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ABSTRACT

3D printing was used to fabricate porous artificial knee meniscus material from biocompatible
polymeric blends of polycarbonate-urethane (PCU) and ultra-high-molecular-weight polyethylene
(UHMWPE) to enable “weep” lubrication that mimics the native meniscus. 3D printed and molded
pure PCU, as well as molded PCU and UHMWPE, were used for comparison. Preliminary printing
was done to evaluate the impact of process parameters on the results. The samples were subject to
a variety of rotational oscillating friction and wear tests under simulated body fluid and loading
conditions to replicate the natural motion of the knee. Results show that 3D printed PCU samples
yielded a 27% wear depth reduction compared to molded PCU samples, which may be attributed
to their porous structure and flexibility. The cross-sectional area of the 3D printed blend and pure
PCU samples showed 13.61% and 6.34% porosity, respectively, while no porosity was observed
on the molded PCU and UHMWPE samples. The porosity of 3D printed PCU samples enabled
them to absorb 46% more fluid than its molded version. These findings support 3D printing method
as a good alternative to fabricate highly porous, customizable PCU implants that mimic the

lubrication mechanisms of the native meniscus.
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Chapter 1 - INTRODUCTION

1.1. Background

Total joint arthroplasty has been a common and generally effective surgical treatment
for patients suffering from arthritic disabilities, mostly due to ageing conditions or sports-related
injuries. A prevalence study conducted by the Mayo Clinic estimated that 4.7 million Americans
had experienced total knee arthroplasty and were carrying implants by 2014 [1]. That number was
found to be nearly twice as much as the number of Americans who had been subject to total hip
arthroplasty by that same year. In fact, the knee is the largest joint of the human body, yet the most
vulnerable to injuries [2]. Increasing active life styles and longer life expectancy contribute to a
higher rate of knee problems. A great number of those are associated with the meniscus, a cartilage
cushion located between the tibia and the femur, and has a main role to absorb shocks and distribute
the weight bearing across the knee joint [3]. In short, the meniscus contributes to joint stability,
aids ligaments with force transmission, and provides lubrication. When injured, surgical
intervention is the alternative to most cases, the patient may have the damaged part removed, but
that causes changes in the cartilage load distribution, which leads to degenerative arthritis [4—6].
Results are to be improved to meet current demand of knee meniscus-related surgeries and suffice
the basic joint’s purpose in the human body: enable patient to walk and perform daily activities
without impairment.

Yet total knee joint replacements have been in the market for at least 40 years, no
artificial meniscus replacement was commercially available until the last decade [7]. The first
anatomically-shaped synthetic non-anchored medial meniscus implants, NUsurface® by Active
Implants, is made of a UHMWPE-reinforced PCU matrix and have been under clinical trials in the

U.S. and already approved in some parts of Europe. PCU provides flexibility while the UHMWPE



reinforcement fibers promote load bearing capabilities. The solid nature of the molded implants,
however, may impair the joint’s ability to permit its natural lubrication mechanism to occur.

As a natural synovial joint, the lubrication in the knee is enabled by a fluid film regime
that keeps the two articulating surfaces apart [3,8]. That unique tribological system has been
explained by several lubrication mechanisms, which are mainly described by full fluid film
lubrication, elastohydrodynamic lubrication (EHL), and micro-elastohydrodynamic lubrication
(MEHL), combined depending upon the joint usage [3,8,9]. Furthermore, “weeping” lubrication
happens when the joint is under dynamic load: the natural meniscus is porous and therefore absorbs
interstitial synovial fluid with de-pressurization, and releases it upon loading, contributing to
maintaining the opposed surfaces separated [10]. All those described mechanisms provide
extremely low coefficient of friction (COF), ranging from 0.002 to 0.04 and excellent wear
resistance [11,12]. In contrast to a native meniscus, there is no porosity in an artificial meniscus,
which consequently makes it unable of supporting the joint lubrication via the “weeping”
mechanism [9,11]. As a result, once it is implanted, the molded meniscus is only able to maintain
boundary lubrication on its surface by synovial fluid absorption [3].

In this study, PCU and UHMWPE were used to explore the potential of 3D printing a
blend of these two polymers for artificial meniscus implant. The peculiar layer-by-layer and line-
by-line material deposition patterns of FDM 3D printing technology leave voids throughout the
print, which allow the “weeping” lubrication of the knee meniscus to happen. This additive
manufacturing method is versatile in fabricating different designs without needing a mold and thus
can accelerate the fabrication process and facilitate the achievement of highly-customized implants

suitable for individual patients.



1.2. Motivation and Objectives

The American Physical Therapy Association estimates that around 700,000 Americans
undergo knee surgery due to meniscus injury every year [13,14]. Although that number seems to
be surprisingly high, aside from that, there are also many people suffering from knee joint pain
and that refrain from having surgery through alternative treatments. In general, knee surgery
procedures are only performed when the patient has been under pain and their normal life is
severely impaired due to loss of functionality of the joint. The main cause of impaired functionality
and source of pain is osteoarthritis, a condition in synovial joints characterized by gradual
degeneration and loss of articular cartilage. It is irreversible and consequently causes permanent
damage. Before pursuing the surgery approach, patients usually undergo more conservative
strategies, like pain relievers, physical therapy, and others, until being more invasive is inevitable.

The meniscus has an essential role in functioning and protecting the knee joints by
dispersing contact pressure and lowering coefficient of friction. However, the most common
causes of knee surgeries are meniscus-related cases [4,15-17]. Unlike replacing other components
of the knee joint, such as tibia and femur, only a few options exist for meniscus-related injuries.
Meniscal allograft transplantation and partial meniscus removal (meniscectomy) have been the
alternative to alleviate the pain of those with meniscus cartilage damage, yet they are not
permanent solutions since they ultimately lead to more medical intervention because of the uneven
distribution of the pressure on the joint [18].

To fill that treatment gap, researchers have been exploring solutions for meniscus
diseases, alternatives that combine long-term durability and resemble the tissue biomechanical
performance. The limitations of the current options have driven research towards synthetic

materials for meniscus implants. A nonanchored, polyethylene-reinforced polycarbonate urethane



meniscal implant has been under clinical trials in the USA, and in use in some countries. Those
materials make this implant not only biocompatible, but also mechanically strong and capable of
replicating the stress distribution in the knee. However, because the implants are molded, they lack
the porosity present in natural cartilage that would provide the structure necessary to allow the
knee joint lubrication mechanisms to occur. While absorption and release of synovial fluid can
lubricate the porous natural meniscus, for non-porous meniscus implants only adsorption is
capable of lubricating the joint [10]. This research aims to fabricate porous and mechanically
robust structures for meniscus implants, combining the flexibility of PCU and load bearing
capabilities of UHMWPE, by using fused deposition modeling 3D printing. That fabrication
method overcomes the limitation of molding which makes only solid structures, and facilitates the
implant manufacturing process by introducing practicality and the capability of easy
customization. The 3D printing process is expected to provide porosity to enable synovial joint’s
“weeping” lubrication mechanism to occur.
1.3. Organization of the Thesis

This thesis is comprised of 5 chapters. The first and current chapter is an introductory
section, bringing relevant information about knee joint implants and meniscus-related medical
procedures, synovial joint lubrication basics, and the valuable significance of additive
manufacturing in the biomedical industry. In Chapter 2, a collection of backgrounds of the main
topics explored here are comprehended in a literature review, including a general overview of the
tribology of human joints, a brief section about the history and current technologies implemented
in artificial human joints, and a summary and discussion about the principles, advantages and
disadvantages of 3D printing, particularly those related to fused deposition modeling. Chapter 3

details the experimental techniques used in this study, consisting of the description of the



fabrication and characterization methods. Followed by Chapter 4, which presents the results and
discusses their importance, and finally, Chapter 5 draws the conclusions and makes

recommendations of the direction to be targeted for future work.



Chapter 2 - LITERATURE REVIEW
2.1. Anatomy and tribology of the knee synovial joint

The knee is the largest and most complicated joint of the human body. It is classified as
a synovial joint, considered one of the most important features of the human body as it serves as
the core element for one’s ability to move. Synovial joints are the most common in the human
body and are capable of sustaining high loads and of varied ranges, yet undergoing minimal wear
[19]. They also permit limited movement and are responsible for transferring forces from one bone
to another [20]. All that is enabled by the mechanical properties and lubrication processes
occurring within the joints. Similar to other biological environments, the surface properties such
as their softness and stiffness, wettability, chemical composition, porosity and roughness are
essential for the knee joints performance [21]. To understand those powerful functionalities of the
knee, we will first look at knee joint’s structure and operation as a synovial joint, and explore the
types of lubrication mechanisms that make it a high performance bearing from an engineering
standpoint.

2.1.1. Structure and surface properties of synovial joints

Figure 2.1 illustrates the parts of a synovial joint. The articular cartilage is a soft and
porous material that sits on top of a hard surface, the bone. It functions as the bearing material and
is essentially a compliable layer that offers excellent mechanical properties and favorable porous
structure to withstand high loads permitting the lubrication mechanisms to take place. The

surrounding lubricant is called synovial fluid.
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Fig. 2.1. lllustration of a synovial joint [22].

The articular cartilage layer has a thickness that depends on the kind of joint as well as
the age. In general, it gets thinner as individuals age. Young and healthy individuals can have a
few millimeters-thick cartilage, while the elderly may even have almost inexistent in some areas.

Due to its main function of sliding against another surface being naturally and perfectly
executed, it is expected for the synovial joints cartilage to have a smooth surface. Measurements
made under different studies suggest that, however, cartilage’s surface roughness varies from
about 1 to 5 um [23-25]. On the other hand, healthy synovial joints can produce coefficient of
frictions that are extremely low, ranging from 0.001 to 0.05, and provide exceptional wear
resistance during the lifetime of the articulating surfaces [11,12,26].

The inherent porosity and elastic nature of the cartilage and meniscus tissue are the keys
to the excellent tribological properties. They provide the necessary structure for the lubrication

mechanisms to occur, which in turn are responsible for the superior capability of the joint to not



only sustain high loads and impacts, but also to distribute them proportionally on the knee joint

throughout the gait cycle.
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Fig. 2.2. Knee joint forces and surface velocities at different parts of the walking cycle [27].

When loads are applied on the knee joint under motion, they are not constant. Figure
2.2 shows how the applied force and the sliding velocity behave in the knee joint during a typical
walking cycle [27]. The knee gait cycle is broken down into stages on Fig. 2.3. The entire cycle is
categorized into stance and swing period. Those may be expressed in percentage, where the former
normally constitutes 60% of the cycle and the latter 40% [9,28]. The gait cycle starts with the heel
strike, the first phase of the stance period, and finishes with the terminal swing or heel strike of the
same leg, the last phase of the swing period [29]. The maximum loads are about 1500 - 1750 N

and is characterized by one heel striking the ground while the other foot’s toes are leaving the



ground [27,30]. In Fig. 2.3 that is represented by the first phase. Sliding velocity also varies
considerably with time in the walking cycle. Notice on Fig. 2.2 that when the load is high, the

sliding velocity is low, and vice-versa.
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Fig. 2.3. Phases of the knee joint walking gait cycle, adapted [29].

2.1.2. The knee synovial joint structure
Three bones compose the knee joint: the femur (thigh bone), the tibia (shin bone), and
the patella (kneecap). In Figure 2.4, an illustration shows that articular cartilage covers the surfaces
of the tibia, femur and patella that are part of the knee joint. The articular cartilage of the knee
joint is a fibrous connective tissue that is highly porous and holds a large content of water [19].
McCutchen described the articular cartilage as a bearing material that is deformable, porous and
soaked with liquid [31]. Some of the major functions of articular cartilage are: distributing and

transferring forces, and reducing joint friction during movement [20].
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Fig. 2.4. A: Sagittal section cut of the knee joint; B: anterior view of flexed knee joint;
C: posterior view of knee joint with ligaments, adapted [9]
The menisci are the two asymmetric, wedge-shaped, fibrocartilaginous discs separating
the tibia and the femur, as seen on Fig. 2.4 [32]. The lateral meniscus has a circular shape and
moves freely in the joint because it is only loosely connected to its surroundings. The other part is

the medial meniscus, which is C-shaped and, differently from the lateral meniscus, firmly attached

10



to its surrounding and has restricted movement [32]. When the joint is under load, the menisci
increases the contact area due the deformation of the cartilage, thus distributing the forces
transmitted through the knee. It is estimated that about 40 to 60% of the compressive load applied
on the knee joint is supported by the menisci [32]. A study on the contact area and pressure
distribution of the tibiofemoral joint reports that, at a load of 1000 N, the menisci occupy around
70% of the total contact area of knee, and hold peak pressures of up to 3 MPa [33]. They also
absorb shock and protect the articular cartilage from excessive concentrated loads, preserving it

from being damaged, and cover about 70% of the knee joint contact area [33,34]. .

2.1.3. Lubrication mechanisms of the knee joint

The excellent friction and wear properties of a healthy knee joint result primarily from
the actuation of the lubrication mechanisms [10,35]. A variety of lubrication processes have been
described and indicated to play a role in the synovial joints, but they are mutually exclusive and
have their basics on the two fundamental mechanisms of lubrication in engineering: boundary
lubrication and fluid-film lubrication. Boundary lubrication happens when there is a lubricant film
between the rubbing surfaces, but it is not sufficiently thick to prevent asperities contact through
the film [23]. It depends on chemical properties as it is constituted of a boundary lubricant that, by
molecular forces, attaches itself strongly to the solid surfaces [27]. Natural synovial joints,
however, operate generally in a fluid film regime, where the two opposing surfaces are essentially
separated by a fluid film [36-38].

A full-fluid-film lubrication happens when the surfaces are completely separated by a
film of fluid and is considered the most effective method [27,30]. One body “floats” on a film of
fluid over the pairing surface, with a very low coefficient of friction. That happens by achieving a

high enough pressure in the fluid so the surfaces can be fully apart. The full-fluid-film lubrication

11



may be a result of liquid being pumped from outside to sustain the load (hydrostatic lubrication),
or a consequence of the internal pressure generated by the rolling and sliding motion of the surfaces
and the viscosity of the fluid [27]. If that generated pressure is high enough to induce elastic
deformation on the bearing solids, which in turn provides greater geometrical conformity and
increases the thickness of the lubricating film, then we call that elastohydrodynamic lubrication
(EHL) [39]. Synovial joints rely not only on elastohydrodynamic action, but also on
microelastohydrodynamic lubrication (MEHL), where the micro and nano protuberances on the
surfaces of the soft bearings are partially flattened elastically by local hydrodynamic action as the
load is distributed in the articulating joint [40,41]. A special case of hydrodynamic lubrication is
the squeeze film, where the film remains for a certain amount of time after relative motion of the
contact surfaces has stopped [9].

Weeping lubrication is a very important lubrication regime considered in this study. It
was proposed by McCutchen in the early 1960’s to support the idea that the interstitial fluid of the
cartilage is responsible for its load bearing properties [31]. He described the articular cartilage as
a bearing material that is deformable, porous and soaked with water. According to McCutchen’s
definition of weeping lubrication, when the cartilage is pressed, it releases the fluid from its
structure through its pores to the interface, which in turn provides a fluid film support to the joint.

As the essential element in the lubrication mechanisms of the knee joint, synovial fluid
is a natural lubricant that provides low friction and low wear in cartilage surfaces. It is a non-
Newtonian fluid that has its viscosity effectively reduced as shear rate increases [27]. The key for
synovial fluid’s remarkable lubrication properties lies on the contributions of its organic
constituents: proteoglycan 4 (PRG4, also known as lubricin), hyaluronic acid (HA), and surface-

active phospholipids (SAPL) [35,42,43]. The fluid’s viscosity appears to be governed by the
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presence of HA, with the viscosity increasing almost linearly with acid concentration. It is also
known that healthy joints present a more viscous synovial fluid [23,44]. Besides the organic
components, albumin, a globular protein, is the most abundant protein in synovial fluid [45].
However, it is not crucial for boundary lubrication, but it has been found to decrease the wear rate
of UHMWPE used in artificial joints [46,47]. When injured or in the presence of joint diseases,
such as osteoarthritis and rheumatoid arthritis, the chemical environment in the joint may change,
which affects cells and the secretion of the lubricant molecules by them (PRG4, HA and SAPL)
[48].
2.2. Meniscus injuries and treatments

Persistent pain is usually the most important factor that motivate people to receive an
artificial joint implant. Decreased range of motion is another symptom that limits patients from
living a normal life. Artificial joints have been used since early nineteenth century, when infections
were the most common cause of failure, and very frequently fatal [49]. It was not until the mid-
twentieth century that artificial joints surgical procedures started to get more predictable and yield
long lasting results. Fortunately, science and medicine have evolved to a much more reliable stage,
bringing numerous different types of artificial implants in the market, covering hips, knees,
intervertebral discs, etc.

Although artificial knees were developed concomitantly with hip joints, they were less
successful. Inadequate surgical procedure technique was the cause for the poor results, only in the
mid-1980s contemporary principles of mechanical axis balance and the concern with joint stability
emerged [49]. Early in the 1970s, it was popularized the first metal-on-polyethylene condylar total

knee replacement implant, completely replacing the femoral and tibial articulating surfaces [50].
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The replacement the entire joint became common practice among patients with
persistent pain due to degenerative arthritis. Figure 2.5 shows the great increase of cases treated

by total knee replacement between 2000 and 2010 [51].
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Fig. 2.5. Total knee replacement among inpatients aged 45 and over, by sex and age group:
United States, 2000 and 2010 [51].

When it comes to meniscus, historically, it was believed for many years that the menisci
were vestigial remnants of leg muscles, and that their removal (total meniscectomy) was
considered beneficial in cases of torn meniscus treatment because of the instantaneous
disappearance of impairment and pain. [2,52]. The importance of the meniscus in load bearing and
distribution was only elucidated around the 1970s and 1980s, when studies showed that the contact
stresses on the tibial plateau increased proportionally with the amount of meniscus tissue removed

[53,54].
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In general, approximately 85% of the cases of meniscal tears require surgical
intervention compared to other knee-related injuries [17]. Depending on the case, meniscus tears
may be more or less difficult to treat. Sutures, staples, and anchors are repairing strategies that tend
to preserve the tissue, but that only successfully heal the torn meniscus if the damage is located in
the vascularized region [55]. Otherwise, lesions are irreversible and patients are recommended to
undergo partial meniscectomy, which consists in removing the affected region of the meniscus.
However, the partial loss of the meniscus lead to degenerative arthritis because of cartilage
unbalanced load distribution [4]. That results in post-meniscectomy pain and further medical
intervention. Patients younger than about 50 years old are usually suggested to remain under more
conservative approaches, such as medication, injection of HA, knee brace, physical therapy,
limitation of physical activities, or undergo another partial meniscectomy (sometimes followed by
other meniscectomies) [18]. In more severe cases, or in a more advanced age, a meniscal substitute
is indicated.

Nowadays, meniscus replacement is still considered an unsolved problem in orthopedics
[18]. The current treatment for symptomatic post-meniscectomy patients is a meniscal allograft
transplantation. Although it relieves pain and improves knee function, the procedure is not only
risky, involving probability of disease transmission, but it is also of difficult availability. It is hard
to find allografts with appropriate sizing of the recipient: oversized allografts can increase the
forces across the articular joint, and undersized can lead to excessive load and poor congruity with
the bones [3,18,56]. Furthermore, another drawback is that allograft meniscus undergo remodeling
after being implanted, which causes shrinkage of the implant and impacts the joint’s mechanical
strength [3,18]. Biodegradable options exist, polymeric synthetic and natural prostheses are made

of temporary scaffolds that gradually degrade in the body, giving place to a newly formed tissue.
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However, that path may be limited due to the absence of durability associated with most of the
biodegradable materials when in vivo conditions and unpredictable variability of body response to
the implant [57]. Besides, there is little evidence about its effectiveness, or whether a meniscus
allograft would reduce the risk of osteoarthritis progress [58,59]. The table below summarizes the
current alternatives for treatment of meniscus injuries, from conservative approaches to invasive
choices being practiced around the world.

Table 2.1. Knee meniscus treatment alternatives.

Available meniscus Description
injury treatments

An alternative to decrease swelling and relief pain, it is
commonly combined with compression and pain
medication. Physical therapy works on strengthening the
knee and leg muscle to improve patient’s mobility. It
reliefs the pain but it doesn’t heal the injury.

Cortisone and hyaluronic acid injections help reduce
inflammation by improving the knee joint lubrication.
This is also a temporary relief.

Injection of patient’s own stem cells into the knee joint,
where they differentiate and may help healing the
meniscus. This treatment is costly and still considered
experimental, there is no long-term understanding of its
effects.

Removal of injured part of the meniscus. This is a very
common procedure, but that leads to maldistribution of
the pressure on the knee joint. Consequently, further
degeneration of cartilage happens, causing osteoarthritis,
pain and discomfort. That is the cause of future
meniscectomies and ultimately a total meniscus removal,
asking for more radical treatment options.
Transplantation of part of the meniscus from a donor.
Meniscus allograft Associated with risks of infections and rejection of the
transplant, and is also very difficult to find a matching
option.

Partial meniscus implant | There are currently two options for partial meniscus
substitutes. The Menaflex®, or Collagen Meniscus

Physical therapy

Injections

Stem-cell therapy

Non-invasive / minimally invasive

Meniscectomy

Surgical
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Implant (CMI) is a porous scaffold made of fibers from
bovine Achilles tendon collagen [60]. The Actifit® is
also a porous scaffold, but made of synthetic
polyurethanes with semi-degradable stiff segments and
biodegradable polyester [61]. Both Menaflex® and
Actifit® were designed to promote tissue growth and
regeneration and stimulate healing the meniscus tissue
[60]. There are not enough evidences of their efficacy and
the FDA has not cleared either option, although they have
received CE marking in some parts of Europe.

Total knee replacement

This is the most radical approach, since it replaces the
entire knee joint with an artificial joint. Usually made of
two articulating surfaces of titanium and Co-Cr, attached
to the bones, and an UHMWPE spacer between them.
Although this has been a common procedure for decades,
it fails mainly due to wear of the polyethylene, inducing
osteoarthritis [62].

Artificial total meniscus

implant

A molded polycarbonate urethane total meniscus implant
was developed in the last decade. Its structure is made of
a PCU matrix and UHMWPE fibers and resembles the
natural joint, that has a solid matrix and oriented collagen
fibers [18]. It has been under clinical trials in the U.S. and
received CE marking in Europe.

Recently, a synthetic non-anchored medial meniscus implant has become an alternative

to those middle-aged patients to delay more aggressive treatments. The NUsurface® meniscus

implant (Active Implants Cop., Memphis, TN) is a free-floating PCU meniscal implant, reinforced

circumferentially with UHMWPE fibers, and currently under clinical trials in the United States.

Its design was optimized with finite element modeling of the material and the resultant contact

mechanics on the tibial articular cartilage [7]. Its structure, composed of a PCU matrix with

surrounding polyethylene fibers, aims to mimic functionality and structural components of the

natural meniscus, made of a sound matrix with highly oriented collagen fibers [63,64].
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Fig. 2.6. NUsurface® Meniscus Implant [18].

The NUsurface® has shown potential safe use in animal models, matching cartilage
condition with control joints for up to six months after implantation [65]. Good load transfer and
distribution capabilities were observed in vitro using human cadaveric knees [66]. Figure 2.7
shows the medial (M) and lateral (L) tibial plateau in different conditions: upper left is the natural
state, partial of meniscectomy of the medial meniscus on the upper right, another meniscectomy
of the medial (subtotal) in the lower right, and following implantation of NUsurface® in the lower
left [18]. A follow-up study of 3 patients implanted with the NUsurface® implant reported that the

knee preserved its static kinematic properties after surgery [67].
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Fig. 2.7. Pressure distribution maps in the meniscus after meniscectomy and following
NUsurface® implantation [18].

PCU is a polymer that has emerged as a result of the interest, within the biomedical
industry, in developing biocompatible, biostable, synthetic materials for the replacement of soft
load-bearing tissues, like meniscus, articular cartilage, and intervertebral disc. As an individual
ages, those tissues tend to degenerate, significantly impairing their lives [68,69]. Thus, finding a
synthetic material that resembles cartilage in terms of mechanical properties and wear resistance
is of high importance. Below are reported the moduli of elasticity of different materials that have

been studied for human bearing applications, compared to that of natural cartilage of the knee.
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Table 2.2. Materials used in human bearings applications. Adapted from Miller [70].

Material Modulus of elasticity (MPa)

Co-Cr alloys 200,000-253,000

Titanium alloys 110,000-115,000

Stainless steel (316) 190,000-200,000

UHMWPE 800-1,600
PCU (75A-95A) 12-42
PDMS 3

Avrticular cartilage 2-45

Molded UHMWPE has been commonly used for joints implants for many years. In the
case of total knee joint replacement, since the mid twentieth century, with improvements being
made throughout the years [71]. However, despite the efforts, it ultimately results in releasing wear
debris, causing premature failure of the implant. Although UHMWPE is biocompatible in its bulk
form, wear debris from the polymer has been found to trigger osteolysis in surrounding tissues,
which leads to implant loosening and eventual implant replacement surgery [72]. Furthermore, the
rigid and solid nature of the mold hinders joint’s native lubrication mechanisms. Therefore,
research has aimed the direction of more compliant materials that not only have mechanical
properties like articular cartilage, but that would also stimulate lubrication and have a more
realistic load distribution in the joint. The biggest concern among clinicians is the wear behavior
of any new or novel bearing material. Their target is to have wear debris minimized and therefore
prevent osteolytic lesions of artificial implants [73].

A study has found that the elastomeric polyurethane Pellethane® 236380A can achieve
lower wear rates than UHMWPE in a simulated in vivo wear environment [74]. They reported the
reason for the higher wear resistance to be due to the compliance of the elastomer and its ability
to conform to the geometry of the counterface, causing reduction in contact pressure. Other soft

polymers have been investigated for implant materials. Silicone (PDMS), for instance, was
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considered potentially suitable for artificial replacement of joints until the late 1990’s, until it was
found to fail due to different reasons, including fracture, compressive deformation, inflammation,

and foreign body response. The table below

2.3. Fused Deposition Modeling

In the past few decades, additive manufacturing has introduced a nearly complexity —
free and highly customizable era into the manufacturing industry [75]. Since the advent of the first
method, Selective Laser Sintering, several other technologies have been developed, expanding
materials usage flexibility and enabling increasingly competitiveness in that market. Among the
seven types of additive manufacturing methods, fused deposition modeling, or FDM, is probably
the most diffused kind due to its accessibility and ease of use. Developed and patented by Stratasys
(Eden Prairie, MN) more than 20 years ago, this technology is relatively simple and affordable
when compared to other additive manufacturing processes, characteristics that have taken FDM
beyond conventional industry’s boundaries [76]. FDM’s versatility to fabricate prototypes, tooling
accessories, and functional parts straight from a virtual model and its capability of realizing those
parts without geometrical complexity limitations have enabled increasing popularity in a wide
array of fields [77]. In the biomedical field, FDM have contributed to a variety of applications,
such as tissue engineering, implant fabrication, dental solutions, drug release, and medical
equipment fabrication [78-82].

FDM technology working principles rely especially on thermodynamics and mechanics
of materials: it works by heating up a thermoplastic filament to make it malleable and extrude it
through a nozzle, which in turn, deposits the solidifying polymer layer-by-layer on a tray or base
member (also called print bed) [83]. To promote attachment, the print bed can be heated. The

bonding between layers is promoted by the diffusion bonding mechanism, driven by the thermal
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energy of semi-molten material [84]. The movement of the dispensing head relative to the base
follows a predetermined pattern along the axes (“x”, “y”, and “z”) in rectangular coordinates.
When the first layer is finished, the print bed is lowered by a fixed distance (i.e., the thickness of
a single layer), and a second layer can be printed on top of the original one. By repeating these
steps, an object is created in an additive manner.

The 3D object is designed digitally using a computer-aided design (CAD) software and

converted into multiple-layer data, known as G-code, by a commercially available software. Then,

it is imported through drive signals into a computer-aided machine controller to the drive motors.
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Fig. 2.8. FDM original schematic [83]

The material is provided in the form of a spooled filament and is fed into a liquefier
head through the use of computer-driven counter-rotating rollers [85]. The head is maintained at a

certain temperature in order to soften and melt the filament just above its melting point. The head
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is computer-controlled to move in the horizontal plane, while the build platform supplies the
vertical motion. The deposited material, in the form of a thread, lays down on the bed, and was
referred to as “road” when related to Stratasys first FDM machines [86]. The extrusion and
deposition processes utilize as principle a constant volumetric displacement profile. Thus, material
flow rate, which is controlled by the speed of counter-rotating rollers, determines the dimensions
of the deposited “roads” [87].

According to Mukesh K. Agarwala et al., FDM process parameters can be categorized
into four types: operation specific parameters, machine specific parameters, materials specific
parameters, and geometry specific parameters [86]. The table below lists the process variables into
those four categories. Parameters are interdependent and should be considered together when
planning a print.

Table 2.3. FDM process variables, adapted from [86].

Operation Specific Machine specific Materials specific Geometry specific
Slice thickness Nozzle diameter | Powder characteristic Fill vector length
Road width Filament feed rate Viscosity Support structure
Head speed Roller speed Stiffness
Extrusion temperature Flow rate Flexibility
Fill pattern Filament diameter | Thermal Conductivity

Operation specific parameters are the ones defined in the steps prior to printing; they
are crucial to the build good quality and depend on what is chosen by the user in the slicing phase.
Road width and thickness, as well as the print-head speed, define the flow rate of the material to
be extruded out of the nozzle. On the other hand, resolution of the deposited material is dependent
on the distance of the nozzle to the bed. In other words, the thickness of the thread (usually between
0.1 and 0.3 mm) is controlled by two factors: the distance between the nozzle and the print bed

and the ratio between the flow rate of the filament through the nozzle and the printing speed [88].
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Originally limited to proprietary materials when released, FDM technology now
supports a much broader list of materials. However, they should have low melting temperatures
and rapidly solidify with minimum residue stress or distortion upon adhering to the previous layer
[83,89]. Viscosity of the material at the extruding temperature should be high enough to form well-
defined “roads” but, at the same time, low enough to allow proper extruding through the nozzle.
Thermoplastics have been the material of choice for FDM, with the most common being
acrylonitrile butadiene styrene (ABS), polycarbonate (PC), polylactide (PLA), polyamide (PA),
and the combination of any two different thermoplastic materials [90-92]. Functional agents,
namely metal particles, carbon nanotubes, and graphene, are often blended with thermoplastics for
tailoring properties that enhance the resulting material’s performance [93].

Recently, 3D printing of PCU has been accomplished by Miller et al., who have
explored mechanical properties of the printed structures, particularly focusing on fatigue and cyclic
efforts [94]. Besides that, they also studied how the printed architecture affects the mechanical
properties and fatigue performance of polyurethanes [70]. It was found that PCU, under cyclic
compression tests, present superior energy dissipation capability compared to other tested soft
polymers (silicone and acrylate), and that mechanism was found to be enough for PCU to
outperform and resist fatigue fracture. Furthermore, it was observed that 3D printed samples
matched or exceeded injection molded samples in terms of monotonic tension, compression, shear,
and tensile fatigue. By comparing different printing internal structure architectures (or print infill
geometries) they also concluded that the fatigue performance of PCU is not significantly affected
by the inclusion of such architectures, as opposed to stiffer materials. That is attributed to the
versatility and compliance of soft polyurethanes, and reinforces the benefits of using 3D printed

PCU for artificial meniscus implants.
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Rocha et al. emphasized the scarcity of studies about printable polymer blends in
literature, and developed an ABS-based polymeric blend containing ABS, UHMWPE, and a
compatibilizer, styrene ethylene butadiene styrene (SEBS) [95]. They fabricated different weight
concentrations of the blend, performed tensile tests and measured roughness of printed surfaces.
More importantly, they demonstrated the ability of creating printable polymeric blends that can
tailor physical properties and be customized for a given application. ABS was also used by Torrado
et al. as matrix for polymeric blends and composites [96]. Recently, efforts in fabricating
UHMWRPE-based 3D printing filament have been made by Ansari et al., who used hydroxyapatite
as a filler to reduce UHMWPE viscosity [97]. Despite the successful 3D printing of ABS polymeric
blends as well as PCU and other thermoplastic urethanes, there is no reported literature about using
FDM to 3D print blends of UHMWPE and PCU. This work presents the fabrication of novel
PCU/UHMWPE polymeric blends for FDM 3D printing and explores their tribological

performance for knee joint applications.
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Chapter 3 - EXPERIMENTAL METHODS
3.1. Sample fabrication

3.1.1. Filament fabrication

Polycarbonate urethane was acquired in the form of resin pellets from two vendors:
Bionate 11 90A from DSM (Exton, PA), and Chronoflex C 93A from AdvanSource Biomaterials
(Wilmington, MA, USA). A biocompatible grade of UHMWRPE pellets was purchased from Ticona
Polymers Ltd (Florence, KY), and blended with each type of PCU in 5 and 10, and 15% weight
concentrations. It has been found that the addition of 10% wt. of UHMWPE into PCU may improve
the wear resistance of the matrix, as well as that performance can be significantly reduced by
increasing the concentration of UHMWPE to 20% wt. [98].

Preliminary studies were done with Ninjaflex (Ninjatek, Manheim, PA), Bionate and
Chronoflex to find the best set of print parameters, and the advantages and difficulties in the
processing and testing each of them. In that preparatory phase, all the mentioned concentrations of
UHMWPE were used (5, 10, and 15% wt.) to blend into Bionate and Chronoflex and investigate
if it was possible to carry out 3D printing with UHMWPE considering it cannot be extruded using
conventional extrusion methods. Ninjaflex filament, on the other hand, was obtained to investigate
the best parameters and configurations during 3D printing. Although it is also another kind of
thermoplastic urethane, that polymer is not appropriate for biomedical application, but only for
household used.

Further investigation and characterization were conducted with Chronoflex and
UHMWPE, in which 3D printed, as well as compression molded samples were analyzed more in
depth than the preliminary study previously mentioned. For that, pure Chronoflex (CF) samples

were both molded and 3D printed, while UHMWPE was only compression molded since it cannot
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be 3D printed. The nearly zero melt-flow index of UHMWPE makes it not suitable for extrusion-
based processes [99,100]. The 10% wt. of UHMWPE in PCU (PCU/UHMWPE blend) was chosen
based on results found in literature [98], and considering that the extrusion of that concentration
presented fairly consistent results, different from concentrations above 10%.

In order to minimize the moisture content, all the resins were subject to a drying process
in a vacuum oven (Fisher Isotemp Vacuum Oven Model 282) for 10-13 hours at 100 °C. When
moisture is present in the material to be extruded, the filament produced is not continuous, causing,
bubbles, gaps and air voids throughout the filament, which are defects that can be carried through
the 3D printing [101]. For the same reason, the pellets, filaments, and the 3D printed samples were
maintained in a nitrogen desiccator at all moments when not in use.

The following table shows the types of blends and their respective identification names
used as reference in this research.

Table 3.1. PCU (Chronoflex and Bionate) and UHMWPE blends.

Filament
P Sample ID PCU wt. % A Extrusion
Base wt.%
Temperature
CFO 100 0
¢ 183 °C
2 CF5 95 5
kS
S CF10 90 10
= 187 °C
O CF15 85 15
CFm 100 0 183 °C
BNO 100
Q 186 °C
© BN5 95
= BN10 90 10
190 °C
BN15 85 15
UHMWPE | UHMWPEmM 0 100 N/A
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Filament fabrication process was carried out using a Filabot EX2 (Filabot, Barre, VT),
a single-screw desktop filament extruder and following manufacturers’ suggestions of processing
temperature range. Table 3.1 summarizes the temperatures used to extrude the 2.85 mm filaments.
To promote cooling, a fan was placed 50 cm from the extruder nozzle. Figure 3.1 shows the Filabot

EX2 extruding a segment of filament.

HOPPER

HEATER BANDS

PLASTICIZING / FEED SCREW

Fig. 3.1. (A) Filabot EX2 used to fabricated the filaments for 3D printing. (B) Schematic
showing the internal part of a single screw filament extruder [102].

28



3.1.2. 3D printing
An FDM 3D printer, was used to fabricate the samples: a Lulzbot TAZ 6 with a
FlexyDually V2 print head (both from Aleph Objects, Inc., Loveland, CO), customized with a 0.25
mm brass nozzle (E3D, Oxfordshire, United Kingdom). Ninjaflex filament was used to investigate
the best set of 3D printing parameters that produced the best processing performance and sample

quality.

Fig. 3.2. (A) Lulzbot TAZ 6 printing a sample and (B) a closeup image of its nozzle.

All samples were printed on a polyetherimide print bed at 50 °C and with the nozzle
temperature set at 225 — 235 °C. Print infill had 100% density using a 0.125 mm layer height, and
following a rectilinear pattern, which was explored in the preliminary study. Speed throughout the
print job was 20 mm/s, while a reduced speed of 15 mm/s was maintained for the bottom and top
4 layers to ensure an improved surface finish. The FDM samples were designed using Solidworks
and measured 32 mm x 32 mm x 3 mm. Cura, a 3D model to toolpath slicer software for Lulzbot,
was used to slice the models and generate the G-code. The bottom of the 3D printed samples that

is in contact with the print bed was used for tribology tests because of its smoother surface.
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Compression molded samples had a diameter of 38 mm and a thickness of 5.3-5.4 mm and were
not subject to any surface treatment after molding.
3.2. Sample characterization

The following set of characterization measurements was performed along with the in-
depth study. Therefore, their description does not apply for the preliminary study.

A laser scanning confocal microscope (LSCM, VK-X260K, Keyence, USA) was used
to measure the average surface roughness (Sa) and root mean square roughness (Sq), and to
visualize the wear tracks after the tribology tests. Analysis and measurement of wear track depth
and cross-sectional area were performed with Keyence’s Multi-File Analyzer software.

X-ray diffraction (XRD) measurements were performed on clean samples to examine
the crystallinity after blending and fabrication. These measurements were carried out using a
PW3040 X’Pert-MPD (Philips, Holland) diffractometer with Cu Ka-radiation, A =0.15418 nm, in
Bragg-Brentano geometry [103].

A video-based contact angle measurement system (OCA 15 plus, DataPhysics
Instruments GmbH, Germany) was used to measure the water contact angles (WCASs) of the
samples through the sessile drop method. Three measurements were taken across the surface of
each sample using de-ionized water droplets of 3 pL. An average of left and right contact angle
was calculated for each of the measurements.

Absorption tests were conducted by immersing samples in a 30 vol. % solution of
bovine serum in water, refrigerated at 4-6 °C. The samples were dried in a vacuum oven at 100 °C
for 10-12 hours prior to the procedure. They were then subject to complete submersion for 24
hours, during which they had their weight checked at 10, 20 and 40 minutes, and every hour for

the first 6 hours, followed by checkpoints at 12 and 24 hours. At each inspection, samples were
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removed from media, blotted dry, and immediately weighted on a precision balance (GD-503-
NTEP, Sartorius, Germany).

To observe the internal structure of the 3D printed samples, microtome technique
(IsoMet Low Speed Saw, Buehler, Lake Bluff, IL) was used for cutting and scanning electron
microscopy (SEM; model XL-30, Phillips/FEI, Hillsboro, OR) was used for visualizing the cross-
sectional area.

3.3. Tribological testing

A Universal Mechanical Tester (UMT-2, Bruker Corporation, San Jose, CA, USA) was
used to perform the tribological tests. The machine measures simultaneously frictional forces and
normal loads, and for this experiment, it was equipped with a temperature controlled chamber,
where a custom lubricant and sample holder were assembled and maintained. A variety of
rotational oscillating tests was performed, varying the sample analyzed, duration of the test,
lubricant, applied load, counterface, and oscillation angle. An oscillation angle between 32.4° and
39° and a speed of approximately 7.33 mm/sec were maintained, while the temperature chamber
preserved the environment at 37° C. Three series of friction tests were performed using different
materials:

1- Ninjaflex and 6.35 mm S3Nj4 balls;

2- 3D printed Bionate and Chronoflex (two PCU types), 3D printed PCU/UHMWPE

blend, and 6.35 mm S3Nj4 balls;

3- Molded Chronoflex, UHMWPE, and 9.5 mm S3Nj balls.
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S e
Fig.3.3. Schematic of rotational oscillating test. Stage has sample attached and rotates at a
specific speed. The load is applied by the counterface, which stays constant.

A first set of tests was conducted on samples made of Ninjaflex with the objective of
evaluating the coefficient of friction of 3D printed samples using two orientations. The rectilinear
pattern was adopted, but the samples were placed in different positions relative to the pattern
followed by the printer algorithm. A photo of the samples can be seen in Fig. 3.4. These friction
tests lasted for 30 minutes and the samples were subject to 2N and 5N loads in each test, applied
by a 6.35 mm silicon nitride ball. Contact pressures generated were 1.9 MPa and 2.6 MPa,
calculated with properties supplied by the manufacturer and from a study made by a research group
in Finland [104,105]. The loads were chosen to create stresses within the range that is transferred
to the meniscus, reported on literature [33]. Only one sample of each kind was tested. Medium was

deionized water at 37 °C and oscillation angle was 39°.
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45 degree S0 degree

Fig. 3.4. Schematic and photo illustrating the two different printing orientations adopted in the
preliminary study.

Upon choosing the print orientation, a second series of preliminary tests was conducted,
now using Chronoflex and Bionate, as well as their blends with UHMWPE. The goal was to
compare the performances of both types of PCU throughout the entire fabrication process, until
evaluation of friction tests. Counterface was a SizsN4 ball with 6.35 mm diameter and loads of 2
and 5 N were applied for a total duration of 2 hours, resulting in contact pressures of 1.7 and 2.4
MPa, respectively.

As a preliminary set of tests, these were run only once per each type of sample under
the each of tested loads. From this point on, the knee joint environment was replicated by testing
the sample immersed in a 30 vol. % solution of bovine serum in water, which was prepared by
stirring the solution on a magnetic plate for 5 min at 500 RPM.

For the in-depth study, 3D printed and molded samples were subject to 8-hour long
tests, rubbing against a 9.5 mm SisN4 ball. A normal load of 11.5 N was applied, which generated
a maximum contact pressure of 45.2 MPa on the molded UHMWRPE. That is about twice the
recommended initial peak Hertzian contact pressure according to ASTM F732 for standard test

method for total joint prostheses [106,107]. The same normal load was applied on pure PCU and
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the 3D printed blended samples, which resulted in a maximum Hertzian contact pressure of 2.4
MPa for the former.

Prior to undergoing any characterization and tribological experiments, the samples were
cleaned according to the cleaning procedure described on Annex 1 of ASTM 2025. Table 3 shows

the details for the friction tests, and Fig. 3.5 shows the UMT-2 in a detailed image of the

experimental setup, with a 3D printed sample clamped in the sample holder.

Table 3.2. Tribological experiment details relative to preliminary tests with Bionate and
Chronoflex, as well as in-depth investigation.

Max.
Max. Hertzian Equivalent
Ball Hertzian Contact | Rotational qu Oscillat
. . Load Linear . Temper
Material | Diameter N) Contact Pressure Speed Speed ion ature
(mm) Pressure (MPa) (RPM) (mr[;/sec) Angle
(MPa) ASTM
F732
2 1.7
PCU 035 5 24
95 11.5 24
> 33 29-36 10 7.33 36° 37°C
6.35
UHMWPE 5 44.8
9.5 11.5 45.2

Fig. 3.5. Tribological experiment setup: Sample immersed in bovine serum solution in UMT-2
chamber (37° C).
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3.4. Statistical analysis
The results were statistically analyzed using un-paired, two-tailed Student’s t-test with
p <0.05 as threshold for significant differences between groups. All experiments from the in-depth
study were performed at least 3 times. Figures in the results were judged the best representative of

all samples, and all graphs represent averaged results of experiments run on all the samples, when

applicable.
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COF (2N load)

Chapter 4 - RESULTS AND DISCUSSION

4.1. Preliminary study
Figure 4.1 shows the results of the study run on Ninjaflex to understand whether print
orientation affected tribological properties of the 3D printed samples. Only the curve representing
Ninjaflex printed at 90° under 5N load appears to approach stabilization within the first 30 minutes
of testing. Between the 2N tests, the result of the same sample, NF90, also showed a curve that
had a smaller inclination, and therefore reaching a steady state faster than NF45. Thus, a 90° print

orientation was used for the following 3D printed samples.
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Fig. 4.1. COF curves for 2 and 5N friction tests on Ninjaflex printed with different orientations.

The 2-hour friction tests results are summarized on fig. 4.2, which shows the average
COF of each sample under 2 and 5 N loads. The biggest take away here is that it is feasible to 3D
print PCU with small quantities of UHMWPE, despite the nearly zero melt flow index of
UHMWPE. Extrusion became less consistent as the UHMWPE quantity increased and the flow

rate fluctuated considerably with the 15% wt. blends.
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In general, Bionate samples presented a higher COF compared to Chronoflex with the
same UHMWPE concentration and under the same testing conditions. Furthermore, it is noticeable
that friction seems to decrease with the addition of UHMWPE, reinforcing the hypothesis that
UHMWPE helps supporting the load because of its strength. It was decided to pursue the next
steps using only Chronoflex and the 10% blend of PCU/UHMWPE due to its better performance
and results from the sample fabrication process. The extrusion of the blends got more difficult as
the content of polyethylene was increased. The 10% blend of Chronoflex and UHMWPE produced
samples with consistent appearance as the extrusion difficulty didn’t seem to affect the print
performance, which was observed on the 15% blends. In addition, it has been found that the
addition of 10% wt. of UHMWPE into PCU may improve the wear resistance of the matrix, as
well as that performance can be significantly reduced by increasing the concentration of
UHMWPE to 20% wt. [98].

For these tests, the samples and the balls were observed with the laser scanning
microscope, but little to no wear was detected. The surfaces of the samples showed negligible wear
deformation considering the natural roughness and waviness of the 3D printed surfaces. Another
positive result was that the counterface, the silicon nitride balls, showed clear formation of fluid

film. Figure 4.3 pictures two of the balls, imaged with the LSCM right after testing.
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Fig. 4.2. Average COF of 3D printed Bionate and Chronoflex in the preliminary study.

It has been stated by literature that fluid film lubrication is part of the natural lubrication
mechanisms of synovial joints [108,109]. Furthermore, it has been shown that silicon nitride balls
tend to promote fluid film lubrication on polyethylene surfaces and carry a recurrent transition
from fluid-film lubrication to boundary lubrication [110]. Although these results are encouraging,
the lack of wear marks may be attributed to the short duration of the tests. Therefore, for the
following friction tests, it was decided to run the tests for 8 hours, and well as to apply heavier

loads to push the materials closer to their limits, accelerating the occurrence of wear mechanisms.
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Fig. 4.3. Surface of silicon nitride ball imaged immediately after friction test shows formation of
lubricant film.

4.2. In-depth study: Chronoflex and UHMWPE
Here are described the results related to the more comprehensive study of Chronoflex

and UHMWPE, including molded and 3D printed parts.

ane e

Fig. 4.4. Photos of the fabricated samples: (A) CFO, (B) CF10, (C) CFm, and (D) UHMWPEm.

4.2.1. Surface characterization

Laser scanning microscopy of the sample surfaces

Sample surfaces utilized for the friction tests can be seen on Fig. 4.4. Measurements
taken with the laser scanning microscope, average surface roughness (Sa) and root mean square
roughness (Sq), are summarized in Table 4. The microscope images of CFO and CF10 show

directional lines and voids, features that are inherent to 3D printing. Due to the molded surfaces
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not have been polished, some marks are also observed on the molded samples, CFm and
UHMWPEmM. Despite the defects, molded samples still presented a lower surface roughness.

The blended 3D printed sample (CF10) showed the highest roughness (2.5 + 0.4 um),
while the molded UHMWPE had the lowest roughness (1.1 + 0.1 um). The blended polymers were
found to be not trivial to get filament fabricated and samples 3D printed, as compared to using
only PCU. Occasional speed reductions and slightly inconsistent flow rates were observed during
extrusion of CF10. Those may have resulted in higher roughness, which is, however, within the
range of natural cartilage (2-5 pum) [111]. Besides, and most importantly, molded and 3D printed

PCU showed comparable and lower surface roughness (CF0 1.5+ 0.1 um, and CFm 1.4 £ 0.1 pm).

Fig. 4.5. Images of surfaces used for friction tests captured with laser scanning microscope. (A)
CFO0, (B) CF10, (C) CFm, and (D) UHMWPEm.

Table 4.1. Sample surface roughness.

Roughness CFO CF10 CFm UHMWPEmM
Sa (um) 15+£0.1 25204 14+0.1 1.1+£0.1
Sq (um) 2.2+0.3 41+04 1.8+0.1 2104
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Water contact angle

Figure 4.5 shows that WCA of all four types of samples. No significant difference was

found between the WCA of the samples. Furthermore, all the samples demonstrate a behavior with

average WCASs less than 90°.
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Fig. 4.6. Water contact angles of samples are found to be nearly the same.

4.2.2. Material characterization

Morphology of the sample internal structures

Samples prepared using microtome cut revealed diverse cross-sectional morphologies
among the samples. SEM images in Fig. 4.6 show porosities on the 3D printed samples (Fig. 4.6
A and B) and micro/nano-scale roughness was found inside CF10 pores (Fig. 4.6 F). The
micro/nano-sized structures that were observed inside some of those pores, are believed to be

UHMWPE lamellae agglomerations that did not mix well to the PCU matrix.
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It can be seen a higher concentration of pores on the CF10 sample surface (Fig. 4.6 B
and F). Additionally, the pores on CF10 looked larger than the ones seen on CFO cross-sectional
area, vide Fig. 4.6 A and E. In short, 13.61% of CF10 cross-sectional area represented pores, while
6.34% of CFQ was pores. No pore features are seen on the cross-sectional surfaces of molded PCU.
On the other hand, molded UHMWPE cross-sectional area present scars from the microtome cut
(Fig. 4.6 D). Figure 4.6 H represents a higher magnification image of the UHMWPE cross-
sectional surface, showing its microstructure, with non-spherical, entangled lamellae, typical of

UHMWPE morphology [99,100,112].

Fig. 4.7. SEM images of the cross-sectional areas of the samples cut through microtome
technique. A through D represent CF0, CF10, CFm and UHMWPEm, respectively. Images E
through H follow the same order and show higher magnification images.

XR
The XRD spectra of all types of samples are reproduced on fig. 4.7. Polycarbonate-
based thermoplastic urethanes have been found to have amorphous and partially crystalline

structures [113]. From Fig. 4.7, we see that regardless the manufacturing method, the crystalline

structures of PCU (CFO, CF10 and CFm) are consistent. It can also be seen that UHMWPE was
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effectively added in CF10. The molded UHMWPE presented two peaks, around 260 = 21.5° and

24°, which agree with literature reporting UHMWPE crystalline diffraction peaks at the mentioned

angles [1].
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Fig. 4.8. XRD spectrum of composite sample (CF10) show the influence of adding UHMWPE in
PCU with characteristic peaks from the crystallinity pattern of UHMWPE.

Absorption test

For the absorption tests, the samples were immersed in a solution of 30 vol. % bovine
serum in water for durations ranging from 10 min to 24 hours. Figure 4.8 shows the absorption
properties of all four types of samples. Different absorption capabilities were found among them,
with that of the CF10 sample being the highest. The results are better comprehended considering

the natural porosity of the 3D printed samples, they played an important role here. By depositing
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the material layer by layer, and line-by-line, the FDM 3D printing fabrication method does not
produce samples with a solid structure, although the printer was configured to deliver a 100%
infill. This resulted in inherent micro-sized voids within the samples, which contributed to the
increase of the capacity of fluid absorption of the already hydrophilic samples. As can be seen
from Fig. 4.6, CF10 has the largest amount of porosity and the micro/nano-scale structures on the
walls of the pores are believed to further enhance the sample’s absorption properties. Figure 4.8 A
shows the weight continues to increase over time for all PCU samples while the weight of
UHMWPEmMm stabilized after the first 4 hours of immersion. We can also observe the curve

representing CFm has a lower increasing trend compared to the 3D printed PCU samples.
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Fig. 4.9. (A) Absorption tests results present increasing weight over 24-hours immersion in
bovine serum. (B) Average weight gain after total immersion time shows increasing trend with
increasing amount of porosity. 3D printed samples present overall higher absorption rates.

In terms of the average weight gained after the 24-hour absorption period, Fig. 4.8 B,
molded PCU (CFm) had an increment of about 0.9% from its original weight, which is in line with
the value reported by the manufacturer (approximately 1%). Moreover, the 3D printed PCU

samples resulted in up to 46.3% higher weight gain compared to the molded version of the same

material (CFO).
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4.2.3. Tribological testing and post-analysis
Figure 4.9 A shows the sample COF change over the test duration. The COF of the 3D
printed samples are similar (Fig. 4.9 A), both presenting a decreasing trend after the first 15,000
seconds. The COF of molded PCU also tends to decrease but that behavior is observed throughout
the entire test. UHMWPEmM, however, yields a COF that stabilizes around halfway of testing. This

trend differentiates from those of the PCU samples by having an increasing trend just before

stabilizing.
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Fig. 4.10. COF of all four types of samples. (A) COF as a function of test duration. 3D printed
samples showed higher COF but more steady curves. COF of CFm shows a decreasing trend.
(B) Average COF for all samples. 3D printed samples showed higher COF than the molded
samples.

Figure 4.9 B shows the average COF of the samples. CF10 showed a slightly higher
COF than CFO0, which may be explained by the lower printing quality of the samples with the
addition of UHMWPE, and consequently higher S, and Sq, as shown in Table 4. Overall, the 3D
printed samples generated a higher surface roughness which resulted in a greater average COF
than the molded samples. Nevertheless, the COF profiles were stable over time and within the
range cited by other published literature [3].
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Fig. 4.11. (A) Average wear track profiles show the disparities between molded UHMWPE and
PCU samples. The wear depths of CFO is much smaller than that of UHMWPEmM wear track (B),
even though cross-sectional areas are similar (C).

The wear track was quantified with Keyence Multi-File Analyzer software, by
comparing the wear track profiles, their depth, and cross-sectional area, as shown in Fig. 4.10. The

deepest profile was found to be from the molded UHMWPE, and the shallowest, from the 3D
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printed PCU (CFO0). All samples have similar wear track appearance, as seen on Fig. 4.11. Their
wear track profiles also have analogous shape, with same width, but different depths, vide Fig.
4.10. In addition to the deepest wear track profile, UHMWPEm also produced sharp edges on the
surface at the ridges of the wear tracks, common to plastic deformation, pitting and fatigue wear
[114-116]. Those sharp ridges (Fig. 4.10 A) may cause local stress concentration, which could
lead to further plastic deformation and ultimately cause detachment of UHMWPE particles due to

fatigue wear.

Fig. 4.12. Optical images of the wear tracks from laser scanning microscope. (A) CFO, (B)
CF10, (C) CFm, and (D) UHMWPEmM.

Published works have shown that PCU not only yields a lower wear rate compared to
UHMWPE, but also, in general, generates wear particles that are larger in size, and that are
relatively less harmful to the joint [8,117]. Although phagocytosis of wear debris is size dependent,
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a high concentration of submicron-sized particles induces significant level of secretion of bone
resorbing factors [118]. Since the printed PCU (CFO0) had a lower cross-section area of wear track
than the molded PCU, the volume of the wear debris would be reduced as well. Hence, possible
risks of adverse biological responses from the wear debris of CFO is expected to be less compared
to that of molded PCU.

Contrary to what was expected, CF10 did not yield an improved wear performance. A
study demonstrated lower wear rate by adding 10% wt. of UHMWPE powder in a thermoplastic
polyurethane matrix [22]. However, the blend was fabricated via compression molding, while our
method was FDM 3D printing. The crystallinity of the polymers was found to remain unaffected
by the fabrication processes we adopted. The XRD profiles showed no significant difference
between molded and 3D printed samples (Fig. 4.7). Yet, the high porosity area ratio may have
impacted mechanical strength and resulted in a higher wear rate than that of CF0 [119].

In summary, the fabrication method has proven to be of considerable importance: 3D
printed PCU samples resulted in 27% lower wear-track depth compared to molded PCU samples
(p<0.05). That is believed to be enabled by the enhanced lubrication behavior through the porosity
of the 3D printed samples. As in natural menisci, the porous structure absorbs and releases synovial
fluid with an applied load and maintaining the separation between the opposite rubbing surfaces.
A recent study, conducted by Miller at al., evidenced that 3D printed PCU matched or
outperformed the results of molded PCU in terms of monotonic mechanical testing, shear and
fatigue tests [120]. Therefore, we could say that 3D printed PCU are wear resistant, mechanically

strong and have the capability of providing menisci-like lubricant mechanism.
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Chapter 5

CONCLUSIONS

This study explored the potential of using FDM 3D printing for fabricating compliant
biocompatible materials for artificial meniscus implant. Compression molded PCU and UHMWPE
were fabricated to compare to the 3D printed pure PCU and 10 wt.% PCU/UHMWPE blend. It
was found that it is feasible to fabricate 3D printed PCU/UHMWPE blend. However, even though
3D printed blend benefited from its multiscale porous structure, it had similar wear to the molded
PCU due to a higher surface roughness. On the other hand, 3D printed PCU showed a significant
wear reduction through maintaining its flexibility and benefiting from its porous structure.
Therefore, it can be concluded that the FDM additive manufacturing method may be a good
alternative to the fabrication of PCU meniscus implants as it generated the lowest wear depth and
was able to increase bovine serum solution absorption compared to the molded version of the same
material.

This study explored the potential of FDM 3D printing as a fabrication method of porous,
compliant artificial meniscus implant, particularly using PCU as a matrix. The main goal was to
benefit from the freedom of design of this additive manufacturing method in order to introduce
porosity in the structure of a flexible biocompatible polymer or polymeric blend, to be used in
artificial meniscus implants. By having a porous architecture, meniscus implants will enable
synovial fluid to lubricate the joint through “weeping” lubrication, a natural mechanism of the
synovial joints that only happens because of the inherent porosity of the cartilage. The success of
joints’ implants depends not only on the mechanical properties of the chosen material for the
replacement, but also on their interaction with the in vivo environment, which includes the way

they will promote the joint’s lubrication. There have been great efforts towards finding a suitable
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soft material that resembles human synovial joint cartilage in terms of mechanical properties, long-
term biocompatibility, and wear resistance. Current alternatives for meniscus injuries treatment
involve different kinds of non-invasive therapies, as well as surgical approaches, such as acquiring
a meniscus allograft or inserting a bio-resorbable implant. However, each option carries extra
complications and none of them is a permanent solution. NUsurface® is the first permanent
meniscus implant in the market. It is made of an excellent combination of materials, but its molded
solid structure may compromise the long- term performance of the implant because it hinders
synovial joints’ natural lubrication mechanisms due to the lack of porosity in its structures.

The first step of this research was to develop a process with a set of parameters that
produced samples with consistent quality for the friction tests. Much of this procedure was done
with Ninjaflex, and that way temperatures, print speeds, distances and flow rates, for example,
were adjusted initially with that thermoplastic urethane, and later transferred to polycarbonate
urethane. A first set of friction tests was performed with Ninjaflex, evaluating how the orientation
of the samples could affect their tribological properties. By rotating the sample 45° relative to the
print bed, the print pattern was still the same but oriented differently because the sample sides had
moved. They were then tested on a rotational oscillating friction tester under water for 30 minutes.
Even though the testing time was short, it was possible to identify that printing with rectilinear
pattern parallel to the sides (90°) of the sample can result in COF curves that yield to stability
faster than the other orientation. From that point on, all 3D printed samples were printed using the
same architecture orientation.

A second set of preliminary tests was done comparing Bionate and Chronoflex as PCU
alternatives for this project. UHMWPE was used to blend with each type of PCU at 5, 10 and 15%

weight concentrations and evaluate how they function during the fabrication process and whether
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the results of 2-hour friction tests would have any difference between them. It was found that it is
feasible to fabricate 3D printed PCU/UHMWPE blends despite their very different melt flow
indexes. For each of the mentioned loads and UHMWPE concentration, Bionate presented a higher
COF compared to Chronoflex under the same testing conditions, in most of the tests. Samples and
balls were observed after testing on the LSCM: any of the 3D printed samples exhibited
considerable wear, and the surfaces of the balls seemed to produce a layer of lubricant fluid film.
Those results were considered promising, since the formation of fluid film is one of the
characteristics of the natural knee joint lubrication. However, we did not observe significant wear
on PCU samples, which may be explained by the short duration of the tests of the light load applied,
although the calculated contact pressure was within the stress range carried by the meniscus
cartilage. Thus, for a more comprehensive testing series, it was decided to increase the load and
the testing duration.

The in-depth study was conducted only using Chronoflex as PCU, since the results of
the preliminary tests showed that polymer had a lower COF. 10% weight concentration of
UHMWPE was the only one studied because of its good results from the extrusion processes.
Compression molded PCU and UHMWPE were fabricated to compare to the 3D printed pure PCU
and 10 wt.% PCU/UHMWPE blend. Results showed that, even though 3D printed blend benefited
from its multiscale porous structure, it had similar wear to the molded PCU due to a higher surface
roughness. On the other hand, 3D printed pure PCU showed a significant wear reduction through
maintaining its flexibility and benefiting from its porous structure. Although the amount of
porosity increased and fluid absorption capability was enhanced for the CF10 samples, the average
wear resistance may be an indication that there should be a balance on the extent of porosity. In

other words, there may be a compromise between inserting more porous structures and keeping a
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sturdy bulk that withstands tribological and mechanical demands. Therefore, it can be concluded
that the FDM additive manufacturing method may be a good alternative to the fabrication of PCU
meniscus implants as it generated the lowest wear depth and was able to increase bovine serum

solution absorption compared to the molded version of the same material.
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FUTURE DIRECTIONS

This research has found that it is possible to 3D print blends of PCU/UHMWPE using
FDM technology. That was accomplished by using a print head made to print flexible materials,
which constraints the filament path to the nozzle. Although the Lulzbot TAZ 6 is an excellent
machine for its kind, desktop FDM 3D printer, it was not designed targeting the production of
prints for biomedical applications. It is expected that by controlling the environment where the
sample is fabricated, there could be less contamination and therefore lower risks during the
application. Furthermore, an investigation with different diameters of extrusion nozzles could
improve the results by tailoring the printed structure porosity and achieving better control of print
parameters. It is possible that the surface of the samples could become smoother if that control is
increased. Achieving a smoother surface throughout the entire 3D printed sample is ideal, while
herein the surface in contact with the print bed was used to avoid the high roughness of the top
surface. A polishing step could be added after printing, but that goes against the proposed
practicality and convenience of using the complexity-free FDM 3D printing fabrication method.

A future endeavor for this research is to be able to 3D print a meniscus from a magnetic
resonance imaging (MRI) scan. The unique curved surfaces of the natural meniscus make it
challenging for it to be 3D printed, but not impossible. There should be a study on how support
structures could be included in the print design in order to hold the meniscus the best way possible.
Again, the resulting surface quality will be another concern, since the layer-by-layer pattern leaves
an evident waviness, especially on curved lateral surfaces. A testing apparatus that is able to
accommodate the meniscus shape would also be necessary to thoroughly evaluate it under in vitro
conditions. Some researchers have built their own apparatus to test joint implant material, but

adopting a simplified shape and neglecting the shape of the actual implant [62,74]. To further
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assess the performance of the implants, other measurements could be done while running friction
tests: wear particle measurements (quantify the number of particles released in the lubricant,
measure their sizes and evaluate their shapes) and real contact area measurement through image
and/or pressure sensing (to analyze pressure distribution). Tests that last millions of cycles would
also help evaluate the use of the implant at a long-term perspective.

Finally, it is important to evaluate the mechanical properties of the 3D printed parts and
compare to molded parts. Monotonic and tensile fatigue testing have been performed on 3D printed
Bionate [94], but the compression efforts are dominant on the meniscus. An adaptation of a
universal mechanical tester is usually the approach, such as the experimental validation done by
Elsner et al. to validate a finite element analysis of the NUsurface® is a good example of in vitro

mechanical test [33,121,122].
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