-PVA solution, which leads to
less PVA diffused into the BC network. So, instead of only one PV A infiltration step, we developed
a two-step PVA infiltration. By starting with infiltration of pure PVA solution followed by the
PVA-LAP solution, we ensure the enough amount of PVA in the network as well as the addition
of laponite. The resulted tensile strength proved the two-step infiltration is necessary for the

mechanical strength of hydrogel.
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Figure 28. Mechanical strength of Hydrogel

We then examined the wear performance of the LAP-BC-PVA-2 against the pig cartilage
after 1,000,000 cycles, as can be seen in the figure 29A, although the wear depth of LAP-BC-PVA-
2 is slightly larger than BC-PVA (not statistically significant), it’s much less than the wear depth

of cartilage

Similar tests were done on the wear test of cartilage again LAP-BC-PV A-2, as can be seen
in figure 29B, there’s no obvious wear mark on the cartilage surface after 1,000,000 wear cycles,

shown the excellent wear performance of LAP-BC-PVA-2 gel.
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5.4 Conclusion
In conclusion, by using two-step infiltration process, the Laponite can be added to the

hydrogel network while still maintain a cartilage equivalent mechanical property. The doping of
charged laponite into the hydrogel network resulted in a better wear performance than the original

BC-PVA hydrogel.
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6. Conclusion and Future Plan

In conclusion, the work of developing two medical devices is demonstrated in the thesis.
To solve the specific medical problem, medical device was developed, then the requirement for the
medical device is researched. We achieved the desired properties by changing the material and its
structure.

To test CT system and evaluate new CT technology, a 3D printed physical phantom was
developed. The 3D printing parameters were tested to optimize the uniformity across the phantom.
2D-NPS was used to examine the uniformity. A backfilling printing method was developed to
achieve up to 8 levels of contrast with smooth transition in one object. A contrast detailed phantom
and an anthropomorphic liver phantom was fabricated based on the backfilling method. Based on
the work we have done, researchers can easily create more detailed physical phantoms including
realistic, anthropomorphic textures. Such phantoms could be used in CT research including task-
specific assessment of imaging technology or patient-specific optimization of acquisition protocols.

In order to further improve the uniformity of the printed physical phantom, a higher
resolution FFF printer with a small nozzle size and finer nozzle control can be used. Besides, to
address the discrepancy of HU value in backfilling regions, especially in a small area, a printer with
more advanced motor and extrusion control can be used. This will help deposit tiny amount of
material on the desired region accurately.

Currently we are using a single material to provide the attenuation difference within the
CT image, which may be adequate for evaluating non-contrast protocols on conventional CT
systems. However, dual energy or photon counting CT requires discerning other materials like
iodine or calcium. This can be potentially solved by multi-material printing using commercial or
customized filaments, thanks to the open nature of FFF. Future work may focus on using the
backfilling method and optimized printing parameters with multiple materials to create phantoms

with multiple attenuation levels and material properties that are clinically relevant.
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To replace the damaged cartilage in knee, a hydrogel coated orthopedic implant was
developed. The requirement for the hydrogel implant is that the hydrogel itself needs to have an
cartilage equivalent mechanical properties and wear performance. Moreover, we need to secure the
hydrogel tightly in the defect sites.

In order to tightly secure the hydrogel, we can attach the hydrogel to a metal base and
implant the whole implant into the bone. In order to enhance the attachment, we developed a new
design of hydrogel attachment method by using shape-memory alloy ring-clamp to bypass the
delamination of bacterial cellulose layers, which was the limitation of previous cement-adhered
sample. The shear test fixture was developed, and the shear strength of the ring clamped sample
was proved to be comparable to or even better than the osteochondral joints. In order to further
increase the gel’s mechanical properties, an annealing process in hydrogel fabrication process was
introduced. A 3.2-fold improvement in the tensile strength (from 15.6 to 50.5 MPa) and a 1.7-fold
increase in the compressive strength (from 56.7 to 95.4 MPa) was achieved. By using this method,
we successfully eliminated the necessity of including a potentially hazardous ingredient to the
hydrogel composite for better biosafety and potentially sooner mass application. The annealed
hydrogel was proved to have a similar or better wear resistance compared to pig articular cartilage.
The wear performance of the hydrogel was further improved by doping the biocompatible nanoclay
into the synthetic hydrogel. The mechanical strength of the gel was also in the cartilage-equivalent
range. Taken together, a suitable material for cartilage resurfacing was developed, we also
integrated it into an actual implant that can be implanted in human knees.

Regarding the future work, currently, the human size implant was fabricated with 5 layers BC, the
thickness of top hydrogel is about 1 mm. Although it’s much improved compared to previous NEST
method, which only contains one layer of gel, but there’s still room for improvement considering
the thickness of actual cartilage is about 2-4 mm. Due to the using heat-shrinkable ring, the shape
of the implant was limited to shape of the ring, which makes it less ideal for fabricating patient
specific implant. A potential way to solve this problem is to replace the BC sheets with 3D
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composite made by cellulose nanofiber. By eliminating the layered structure of BC, the shear
strength won’t be limited by the delamination of BC layers if NEST method is used. A thicker
hydrogel can also be fabricated using this method, which will better mimicking the actual cartilage.
To conclude, by improving the mechanical properties of the hydrogel and achieving better
attachment between the hydrogel and base, an orthopedic implant for cartilage repair was
developed, this can serve as a minimally invasive treatment for chondral or osteochondral defects

of the knee.
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