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ABSTRACT

Total hip replacement (THR) has been one of the most successful surgeries in the 21% century.
Ultra-high-molecular-weight-polyethylene  (UHMWPE) shows favorable mechanical and
tribological properties when used as a bearing surface material in THR. However, produced
UHMWPE wear particles challenge increasing the THR lifetime. Bone loss (osteolysis)
initiated by these wear particles is a major cause of total joint arthroplasty failure in both hip
and knee prosthesis.

In addition to improving the wear resistance of bearing surfaces to reduce wear, wear debris
distribution mechanisms within the joint gap must also be thoroughly investigated. These
particles distribute within lubricant and across the implant gap. Synovial fluid (SF) lubricates
natural joints which is a viscoelastic non-Newtonian shear thinning fluid. The non-Newtonian
behavior of SF is attributed to its hyaluronic acid (HA) content which is a linear biopolymer.
The distribution patterns of wear particles within total joint replacement are affected by the
special rheological behaviors of the SF, geometrical parameters, particle size and shape and
particle-fluid interactions. Therefore, understanding wear particles distribution pattern is
pivotal to understand the mechanism and eventually minimizing third-body wear of the
UHMWRPE acetabular liner in THR.

According to fluid mechanics forces, the size and density of wear particles suggests that wear
particles follow lubricant movements. However, over a matter of hours, such particles show
specific behaviors within viscoelastic fluid (not visible in Newtonian fluid) such as particle
migration and string formation along the flow direction.

The main aim of this project was to develop and validate an experimental method for
assessing characteristics of HA and artificial SF solutions and behaviors of wear particles in a
viscoelastic fluid flow. The effects of different parameters such as HA concentration, protein
content, fluid flow types (steady, unsteady, etc.) and gap shapes on fluid behavior were
quantified to fully understand such mechanisms.

In this project, micro particle image velocimetry (micro-PIV) was applied as the quantitative
flow visualization method. Pin-on-disk tribo-measurement was performed as a complimentary
study to investigate the tribological behaviors of a UHMWPE pin rotating against a cobalt
chromium molybdenum (CoCrMo) disk in the presence of HA solutions of various
concentrations. This study was conducted to understand the effects of dynamic loading on
lubricant performance relative to those of static loading.

The results showed that under oscillatory flow conditions, strain amplitude, rate, and
distribution are important parameters that affect the flow behaviors of HA solutions. Particle
migration and alignment were affected by channel size, HA concentration, flow type and the
elastic instability of the solution.

The tribological study results suggested that in the presence of HA, sinusoidal dynamic
loading does not affect the frictional behaviors of UHMWPE moving against CoCrMo in
comparison with static loading.



ABSTRACT

El reemplazo total de cadera (THR) ha sido una de las cirugias mas exitosas en el siglo XXI.
El polietileno de ultra alto peso molecular (UHMWPE) muestra propiedades mecanicas y
triboldgicas favorables cuando se utiliza como material de superficie de apoyo para implantes
de cadera. Sin embargo, las particulas producidas por el desgaste del UHMWPE hacen que la
vida util de un THR sea un desafio clave. La pérdida Osea (osteo6lisis) producida por estas
particulas de desgaste es una de las causas principales del fracaso total de la artroplastia
articular.

Ademas de mejorar la resistencia al desgaste de las superficies de apoyo, a fin de reducir
dicho desgaste, también deben investigarse a fondo los mecanismos de distribucion de los
restos de las particulas desgastadas en las juntas de la protesis. Estas particulas se distribuyen
a través del lubricante en los huecos del implante. El liquido sinovial (SF), un liquido
viscoelastico no newtoniano no adelgazante, lubrifica las articulaciones naturales. El
comportamiento no-newtoniano de SF se atribuye a su contenido de &cido hialurénico (HA),
que es un biopolimero lineal. Los patrones de distribucién de estas particulas de desgaste se
ven afectados por los comportamientos reoldgicos especiales de la SF, por parametros
geométricos, por tamafios y formas de particulas y por interacciones entre particulas y fluidos.
Por lo tanto, la comprensién de este patron de distribucion es fundamental para minimizar el
desgaste del tercer cuerpo del UHMWPE.

Segun las fuerzas mecanicas de los fluidos, el tamafio y la densidad de las particulas de
desgaste sugiere que las particulas de desgaste siguen el movimiento del lubricante. Sin
embargo, en cuestion de horas, estas particulas muestran comportamientos especificos dentro
del fluido viscoelastico (no visible en el fluido newtoniano), tales como la migracion de
particulas y la formacion de cordones a lo largo de la direccion del flujo.

El objetivo principal de este proyecto fue desarrollar y validar un método experimental para
evaluar las caracteristicas de HA y soluciones artificiales SF y el comportamiento de las
particulas de desgaste en un flujo de fluido viscoelastico. Se cuantificaron los efectos de
diferentes parametros, tales como la concentracion de HA, el contenido de proteina, los tipos
de flujo de fluido (constante, inestable, etc.) y las formas de los huecos en el comportamiento
de los fluidos, a fin de poder comprender plenamente dichos mecanismos.

La velocimetria de imagen de microparticulas (micro-PIV) se aplicé como el método de
visualizacion cuantitativa del flujo en este proyecto. Se realizaron mediciones pin-on-disk
como técnica complementaria, para investigar el comportamiento de friccion de una varilla de
rotacion de UHMWPE contra un disco de cobalto cromo molibdeno (CoCrMo) en presencia
de soluciones HA de diversas concentraciones. Este estudio se llevo a cabo para comprender
los efectos de la carga dinamica sobre el rendimiento del lubricante, en relacion con los de
carga estatica.

Los resultados muestran que bajo condiciones de flujo oscilatorio, los niveles de deformacion,
las tasas y las distribuciones son parametros importantes que afectan los comportamientos de
flujo de las soluciones de HA. La migracion de particulas y la alineacion se vieron afectadas
por los tamafios de canales, las concentraciones de HA, los tipos de flujo y la inestabilidad
elastica de la solucion.

Los resultados de la medicion pin-on-disk sugieren que, en presencia de HA, la carga
dinamica sinusoidal no afecta los comportamientos de friccion de UHMWPE con CoCrMo,
en comparacion con la carga estatica.



NOMENCLATURE

Achannel Area (channel cross section)
Asyringe Area (syringe cross section area)
d Diameter

D Diffusion coefficient

Dy Hydraulic diameter

f Frequency (Hz)

F Friction force

G’ Elastic modulus

G" Viscous modulus

h Channel width

H Characteristic length

K Boltzman constant

L Channel length

Le Entrance length

m Consistency index

n Power law index

N First normal stress difference
P Pressure

Q Volume flow rate

t Time

T Temperature

u Flow velocity in x direction

Uo Oscillatory velocity amplitude
Ueylinder Cylinder velocity

l’Isyringe Syringe V9|0City

U ean Flow mean velocity

Vv Flow velocity in y direction

W Channel height

) Phase of oscillatory motion

4 Strain

4 Shear rate

Y eritical Critical shear rate

A Relaxation time

u Dynamic viscosity

v Kinematic viscosity

® Frequency (rad.s™)

p Density

Oxx Normal stress in the flow direction
Oyy Normal stress in the shear direction

T

Response time

Abbreviations

Amp

Amplitude

AC

Acrticular Cartilage




BCS Bovine Calf Serum

CoC Ceramic on Ceramic

CoCrMo Cobalt Chromium Molybdenum
COF Coefficient of Friction

CoP Ceramic on Polymer

De Deborah number

DSC Differential Scanning Calorimetry
EC Endothelial Cell

EDS Energy-Dispersive X-ray Spectroscopy
HA Hyaluronic Acid

Micro-PIV Micro Particle Image Velocimetry
MoM Metal-on-Metal

MoP Metal-on-Polymer

MW Molecular Weight

OA Osteoarthritis

PBS Phosphate Buffered Saline

PIV Particle Image Velocimetry

POD Pin on Disk

RA Rheumatoid Arthritis

Re Reynolds number

SEM Scanning Electron Microcopy

SF Synovial Fluid

SS-PF Steady-state Poiseuille flow

THR Total Hip Replacement

TIAIV Titanium Aluminum Vanadium
TJIA Total Joint Arthroplasty

UH-CF Unsteady Harmonic Couette Flow
UH-PF Unsteady Harmonic Poiseuille Flow
UHMWPE Ultra-High-Molecular-Weight-Polyethylene
W Womersley number

Wi Weissenberg number
Supscripts

g Gravity

I Liquid

ND Non-dimensional

0s Oscillatory

p Particle
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Time Dependent Flow of Biolubricant and Suspended Particles Behavior Within Total Hip Replacement

Chapter 1

INTRODUCTION

Joints are connections between individual bones [1]. Based on the degree of motion and
connective material nature, natural joints are usually classified into three types: immovable
joints (synarthroses or fibrous joints), slightly movable joints (amphiarthroses or cartilaginous
joints), and movable joints (diarthroses (diarthrodial) or synovial joints) [1,2]. Most body
movements are enabled by the synovial joints. These joints can be considered as ideal
bearings with a very low coefficient of friction of 0.005-0.02 [3]. The design and
configuration of articular joints are a trade-off between stability and freedom of motion [2].
Shoulder, hip and knee joints are three examples of articular joints [1].

The hip joint articulates the pelvis and femur bones with a configuration of a ball on socket.
The ball part is the head of the femur, which rotates against the concave, cuplike acetabulum
of the pelvis [4], Fig 1.1 (a). It is one of the largest joints in the body, and its configuration
provides the hip joint with intrinsic stability. The construction and stability of the hip joint
allows a variety of movements during daily activities [5]. The hip joint has three degrees of
freedom and six types of movements in the three planes of the body: flexion-extension in the
sagittal plane, abduction-adduction in the frontal plane and medial-lateral rotation in the
transverse plane. Although the hip joint has wide range of movements, its main function is
weight bearing [4]. The hip joint is exposed to 2.5-5.4 times the body weight during daily
activities [6].
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Fig 1.1. Natural hip joint (author’s own figure)

Fig 1.1 (b) is a schematic image of the hip joint with the following main components: 1-
Fibrous capsule made of dense connective tissue. This capsule is responsible for maintaining
the joint integrity. The thick bands inside the capsule are called ligaments. 2- The inner
metabolic active tissue layer inside the capsule, called the synovial membrane. The main
responsibility of these tissues is to secrete synovial fluid (joint lubricant) inside the joint
cavity and provide nutrients to the joint cells. 3- Articular cartilage, which is a soft porous
composite material that covers the ends of the bones. [2,6,7].

1.1. Lubrication of natural hip joints

Synovial fluid and articular cartilage play the most important roles in joint lubrication.

1.1.1. Articular Cartilage

Articular cartilage (AC) has a smooth and shiny appearance [7]. It is actually a biphasic,
nonlinear permeable viscoelastic solid [1]. Approximately 70% to 85% of the AC weight is
water [8]. The strength of the AC is provided through collagen (50-75% of AC dry weight)
and proteoglycan (15-30% of AC dry weight). Proteoglycan is responsible for the resiliency
of this tissue [7,8]. The fibril nature of the AC makes it more resistant to tensile forces than
compression [8].

The complex nature of the natural hip joint lubrication is attributed mainly to the biphasic and
porous nature of the AC. Under loading, the AC deforms and distributes the loads and reduces
the contact stresses. This behavior provides the possibility of achieving fluid film lubrication
(condition when bearing surfaces are separated with a thin film of lubricant) in the natural hip
joint [9].

1.1.2. Synovial Fluid

Synovial fluid (SF) is secreted by the synovial membrane inside the hip joint cavity. It is
known to be the hip joint lubricant. It also provides nutrients for avascular cartilage cells and
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disposes of waste. It exists in very small amounts (approximately 1-5 ml) inside the joint
cavity [2,10].

SF is known to be a dialysate of blood plasma, but in healthy SF, the protein content is
significantly lower than that of plasma (18-20 mg.ml™) [11,12]. In contrast to plasma, healthy
SF does not coagulate due to the absence of fibrinogen and prothrombin [13]. This bio-fluid
contains a special biopolymer called hyaluronic acid (HA). In healthy SF, the molecular
weight (MW) and concentration of HA are 6.3-7.6 MDa and 1-4 mg.ml™, respectively
[12,14]. The HA concentration is affected by age [13]. SF contains a variety of proteins. The
main protein constituents of the SF are albumin (11.65-12.92 mg.ml™), globulin (6.84-7.58
mg.ml™) and glycoprotein lubricin (0.05-0.35 mg.ml™) [11,12]. The protein content of normal
SF does not vary with age [13].

SF is a non-Newtonian shear-thinning fluid. It also has a viscoelastic nature. The shear-
thinning and viscoelasticity of the SF is dependent on the HA content, the HA molecular
weight and concentration, and the entanglement between HA polymer chains [13].

The shear-thinning behavior of the SF plays a significant role in enhancing the squeeze film
effect and the entrapment of fluid during the fluid film lubrication [3].

Fig 1.2 shows the variation of the viscosity (u) as a function of the shear rate () for a

solution of HA (MW of 1.6-1.8 MDa and 5 mg.ml™ concentration in phosphate-buffered
saline (PBS)). There exist three characteristic regions for this shear-thinning fluid; 1- Low
shear rate plateau (at low shear rates, the fluid behaves as a Newtonian fluid), 2- Shear-
thinning region 3- High shear rate plateau (at very high shear rates, the fluid behaves as a
Newtonian fluid with a viscosity similar to the solvent viscosity) [15].

The intercept of the line fitted on the shear-thinning region in a double logarithmic plot with
zero shear viscosity shows the value of the shear rate at the start of the shear-thinning, which
is called the critical shear rate (7 )[16]. The HA polymer chains start to disentangle and

slide along each other at this shear rate. The longest relaxation time (time required to damp
the stress deformation and revert to the default configuration) of this polymeric solution is on

the order of inverse of 7, ca [17]-
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Fig 1.2. Viscosity (u) function of the shear rate () for the HA solution (author’s own

figure)
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The viscoelastic property of the synovial fluid was first discovered in 1950 [18]. At a low
strain frequency (low speed joint activity), the HA chains have enough time to adapt to the
applied stress, and the chains slip by each other and provide a viscous flow inside the joint
gap. However, upon increasing the frequency (increasing the joint moving speed), the HA
chains don’t have enough time to deform during the short period of oscillating strain and
instead store the mechanical energy. In this condition, the HA chains work as shock absorbers
and protect the cartilage and synovial tissue from strong mechanical stresses [13].

The viscoelastic behavior of the SF is studied by deriving the two components of the dynamic
rigidity of the SF: the viscous or loss modulus (G") and the elastic or storage modulus (G")
[13]. Fig 1.3 shows the variation of the dynamic moduli versus the strain rate for a HA
solution (MW of 1.6-1.8 MDa and 5 mg.ml™® concentration) in BPS. At low strain
frequencies, the viscous modulus controls the solution behavior, while upon increasing the
frequency, the elastic modulus dominates; the transition point is called the crossover
frequency, and the inverse of the crossover frequency is representative of the HA relaxation
time [11].

Since the HA concentration varies with age, the shear-thinning and viscoelastic behaviors of
normal SF are affected by age (the crossover frequency increases after the age of 27) [13].
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-O-Elastic Modulus |
-O-viscous Modulus -‘
10' - E
)
&
N 0
<) 10
O
10" E
2 ‘
10~ 1 7 7 7 7 7 7 VU 7 7 o 1
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f(Hz)
Fig 1.3. Viscous and elastic moduli (G' and G") versus strain frequency (f) for HA
solution (author’s own figure)

Until today the joint lubrication mechanism is not totally understood. There is no single
theory that can totally explain the performance mechanism of the natural hip joints during
daily activities. A variety of theories have been proposed until now to explain the lubrication
system in human natural hip joints; some of them are hydrodynamic, hydrostatic,
elastohydrodynamic, squeeze-film, boundary lubrication, mixed lubrication, weeping,
boosted, and biphasic lubrication [10,19]. All of these theories try to explain the effective
performance of the articular joint in providing almost frictionless motion. However, human
joint performances are strongly affected by disease, accident and aging.
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1.2. Joint defects

The most common type of the joint disease is osteoarthritis (OA). OA is a degenerative joint
disease in which the AC is torn and worn off. In this disease, the cartilage surfaces are worn
and degraded, and the bone surfaces are exposed and rub against each other. Although the
origin of this disease is not totally understood, it is believed to be partly related to different
wear mechanisms in the joints [6].

There are also other theories about the origin of this disease: 1- cartilage breakdown because
of abnormal enzyme release from the cartilage cells, 2- defects in the cartilage or joint
construction that people are born with that result in incorrect loading and the destruction of
the cartilage [8].

Another type of joint arthritis is called rheumatoid arthritis (RA), and it occurs because of
joint inflammation. It causes the cartilage tissue to thicken, erode and deform. Its origin is not
well understood, but it seems that disorder in the immune system is an important factor [11].
The SF properties change due to these diseases, which affect the lubricity of the joint.

1.2.1. Pathological Synovial Fluid

In both degenerated and inflamed joints, the concentration and molecular weight of HA
decrease [13].

In the SF of a patient with OA, the pH value increases compared to that of the normal SF.
This higher pH decreases the stiffness of the HA chains and degrades their shear-thinning
characteristic [12].

Joint diseases change and increase the protein content in the SF. In patients with OA disease,
the concentrations of albumin and globulin in the SF increase to 17.75-18.45 mg.ml™* and
12.85-13.36 mg.ml™, respectively, with a total protein content of 30 mg.ml™, while the SF
from patients with RA disease has a concentration of approximately 46 mg.ml™ [12,20]. The
SF from a joint with inflammatory disease shows a plasma-like behavior. It contains
fibrinogen and may clot if aspirated. However, for the SF of a degenerated joint, no plasma-
like behavior is visible [13].

Changes in the HA characteristics of the pathological SF affect its rheological behavior. It
seems that the inflammatory disease affects the SF rheological behavior more seriously. The
shear-thinning behavior and viscosity of the SF from patients with RA are less than those of
the SF from joints with OA, while the SF from patients with OA disease has less shear
thinning compared to normal SF. In most cases, the SF from a joint with RA disease loses its
shear-thinning behavior and behaves like a Newtonian fluid [11].

The viscoelastic behavior of the pathological SF is affected with the same trend as its shear-
thinning behavior. While normal SF has a long relaxation time, the pathological SF may not
show any elastic behavior for the usual strain frequencies of daily activities [11,13].

The lower shear-thinning and viscoelasticity of the pathological SF compared to the normal
SF deteriorates the lubrication and increases the fatigue wear of the hip joint. Under such
conditions, the hip joint may lose its capability of providing frictionless, painless movement
and needs to be replaced with an artificial hip joint.

1.3. Artificial Hip Joint

Over the last 60 years, total hip joint replacement (THR) has been the most successful
treatment method for patients with hip advanced joint diseases. Every year, over 1 million hip
joint replacements are carried out worldwide [21].
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Fig 1.4 shows a schematic view of a THR implant fixed in the body. It has the configuration
of a ball on socket and consists of three main parts: the acetabular cup (socket), which is fixed
in the acetabulum of the pelvis, the femoral head (ball), and the femoral stem, which is fixed
inside the femur bone.

Fig 1.4. Schematic of hip implant (author’s own figure)

Three main material combinations are usually used in an artificial hip joint; metal on metal
(MoM), metal on polymer (MoP) or ceramic on polymer (CoP) and ceramic on ceramic
(CoC) [8].

Previously THRs had the ball and socket produced from metal (MoM). The MoM implant is
known as a McKee-Farrar joint. The ball and the socket were made from cobalt chromium
(CoCr) alloy [8,22]. The equilateral contact in these THR implants produces high friction at
the bearing surfaces, with a friction coefficient of approximately 0.18. The high friction also
exposes the fixation interfaces to high torque and stresses [8,23,24].

To solve the problem of the high friction forces and other serious issues within MoM, Sir
John Charnley introduced MoP, which reduced the coefficient of friction (COF) to 0.05 [8].
Currently, MoP/CoP hip implants are the most common configuration for THR. It consists of
a metallic or ceramic ball rotating against a metallic cup with a polymer liner from ultra-high-
molecular-weight-polyethylene (UHMWPE) [21]. UHMWPE shows favorable mechanical
and tribological properties to be used as the bearing surfaces in THR such as a low COF, wear
resistance, tensile impact and creep behavior [25]. The MoP/CoP implant also release much
less of toxic metallic ions which MoM produces inside the body and does not have brittleness
and fracture problems which the CoC implant shows [26]. However, its main drawback is the
wear particles produced during the lifetime of the MoP implant. The migration of these wear
particles to the periprosthetic tissues leads to osteolysis and implant loosening and failure
[26]. The destructive oxidation behavior of the UHMWPE is one of the sources of polymeric
wear particles [27]. The ingress of a third body into the implant gap can be mentioned as
another source of wear. Third body wear contributes to the wear of the polymeric liner either
directly or by roughening the metallic femoral head. The third body debris can originate from
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different sources such as a metallic part of the implant or surgical instrument, bone or the
cement for implant fixation [28-30].

In elderly patients, MoP hip implants may last up to 30 years. However, younger and more
active patients apply more stresses on the implants, which results in more wear [31]. In some
cases, a revision is required after only 10 years [21].

There have been many studies on improving the wear and mechanical characteristics of
UHMWPE by cross-linking, adding antioxidants to the polymer, producing composites or
adding reinforcements at nano and micron size [27].

Due to the high roughness of the polymer liner, the lubrication mode in the MoP hip implant
is predominantly boundary lubrication (condition when most of the applied load is supported
by asperities of the bearing surfaces) [23], which also increases the risk of high wear. Less
friction does not correspond to less wear. However, it is suggested that the friction
measurements are important for understanding the effect of surface traction on subsurface
strains, orienting polymer molecules and affecting the wear mode [24].

There have been numerous numerical and experimental studies focused on understanding the
frictional behavior of MoP hip implants and improving the design parameters. Most of the
numerical studies did not take into account the special rheological behavior (shear-thinning
and viscoelasticity) [32-37]. By considering the non-Newtonian viscoelastic behavior of the
SF in numerical simulations, the estimates of the minimum film thickness and pressure
distribution are improved [38-40]. These results show the necessity of understanding the non-
Newtonian viscoelastic behavior of the THR implant’s SF (called periprosthetic synovial
fluid) and the parameters which affect the rheology.

At very high steady shear rates, the viscosity of the SF is constant. Shear rates within natural
or artificial hip joint reaches a value of 10° s™ [41]. Therefore, in most numerical simulations,
the SF viscosity is considered to be constant. However, under real conditions, the shear is not
steady inside the implant gap. It is necessary to understand the difference between the
behaviors of the implant SF (non-Newtonian viscoelastic fluid) and a Newtonian fluid under
different situations.

The non-Newtonian viscoelastic behavior of the SF also affects the random distribution of the
suspended particles [42], and studying the particle synovial fluid interaction is crucial for
carrying out investigations of the third body wear inside MoP hip implants.

Eventually, the first step to address the wear particle distribution pattern in the THR gap
would be to understand the non-Newtonian viscoelastic characteristics of periprosthetic
synovial fluid.

1.3.1. Properties of periprosthetic synovial fluid

The lubricant after total joint arthroplasty (TJA) is called periprosthetic synovial fluid, and
there have been few studies investigating its composition and rheological behavior [11].

To understand how TJA changes the properties of the synovial fluid, the SF from patients
before primary surgery (representative of the OA synovial fluid characteristic) was compared
with samples taken from patients undergoing revision TJA. The OA and periprosthetic SFs
have almost the same protein content. The HA concentration is found to be lower in the
periprosthetic SF compared to in the SF of patients with OA [43-47]. However, there is not
agreement regarding the molecular weight difference between the OA and periprosthetic SFs.
Mazzucco et al. [43] and Yamada et al. [45] reported that the HA molecular weight in these
two types of SF is the same. Saari [44], on the other hand, suggested that the molecular
weight of the HA content in periprosthetic SF is higher than that of the SF from patients with
OA. Guenther et al. [46] proposed that the distribution of the HA molecular weight should be
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considered in the comparison. Their results showed that the fraction of high molecular weight
HA is greater in the OA synovial fluid compared to in the periprosthetic synovial fluid.
Investigation of the rheological behavior of periprosthetic SF showed that the SFs from
revision surgeries are degraded compared to those from the primary surgery. Therefore, the
viscosity and shear-thinning behavior of the SF from revision is less compared to that of the
SF from primary surgery [47-49]. Moreover, the SF from the revision surgery has a less
elastic behavior, and its crossover frequency is higher [48].

To achieve reliable results from in vitro measurements of the wear and frictional behavior of
MoP hip implants, it is crucial to have a lubricant capable of mimicking the periprosthetic SF
characteristics. Its low availability, ethical issues and variability from patient to patient makes
using natural SF in research experiments almost impossible [46]. Most studies replace the
natural SF with a synthetic model for SF.

1.3.1.1.Frictional and rheological behavior of model synovial fluid

McKellop et al. [50] showed that when bovine blood serum was used as the lubricant in
tribological measurements, the produced wear surfaces resembled the implant wear surfaces.
Therefore, the ASTM standard proposes that bovine calf serum (BCS) is the best lubricant for
bio-tribological measurements.

The protein content of SF is usually replaced with BCS in model SF. The normal protein
content of the commercially available BCS is 40-80 mg.ml™ [20]. Therefore, the BCS is
usually diluted to the desired concentration in distilled water or PBS [51]. Brandt et al. [51]
stated that the protein composition fraction in the bovine calf serum (BCS) is different from
that of SF. In some studies, the most abundant protein in the SF composition with its
corresponding concentration is used in the lubricant composition (albumin and y-globulin)
[46,52]. To simulate the frictional behavior of an implant in the tribological measurements,
many studies focused on recognizing the principal protein in providing the SF with lubrication
characteristics. Lubricin is the most important protein in natural joint lubrication. However,
the results of studies conducted by Mazzucco et al. [53] showed that lubricin is not the main
protein in the lubrication of the joint implant. Their results also suggested that HA,
phospholipid, albumin and y-globulin do not play the role of the boundary lubricant in joint
implants. Sawae et al. [54] investigated the effect of different lubricants on the wear and
frictional behavior of UHMWPE and showed that the alboumin solution produces much higher
friction compared to the serum. However, both of these lubricants decrease the wear.
Incorporating HA into the lubricant composition decreases the friction coefficient
significantly. The protective role of the protein against wear for UHMWPE was shown by
Schole et al. [55-57]. Their results showed that the adsorption of the protein on the implant
surfaces protects them from direct contact and improves the wear characteristics of the
implant. However, depending on the type of implant (MoM, CoC or MoP), the COF might
increase or decrease in the presence of the protein layer. Other studies’ results also verified
that using diluted serum increased the friction coefficient [58-60]. Gispert et al. [61] also
showed that the presence of protein in the lubricant composition prevents the transfer of the
polymeric surface to the metallic surface and improves the wear. In contrast to Sawae et al.
[54], their results show that adding HA to the solution does not have a considerable effect on
the friction coefficient [61]. Fam [62] investigated the effect of the HA-containing lubricant
on the friction coefficient of UHMWPE against CoCr. Their results showed that incorporating
HA into the protein content solutions (serum or albumin) until a concentration of 1 mg.ml™
decreased the friction coefficient, and for higher HA concentration solutions, the friction
coefficient stays constant.
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Apart from the protein adsorption, the viscosity and shear-thinning characteristics of the SF
also affect the squeezing effect and lubricant film thickness. Therefore, the SF rheological
behavior has a direct effect on the frictional behavior of the implant.

The rheological behavior of the SF depends mostly on its HA content. Therefore, many
studies have concentrated on understanding how different parameters affect the rheological
behavior of HA solutions to produce an experimental model for the SF. These parameters
include the HA molecular weight and concentration, HA segments, protein content, shear
duration, and salt content in the solvent.

The HA degrades during joint disease, which suggests that HA segments appear in the
synovial fluid [63]. Fujii et al. [63] showed that the effect of the HA segments on the
viscoelastic behavior of the HA solution depends on the chain length. The viscosity of the HA
solution is weakly affected by the temperature, and the HA molecular weight affects the non-
Newtonian viscoelastic behavior of the HA solution more strongly than the concentration
does [17,64,65]. Adding protein to the HA solution does not have any effect on the shear-
thinning viscoelastic behavior of the solution [13,66]. However, Oates et al. [52] showed that
the protein provides the HA solution with rheopexy behavior (where the shear stress increases
upon applying a constant small shear rate for a long duration). Protein agglomerations
increase the entanglement in the HA solution by providing a tight network around them [52].
Adding sodium chloride to the HA solution decreases the viscosity and increases the
crossover frequency. The electrostatic repulsion between HA molecules is suppressed by
adding sodium chloride to the solution [67].

The presence of both HA and protein seems to be crucial in a model SF. It is suggested by
Brandt et al. [51] that PBS should be used as the solvent. The ions that are present in the PBS
provide the solution with an osmolality level similar to that of the SF. When distilled water is
used instead of PBS as the solvent, a non-clinical osmolality level is obtained [51].

1.4. Non-Newtonian viscoelastic fluid-particle interactions

Particles inside a non-Newtonian viscoelastic fluid have special behaviors that are not visible
in a Newtonian fluid, including particle migration and particle string formation aligned with
the flow direction. Michele et al. [42] showed for the first time that randomly distributed
particles inside a non-Newtonian viscoelastic fluid that are subjected to shear flow form
particle strings aligned with the flow direction. They attributed this special behavior to the
normal stress differences that exist in the viscoelastic fluid. However, later studies suggested
that many other factors affect the particles’ special behavior. To understand the effects of
different factors, some special characteristics of the non-Newtonian viscoelastic fluids
(polymeric solutions) will be explained.

1.4.1. Non-Newtonian viscoelastic fluid characteristics

When shear forces a polymeric solution to flow, the polymer molecules tend to stretch and
align themselves with the flow direction [68]. If the solution is entangled in the form of
temporary networks, the applied strain and shear stresses on the fluid lead to network
disentanglement. The Brownian motion acts to bring the polymer molecules toward their
undeformed state or form new entanglements and to bring the polymer chains to their original
conformation [13]. Therefore, a net force is applied on the polymer chain. The component of
this force along the flow direction (x direction in Fig 1.5) is greater than its component along
the shear direction (y direction in Fig 1.5) [68]. The shear stress applied on the viscoelastic
fluid causes strain anisotropy and normal stress differences [69].
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Fig 1.5 shows the shear and normal stresses applied on a fluid element when the fluid is
subjected to shear.

Fig 1.5. Shear and normal stresses applied on fluid element (author’s own figure)

The difference between the normal stresses in the x and y directions is known as the first
normal stress difference (Eq. (1-1)).

N,=o, -0 (1-1)

yy

N1, oxx and ayy represent the first normal stress difference, normal stress in the flow direction
and normal stress in the shear direction, respectively.

The stress inequality is representative of the fluid elasticity. Therefore, a higher shear or strain
enhances the stress and gives rise to the elasticity effect.

To characterize the effect of the fluid viscoelasticity on its behavior, two non-dimensional
parameters are usually evaluated: the Deborah (De) and Weissenberg (Wi) numbers.
The De number represents the ratio of the fluid relaxation time to the flow characteristic time
(Eq. (1-2)). A small De number means that the fluid behaves mainly as a viscous fluid. A De
number value of approximately 1 indicates that the fluid has viscoelastic behavior, and a high
De number represents that the fluid behaves like an elastic solid material [70].

The Wi number defines the effect of the elastic forces compared to those of the viscous
effects (Eqg. (1-3)). Considerable non-Newtonian and non-linear viscoelastic behaviors are
expected for flows with very high Wi numbers [71].

De=w (1-2)
Wi = Ay (1-3)

J, w and y are the fluid relaxation time, flow frequency and shear rate, respectively.

1.4.2. Previous studies on Non-Newtonian viscoelastic fluid-particle
interactions

The very early studies on particle alignment in non-Newtonian viscoelastic fluids suggested
that alignment occurs if the elastic forces are significantly higher than the viscous forces (Wi
> 10). This hypothesis was later challenged by Won and Kim [72]. The results of their studies
on both shear-thinning and viscoelastic fluids showed that although elastic forces might be
responsible for cross-flow particle migration, shear-thinning is the determinative parameter
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for particle string formation. Scirocco et al. [73] also showed that strings start to form once a
sufficient degree of shear-thinning is available. These results were recently confirmed by Van
Loon et al. [74]. Particles in Newtonian fluid subjected to shear rotate to keep a zero torque
balance on their surface [75]. To keep the particles in a string structure along the flow
direction, each particle should keep its rotation and the zero torque condition on its surface
[74]. Based on Van Loon et al. [74], in a Newtonian fluid, when two particles are getting
close to each other, the fluid leaves the gap between them. The two particles then attach to
each other, tumble and lose their rotation and zero torque. The applied net torque on the two
particles results in their separation. When two particles are getting closer in a shear-thinning
fluid, the small gap leads to the formation of a high shear rate and a decrease in the fluid
viscosity. Therefore, a pressure builds-up and the squeezing effect prevents the particles from
getting very close and keeps a thin fluid layer between them. This thin layer helps the
particles to keep their rotation and the zero torque condition. Therefore, the formed string
stays stable along flow direction.

The studies of Pasquino et al. [76] showed that in case of a very weak shear-thinning fluid,
particle alignment only occurred near channel walls. They also concluded that a particle string
forms only if the shear rate exceeds a critical value and the wall confinement enhances the
string formation. Based on their results, the string length and alignment direction were
affected by parameters such as the particle size, medium characteristics, colloidal and
hydrodynamic forces, kinetics of string formation and particle migration. They also showed
that the length of the particle strings increased upon increasing the shear rate or particle
concentration [77].

Scirocco et al. [73] proposed that the particle string formation is a bulk phenomenon and does
not necessarily occur at the walls. Moreover, if the particle size is small enough compared to
the channel, there is no significant wall confinement effect on the particle string formation.
However, the results of Van Loon et al. [74] showed that wall confinement up to some degree
improves the collision probability and string formation.

Elastic forces drive the particles toward the lower shear rate region in a flow, while shear-
thinning forces work in the opposite direction [75]. Jefri and Zahed [78] studied the particle
migration in a shear-thinning viscoelastic Poiseuille flow. They showed that normal forces are
responsible for the particle migration, but the migration behaviors of the particles depend on
the interaction between the elastic and shear-thinning forces. Single-particle migration under
Couette flow conditions between two concentric cylinders was studied numerically and
experimentally by D’Avino et al. [79]. They showed that particles mainly migrate toward the
outer cylinder due to the viscoelastic forces, except when they are very close to the inner
cylinder. A higher angular velocity and shear-thinning increase the migration rate. The
numerical simulation of particle migration under reciprocated confined simple shear flow
showed that the particle migration is induced by the fluid viscoelasticity and wall
confinement. However, increasing the frequency causes the migration to cease [80]. This
result is partly in agreement with the results of Lormand and Phillips [81], who studied the
migration of particles inside a viscoelastic shear-thinning fluid between concentric cylinders
with oscillatory motion. Their results showed that the initial particle position plays a
determinative role in the migration direction. Based on the particle initial positions, the
migrations are toward the inner or outer cylinder. The inner migration velocity increased with
the frequency, but the outer velocity reached a zero value with no migration toward the outer
wall for frequencies larger than 1 Hz. They stated that the migration rate is affected by the
elasticity parameter [81].

Lyon et al. [82] also showed that particles in a fluid flow with oscillatory motion cluster
instead of forming long strings.
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To investigate the particle-fluid interaction and effective parameters, applying a reliable fluid
visualization method is crucial.

1.5. Micro Particle Image Velocimetry (Micro-P1V)

To study biological fluids, several methods have been applied, such as laser Doppler
velocimetry, particle image velocimetry (PIV), double-slit photometry, and laser speckle
techniques. Apart from PIV, the other techniques provide point information in the plane of
study. Providing high spatial and temporal resolution over the whole plane of measurement is
PIV’s most important advantage over the other techniques. Moreover, PIV has quasi non-
intrusive nature and is able to work at the milli- or microscales, which are very important
features in studying biological fluids. The additional advantage of this method is its capability
to be applied in both 2 and 3 dimensions [83-85].

1.5.1. General concept

Particle image velocimetry (PIV) is a quantitative flow visualization method. In this method,
small tracer particles are added to the fluid and illuminated with a monochromatic light such
as a laser in a light sheet to reduce the background noise. Successive one-frame or double-
frame images are acquired from the flow. The plane of view is divided into numerous
interrogation areas, and the displacement of the particles between successive images or two
frames of a double-frame image in corresponding interrogation areas, divided by the time
difference between the light exposures, gives the velocity of the particles, which is
representative of the fluid velocity [86-88].

There are several parameters that affect the accuracy of the fluid measurement with PIV.
Since the fluid velocity is measured through particle movements, the quality of the results
depends strongly on the accuracy of the particles following the fluid flow. Small particles
follow the flow better, but particles smaller than 500 nm are more subject to Brownian
motion.

To freeze the particle movement, the illumination duration must be short [86]. However, a
long enough illumination duration must be provided so that there is enough light for the
particles to be sharply visible.

The time between images must be defined reasonably to allow enough particle movement but
at the same time avoid out-of-plane movement [86].

The interrogation area size is representative of the maximum velocity map spatial resolution.
This size must be small to have the smallest effect possible on the velocity gradient but large
enough to contain sufficient particles for the correlation procedure [86].

Based on the experimental situation, different processing methods can be applied, including
auto/cross correlation, average correlation, and adaptive correlation, to obtain the greatest
accuracy possible.

The maximal spatial resolution of PIV is 0.2-1 mm [89]. Hence, dealing with very small
length scales, such as in studies on the cardiovascular system that contain arterioles and
capillaries (with diameters on the order of microns) requires some modification to the
conventional PIV method.

The micro-PIV working principle is the same as that of PIV. In this method, volume
illumination is provided because of the microscopic length scale and optical access
limitations. The focal depth of the recording lens defines the measurement plane [86,90].

The micro-PIV system consists of an illumination source and a CCD camera mounted on a
microscope. The illumination source can be continuous or pulsed. Common pulsed
illumination sources are Nd:YAG laser or LED system.
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The main difference between these two methods is that in laser illumination, the particles’
images are directly captured, while LED illumination provides images of the shadows of the
particles.

The Nd:YAG laser emits two pulses with a duration of 5-10 ns and wavelength of 532 nm.
The pulses are focused into the microfluidic device through a liquid-filled optical fiber and a
dichroic mirror filter that reflects light with a wavelength of 532 nm and transmits light with a
wavelength of 530-560 nm [89,90]. The filter prevents background and environmental noise
light from entering the camera. Fig 1.6 shows a schematic view of the laser-illuminated
micro-PIV system.

Fig 1.6. Schematic view of micro-PIV with laser illumination set up

1.5.2. Micro-P1V application in studying bio-fluids

To my best knowledge, the study of the blood behavior with the particle image velocimetry
method started with the work of Sugii et al. [91], which was an in vivo study on the arteriole
velocity profile in the rat mesentery to study microcirculation phenomena. RBCs were used as
tracer particles and a velocity profile that was blunt at the center of the arteriole and sharp
near the walls (a feature of non-Newtonian fluids) was observed.

Later, Hove et al. [92] applied digital PIV to study the intracardiac flow forces in zebrafish
embryos using erythrocytes as tracer particles. Since previous studies showed that gen-
expression profiles and endothelial cell arrangements change because of flow-induced forces,
the final aim of this study was to quantify the shear stress and vertical flow forces in a
developing heart. The results showed that the generated shear forces were greater than what
was expected from the blood flow with such a low Reynolds number. These two early studies
showed the suitability of PIV to be applied for studying the blood flow and rheology in the
investigation of the microcirculation and blood hemodynamics (fluid mechanics of blood),
RBC behaviors and flow around adherent and endothelial cells to investigate the shear stress
effect on them.

Subsequently, other studies were conducted with micro-P1V, both in vivo and in vitro with
different tracing particles.

Joeng et al. [93] studied the behavior of polymer-coated liposomes (as a carrier of a biological
agent) in comparison with RBCs in vessels of the rat mesentery. Their results showed that the
liposomes migrate toward the vessels walls under shear stress, in contrast with the RBC-
depleted layer that forms near the vessel wall.
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Vennemann et al. [94] studied the blood plasma in the beating heart of a chicken embryo.
Fluorescent liposomes of a 400 nm diameter were used as tracer particles. The three error
sources discussed in this work were that 1- the velocity measurement plane was not always
parallel to the focal plane, 2- the velocity profile must be extrapolated to calculate the wall
velocity and wall shear stress, and 3- the blood viscosity was not spatially constant, especially
near the wall at very high shear rates where it showed very non-Newtonian behavior. In later
studies, wall shear stress measurements were performed in the vitelline network of a chick
embryo by Poelma [95,96], with small fluorescent particles of a 1 um diameter used as tracer
particles. A phase detection algorithm was developed that provided the capability for deriving
the velocity of pulsatile blood flow at different cardiac phases. By conducting the
measurement at different focal planes, a 2-component, 3-dimensional (2C-3D) velocity map
was obtained.

In vivo micro-PIV studies were also performed to investigate the existence and effect of a
glycocalyx layer on endothelial cells (ECs). An in vivo study by Domiano and co-workers
[97] was conducted on ECs in cremaster muscle venules. This study confirmed the existence
of a hydrodynamically effective glycocalyx endothelial surface layer that retarded plasma
flow. As a consequence, the shear rate on the EC surface was effectively zero. However, the
existence of such a layer for in vitro studies was not verified [98].

In vivo studies provide a complex situation in which the results are affected by many different
factors and recognizing the effect of each individual parameter is very difficult or almost
impossible. Therefore, numerous in vitro studies on bio-fluid behavior were performed with
micro-PIV.

Lima and co-workers are among the leaders in performing in vitro studies on the blood with
micro-PIV. They studied the red blood cell motion and interactions in microchannels with
different configurations [99-102].

Voorhees et al. [103-105] conducted in vitro micro-PIV studies to investigate the steady and
pulsatile flow effects on the EC responses. It was shown that the cell morphology changes
based on the velocity of the fluid and the exerted shear stress, which results in changes to the
shear stress itself (creating a cycle).

Rossi et al. [106-108] concentrated on deriving the effect of the cultured cell morphology on
the behavior of fluid in the channel. They focused on optimizing the micro-PIV measurement
parameters and conducting 2C-3D measurements.

The velocity information obtained by the PIV method was used as complementary data for
studies related to the human knee or hip joint. PIV was used to provide validation information
for the numerical simulation of the wear mechanisms in hip implants. This numerical
simulation was developed based on a new hypothesis of third-body wear initialization after
THR [30]. Micro-PIV together with birefringence was recently employed to develop a new
diagnosis technique for joint diseases [109].

Compared to other fluids, biological fluid studies with micro-PIV have several limitations:

1- In vivo studies require dealing with complex situations. Therefore, the results are
affected by many different factors, and recognizing the effect of each individual
parameter is sometimes almost impossible. For example, the in vivo study of blood
necessitates dealing with complex flows. The complexity originates from the non-
Newtonian behavior of the blood, the complex vessel shapes and deformation because
of the wall shear stresses, and the pulsatile and two-phase nature of the flow. In the
case of wall shear stress measurements, for pulsating or moving organisms, defining
the wall position is challenging and requires a special analysis procedure.

2- For in vitro studies, some parameters are kept constant to investigate the effect of a
certain parameter. This may result in the underestimation of the velocities or shear
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rates. The synthetic materials used for the fabrication of in vitro microchannels do not
necessarily have the same properties and effects as biological tissues.

3- Natural particles are not always suitable for use as tracer particles. On the other hand,
artificial particles can cause biological responses. Furthermore, because of bio-fluids’
complex nature, special interactions between the fluid and tracer particles (either
natural or artificial) might significantly affect the results.

4- Conventional micro-PIV is a 2D measurement method. However, it is possible to
acquire 3D-3C velocities using different techniques. There are always unavoidable
errors in the calculation of the out-of-plane velocity. For unsteady flow, which is
usually the case in biological fluids, this limitation becomes even bolder.

1.6. Objective of the work

To my best knowledge, there has been no study that focused on investigating the implant’s SF
and wear particle distribution pattern inside the THR gap. Understanding the behavior of the
wear particles and identifying the parameters that affect them provides the possibility to
optimize the design parameters in THR implants to reduce the third body wear.

The main aim of the current work is to develop and validate an experimental method that
provides the capability of quantitatively studying the behavior of HA and artificial SF
solutions inside mini-channels and the special behavior of the particles in viscoelastic fluid
flow. Quantifying the effects of different parameters such as the HA concentration or protein
content, flow type (steady, unsteady, etc.) and gap shape and size on the fluid behavior is
crucial to fully understand the particle distribution mechanisms.

In the current work, micro-PIV was applied as a flow visualization method to derive HA
solution flow velocity profiles inside different mini-channels and under different flow
conditions. The streamlines and shear stress information inside the flow are obtained from the
velocity profiles.

In the first step, the simplest geometry (rectangular) was chosen for the mini-channel. The
simplified geometry of the experimental model eliminated the geometric effect on the fluid
flow. This allowed the investigation of different parameters such as the fluid composition,
steady or unsteady flow and shear-thinning and viscoelastic non-Newtonian characteristic
effects on the fluid behavior.

Next, the geometric effects were also studied by investigating the flow inside a curved mini-
channel.

The fluid was subjected to different types of flow such as steady, unsteady harmonic pressure
or shear-driven flow. The derived velocity profiles provided insight into the effect of
parameters such as the pressure, strain amplitude or rate on the viscoelastic behavior of the
flow and the interaction between the flow and the particles.

The final step in completing the experimental investigation was adding a normal load to the
moving fluid. The simplest way is to add a steady load. However, THR implants are subjected
to dynamic loading. To understand how different HA solutions perform under dynamic
compere to static loading, a complementary study was conducted with a pin-on-disk on the
frictional behavior of a UHMWPE pin rotating against a CoCrMo disk with different HA
solutions.

1.6.1. Work plan

Based on the intended aim, this research project consisted of four main stages as follows,
focused on complicating the flow condition and experimental model step by step to finally
take measurements in an experimental model similar to the THR implants.
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Steady-state Poiseuille flow (SS-PF): Study conducted on HA solution behavior under
steady-state Poiseuille flow (pressure-driven flow) conditions inside a rectangular
channel at different Newtonian Reynolds numbers with micro-PIV. The effects of
different parameters including the channel size and material and HA and protein
concentrations were investigated. This part consisted of assessing the effects of
different measurement parameters such as the number of accumulated images and
particle size on the micro-PIV results and building up measurement procedures.
(Published as paper A).

Unsteady harmonic Poiseuille flow (UH-PF): Study conducted on HA solution
behavior under unsteady harmonic oscillatory Poiseuille flow conditions inside a
rectangular channel at different frequencies of oscillation with micro-PIV. The effects
of different parameters including the channel size and material and HA and protein
concentrations were investigated. Special particle behaviors were also investigated, in
terms of if any migration or alignment was visible, which parameters affected these
behaviors and how they affected the flow velocity profiles (Published as paper B).
Unsteady harmonic Couette flow (UH-CF): Study conducted on HA solution behavior
under unsteady harmonic Couette flow conditions (flow induced by a moving surface)
at three different frequencies of motion inside a curved channel with micro-PIV.
Effects of HA and protein concentrations were studied. The pressure gradient effect
was investigated by conducting measurements in two different channels (constant and
variable cross-section channels). The particles’ special behaviors were also
investigated, in terms of possible visible migration or alignment, which parameters
affected these behaviors and how they affected the flow velocity profiles (Presented in
paper C).

Pin on disk (POD): The last step to provide an experimental model similar to the THR
implant was to add a load. A complementary study was required to understand the
effect of applying dynamic or static loading on the fluid performance. In the last stage,
the frictional behavior of a UHMWPE pin rotating against a cobalt chromium
molybdenum (CoCrMo) disk under static and dynamic loadings with different HA and
protein content lubricants was studied with a pin-on-disk (Presented in paper D).
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Chapter 2

THEORY

Theoretical solutions for a Newtonian fluid under three different flowing conditions are
presented in this chapter. Comparison between these solutions with the experimental results of
water was used to validate the experimental procedure. Moreover the theoretical equations
provided insight to the effective parameters which were used for explaining and discussing
the results (Chapter 5).

2.1. Steady-state Poiseuille flow

Laminar steady Poiseuille flow of a Newtonian fluid fully develops after a certain distance
from the fluid inlet. The entrance length is calculated through Eq. (2-1) [110].

L _0.06Re (2-1)

Dh

Re= IOU mean Dh //J (2_2)
Py U e » Dh, 1, Le and Re represent the fluid density, flow mean velocity, hydraulic diameter,

fluid dynamic viscosity, entrance length and Reynolds number, respectively.

The theoretical solution of Poiseuille flow in a rectangular channel where (w>h) (Fig 3.3) is
obtained from Egs. (2-3) and (2-4) [111]. The equations have been used to assess the quality
of the measurements by comparison with theory.

1/2w h
Q=2 (j) dy(f)dzu(y, 2)=

3
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Q is the volume flow rate, h, w and L are channel width, height, and length, respectively (Fig
3.3), and Ap is the pressure difference.

u

2.2. Unsteady harmonic Poiseuille flow

The entrance length for laminar oscillatory flow was calculated based on Eq. (2-5) [112]:
Le(osy = 0-03D;, Re, (2-5)

Reys is the Reynolds number of the oscillatory flow, calculated as Eg. (2-6).

Re, = Amp D, /v (2-6)

fluid ,mean

AMD (s mean @Nd v represent the amplitude of the cross-sectional mean velocity and kinematic

viscosity, respectively.
The incompressible Navier-Stokes equation for flow along the x-direction is

N _ gz - LP 2-7)
ot P OX

The variables of Eq. (2-7) are made dimensionless based on Eq. (2-8). w, H, p represent the
angular frequency of the oscillation, characteristic length and pressure, respectively.
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X =—
H
g
oH (2-8)
t"=t*w
. p
P (oMY
M _ Vg P L gy B (2-9)
ot oH ox W OX
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Various numerical studies defined the characteristic length differently based on the channel
shape (e.g., channel height and hydraulic diameter) [113-120]. In the current study, the
hydraulic diameter was considered as the characteristic length so the effects of both the
channel dimensions and geometry were taken into account.

Eq. (2-9) describes the relation among the viscous wave’s penetration depth, flow pressure
gradient along the channel, and velocity.

The non-dimensional parameter (W) that appears in Eq. (2-9) after making the parameters
non-dimensional is known as the Womersley number (Eg. (2-10)).

W = H\/E (2-10)
1%

This parameter is usually used to evaluate the oscillatory behavior of Newtonian fluids
[112,113,121-123].

The Womersley number represents the ratio of the transient inertial to viscous forces and how
deep the viscous waves generated at the wall penetrate into the flow.

2.3. Unsteady harmonic Couette flow

Shear flow near a flat plate with linear oscillatory motion is known as the Stokes second
problem [124]. The equation of the motion is presented in Eq. (2-11). In the classical Stokes
second problem, the flow reaches zero velocity at infinity. The extended situation of the
Stokes second problem, in which shear flow is induced between two infinite parallel plates
when one plate has a harmonic oscillatory motion and the other is at rest, was solved by
Berker [125] (Fig 2.1).

2
u_, ou (2-11)

ot oy’

u=upcos(mt)

v=h

T )

X

Fig 2.1. Schematic of flow-induced shear flow between two infinite parallel plates
Berker [125] solved the problem for the case in which the moving plane with sinusoidal

harmonic motion is placed at y=0 and the fixed plane is placed at y=h (The general forms of
the fluid velocity and boundary conditions are presented in Eq. (2-12) and (2-13)).
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u(h,t)=0

(2-12)
u(o,t) =u, sin(wt)

u= f(y)sin(at) + g(y)cos(wt) (2-13)

He derived Eq. (2-14) for the fluid velocity.
Uo yJol2v o
u=——2——(e sin 3,.
sin(, + f3,) i
sin(awt + yJo/2v + f,)
+e V% sin g,

sin(wt — y J@/2v — f3,)

(2-14)

B, and f,are arbitrary constants.

In the current study, the moving plane is placed at y=h with a harmonic cosine motion. The
Berker solution was adapted for this case. Egs (2-15) and (2-16) represent the boundary
conditions and general form of the velocity, respectively.

u(h,t) =u, cos(at) =u, sin(at — 7/ 2)

(2-15)
u(0,t)=0

u = f(y)sin(et —%) + g(y) cos(at —%) (2-16)

This means that in the final general solution, a phase difference of —% is required to be

added to Berker’s equation.

By replacing “y” with “y-h” in the general solution derived by Berker, the boundary
conditions are satisfied. The final form of the fluid velocity is as Eq. (2-17):

__ ~Y (y-ho/2v o
u=————>—(e sin f3,.
sin(,+ f,) i

sin(at + (y — h)\Jao/2v + B, -%) 217)

+e U sin g

sin(wt — (y — h)\J@/2v — B, —%)
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B, and f,are obtained by considering the zero velocity at y=0. Egs. (2-18) and (2-19) present

the final forms of the constants S, and f,.

B+ B, =2h\Jw/2v (2-18)
R —(sin(2hy/w/2v) (2-19)
fy=tan {(e”‘m —cos(2hy/w/2v)

The calculation procedures of S, and £, are presented in Egs. (2-20) to (2-25).
y=0=u=0

_ —-Uu, —hol2v
u=——>——(e sin g,.
sin(B, + f,) i

sin(wt —hyw/2v + B, —%) (2-20)
+e™? sin ..

sin(ot + hyw/2v - B, —%)

Tp——— R
sin(B, + 5,)

sin 3,.(sin(et). cos(~h/w/2v + B, —%))

+ cos(at).sin(-hy/w/2v + —%))

(2-21)
+e™ sin B.

(sin(at).cos(hy/w/2v - 3, —%)
+cos(at).sin(hyo/2v - B, —%))) =0

To obtain a zero velocity at every instant, the coefficients of sin(wt) and cos(wt) should be

zero, which provide us with Egs. (2-22) to (2-24)

21



Chapter 2: Theory

) " sin g,.cos(-hfw]2v + - 7)
+e™“? sin B,.cos(hyJa/2v — B, —g) =0
2) ™ sin B, sin(-h\Jw/2v + B, —%)
+e™ sin B, sin(hyJw/2v - B, —%) =0
1) & sin g, cos(-hfw/2v + ,~7) =
~e"% sin . cos(hw/2v - B, - ) (2-22)
2) e ™% sin B,.sin(~hy/w/2v + B, —%) -
~e"" sin g sin(hwfw/2v - §,~7)
e ™" sin B,.cos(~h\[w/2v + B, —g)
e ™% sin B, sin(-h\Jw/2v + B, —%) )
~ e sin f.cos(hw/2v - B, - 7)
—e™? sin B, sin(hy/w/2v - B, —%)
sin(-hJo/2v + ) sin(hyjw/2v - 5,)
—cos(~h\Jw/2v + f,) T cos(hyo/2v - 3,) (2-23)

tan(-hyw/2v + p,) = tan(hy/w/2v - B,) (2-24)

= B+ B, =2hJw/2v

=

B, is calculated from Eq. (2-25), which is obtained by replacing £, with 2h\/w/2v — f,in the
second part of Eq. (2-22).
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e ™ sin B,.sin(~hyJw/2v + B, —%) +eMez

sin B,.sin(h\/a/2v — S, —%) =0

= — " sin(2hJw/2v - )
cos(~h\Jo/2v + )
—e™”? sin B, cos(~hyJw/2v + ) =0
= e ™ sin(2hJw/2v - B) =M sin B,
(sin(2h,/w/2v) cos A, e
—cos(2hyJw/2v)sin B,) =
_ e gjn B
sin A,(e”™”*" + cos(2h\[w/2v))
= (sin(2h,/w/2v) cos 3,
— (sin(2h\Jw/2v)
(& —cos(2h/w/2v)

= p =tan™

In comparison with this thesis experimental condition, this solution does not consider
curvature effects and the finite channel condition.
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Chapter 3

EXPERIMENTAL PROCEDURE

3.1. Micro-PIV

Fig 3.1 shows the schematic of the micro-PIV setup. The system consisted of a double-pulsed
microstrobe (LED) and a high-speed double-frame CCD camera with a spatial resolution of
1280x1024 pixels per frame mounted on a microscope with four magnifications (5x, 10x, 20x
and 40x). The two pulses had the same time duration, between 50 and 110 us, based on the
microstrobe power and the flow speed. The time between two pulses was set between 150 and
940 ps as a function of the flow rate and the type of fluid. The time between pulses was
chosen to have the largest particle movement between each two frames of 16-20 pixels.

Fig 3.1. Schematic of micro-PIV set up
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The seeding particle plays a major role in the quality of the acquired data from micro-PIV.
The performance of the particles is affected by the visibility, size and density.

Suitable particles for micro-PIV measurements have a density similar to that of the fluid.
Polystyrene particles, with a density of 1-1.05 g.cm™, are suitable for the study of water-based
fluids.

3.1.1. Tracing particles

It has been suggested that for micro-PIV measurements, the particle size in the images should
be on the order of 3-4 pixels [83]. The quality of the micro-PIV measurements depends
strongly on how accurately the particles follow the fluid motion. Because of sedimentation or
Brownian effects, the particles might not follow the fluid track. To minimize the
sedimentation effect, the particle density must be close to the fluid density and the size of the
particles must be kept reasonably small. However, Brownian motion affects small particles
with a size between 50-500 nm at low velocities. In the current study, particles with diameters
of 2 and 5 um were chosen for magnifications of 20x and 10x, respectively.

According to Stokes’ drag law, if the density of the particle is different from the liquid
density, the induced velocity of the particle due to gravitational forces is (Eq. (3-1)) [83]

Uy =d§(p;8‘f')g (3-1)

where p is the density, d is the diameter and x is the dynamic viscosity. The “p” index refers
to particle, while “I” refers to liquid. The particle response time is (Eq.(3-2)) [83]

2
- 0 (3-2)
" 18y,

From the above equations, the response times of 2 and 5 pum diameter particles are
approximately 2.3*10” s and 0.1*10™" s, respectively. For steady-state conditions, these time

scales are much smaller than the liquid time scale ( D, =4.67*10"s). Therefore, these

mean

particles follow the flow variations. The induced velocities due to gravitational forces of the 2
and 5 um diameter particles were calculated to be 1.1*10“ mm.s* and 6.9*10* mm.s™,
respectively. Therefore, these particles do not face any sedimentation in the problem
investigated.

For particles with diameters between 50 nm and 500 nm and velocities below 1 mm.s™, the
Brownian effect is significant and causes errors in the estimation of the velocity. The error
can be determined using Eq. (3-3)[83].

1 f2D

Ey=—1|—
uy At (3_3)

1 /2D

E =— |—

v\ At
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u and v represent the fluid velocities in the x and y directions, respectively, At is the time
interval (the time between frames or images) and D (diffusion coefficient of the particle) is
calculated from the equation below [83].

KT,

= 3'4
3mud, (34

K and T, are the Boltzmann’s constant and the liquid absolute temperature, respectively. The

Brownian error equation shows that by increasing the time interval, the Brownian error
decreases. This puts a lower limit on the time interval between frames [83].

3.1.2. Number of accumulated velocity maps

In micro-PIV measurements, to obtain a reliable velocity map, it is necessary to average
several velocity maps. To determine the number of images required to obtain a stable mean
value, 1000 images were captured, and the accumulated mean value was evaluated. Results
showed that at least 300 images were required to obtain a variation of the mean velocity
(calculated from Eq. (3-5)) below 0.5% (Fig 3.2).

n 1000
‘(Zuij/n—( _Zui)/looo
Errd% =~ =

1000
( ui)/1000

*100 1< n <1000 (3-5)

i=1

Fig 3.2. Variation of percentage of error vs. number of averaged images for water at
Re of 23.33
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3.2. Steady-state Poiseuille flow

One of the major problems with polystyrene particles is agglomeration in water. To assess the
effects of different parameters on the experimental results, agglomeration should be avoided.
For this stage, polystyrene particles with a density of 1-1.05 g.cm™ from Magsphere, Inc.
(Pasadena, CA, USA) were chosen, which contained 0.05% anionic surfactant to prevent
agglomeration.

3.2.1. Rectangular mini-channel

Mini-channels were designed and constructed to investigate the effects of different materials
and channel sizes on the HA solution behavior. The channel consisted of four main parts, as
shown in Fig 3.3: a Plexiglas plate (back plate) allowing light to travel through the model, a
front plate with a glass window for providing optical access and a middle plate that was a
steel frame capable of holding bars of different materials at a specific distance from each
other. The steel frame provided two different channel widths, 1 mm (hydraulic diameter of
1.33 mm) and 1.5 mm (hydraulic diameter of 1.71 mm). The depth and length of both
channels were 2 and 45 mm, respectively. Hereafter, the 1 mm width channel is named
Channel 1, and the 1.5 mm width channel is named Channel 2.

Fig 3.3. Schematic of rectangular mini-channel

The bars’” material was chosen similar to that usually used in THR: UHMWPE, cobalt
chromium molybdenum alloy (CoCrMo) and titanium aluminum vanadium alloy (TiAIV).
The sides of the bars in contact with the fluid were polished to achieve at a mirror-like
surface. Table 3.1 presents the surface roughness of the tested materials. Hereafter, the
CoCrMo bars, UHMWPE bars and TiAlV bars are called Bar 1, Bar 2 and Bar 3, respectively.
The largest entrance length (corresponding to the largest Re number and Channel 2) was 6.6
mm (Eq. (2-1)). The measurements were conducted at the middle of the rectangular channel
with a 22 mm distance from the inlet and outlet at the middle depth of the channel (1 mm
distance from top and bottom plates). Therefore, the boundary layer at that region was fully
developed, and the velocity profiles were identical along the y-axis (3.2.1).
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Table 3.1.  Roughness of different material of the bars

Material Roughness (Ra in pm)
1% bar 2" bar
UHMWPE 0.362 0.342
CoCrMo 0.075 0.073
TiAIV 0.159 0.162

3.2.2. External pump

For steady flow, a kd Scientific Model 410 series syringe pump (KD Scientific Inc, Holliston,
MA, USA) was used for injecting the fluid at different flow rates through the experimental
model. It had 2% accuracy in providing a defined flow rate.

The flow rates in Channel 1 were chosen to produce the maximum fluid velocity in the same
range as that in a hip implant based on published studies [41,126,127], and the flow rate in
Channel 2 was chosen to have the same Re number (Eq. (2-2)) for a Newtonian fluid (water)
as in Channel 1.

Three Reynolds numbers were chosen: 7.78 (called Re-1), 23.33 (Re-2) and 64.17 (Re-3). The
flow rates corresponding to these Reynolds numbers were 0.7, 2.1 and 5.775 ml.min™,
respectively, for Channel 1 and 0.82, 2.45 and 6.74 ml.min™ for Channel 2. For non-
Newtonian fluids, the same flow rates were applied, although the Reynolds numbers were not
identical. Each measurement was carried out three times to investigate the repeatability.

At this stage, the time between pulses was set to 200, 600 and 900 us from the highest to
lowest Re number, respectively.

3.2.3. Experimental fluid

Degassed water was used as the reference Newtonian fluid and to evaluate the experimental
procedure. The criteria for the choices of the other fluids were to capture the periprosthetic
rheological behavior with a simple composition and investigate the effects of the HA
concentration and protein content at the same time. Three HA solutions were investigated.
Table 3.2 contains information about the HA compositions and the names assigned to the
experimental fluids

Table 3.2.  Composition of the experimental fluid with assigned names

Experimental Fluid Fluid name

Degassed water Fluid 1

HA with 1.4-15 MDa molecular weight (Lifecore Biomedical, Fluid 2
Minneapolis, Minnesota, USA) with concentration of 3 mg.ml™ in
phosphate-buffered saline (PBS from Sigma Aldrich, St. Louis, Missouri,

USA with 0.15 M concentration)

HA with 3 mg.ml™ concentration in a mixture of 75% PBS and 25% Fluid 3
bovine calf serum (BCS) (Sigma Aldrich 12133C)

HA with concentration of 5 mg.ml™ in PBS. Fluid 4

HA was dissolved in the liquid (PBS or 75% PBS+25% BCS) at room temperature by gently
shaking it for 15 hours on a mini-shaker, which provided circular rocking and three-
dimensional motion. For minimizing the bacterial activity, 0.1% (w/v) sodium azide (Sigma
Aldrich 71289, St. Louis, Missouri, USA) was added.
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3.2.4. Rheological measurements

The rheological behavior of the HA solutions was investigated by a Bohlin CVVO rheometer at
25°C under shear rate control (0.05-1570 s™) with coaxial cylinders (C25) to obtain the
variation of the viscosity versus the shear rate. The viscoelastic behavior of the HA with a 5
mg.ml™ concentration in PBS was investigated with the same rheometer and cone on a plate
configuration consisting of a stainless steel cone of 1° and 20 mm in diameter. Frequency
sweep measurements were performed with the strain value and frequency were set at 2% and
0.07-10 Hz, respectively. Investigating the viscoelastic behavior of the HA solutions with a
concentration of 3 mg.ml™ was impossible due to the calibration range of the described
rheometer.

3.3. Unsteady harmonic Poiseuille flow

Polystyrene particles with a density of 1-1.05 g.cm™ and diameter of 4.89 microns were
chosen (microParticles GmbH, Berlin, Germany), along with a magnification of 10x.

The rectangular channel described in section 3.2.1 was used as the experimental channel in
this stage as well.

The experimental fluids described in section 3.2.3 were used in the measurements of UH-PF.

3.3.1. Reciprocating pump

The unsteady Poiseuille flow was produced by an oscillatory pump consisting of a syringe
and a homemade reciprocal device (Fig 3.4). The syringe oscillatory movement was obtained
with a rotating disk coupled to an electrical motor. Fig 3.4 shows a schematic view of this
oscillatory pump system. The angular position of the disk was determined through twelve
steel teeth (knobs) equally spaced on the periphery of the disk and a magnetic encoder. The
encoder signal allowed the synchronization of the micro-PIV and the LED, i.e., it acted as a
trigger. With this system, images were captured at defined phases. Two rotating arms coupled
the disk to the syringe to enable small syringe movements (up to 1 mm). Two different holes
were used to attach the arm to the rotating disk. The hole that was closer to the center of the
disk provided a smaller stroke amplitude for the syringe movement and a smaller flow rate
amplitude, which is called S-1. The other hole with a larger stroke is called S-2. The
frequency of the disk motion was controlled through a code developed in LabVIEW.

To achieve reliable velocity profiles from the micro-PIV measurements, image averaging was
required. For unsteady measurements, the averaging was only possible if the phases of the
velocity maps were the same. A total of 3200 images were captured for each measurement,
i.e., 250 images at each phase.

The position of the syringe piston was determined by a distance laser. The angular position of
the reciprocating disk in combination with the syringe piston position provided the phases of
the captured images. The differentiation of the syringe piston position with time allowed the
calculation of the syringe velocity.

Three frequencies of 0.37 (called F-0), 1.02 (F-1) and 2.03 (F-2) were applied during the
measurements.

The lowest syringe motion frequency was chosen to be similar to the highest rotational
frequency of a hip joint in a walking situation, 0.37 Hz (approximately 2 rad.s™). The highest
frequency was 2.03 Hz, which is higher than the crossover frequency obtained for the HA
solution with a 5 mg.ml™* concentration. A middle frequency of 1.02 Hz was also investigated.
For the measurements with frequencies of 0.37 and 1.02 Hz, S-2 was used to attach the arms
to the rotating disk. However, limitations in the micro-PIV system and LED did not allow
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measurements of the maximum velocity for the frequency of 2.03 Hz with S-2; instead, S-1
was used. For S-1, the syringe stroke amplitude and flow rate amplitude were smaller
compared to those of S-2. Therefore, the highest mass flow rate amplitude did not belong to
the highest frequency. The maximum to minimum mass flow rates in this situation belonged
to the measurements with frequencies of 1.02, 2.03 and 0.37 Hz, respectively.

The longest calculated entrance length belongs to the flow rate with the largest amplitude (F-
1), which was 6 mm (Egs. (2-5) and (2-6)). Therefore, at the middle of the channel
(measurement section), the velocity profiles were fully developed.

The time between the two pulses was set between 150 and 600 ps as a function of the flow
rate amplitude and the type of fluid.

Fig 3.4. Schematic view of oscillatory pump

3.4. Unsteady harmonic Couette flow

Polystyrene particles with a density of 1-1.05 g.cm™ and average diameter of 4.89 microns
were chosen (microParticles GmbH, Berlin, Germany), along with a magnification of 10x.
The experimental fluid concentrations and preparation procedures were the same as those
described in section 3.2.3. However, HA with a 1.6-1.8 MDa molecular weight (Sigma
Aldrich 53747, St. Louis, Missouri, USA) was used to produce the HA solutions.

3.4.1. Curved mini-channel

Two curved channels were designed to study the effect of shear-induced flow and the
variation of the cross-section on the viscoelastic fluid behavior. The curved channel consisted
of two concentric cylinders made from stainless steel. Optical access to the model was
provided by placing the steel parts inside a Plexiglas frame. The constant-width channel had a
width of 1.1 mm, while the converging-diverging channel width changed between 0.3 and 1.1
mm. The inner wall radius and depth of both channels were 21 and 3 mm, respectively.
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Approximately 3 ml of fluid was stored in the rectangular storage of each model during the
measurements (Fig 3.5), and the channels were sealed by an upper Plexiglas plate. The
maximum curvature ratio (ratio of the channel width to the inner cylinder radius) of both
channels was 0.05. The small field of view and the small curvature ratio suggest that the
curvature effects were negligible.

Hereafter, the constant-width channel is called Const Channel, and the converging diverging
channel is called Conv Channel.

The measurement location was selected to be at 45° with respect to the symmetrical axis of
the model (Fig 3.5) and at the middle depth of the channel (with a 1.5 mm distance from the
top and bottom plates). At this location and for the Conv Channel, the ratio of the largest to
smallest measurement section width in a complete cycle was more than 2.

Fig 3.5. Schematic of curved mini-channel

3.4.2. Reciprocal device

In this stage, the shear-induced flow was provided by the inner cylinder oscillatory motion
that was obtained by a rotating disk coupled to an electrical motor in combination with four
rotating and one pushing arms. Fig 3.6 shows a schematic view of this oscillatory engine
coupled with the experimental model. The working principle of this system was the same as
that previously explained (Section 3.3.1). For UH-CF studies, all of the measurements were
done by attaching the rotating arm to the rotating disk with S-2.

The amplitude of the rotation for the inner cylinder was set at 15° (total movement of 30°),
which is the average hip joint rotation in the sagittal plane during walking [128].

Based on the frequency of the movement and the type of fluid, the time between pulses in the
micro-PIV measurement was set between 150 and 940 ps, with the longest time
corresponding to the lowest frequency and vice versa.
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Rotating disk

Magnetic
Encoder

Rotating Arms

Pushing Arm

Fig 3.6. Schematic of oscillatory engine coupled with experimental model

As was mentioned earlier (section 3.1.2), at least 300 images are required to obtain a variation
of the mean velocity below 0.5%. In this set of measurements, due to limitations of the CCD
camera memory, 1500 images were captured with micro-PIV for each measurement (i.e., 120
images for each phase). The relative difference (RD) between the mean velocities obtained
from 120 and 300 images was investigated (Eq. (3-6)). The RD is presented in Fig 3.7 along
the channel width for the case of distilled water at a frequency of 2.03 Hz and at the phase
with the cylinder maximum velocity.

D - %20 = Uan| g o (3-6)
u

cylinder
where U, is the mean value of the velocity calculated using 120 images, U, is the mean
value calculated using 300 images and U4, is the cylinder velocity at the specific phase.

The maximum relative difference along the channel width in the measurement section is less
than 1% of the cylinder velocity.

33



Chapter 3: Experimental Procedure

0.8

0.6~

RD

0.4~

02~

0 ot I " ! ! ! * -
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
v/hi-)
Fig 3.7. Relative difference between the mean velocity obtained with 120 and 300
images along the channel width at f=2.03 Hz.

3.5. Pin on disk

3.5.1. Material

Using the compression molding method, GUR 1020 UHMWPE (Ticona/Celanese, USA)
blocks were prepared in our lab, and 4x4x4 mm? pins were cut out from a pressed UHMWPE
block. Each pin was soaked in distilled water for a minimum of two weeks before the
tribotest. The average roughness of the pin surface (derived from topographical analysis
(section 3.5.4)) was approximately R;=1.5-2 um.

Chromium cobalt molybdenum alloy (CrCoMo) with a mirror-polished surface with an
average roughness of R,=0.005 pum was used as a counter-surface. The chemical composition
of the CoCrMo discs was Co (65.74 wt%), Cr (27.11 wt%), Mo (5.52 wt%), Mn (0.78 wt%),
N (0.194 wt%), Fe (0.07 wt%), Ni (0.06 wt%), Si (0.59 wt%), C (0.04 wt%), W (<0.02 wt%),
Cu (<0.01 wt%), P (<0.003 wt%), S (<0.0005 wt%).

All samples were cleaned based on the procedure in the ASTM F732 - 00(2011) standard.
Table 3.3 lists the lubricants used and the names assigned to them.

Table 3.3.  Lubricants’ composition

Lubricant Composition Lubricant name

Distilled water DW

Diluted BCS: 75% phosphate-buffered saline (PBS from Sigma Aldrich, DS
St. Louis, Missouri, USA with 0.15 M concentration) and 25% BCS
(Sigma Aldrich 12133C, St. Louis, Missouri, USA)

HA with 1.6-1.8 MDa molecular weight (Sigma Aldrich 53747, St. Louis, HA
Missouri, USA) with a concentration of 3 mg.ml™ in PBS

HA with 3 a mg.ml™* concentration in a mixture of 75% PBS and 25% BCS HAS

To minimize the bacterial activity, 0.1% (w/v) sodium azide (Sigma Aldrich 71289, St. Louis,
Missouri, USA) was added to the HA solutions. Distilled water was used as the reference
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lubricant to determine the influences of the HA and protein in the lubricant. Diluted BCS is
the standard lubricant for the friction and wear measurements of joint implant materials. The
criteria for choosing the other two lubricants were explained earlier in section 3.2.3.

3.5.2. Pin-on-disk set up

The frictional measurements under steady and dynamic loading were performed using a
unidirectional Plint TE-67 pin-on-disk tribometer (Phoenix Tribology, Ltd., Kingsclere,
England). For the steady-state condition, a 120 N load was applied on the pin, corresponding
to a 7.5 MPa pressure. The dynamic load had a sinusoidal pattern with a frequency of 1 Hz,
average load of 120 N, and amplitude of 40 N. The sinusoidal load was applied using a
pneumatic system. The applied loads were chosen to keep the pressure in the range of 2-10
MPa based on the ASTM F732 - 00(2011) standard. Due to the high applied pressure, the
polymeric pin underwent viscoelastic deformation. The pin thickness variation was measured
by a displacement sensor coupled to the pin holder. Fig 3.8 provides a schematic view of the
pin-on-disk setup. To reduce the hydrodynamic effects, the sliding velocity was kept constant
at 34 mm.s™. This velocity lies in the typical velocity range for hip implants (0-50 mm.s™)
[61]. Each measurement was performed for 50,000 cycles at room temperature (25-27° C).
Distilled water was added gradually at a constant rate to the lubricant by a syringe pump (kd
Scientific Model 410 series) to keep the concentration of the lubricants constant. Each set of
measurements was performed at least three times. Hereafter, the measurements with steady
and dynamic loading are referred to as Const and Sin, respectively.

Fig 3.8. Schematic of pin on disk setup

Fig 3.9 shows the response and decay times of the friction sensor, which were approximately
0.7 and 1.2 s, respectively. The sensor characteristic times are considerably higher than the
load cycle period (1 s). Therefore, the sensor could not capture the total range of friction
under the dynamic loading condition. The decay time was larger than the response time. This
suggests that the mean recorded friction forces had higher values compared to the real
situation. Effectively, higher mean values for the recorded Sin friction force were obtained
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compared to those Const. To correct the recorded friction mean value, sinusoidal loads at a
frequency of 1 Hz with defined mean and amplitude values were applied on the friction
sensor. By comparing the applied mean value with the recorded one, Eq. (3-7) was derived for
correcting the friction mean value to obtain the modified value.

I:mod = Frecord -0.13~ (F
I:mod(mean) = AVG Irage(Fmod )

record max F

record min ) (3_7)

F represents the friction force. The above equation only corrects the recorded mean value.
The mean COF (mean value for sinusoidal COF) was derived by dividing the modified mean
friction by the mean applied load (120 N).
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Fig 3.9. Step response and decay time of the friction load sensor

3.5.3. SEM and EDS

Scanning electron microcopy (SEM) images of the pins and the disks before and after the
measurements were captured with a JEOL JSM-7001F microscope. No special treatment was
performed on the disk surfaces, but the pin surfaces were coated with platinum/palladium
(80/20). The pins’ surfaces were also analyzed with energy-dispersive X-ray spectroscopy
(EDS) to investigate the chemical elemental composition.

3.5.4. Topographical analysis

The topography of the pin and disk surfaces were captured and analyzed by optical
interferometry (Zygo NewView 7300) before and after the tribotest.

3.5.5. Crystallinity

Differential scanning calorimetry (DSC) was used to investigate whether or not the
tribotesting affected the degree of crystallinity of the UHMWPE pins (tested in different
lubricants). The degree of crystallinity was also measured on aged UHMWPE pins (aged in
distilled water at 37°C for 2 months)
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Chapter 4

DATA ANALYSIS

4.1. Micro-PIV

To investigate the different fluids’ flow behaviors, the velocity profiles are derived by
applying cross-correlation between two frames of a micro-PIV double-frame image. The
plane of view in the micro-PIV images was divided into numerous interrogation areas. The
particle displacements between the two frames of a double-frame image in the corresponding
interrogation areas divided by the time between pulses was used to obtain the velocity of the
particles.

To obtain reliable results for the velocity profile, each interrogation area must contain 6 to 8
particles [83]. The sizes of the interrogation areas used for the data analysis were 16x128 and
32x128 pixels for magnifications of 10 and 20, respectively. These sizes were selected to
have at least 6 particles in the frame and to get as close as possible to the wall. For water and
distances less than 15 microns from the wall, the velocity had a value as small as 0.47 mm.s™.
In that region and for the smallest time interval (200 ps), the Brownian error was 5% (Egs. (3-
3) and (3-4)). This suggests that the Brownian error was larger than 5% for the near-wall
velocity. However, since the particles near the wall are influenced by the no-slip boundary
condition, these equations are not valid in that distance and correction factors are required.
Brenner et al. solved the Navier-Stokes equation for creeping flow and provided a correction
factor for normal Brownian diffusion [129]. Goldman et al. also derived a correction factor
for tangential Brownian motion [130]. The combination of these two factors suggests that
Brownian motions cease at the wall [131].

An analytical solution showed that in Couette flow, the particle motions always have a lag
compared to that of the fluid [132]. The particles do not follow the flow close to the wall due
to particle-wall hydrodynamic interactions. The velocity lag is below 1% for distances greater
than two times the particle diameter. To avoid the high-error region, the analysis plane
borders were placed at a distance twice the particle diameter from each sidewall. Therefore,
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the first velocity vector is placed at least approximately 20 and 14 microns away from the
wall for the 10 and 20 magnifications, respectively.

In micro-PIV measurements, due to the small field of view and high noise to signal ratio,
successive velocity profiles must be averaged to obtain stable mean velocity profiles.

4.1.1. Steady-state Poiseuille flow

To increase the statistic of data collected near the wall, the velocity profiles of the SS-PF are
the average of 10 middle velocity profiles along the channel width. The distance between
every two neighbor profiles is 80 microns. To compare different measurements, the velocity
profiles were made non-dimensional by the fluid flow rate (Eq. (4-1)).

Uwp = M (4-1)
Q

u and Achannel represent the measured velocity and channel cross-section area, respectively.

Fig 4.1. Velocity map of Channel 1, CoCrMo bars, Re-2

4.1.2. Unsteady harmonic Poiseuille flow

Micro-PIV used as a two-dimensional measurement technique in this thesis. Therefore, the
measurements are performed in a plane (xy plane). The derived velocity maps for UH-PF
indicate that the fluid motion was only along the direction perpendicular to the channel width
(x-axis in Fig 4.1).

In oscillatory flow, when averaging velocity maps, it is necessary for the maps to have similar
phases. Therefore, for UH-PF, the derived velocity maps were phase-resolved and averaged
out for each phase. Sinus curves were fitted to the pump velocity and the velocity of each
interrogation area along the channel width, providing the phase and amplitude of the fluid
velocities.

To compare the different experimental conditions, the velocity profiles were made
dimensionless according to Eq.(4-2).
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uND — uAchannel (4_2)
Amp Usyringe Asyringe

U, Achannel, Asyringe @nd Amp represent the velocity measured, channel cross-section area,
syringe cross-section area and velocity amplitude, respectively.
The definitions of the parameters presented in Eq. (4-2) are provided in Eq. (4-3)

usyringe syring )

= Ampusyringe sin(2Af +

U= Ampg,, SN2 + Py, (4-3)

Uyp = AMpy, SIN2Af + dy,,)
A¢ = ¢syring - ¢f|ow

f is the frequency in Hz, and ¢ represent the phase of oscillatory motion, respectively.

4.1.3. Unsteady harmonic Couette flow

Sinus curves were fitted to the velocity data obtained from the distance laser.

The derived velocity maps were phase-resolved and averaged at each phase, i.e., angular-
resolved. Sinus curves were fitted to the angular-resolved velocities of each interrogation area
along the channel width, describing the profile in time for the Const Channel. The amplitude
and phase of the fluid velocity were derived from the sinus curves. The phase difference
between the moving wall and the fluid was calculated from Eqg. (4-4).

u

cylinder

U= Amp g, Sin(27f + éy,,) (4-4)
A¢ = ¢cylinder - ¢f|ow

= Ampucylinder Sln(Zﬂ'f + ¢cy|inder)

u, Amp, f and ¢ represent the measured velocity, calculated amplitude, frequency and phase of
the oscillatory motion, respectively. The velocity amplitudes were made dimensionless by
dividing by the maximum amplitude to make the results comparable at different frequencies.
The obtained phase for the moving wall was ¢ = -90°. Therefore, the cylinder velocity could
be written in Cos form (Eq. (4-5)).

u ~Amp,  cos(2A) (4-5)

cylinder — lcylinder

The variation of the channel width in the Conv Channel made it impossible to follow the same
procedure for the data analysis.
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Chapter 5

RESULTS AND DISCUSSION

In this section, the most important findings of the current work are presented. This chapter
contains three main parts. In the first section, the HA solution rheology is presented. The
second section contains micro-PIV results for steady-state and unsteady Poiseuille flow and
unsteady Couette flow, and the third section includes the results of the tribotest
measurements.

5.1. HA solution rheology

The most frequent equation applied for quantifying polymer behavior in the shear-thinning
region is the power law model as Eq. (5-1) [133].

‘L[ = m}/n_l (5-1)

The above equation is a line fitted on the shear-thinning region of the double-logarithmic plot
of the viscosity-shear rate. “n-1" is the slope of the line, and “n” is called the power law
index. “m” is the consistency index, which is the intercept of the fitted line with a shear rate
of 1 s%. In the SS-PF and UH-PF studies, HA with a molecular weight of 1.4-1.5 MDa was
used, while the molecular weight of the HA used in the UH-CF and POD studies was 1.6-1.8
MDa. Fig 5.1 (a and b) shows the variation of the viscosity as a function of the shear rate for
the HA solutions used for the UH-PF and UH-CF studies, respectively. Power law indices of
the HA solutions with 3 and 5 mg.ml™ concentrations are presented in Table 5.1. The Table
includes value of different rheological propertied for HA solutions with 3 and 5 mg.ml™
concentration with two different MW. These values were used to discuss the HA solutions
behaviors.
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Fig 5.1. Viscosity («) function of the shear rate () for the HA solutions with (a) MW
of 1.4-1.5 MDa and (b) MW of 1.6-1.8 MDa

Fig 5.1 shows the shear rate at which the shear-thinning behavior starts (7iica)- The

intersection of the fitted line on the shear-thinning region with the zero shear viscosity is the
transition shear that represents the start of the polymer shear-thinning behavior and is called
the critical shear rate [16,134]. Table 5.1 provides the critical shear rates for different HA

solutions.
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Fig 5.2. Viscous and elastic moduli (G' and G") versus strain frequency (f) for HA
with 5 mg.mI™ concentration in PBS with (a) MW of 1.4-1.5 MDa and (b) MW of
1.6-1.8 MDa

Fig 5.2 (a and b) shows the dynamic moduli versus strain frequency for HA solutions with a 5
mg.ml™ concentration. Table 5.1 includes the crossover frequencies for the different high-
concentration HA solutions. At frequencies lower than the crossover frequency, the viscous
modulus controls the fluid flow behavior, but upon increasing the frequency, the elastic
modulus dominates, and so the HA solution shows more elastic behavior than viscous. The
dynamic moduli of HA solutions with 3 mg.ml™ were not measurable due to instrument
limitations, but previous studies indicated that upon decreasing the HA concentration, the
crossover frequency increases [64]. The dynamic moduli were measured in the linear
viscoelastic region. Fig 5.3 shows the dynamic moduli variation as a function of strain at
frequency of 1.02 Hz. In linear viscoelastic region the dynamic moduli stay constant as the
strain increases. The dynamic moduli decrease as the strain increases in non-linear

viscoelastic region.
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Fig 5.3. Viscous (filled marks) and elastic (hollow marks) moduli versus strain% at
frequency of 1.02 Hz for HA with 5 mg.mlI™* concentration in PBS for HA solution
with MW of 1.4-1.5 MDa (circle) and MW of 1.6-1.8 MDa (square)

Table 5.1.  Rheological parameters for HA solutions

Molecular weight n (power law index) Veriticat S Crossover Frequency
(Hz)
Fluid 2 Fluid 4 Fluid2 Fluid4 | Fluid2 Fluid4
1.4-1.5 MDa 0.685+0.015 0.460+0.013 | 21.3 10 NA 1.410.08
1.6-1.8 MDa 0.618+£0.011 0.443+0.012 | 13 6 NA 1.1£0.05

5.2. Micro-PIV

5.2.1. Steady-state Poiseuille flow
5.2.1.1.HA solution composition effect

Fig 5.4 shows the velocity profiles and shear rates along a non-dimensional channel within
Channel 1 using Bar 1 for degassed water and HA solutions with concentrations of 3 and 5
mg.ml™. The HA solution is a non-Newtonian fluid with a higher viscosity than that of water
(Fig 5.1). Therefore, the HA solution velocity profiles have blunter shapes compare to those
of water, and the bluntness increases with the HA concentration and Re number. For the
Newtonian fluid, all of the non-dimensional velocity profiles are compatible with each other,
and the differences are in the range of the pump accuracy (2%). However, by increasing the
flow rate for the non-Newtonian fluid, the non-dimensional velocity profile becomes blunter.
This is indicative of the spatial variation of the HA solution viscosity. For the Newtonian
fluid, the velocity profile has a parabolic shape, and the shear rate along the channel width
changes linearly. However, there is a non-linear trend for the non-Newtonian fluid, and upon
decreasing the flow rate, the non-Newtonian shear rate profile becomes more linear (Fig 5.4
(b) and (c)).
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Fig 5.4. (a) Velocity profiles, (b) non-dimensional velocity profiles and (c) shear rate
along non-dimensional channel width for degassed water, HA solutions with
concentration of 3 and 5 mg.ml™ in PBS
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Fig 5.5 shows the non-dimensional velocity profiles along the non-dimensional channel width
for the HA solutions with a concentration of 3 mg.ml™ with and without protein content. The
duration of each measurement was approximately 45 s. Oates et al. [52] showed that adding
protein to the HA solution provides the solution with rheopectic behavior, which is time-
dependent. The protein-containing solution exhibits structure-building behavior under small
shear rates. The aggregation of the protein around the HA chains contributes to the formation
of the structures and rheopexy.

There is good compatibility between the velocity profiles of Fig 5.5, which suggests that
under the current unidirectional measurement conditions (shear rate and duration), adding
protein did not affect the HA solution behavior.

2
1.5~
o
\-f"\
F1
05- . .
—7Channel 1,Fluid 2,Bar-1,Re-2
—+Channel 1,Fluid 2,Bar-1,Re 3
-O-Channel 1,Fluid 3,Bar 1,Re-2
o-Channel 1,Fluid 3,Bar 1,Re-3
0 1 1 | | 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

v/h(-)
Fig 5.5. Non-dimensional velocity profiles along non-dimensional channel width for
HA solutions with concentration of 3 mg.ml™ in PBS and 25% PBS+75% BCS

5.2.1.2.Channel size effect

Fig 5.6 shows the non-dimensional velocity profiles along the non-dimensional channel width
for a HA solution with a concentration of 3 mg.ml™ in PBS. The differences between the
profiles are very insignificant. Although the Newtonian Re numbers were kept constant for
the two channels, the Re numbers of the non-Newtonian fluids in the two channels were
different. However, because of the very small Re numbers, the differences in the fluid
behavior and velocity profiles are insignificant.
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Fig 5.6. Non-dimensional velocity profiles along non-dimensional channel width for
HA solutions with concentration of 3 mg.ml™ in PBS for Channel 1 and Channel 2

For a fluid following the power law behavior, Delplace derived Eq. (5-2) as a generalized Re
number for flow inside a duct with an arbitrary cross-section [135].

Re — QJU ri;arlln DPT (5-2)
el (24N + &) 124+ E)ny £

& is a geometric parameter that depends only on the cross-sectional shape. For Channel 1 and

Channel 2, this parameter has values of 7.774 and 7.238, respectively.

For a Newtonian Re of 64.17 (Re-3), the Re numbers of Fluid 2 calculated from Eq. (5-2) for
Channel 1 and Channel 2 were 3.88 and 3.42, respectively. The Fluid 4 flow inside Channel 1
and Channel 2 had Re numbers of 1.68 and 1.26, respectively. The differences between the Re
numbers of Fluid 4 (with a higher HA concentration and shear-thinning characteristic) in the
two channels are greater than those for Fluid 2.

5.2.2. Unsteady harmonic Poiseuille flow

It was explained in section 1.1.2 that at very high steady shear rates, the HA solution shows
Newtonian behavior with a viscosity similar to that of its solvent. Because of the very small
gap size in natural joints, the shear rate values are high. It is usually assumed that at high
shear rates inside natural joints, SF behaves as a Newtonian fluid. However, the nature of the
flow inside the joint is not steady. Therefore, understanding the effect of the unsteadiness on
the viscoelastic non-Newtonian fluid flow behavior is required.

The main aim of this section of the work was to investigate the effect of the unsteadiness on
the polymer solution behavior in comparison with those under steady flow and Newtonian
fluid flow.

To provide reference behavior for a Newtonian fluid, the degassed water behavior under
unsteady Poiseuille flow was investigated experimentally and discussed based on the theory
explained in section 2.2. The behaviors of HA solutions with different concentrations and
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protein contents were studied and compared with those under steady condition and Newtonian
fluid.

5.2.2.1.Degassed water behavior

At the lowest frequency and smallest channel cross-section, the velocity profiles have a
parabolic shape at each phase and exhibit quasi-steady behavior (similar to the steady flow
velocity profiles). However, upon increasing the frequency, the velocity profiles deviate from
keeping their parabolic shapes at each phase, and the maximum velocity did not occur in the
middle of the channel but close to the walls. This behavior is known as the Richardson
annular effect, and it depends on the penetration depth of the viscous waves. Fig 5.7 shows
the non-dimensional velocity profiles along the non-dimensional channel width for degassed
water and F-2 in Channel 2.
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Fig 5.7. Non-dimensional velocity profiles along the non-dimensional channel width
for water in Channel 2 at F-2

The depths of penetration of the viscous waves are proportional to \/z [116]. The Womersley
w

number (W in Eq. (2-10)) is representative of the viscous wave penetration depth compared to
the channel characteristic length. Table 5.2 includes the W values for different fluids and
experimental conditions of UH-PF. At high W values, the waves did not cross the whole
channel width, and the viscous forces were confined near the channel walls. At the center of
the channel, the inertial forces dominated the viscous forces, and the fluid was not affected by

*

*

and unsteady term in the middle of the channel. The

time derivative of the velocity resulted in the creation of a phase lag between the pressure
gradient and the fluid motion [116].
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Table 5.2.  Womersley number of different experimental conditions.

Fluid 1 W (Channel 1) W (Channel 2)

F-0 2.02 2.6
F-1 3.37 4.33
F-2 4.76 6.12

Fluid 2 W (Channel 1) W (Channel 2)

F-0 0.27 0.38
F-1 0.47 0.6
F-2 0.68 0.87

Fluid 3 W (Channel 1) W (Channel 2)

F-0 0.24 0.34
F-1 0.43 0.54
F-2 0.61 0.79

Fluid 4 W (Channel 1) W (Channel 2)

F-0 0.09 0.14
F-1 0.17 0.23
F-2 0.25 0.33

Fig 5.8 shows the non-dimensional amplitudes and phase differences of degassed water along
the non-dimensional channel width inside Channels 1 and 2 at different frequencies of motion
in comparison with the steady state non-dimensional velocity profiles. The phase differences
between the velocities at different positions along the channel width and the bulk velocity are
shown in Fig 5.8(b) in Channels 1 and 2 at different frequencies. The random variation of the
phase differences near the wall is the result of the small velocity magnitude and high standard
deviation of the velocity at that region (above 10% of the absolute velocity).

By increasing the W value, the non-dimensional unsteady amplitude profiles deviate from the
steady-state velocity profile, and the increase in the phase difference along the channel width
is enhanced. These are representative of the Richardson annular effect. The annular effect
appears on the velocity profiles for W above 4.3 for both channels, regardless of the aspect
ratio (ratio of channel width to channel depth, which is 0.5 for Channel 1 and 0.75 for
Channel 2).

The phase difference depends on the penetration depth of the viscous waves and W value. For
low W values, the increase in the phase difference between the bulk velocity and the fluid
velocity across the channel was negligible. By increasing W, this phase difference increased
(Fig 5.8 (b)).

One of the parameters that affects the velocity amplitude and phase difference values is the
aspect ratio of the channel. For experimental conditions with close W values, by decreasing
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the aspect ratio, the amplitude is reduced and the phase difference is enhanced because of the
higher friction forces [120,136].
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Fig 5.8. (a) Non-dimensional amplitude ( Amp, ) and (b) Phase difference (A¢) of

water in Channel 1 and Channel 2 at different frequencies in comparison to non-
dimensional steady state Poiseuille flow velocity profile in Channel 1

5.2.2.2.HA behavior

Fluid 2, Fluid 3 and Fluid 4 had much higher viscosities in comparison with degassed water
(between 20 to 45 times). The very high viscosity value and low W suggest that the HA
solutions should show a quasi-steady behavior. Fig 5.9 shows the non-dimensional velocity
profiles along the non-dimensional channel width for the HA solution with the highest W
value (Fluid 2 in Channel 2 at F-2). At all phases, the velocity profiles keep their blunt shapes.
Because of the small W value, under unsteady oscillatory movement, similar behavior to the
steady condition was expected. HA solutions contain transient networks of HA entanglements
under low shear rates [137]. If the UH-PF of the HA solutions was similar to SS-PF, the
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available transient networks should be disentangled and produce a spatial viscosity
distribution along the channel width. Therefore, the non-dimensional velocity profiles at each
phase (or amplitude profiles) along the channel width should become blunter upon increasing
the frequency (or bulk flow rate).
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Fig 5.9. Non-dimensional velocity profiles along the non-dimensional channel width
for HA solution with 3 mg.ml'1 concentration in PBS in Channel 2, F-2

Fig 5.10 shows the behavior of HA solutions with concentrations of 3 and 5 mg.ml™ in PBS.
Fig 5.10(a) shows the non-dimensional amplitude variation along the non-dimensional
channel width for Channel 1 at different frequencies. Based on the steady behavior of HA
solutions, it was expected that upon increasing the frequency or HA concentration, the
amplitude profiles would become blunter. However, this trend was not followed under quasi-
steady behavior. As explained in section 3.3.1 of the “experimental procedure” chapter, in
UH-PF measurements, because of experimental limitations, the maximum flow rate did not
belong to the maximum frequency, and the maximum to minimum flow rates corresponded to
the frequencies of 1.02, 2.03 and 0.37 Hz, respectively. For Fluid 2 (low HA concentration),
the amplitude profile of F-1 is slightly blunter than that of F-0. However, at F-2, the amplitude
profile is not blunter than that of F-0. Fluid 4 at F-0 has a slightly blunter amplitude profile
compared to Fluid 2 at F-0. However, for Fluid 4 (high HA concentration), the amplitude
profiles do not get blunter upon increasing the frequency.

This behavior could be explained based on the relaxation time of the polymer contents.
Physically, the “relaxation time” is the required time for the stress in polymers to reach e™ of
its initial value [138]. The relaxation time (A4) is actually the required time to damp the stress
deformation and reach the default configuration or form new networks or entanglements
between polymer chains [134]. The longest relaxation time for polymers is on the order of the
inverse of the critical shear rate. The relaxation times of Fluid 2 and Fluid 4 were 0.047 s and
0.1 s, respectively (Fig 5.1(a)). To assess the rheological behavior of the polymeric solutions
according to the stress relaxation time, the non-dimensional “Deborah number” (De) was
evaluated (Eq. (1-2)) [139,140].

A small De number means that the fluid behaves mainly as a viscous material. A De number
of approximately 1 indicates that the fluid does not have enough time to be released from all
of its previously applied deformations and has viscoelastic behavior. In this situation, the
previous polymer chain state influences the present behavior. A high De number represents
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more elastic or solid behavior [70]. To evaluate the De number value (Eq. (1-2)), half of each
cycle period was considered as the characteristic time for the flow. In the middle of each
cycle, the flow direction changed, and thus so did the direction of the stress applied to the
fluid. The polymers needed some time to be released from their previously applied stresses to
revert to their default configuration. Then, they disentangled and took their new orientation.
Based on the Cox-Merz rule, the data from steady shear measurements in Hz is used for the
relaxation time estimation, while for the calculation of characteristic time, half of the
frequency in rad.s™ was considered (w/2) [141].
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Fig 5.10. (a) Non-dimensional amplitude ( Amp, ) and (b) Phase difference (A¢) of 3

mg.mI™ HA in PBS (empty marker) and 5 mg.ml™ HA in PBS (full marker) for F-
0 (triangle), F-1 (square) and F-2 (circle)

Table 5.3 shows the De number values for Fluids 2 and 4. Upon increasing the De number,

the deviation of the HA solution velocity profiles from the expected blunt profiles increases.
At low strain frequencies, the fluid had enough time to damp the stresses applied from the
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opposite direction. Upon increasing the frequency, there were still deformations from the
stresses applied in the opposite direction remaining in the polymer network, which prevented
the fluid from reaching the highest possible amplitude and provided the fluid with partially
elastic behavior. The amplitude dropped significantly compared to the other cases for Fluid 4
at F-2. The viscoelastic behavior of the HA solution was explained in section 1.1.2. The
crossover frequency at which the HA behavior changes from a viscous material to an elastic
one is representative of the disentanglement rate or HA chain mobility. F-2 (frequency of 2.03
Hz) is higher than the crossover frequency of Fluid 4 (1.4 Hz). Therefore, at this frequency,
the polymer solution behaved as an elastic material, absorbing the applied stresses and
reducing the mobility and velocity of the flow.

Table 5.3.  De number values for Fluid 2 and 4

Fluid Frequency De
F-0 0.21
F-1 0.6
Fluid 2
F-2 1.2
F-0 0.46
F-1 1.28
Fluid 4
F-2 2.56

Fig 5.10 (b) shows the phase differences between the syringe velocities and fluid velocities
along the channel width for Fluids 2 and 4. It is observed that the phase difference increases
upon increasing the frequency and HA concentration in the solution. The disentanglement
process is a time-dependent process, and more disentanglement takes a longer time.
Therefore, in channels with higher shear rates, the disentanglement density and phase
difference increased. The quantity of this phase difference could also be estimated from the
relaxation time and the frequency of the motion. At each frequency, the phase difference
value was between one to two relaxation times.

The phase difference had a constant value along the channel width for the HA solutions
except for Fluid 4 at F-2, which showed an increasing phase difference trend close to the
channel walls. Since the frequency of the motion was higher than the crossover frequency, the
disentanglement degree was low for this measurement condition. By getting closer to the
channel wall, because of the high value of the wall shear rate, the disentanglement degree and
phase difference increased.

Fig 5.11 shows the non-dimensional amplitude profiles of HA solutions with a concentration
of 3 mg.ml™ in PBS and 75% PBS + 25% BCS. Almost the same behavior is observed for the
two HA solutions at F-0 and F-2. The difference in the profiles at F-1 could be due to the non-
linear viscoelastic behavior of the solutions (Fig 5.3). The shear strains at different
frequencies are calculated from Eq. (5-3).
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=y (5-3)

y, 7 and o are the shear strain, shear rate and strain frequency in rad.s™, respectively. The

strain amplitudes for Fluid 3 at F-0, F-1 and F-2 were 65.4, 53 and 23, respectively. A high
value for the maximum strain suggests that the measurements lay in the non-linear
viscoelastic behavior region of the solutions. The measurements at F-1 compared to those at
the other frequencies had both the highest strain amplitude and high value of the strain rate at
the same time. This could explain the different behavior of the solution at this frequency.
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Fig 5.11. Non-dimensional amplitude ( Amp, ) of 3 mg.mI™ HA in PBS (empty

marker) and 3 mg.mI™* HA in 75% PBS+25% calf serum (full marker) for F-0
(triangle), F-1 (square) and F-2 (circle)

Non-Brownian particles suspended in a non-Newtonian viscoelastic fluid show special
migration and string formation behaviors that were explained in section 1.4.2. No special
behavior was detected for Fluids 2 or 3 or Fluid 4 at F-0 during the measurements of UH-PF.
However, the particles formed alignments in Fluid 4 at frequencies of 1.02 and 2.04 Hz. Fig
5.12 shows the particle distribution at the start and end of the measurements. Fig 5.12 (a)
shows that the particles were randomly distributed at the start of each measurement, and Fig
5.12 (b) shows the small number of string structures that were formed at the end of the
measurements at F-2. Few strings were visible in all of the phases. Fig 5.12 (c) and (d) show
the string-structures formed at the end of the measurement at F-1 for the maximum velocity
and 60 degrees after the maximum velocity during each cycle, respectively. The mechanism
of the particle string formation was explained in section 1.4.2, and it was noted that the
formation of the string-structures depends on the shear-thinning degree of the fluid. The
current results are in agreement with the idea that shear-thinning plays the critical role in the
formation of the particle strings. The amplitude of the shear rate depends on the flow rate
amplitude. Therefore, the maximum to minimum shear rate and shear-thinning degree
corresponded to F-1, F-2 and F-0. At F-0, with the smallest degrees of shear rate and shear-
thinning, no string structures were visible, and at F-2, the density of string-structures and their
length were small. The formation of long particle strings occurred at F-1, with the highest
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shear rate amplitude and shear-thinning degree. Comparing Fig 5.12 (c) and (d) showed that
the strings were distributed along the whole channel width at the maximum velocity phases
(corresponding to the maximum shear rate), and at 60 degrees after, the particle alignments
were only visible near the walls, which were the high shear rate regions. This suggests that the
shear rate and shear-thinning differences between the phases were the reason that the particle
alignment density was different at various phases. Previous studies showed that the formation
of the string-structures is time-consuming, and after some minutes a dynamic equilibrium is
obtained under reciprocating motion [72,82].

Particle

=7 Strings

Fig 5.12. (a) Fluid 4 particle distributions in Channel 1 at the start of measurement, (b)
string-structure formed at the end of measurement at F-2, (c) string-structure
formed at the end of measurement at F-1 at the phase of maximum fluid velocity
and (d) at 60 degrees after maximum velocity

B
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No particle migration was observed for the UH-PF measurements. The shear rate amplitude
and shear-thinning degree had rather high values. Therefore, the lack of particle migration
could be due to a balance between the shear-thinning and elastic forces. The elastic forces
drive particles to the lower shear rate region (channel center for Poiseuille flow), while shear-
thinning works in the opposite direction and moves the particles toward regions with higher
shear rates (channel wall) [75,78]. Moreover, it should be noted that these measurements were
performed in non-linear viscoelastic region of the solutions which could also have certain
effects on the particle-fluid interactions.

5.2.3. Unsteady harmonic Couette flow

During the SS-PF and UH-PF measurements, the simplest geometry and flow were chosen to
focus on investigating the unsteadiness effect on the viscoelastic non-Newtonian flow
behavior. For the UH-CF studies, a similar geometry and flow to the hip implant were chosen.
At the first step, the distilled water behavior was investigated and compared with the theory to
obtain a Newtonian reference flow behavior and to evaluate the performance of the
experimental setup. The behaviors of HA solutions with different concentrations and protein
contents were then investigated inside constant and variable cross-section channels.

5.2.3.1.Distilled water behavior

Fig 5.13 shows the velocity profiles along the Const channel width for different phases at F-2
and F-0. The viscous waves generated at the moving wall penetrate into the fluid with a
velocity perpendicular to the wall and a penetration depth calculated from Eq. (5-4).

S = \/E (5-4)
@

8, v and o represent the penetration depth or Stokes boundary layer thickness, kinematic
viscosity and frequency of oscillation, respectively. For frequencies of 2.03, 1.02 and 0.37 Hz,
the Stokes length is 0.4, 0.56 and 0.93 mm, respectively. At F-2, the Stokes length was
smaller than the channel width, and the generated viscous waves at the moving wall only
controlled the fluid in that region. By moving away from the inner cylinder, the phase
difference increased. At some phases (e.g. ¢ =303°), the flow direction varied between the

middle of the channel and the moving wall, which occurred due to the small Stokes length at
F-2 compared to the channel width. However, the experimental conditions enhanced this
phenomenon. (Fig 5.13(a)).

At F-0, the Stokes length is comparable to the channel size. Therefore, the viscous waves
generated at the moving wall could control the flow over the whole channel width. However,
the velocity profiles from Fig 5.13(b) show that at each phase, the absolute values of the
experimental velocity profiles along the channel width have lower values compared to the
theoretical velocity profiles.
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Fig 5.13. Experimental (black lines) and theoretical (blue lines) velocity profiles along
Const Channel width for distilled water at frequency of (a) 2.04 Hz and (b) 0.37
Hz

Fig 5.14 shows the amplitude and phase difference profiles along the non-dimensional
channel width from the experimental results and theoretical analysis for distilled water at
different frequencies. The experimental and theoretical results are not in agreement. The
theoretical solution belongs to the induced flow between two infinite parallel plates condition
(EQ. (2-17)), while the experiments were performed inside a closed channel. To investigate
the effect of the curvature and confining walls, a CFD model was developed in Ansys CFX.
The model included only the curved channel, i.e., the fluid tank visible in Figure 2 was not
included in the numerical domain. A hexahedral mesh consisting of more than 200 000
elements was used to discretize the space with a time step of 0.02 s. The amplitude profile
along the channel width at F-2 from the numerical model is presented in Fig 5.14(a). The
agreement between the theoretical and numerical results suggests that the difference between
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the experimental and theoretical results does not originate from the sidewalls or the curvature
effects.

Fig 5.14. Amplitude ( Amp) and Phase difference (A¢) of distilled water in Const

Channel of experiment (black circle) and theory (blue square) and CFD (red
triangle) for (a) and (b) F-2, (c) and (d) F-1, (e) and (f) F-0

Because the flow inside the fluid tank were not of interest for this study, no micro-PIV data
was collected in that region, and so there are no velocity maps for the inside of the fluid tank.
However, it is speculated that the difference between the experimental and theoretical results
is due to the creation of a reverse flow as the inner disk moves back and forth in the fluid
tank. Fig 5.15 shows a schematic of the experimental model and the fluid rotations inside the
model. The rotation of the inner disk created fluid rotation inside the fluid tank. It was
expected that the fluid moved based on the rotation direction shown in Fig 5.15 with black
arrow number 1. However, the fluid might also move and rotate as the red arrows that are
marked with number 2. Therefore, a reverse flow was generated inside the channel, which
was actually a pressure-driven flow.

At F-2, the Stokes boundary layer thickness was smaller compared to the channel width.
Therefore, the viscous waves generated at the moving wall controlled the fluid near the
moving wall, while the pressure-driven reverse flow controlled the fluid behavior near the
fixed outer wall. This explains the different behaviors in the experimental and theoretical
results and the enhanced variation of the velocity between the region near the moving wall
and the middle of the channel (Fig 5.13 (a)). At F-0, the Stokes length was comparable to the
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channel width. Therefore, the viscous waves generated at both the moving and fixed walls
could control the fluid behavior across the whole channel width. The final flow was the
superposition of the two flows. The reverse flow reduced the absolute value of the velocities
that were induced by the moving surface along the channel width. This reduction is visible in
Fig 5.13 (b) and Fig 5.14 (e).

Fig 5.15. Fluid Motion inside the experimental model

5.2.3.2.HA behavior

As explained in section 5.2.2.2, because of the high viscosity of the HA solutions, the viscous
wave penetration depth covers the whole channel width for the HA solutions, and the
viscosity controls the behavior of the flow. It was expected that the time-dependent nature of
the HA behavior and the frequency of the motion affect the HA solutions (the same as in
section 5.2.2.2). Fig 5.16 shows the non-dimensional velocity profiles’ amplitudes along the
non-dimensional channel width for different HA solutions at different frequencies along the
Const Channel. Similar behavior with a less than 1% difference is visible for the different
experimental conditions, except for Fluid 4 at frequency of 2.03 Hz, with a 4% difference.
The amplitudes of Fluid 3 were similar to those of Fluid 2.

Fig 5.16. Non-dimensional amplitude ( Amp, ) in Const Channel width for HA

solution with 3 mg.ml™ concentration at F-2 (blue circle), and F-0 (blue square),
HA solution with 5 mg.ml™ concentration at F-0 (black square), F-1 (downward
black triangle), F-2 (black circle); Moving wall is at 1
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Because of the high De numbers (Table 5.4), it was expected that the frequency affected the
HA solution flow behavior. However, in contrast to the HA solution behavior under UH-PF,
the velocity profiles were not affected by the frequency of motion or the HA concentration.
Such disagreement is related to the difference between strain amplitudes. The strain amplitude
under the UH-CF was 8, which is much smaller than the 23-60 of the UH-PF. Based on Eq (1-
3), the Wi number is directly proportional to the strain value. Therefore, the UH-CF
measurements had significantly smaller Wi numbers compared to the UH-PF measurements.
The concentration at which entanglement formation starts for the HA solution with a
molecular weight of 1.5 MDa in PBS was reported to be 2.4 mg.ml™ [65]. Therefore, all of
the polymeric solutions in the current work were entangled. As explained earlier in section
1.4.1, smaller strain and Wi numbers are representative of a small disentanglement density
and as a result less velocity variation as a function of the frequency. Moreover, in Poiseuille
flow, the distribution of the strain along the channel width resulted in a spatial distribution of
the viscosity in the channel and different non-dimensional velocity profiles. Such a variation
for the current study of the UH-CF was much smaller compared to that of the UH-PF. The
strain amplitude at the fixed and moving walls had values of 1.5 and 8, respectively, for UH-
CF. Therefore, there was no considerable strain distribution that would cause a considerable
velocity deviation between the different measurement conditions.

Table 5.4.  Weissenberg and Deborah number values for Fluid 2 and 4

Fluid Frequency Wi De
F-0 0.23 0.35
_ F-1 0.63 0.99
Fluid 2
F-2 125 197
F-0 049 0.77
F-1 136 2.16
Fluid 4
F-2 272 430

For Fluid 4 at F-2, the particles migrated to the outer wall gradually. At the same time, some
of the particles formed string structures. Fig 5.17 shows the depleted region near the moving
wall at the end of the measurements and the trajectory of the particles away from the moving
wall. Fig 5.17 (b) was derived by extracting the maximum pixel values for a series of images
(image accumulation). The migrated particles formed a depleted layer in the vicinity of the
moving wall. This layer formed gradually and resulted in a gradual decrease in the velocity
values. The velocity profiles were derived based on an averaging of several velocity maps to
obtain reliable velocity fields at each phase. The variation of the velocity because of the
particle-depleted region near the moving wall is the reason for the different behavior of Fluid
4 in Fig 5.16.

As stated by Scirocco [73], particle string structures start to form once a sufficient degree of
shear-thinning is obtained. Then, the elasticity or wall confinement intensifies the string
formation. Since the critical shear rate value of Fluid 4 was the lowest compared to that of the
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other fluids, it shows shear-thinning behavior at lower shear rates. Upon moving toward the
moving wall, the shear rate increased. This provides a sufficient degree of shear-thinning and
a suitable condition for particle string formation inside Fluid 4 at F-2 at some point near the
moving wall.

Particle
Depleted
Region

Particle
Trajectory

. R,

Fig 5.17. HA solution with 5 mg.ml

(a) particle depleted layer and particle alignment (b) particle trajectories in the
plane of view
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The migrations of particles were enhanced upon decreasing the channel width. It was
observed that in Conv Channel, at all frequencies for Fluid 2 and Fluid 3 and at F-0 and F-1
for Fluid 4, the particles migrated if the measurement section width was smaller than 0.4 mm.
To evaluate the width of the depleted region at the end of the measurements, the last five
images of each measurement were image-accumulated (by deriving the maximum pixel
values extracted). Fig 5.18 shows examples of the depleted region width of Fluid 2 at F-2 and
F-1 and Fluid 4 at F-0.

Moving wall
5 Moving wall

Fig 5.18. Width of particle depletion regon for (a) Fluid 2 at F-2, measurement
section width of 0.37 mm, (b) Fluid 2 at F-1, measurement section width of 0.36
mm and (c) Fluid 4 at F-0, measurement section width of 0.35 mm

It was shown by D’Avino et al. [79] and Van Loon et al. [74] that wall confinement has a
significant effect on the particle migration and string structure formation. A smaller gap size
and more confinement enhance the migration and string formation. Particles are placed with
different distances from the confinement walls inside the channel. Therefore, they are exposed
to different shear rates from the walls. The variations of the shear rates around the particles
produce a normal force imbalance and particle cross-streamline migration. By decreasing the
channel size in UH-CF by keeping the frequency of the moving wall constant, the shear rate
variation around the particles increased and the particle migration was enhanced. Therefore,
in Conv Channel, a depleted region formed in the vicinity of the moving wall for almost all of
the measurement conditions, which was not the case in Const Channel.

To compare the depleted region width at different experimental conditions, the measurements
were performed at least three times, and the precision error at the 90% confidence interval
was estimated. Fig 5.19 shows the wall depletion width of the different measurement
conditions for two different phases of motion. For different experimental conditions, the mean
width of the depletion layer varied between 0.031 and 0.105 mm.
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Fig 5.19. Wall depletion width of different measurement condition at two different
phases of motion

The particle behavior at the start and end of the measurement for Fluid 4 at F-2 is shown in
Fig 5.20. A random particle distribution is visible at the start of the measurement in Fig
5.20(a). For all of the measurement sections, the particles gradually formed strings and
migrated to the inner or outer channel walls during the measurements. Fig 5.20 (b) and (c)
show the particle distributions for measurement sections of 0.7 and 0.36 mm, respectively. All
of the particles participated in the string structures.

The Conv Channel had a smaller width compared to the Const channel. Upon decreasing the
channel size, the string structure formation was increased because the shear rate increased,
which enhanced the shear-thinning characteristic of the fluid. The string formation was also
improved because of more particle collisions. Therefore, for Fluid 4, string formation also
occurred at F-1, although the length and number of the strings at F-1 were considerably lower
than at F-2. Fig 5.20(d) shows the particle distribution inside Fluid 4 at F-1 at the end of the
measurement in the measurement section of 0.32 mm. A depleted region with a 0.04 mm
width is visible.

Lormand and Philips [81] studied particle migration in a viscoelastic fluid subjected to flow in
concentric cylinders. Their viscoelastic fluid’s viscosity was higher than the HA solutions’
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viscosity of the current study. However, it had a similar shear-thinning characteristic to that of
Fluid 4. They observed that for frequencies smaller than 1 Hz, the particles migrated to either
the inner or outer wall. However, this behavior strongly depended on the characteristics of the
flow. The migration direction also depended on the particle initial position. For frequencies
higher than 1 Hz, the outward migration of the particles ceased, and the particles stayed at
regions close to the outer cylinder. However, this behavior was not captured for Fluid 4 of the
current study.

Fig 5.20. Particle distribution along Conv Channel for HA solution with 5 mg.ml™
Concentration along 0.7 mm measurement section width at frequency of 2.03 Hz at
(a) start and (b) end of the measurement (c) 0.36 mm measurement section width
at frequency of 2.03 at the end of the measurement (d) 0.32 mm measurement
section width at frequency of 1.02 at the end of the measurement
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To consider the applicability of the findings of current study, it should be noted that the
highest angular velocity inside the hip joint is 0.37 Hz [142].

5.3. Pinon disk

The frictional behavior of a UHMWRPE pin rotating against a CoCrMo disk was investigated.
The effect of dynamic loading in comparison with static loading on the lubrication
performance of different lubricants was studied. Fig 5.21 shows the mean COF for the Sin
load and the COF of the Const load at the last hour of measurements and the error bars
(standard deviation from 3 measurements).

The value of the COF suggests that the active lubrication mechanism was mixed lubrication
[61].

The difference between the steady-state and dynamic COFs was significant for the non-HA-
containing lubricants. A statistical analysis (one-way ANOVA) performed on the COF values
of the Sin and Const loads in the case of the non-HA solution lubricants led to a value of
p<0.03. However, for the HA-containing lubricants, the difference between the COFs of the
static and dynamic loadings was not significant.
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Fig 5.21. Average friction coefficients after a sliding distance of 1700 meters for all
test conditions

In the presence of DW as the lubricant, applying a dynamic load decreased the COF. When
the load was increased in the Sin load, the surface asperities came close to each other and
water was entrapped between the asperities. The water gradually depleted which built up
pressure and produced a micro-squeeze effect. The COF decreased because of the
contribution of the built-up pressure to the load supported by the fluid film.

The friction condition improved under dynamic loading in presence of DW as the lubricant.
However, the SEM images presented in Fig 5.22 shows that the surface of the CoCrMo disk
confronted more severe wear under the Sin load in comparison with Const load. Fig 5.21(a)
and (c) correspond to the CoCrMo surface after the measurement with the Sin and Const
loads, respectively. Grooves of the 2-body abrasive wear are visible for both loading
conditions, which suggest that abrasive wear was the dominant wear mechanism for both
loading conditions. For the Sin load, wear tracks are observed, which are absent for the Const
load. Based on the hypothesis suggested by Barbour et al. [143], under a high stress condition
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and constant load, the produced wear particles were trapped between the surface asperities
and were prevented from deteriorating the wear condition. However, under a dynamic load
and during the load-decreasing phase, the asperities were separated, thereby providing the
opportunity for the wear debris to slide along the surfaces and contribute to the wear.

In contrast to the DW, the micro-squeeze effect did not result in a decreased COF in the
presence of HA. The HA solution had a significantly higher viscosity than the water, and the
higher viscosity improved the hydrodynamic effect and decreased the COF. Other authors
also reported a decrease in the COF upon adding HA to the lubricant [54,61,62]. Therefore,
during the running-in period and in the presence of HA, the surfaces were effectively
separated and stayed smooth. The squeeze effect became negligible because of the lower
roughness and asperity. This decreased the variation in the COF under the Sin and Const
loads.

Fig 5.22. SEM images of CoCrMo disk surfaces after tribotesting with distilled water
as the lubricant (a) under constant load conditions at a magnification of 1500x, (b)
under constant load conditions at a magnification of 5000x, (c) under sinusoidal
load conditions at a magnification of 1500x%, and (d) under sinusoidal load
conditions at a magnification of 5000x

The diluted BCS had the highest COF. The results of many tribological studies suggest that
when UHMWPE moves against CoCrMo in the presence of a protein-containing solution, the
protein is adsorbed on both surfaces [56,58,60]. The adsorbed protein formed a bridge
between the surfaces by the rubbing of protein on protein. This increased the attraction
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between the surfaces and the friction. In the current study, by applying a dynamic load and in
the load-increasing duration, the surfaces’ asperities came closer to each other, which broke
the adsorbed protein layer and decreased the COF.

Fig 5.23 shows SEM images of the pin surfaces before and after the pin-on-disk
measurements. Fig 5.23(b), (c) and (d) show the pin surface after the pin-on-disk
measurements under constant load conditions with lubricants of DW, HA solution in PBS and
diluted BCS, respectively. Fig 5.22(d) shows that in the presence of protein, the pin surface
was totally protected. However, for the DW or HA solution in PBS, the tracks of the sliding
direction are visible. The ripple-shaped tracks could be created via abrasive wear or, as
mentioned by other authors, as a result of plastic strain accumulation [144]. As stated by other
theory under unidirectional motion, these ripples formed a result of polymer chains
orientation due to exerted friction forces at the polymer surface [145,146]. This suggests that
the pin and disk surfaces made contact.

In the presence of HA in the diluted BCS, the COF was significantly decreased compared to
without the HA, and the variation between the COFs of the Const and Sin loads disappeared.
Results of a Study by Serro et al. [147] showed that in presence of HA, albumin adsorption on
UHMWRPE surface decreased. Therefore, by adding HA to diluted BCS, the friction behavior
moved towards HA solution in PBS frictional behavior and COF decreased.

Fig 5.23. SEM images of the UHMWPE pin surface (a) before pin-on-disk
measurements and after pin-on-disk measurements under constant load conditions
with (b) distilled water, (c) HA solution 3 mg.mlI™* concentration in PBS and (d)
diluted BCS; the arrows show the sliding direction
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Chapter 6

CONCLUSION

Studying wear particle distribution patterns in hip implants can help uncover solutions for
minimizing third-body wear and improve the implant design. The present study focused on
developing and validating an experimental procedure for investigating artificial SF behavior
and effective parameters on polymeric particle distributions within non-Newtonian
viscoelastic bio-fluid. The most important findings of the present work are as follows.

- A comparison between steady-state Poiseuille flow velocity profiles with unsteady
harmonic Poiseuille amplitudes of velocity profiles shows that laws applied to the
steady condition for non-Newtonian fluid are not applicable for oscillatory conditions.
Flows within hip implants are subjected to oscillatory motion. Due to the time
dependent behavior of the HA polymeric chain, it is not possible to estimate SF
behavior based on its steady state rheological behavior.

- Strain amplitudes, distributions and rates affect HA solution behavior under oscillatory
conditions. Strain amplitudes and distributions have stronger effects on non-
Newtonian viscoelastic flow behaviors than strain rates. The time dependent behaviors
of HA solutions are enhanced at high strain values corresponding to non-linear
viscoelasticity.

- Increasing HA concentrations directly increases particle alignment and migration.

- Adding proteins to the HA solution did not affect steady state flow behaviors. Under
unsteady oscillatory conditions, the effects of protein were only visible under non-
linear viscoelastic conditions.

- Competition between elastic and shear-thinning forces of HA solutions determine
particle migration behavior in linear viscoelastic condition.

- Wall confinement has significant effects on particle migration and alignment, as it
increases fluid shear-thinning and elasticity.

- Under oscillatory Couette flow, particles migrated to either both walls or to the outer
wall. The migration behaviors of particles are dependent on the HA concentration and
motion frequency. For strain rates in hip implants (0-0.37 Hz), particles always
migrated towards the outer wall. This suggests that inside hip implants, wear particles
are mostly concentrated close to the polymeric liner rather than to the metallic ball.
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Under oscillatory Couette flow condition, the results showed that the movement of
articulating surfaces within tank of fluid significantly affects flow inside the channel.
The joint capsule acts as a fluid tank. When examining SF behavior within a joint gap,
considering the effects of fluid stored in the capsule is crucial.

The friction behaviors of the UHMWPE under dynamic and static loads were studied
using the pin-on-disk. Dynamic loading did not affect friction when the lubricant
contains HA and for lubricants without HA, coefficients of friction increase under
static loading compared to dynamic loading.
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Chapter 7

FUTURE WORKS

Present study focused on developing a procedure for investigating bio-fluid behaviors and
bio-fluid-particle interactions and on characterizing effective parameters. To obtain practical
results from such measurements, a number of parameters must be considered in future work.
As our results reveal the importance of geometrical parameters, it is necessary to improve the
experimental model towards more spherical shapes (similar to hip implants geometry).

While we performed 2-dimensional measurements, to fully understand particle-specific
behavior within non-Newtonian viscoelastic fluid, 3-dimensional measurements must be
conducted.

In micro-PIV model to simplify our experimental conditions, effects of loads were not
considered in the present work. However, normal forces play a key role in implant
performance. It is vital to consider normal loads in the future measurements to obtain more
realistic results.

The main purpose of designing the present experimental work was to understand particle in
correct size range behavior within hip implants. Wear particles within hip implants are mostly
derived from UHMWPE. It would be interesting to investigate the effects of in-vivo produced
particles on particle-fluid interactions (or particles produced by hip simulators).

Effects of the fluid tank on channel flows during Unsteady Harmonic Couette Flow
measurement were not proved through experimental evidence. As the micro-PIV could not
generate data for that region, a numerical simulation must be carried out to validate the
experimental results. Moreover, by complicating the experimental conditions in future works,
a numerical simulation would be beneficial for more thoroughly understanding the physics of
fluid and particle behaviors.
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ABSTRACT

One of the most common causes of failures in total joint replacements is the generation of wear particles
within the joint. This contributes to bone lost and aseptic loosening of the implant, eventually requiring its
replacement. Many studies have been carried out to improve the wear characteristics of bearing surfaces in
total joint replacement. From the lubrication point of view, the friction behaviour of surfaces and rheology
of the joint lubricant (synovial fluid) have been extensively studied. However, little attention has been
paid to the interaction between the lubricant and the bearing surfaces. The aim of this study is to develop
a methodology for studying the behaviour of bio-based lubricant in mini-channels. For this purpose,
micro-particle image velocimetry was used in order to characterise the lubricant behaviour. Channels
made of relevant materials such as ultra-high molecular weight polyethylene, cobalt—chromium—
molybdenum alloy and titanium—aluminium—vanadium alloy with 1 and 1.5 mm width, 45 mm length
and 2mm depth were experimentally investigated. Results suggested that the used polymeric solution
interaction with solid surfaces is very sensitive to the polymer concentration in the lubricant. Moreover,
it was observed that there exist differences between water (Newtonian reference fluid) and the polymeric
solution behaviour even at very simple movements; although usually, the properties of this lubricant at
high shear rates are estimated by water properties. Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

Total joint replacement (TJR) is one of the most successful surgical procedures of the 21st century. In a
conventional hip implant, ultra-high molecular weight polyethylene (UHMWPE) is used as polymeric
liner in acetabular cup, and the counter surface (femoral head) is made of hard materials such as
cobalt—chromium alloy or ceramics such as alumina. Wear particles are produced during the lifetime
of the implant when the polymeric liner meets the hard surface of the femoral head, which makes
increasing TJR lifetime an important challenge. One of the major causes of failure in total joint
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arthroplasty is bone lost (osteolysis) initiated by these wear particles.' In addition to improving the
wear resistance of the bearing surfaces to reduce wear, wear debris distribution mechanism within
the joint gap should also be thoroughly investigated. These particles are distributed through the joint
lubricant called synovial fluid; a non-Newtonian viscoelastic shear thinning fluid??> and the distribution
mechanism totally depend on behaviour of this fluid.

Synovial fluid is dialysate of blood plasma. Its composition consists of water, protein and hyaluronic
acid (HA). Synovial fluid contains less protein compared with plasma. In healthy synovial fluid, the main
proteins are usually albumin (7mgml~') and y-globulins (11 mgml™"). Other proteins exist in very
small amounts. However, the concentration increases in diseased synovial fluid.>? Key molecules of
synovial fluid for lubrication are lubricin proteoglycan (0.05-0.35 mgml '), hyaluronan (1-4 mgml ")
and surface active phospholipids (0.1 mgml~—").*> HA controls the water content and viscosity in the
synovial fluid.° The molecular weight of HA in a healthy synovial fluid is 6.3-7.6MDa’ and exists at
a concentration of 1.45-4.22mg ml~!. However, its molecular weight and concentration decreases to
the order of 1.06-6.8 MDa and 0.19-3.61 mgml ™!, respectively, for diseased synovial fluid of osteoar-
thritis or rheumatoid arthritis.®> The rheological properties of synovial fluid depend on molecular weight
and concentration of HA content plus interactions between HA and protein chains.

Sodium hyaluronate (NaHA) is a sodium salt of HA and a linear biopolymer.® To understand the
behaviour and rheological properties (non-Newtonian and viscoelasticity) of HA, different studies were
carried out on NaHA in solution form.*'* Results contained plots of viscosity versus shear rate for
different solution concentration and plots of viscous and elastic dynamic modulus versus frequency that
quantify non-Newtonian and viscoelasticity behaviour, respectively.>'! The results suggested that
viscoelastic behaviour of HA in synovial fluid is not significantly affected by its protein content.
However, the rheopexy of HA is related to complex interaction between HA and protein chains.'*
Studies also show that at very high shear rates, HA content solution properties are similar to water
properties.®* ! In most numerical simulations of joints and implants, synovial fluid properties are thus
replaced with water properties.'>!’

Therefore, suitable method to investigate the behaviour and influence of HA on water-based
solution behaviour in comparison with water in channels is of importance from a fluid rheological
and the surface liquid interaction point of view.

Several methods have been applied for studying biological fluids such as laser Doppler velocimetry,
double-slit photometric, laser speckle techniques, etc.'® These techniques provide point information in
the plane of study. Particle image velocimetry (PIV) is capable of providing high spatial and temporal
resolution for the whole measurement volume. Furthermore, PIV is able to work at milli-scales or
micro-scales, an important feature for studies in biological fields. The quasi non-intrusive nature of
micro-PIV method and the capability of applying it in both two-dimensional and three-dimensional
studies are additional advantages of this measurement method.'®?° Blood was the first biofluid to
be extensively studied by PIV or micro-PIV methods.'®?**' Another recent application of PIV is
the study of human joint lubricant behaviour. PIV was used to provide validation information for
numerical simulation of wear mechanisms in hip implants. This numerical simulation was developed
based on a new hypothesis of wear initialization after TJR.>* Micro-PIV together with birefringence
was recently employed in order to develop a new diagnosis technique for joint diseases.'* Based on
these studies, the PIV method can be applied as a reliable technique for providing information
regarding joints, joint implant fluid flow and fluid—solid surface interactions in these implants.

One of the areas of interest in the subject of fluid—solid surface interaction is flow slip on solid
surface phenomenon. Although no-slip condition is accepted to be valid at macro scale for Newtonian
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fluid, recent studies have challenged the validity of this condition at micro-scales. For a review on the
studies of slip condition of Newtonian fluid, refer to the literature.>>2* These studies focused on the
behaviour of water against hydrophobic and hydrophilic surfaces. This method was later applied to
investigate the rheology of a non-Newtonian fluid solution of polyethylene oxide in deionised water
to investigate the slip and shear stress behaviour of complex fluids near hydrophobic and hydrophilic
surfaces.?>%¢

In the present study, the effect of HA on the fluid behaviour versus water in mini-channels with
walls of different materials (similar to materials used in TJR) was investigated in the milli-scale.

As a first step, degassed water flowing in a straight mini-channel was studied with micro-PIV
method and the velocity profiles compared with analytical solution as a validation process. Several
issues to assess the quality of the measurements were addressed. The validated methodology was used
to study the behaviour of HA content solutions and different parameters affecting this behaviour.

MATERIAL AND METHOD

Experimental set-up

Micro-PIV working principle is the same as PIV, apply at small length scale. In PIV method, tracing
particles are added to the fluid and illuminated with a monochromatic light such as laser in a light sheet
to reduce the background noise. By acquiring and cross-correlating sequences of images from the
tracing particles in the light sheet, the velocity distribution within the plane of study can be estimated.
In micro-PIV, volume illumination is required due to the microscopic length scale and optical access
limitation. The system consists of an illumination source and a charge-coupled device camera mounted
on a microscope. The illumination source can be continuous or pulsed. Pulsed illumination sources are
usually Nd:YAG laser or LED system.'*’

The system used consisted of a double pulsed micro-strobe, a high-speed double frame charge-coupled
device camera with spatial resolution of 1280 x 1024 pixel per frame mounted on a microscope with four
magnifications (5x, 10x, 20x and 40x). Figure 1 shows a schematic view of the micro-PIV system used

Figure 1. Schematic view of a micro-particle image velocimetry set-up.
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for the measurements. The two pulses had the same time duration, between 50 and 90 ps, based on the
micro-strobe power and the fluid speed. The time between two pulses was set as a function of the
Reynolds number (Re) (Equation (1)), 200, 600 and 900 ps from the highest Re number to the lowest,
respectively.

Re = pUD,/u (1)

where p is the density, U is the mean velocity, ¢ is the dynamic viscosity of the fluid and D), is the
hydraulic diameter.

A syringe pump ‘KDS 410 (KD Scientific Inc. Holliston, Massachusetts, USA)’ was used for
pumping the liquid with different flow rates through the experimental model. It has 2% accuracy in
providing defined flow rate.

A mini-channel was designed and constructed to investigate the effects of different materials and
channel sizes on HA behaviour. The channel consisted of three different parts as shown in Figure 2;
a Plexiglas plate (back plate) allowing light to travel through the model, a front plate with a glass
window for optical access and a middle plate consisting of a steel frame capable of holding bars of
different materials. Two different channel widths, 1 mm (hydraulic diameter of 1.33 mm) and 1.5
mm (hydraulic diameter of 1.71 mm), were manufactured and investigated. The depth and length of
both channels are 2 and 45 mm, respectively. Hereafter, the 1 mm width channel is named Channel
1 and the 1.5 mm width channel is named Channel 2.

Bars’ material was chosen similarly to the one usually used in TJR: UHMWPE, cobalt—
chromium-molybdenum alloy and titanium-aluminium-vanadium alloy. The sides of the bars in
contact with the fluid were polished to achieve a mirror-like surface. Table I presents the surface
roughness of the tested materials.

Figure 2. Experimental model.
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Table I. Roughness of different material of the bars.

Roughness (Ra in pm)

Material 1st bar 2nd bar
UHMWPE 0.362 0.342
Cobalt—chromium 0.075 0.073
Titanium 0.159 0.162

UHMWEPE, ultra-high molecular weight polyethylene.

Experimental fluids and particles

As mentioned earlier, degassed water was tested first. The other experimental fluids were selected to
characterise a simplified and similar composition as the joint lubricant.

After the TIR surgery, joint lubricant is called periprosthetic fluid. Although there are not many stud-
ies on the composition of this lubricant, available studies suggest that the composition of this liquid is
similar to the synovial fluid.® In order to have a simple fluid composition with similar viscosity to the
periprosthetic fluid, two solutions of HA with molecular weight of 1.5MDa (Lifecore Biomedical,
Mineapolis, Minnesota, USA) and concentration of 3mgml~' in phosphate buffer saline (PBS) with
0.15M concentration (Sigma Aldrich, St. Louis, Missouri, USA ) and mixture of 75% PBS and 25% bo-
vine calf serum (Sigma Aldrich 12133C) were studied. For investigating the polymeric behaviour of HA,
a more concentrated solution of 5 mgml~! HA solution in PBS was also tested. HA was dissolved in the
liquid (PBS or 75% PBS +25% serum) at room temperature by gently shaking it for 15h on a mini-
shaker, which provided circular rocking and three-dimensional motion.

The fluids were characterised in a rheometer (Bohlin CVO, Malvern Instruments Ltd., Malvern,
Worcestershire, United Kingdom) at 25°C under shear rate control (0.05-1570 1s~') to obtain the
variation of the viscosity versus the shear rate which can be used to derive the shear stress distri-
bution based on following equation:

T=pty 2

where 7 and y represent shear stress and shear rate, respectively. Figure 3 shows the viscosity
versus the shear rate profile.

~~PBS+3 mg/ml HA
~-25%PBS+75%Calf Serum+3 mg/ml HA
~-PBS+5 mg/ml HA

S

Viscosity (Pas)

1025 | 2 o o
10 10 Shear Rate (1/5) 10 10

Figure 3. Viscosity changes versus shear rate profile for hyaluronic acid (HA) solutions derived from
rheometer measurements. PBS, phosphate-buffer saline.
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The flow rates in Channel 1 were chosen to produce maximum fluid velocity in the same range as in
a hip implant based on published studies.'®'”-*® The flow rate in Channel 2 was chosen to have the
same Re as the Newtonian fluid (water) in Channel 1. Three Reynolds numbers were chosen: 7.78,
23.33 and 64.17. Flow rates corresponding to these Re are respectively 0.7, 2.1 and 5.775 mlmin ' for
Channel 1 and 0.82, 2.45 and 6.74 mlmin~" for Channel 2. For non-Newtonian fluids, these flow rates
were applied, although the Reynolds numbers are not identical. Each measurement was carried out three
times to investigate the repeatability. Table II presents a summary of the different cases investigated.

The quality of the acquired data from micro-PIV strongly depends on the seeding particles. The
following parameters affect the performances of the particles: visibility, size and density of the particles.

Suitable particles for water are polystyrene particles, which have a density of 1-1.05gcm .
Magsphere particles were chosen for this study (Magsphere, Inc., Pasadena, California, USA). These
particles contain 0.05% anionic surfactant, which prevents them from agglomeration, a major problem
with these types of particles.

A requirement for good micro-PIV measurements is that particles must follow the fluid motion,
which could be challenging if due to sedimentation or Brownian effects, particles do not follow the
fluid track. In order to solve the sedimentation effect, particle density must be close to the fluid density,
and the size of the particles must be kept reasonably small. However, small particles between 50 and
500nm at low velocities will be affected by Brownian motion. On the other hand, the particle size
should be in the order of 3—4 pixels. In the current study, particles with sizes of 2 and 5 um were
chosen for magnification of 20 and 10, respectively.

According to Stoke’s drag law, if the density of the particle is different from the liquid density, the
induced velocity of the particle due to gravitational forces is'?

v —d2 (pp _pl)
= N 7

TR 3)

Table II. Different measurements conditions.

Copyright © 2015 John Wiley & Sons, Ltd.

Fluid Fluid Name
Water Fluid-1
PBS +HA 3mgml ™" solution Fluid-2
75% PBS +25% serum +HA 3 mgml™" solution Fluid-3
PBS +HA 5mgml™" Solution Fluid-4
Channel width Channel name
1 mm channel width Channel 1
1.5 mm channel width Channel 2
Bar material Bar name
CoCrMo Bar-1
UHMWPE Bar-2
TiAIV Bar-3
Flow Reynolds number (Newtonian) Flow name
Re=7.78 Re-1
Re=23.33 Re-2
Re=64.17 Re-3

PBS, phosphate buffer saline; HA, hyaluronic acid; CoCr, MoCobalt Chromium Molybdenum alloy;
UHMWPE, ultra-high molecular weight polyethylene; TiAlV, titanium aluminium vanadium alloy.
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where p is the density, d is the diameter and u is the dynamic viscosity. The p index refers to particle,
while [ refers to liquid. The particle response time is'®
2
oGP
P18y

“

From the aforementioned equations, the response time of a 2 and 5 um diameter particle is about
2.3x 1077 and 0.1x 1077 s, respectively. These time scales are much smaller than the liquid time scale
(% =4.67.107" s). Therefore, these particles will follow the flow variations. The induced velocity of a
2 and 5pm diameter particle was calculated to be 1.1x10™* and 6.9x 10~*mms~!, respectively.
Therefore, these particles will not face any sedimentation problems.

As mentioned in Raffel e al.,"” the Brownian effect will become significant for particles with diam-
eters of 50 to 500 nm and velocities below 1 mms™'. This effect will cause an error in the estimation of
the velocity. The error can be determined using the following equations:'”

1 2D

& =—\/—

u\ At

1 2D

& =—\/—

YvV A

where u and v are the fluid velocities in the x and y directions, respectively (Figure 5). At is the time

interval (the time between frames or images) and D (diffusion coefficient of the particle) is calculated
from the following equation:'”

S)

KT,
~ 3muyd,

6)

where K is the Boltzmann’s constant and 7; is the liquid absolute temperature. The Brownian error
equation shows that by increasing the time interval, the Brownian error decreases. This puts a
lower limit for the time interval.'"” The smallest time interval in the current measurements was
200 s (for highest flow rate). By having the velocity as small as 0.47mms ', which happens
for water within less than 15 um distance to the wall, the Brownian error is 5%. Therefore, the
Brownian error should be larger than 5% for near-wall velocity. However, since particles near wall
are influenced by the no-slip boundary condition, these equations are not valid in that distance, and
correction factors are required. Brenner ef al. solved the Navier—Stokes equation for creeping flow
and provided a correction factor for normal Brownian diffusion.?’ Goldman er al. also derived a
correction factor for tangential Brownian motion.>® Combination of these two factors suggests
Brownian motions cease at wall.”'

Measured water velocity profiles in the experimental model were validated with the theoretical solution
of Poiseuille flow in a rectangular channel where (w > ), obtained from the following equations:*>

/2w h
0 =2 [ dyldzv(y,2)
02 0 (7)
wAp > 1192 h w
1— ———— tanh (mr —)
12uL noqa > ™ W 2h
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y
o 4h2Ap o 1 - COSh(nTL' E)

ULy oha 1 cosh (mr K) (8)

2h
* sin (mr E)
h

where Q is the flow rate, i, w and L are channel width, height and length, respectively, (Figure 4) and Ap is
pressure difference. The error percentage for the current dimension of w/h=2 is 0.2%.

RESULTS

Water measurements

The size of the interrogation areas used for the data analysis was 16x 128 and 32 x 128 pixels for a
magnification of 10 and 20, respectively. The interrogation area size was selected to have at least eight
particles in the frame'® and also to get as close as possible to the wall.*> Analytical solution showed
that in Couette flow, particles motions always have a lag compared with the fluid. This phenomenon
is enhanced near the wall, and particles do not follow the fluid movement near the surface. For
distances larger than two times the particle diameter, the velocity lag is below 1%. The analysis plane
borders were placed at a distance twice that of the particle diameter from each side wall to avoid the
high error region. Therefore, the first velocity vector is placed about 20 and 14 um away from the wall
for 10 and 20 magnifications, respectively.

For the frame size of 1280 x 1024 pixels (1.54 x 1.24 mm), 15 velocity profiles were derived along
the channel as shown in Figure 5. In order to increase the statistic near the wall, the velocity profiles
shown later are the average of 10 middle velocity profiles along the channel width. Distance between
each two neighbour profiles is 80 pm.

Several aspects of the method were investigated in order to develop a reliable methodology: minimum
number of images to get a reliable value of the velocity, repeatability of the results, influence of the
magnification and comparison of the experiment to the exact analytical solution.

Figure 4. Schematic view of the rectangular channel, L, h and w represents channel length, width and
height, respectively.
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Figure 5. Velocity map of Channel 1, cobalt—chromium-molybdenum alloy bars, Reynolds number 23.33.

To determine the number of images required to get a stable mean value, 1000 images were captured,
and the accumulated mean value was evaluated. Comparison of the results for most middle velocity
profile with theoretical results showed that at least 300 images were required to get a variation of
the mean velocity below 0.5%.

In order to assess the quality of the measurements, a comparison with theory was performed.
Velocity profiles along the channel width were made non-dimensional by dividing them with each
profile maximum velocity. Figure 6 shows the experimental and theoretical dimensionless profiles;

V/Vmax
<
wn
T

N
'S
T

03+

—Numerical
—e—Experimental (Channel-1,Fluid-1,Bar-1,Re-2)
1 1 1 1

1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Non-Dimensional Channel width

Figure 6. Channel 1, cobalt-chromium—molybdenum alloy bars, Reynolds number (Re) 23.33: non-
dimensional velocity profile theory—experiment adjustment.
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the difference is below 1%. In order to investigate fluid behaviour on the solid surface, velocity
profiles need to be extrapolated. However, according to Neto er al.,> the slip length of deionised
water near a hydrophobic surface is around 100 nm; this length is lower for water flow on hydrophilic
surfaces. These dimensions are far beyond the accuracy of our measurements, so no special
behaviour is visible for water measurements.

The compatibility of the results between different magnifications was also addressed. Figure 7
presents results with two magnifications: 10 and 20. The difference is about 1%. This shows that there
exists reliable compatibility between different magnifications’ results, and for closer look at fluid
behaviour near wall, velocity profiles derived from measurements with 20 magnification will be
considered.

Hyaluronic acid behaviour

The following section contains velocity profiles of different HA solutions. The object is to investigate
the effect of the channel dimension, bar material, HA—protein interaction and HA concentration on the
velocity profiles.

Newtonian versus non-Newtonian fluid

Measurements of the velocity with micro-PIV are repeated three times with magnifications of 10 and
20 for Channels 1 and 2 with different materials. Four hundred acquired images were used to derive the
velocity profiles.

Figures 8 and 9 present velocity and shear rate profiles, respectively, in the middle of the channel
along its width for both water and a HA solution of 3 mgml~" in PBS. The shear rates are derived from
a fourth-order polynomial fit on the experimental results. The HA solution is a non-Newtonian liquid
with higher viscosity compare with water, producing a blunter velocity profile. For the Newtonian

Figure 7. Channel 1, cobalt—-chromium—molybdenum alloy bars, Reynolds number (Re) 23.33: average
velocity profile of 10 and 20 magnification adjustment.
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Figure 8. Channel 1: cobalt—chromium—molybdenum alloy bars average velocity profiles of water and
hyaluronic acid solution in phosphate buffer saline with 3 mg/ml concentration at Reynolds number (Re)
23.33 and 64.17, (a) velocity profiles in ms™" and (b) non-dimensional velocity profiles.

fluid, all non-dimensional velocity profiles are compatible with each other. However, increasing the
flow rate for the non-Newtonian fluid gives a blunter non-dimensional velocity profile.

This result illustrates the spatial variation of the HA solution viscosity. For the Newtonian
fluid, the shear rate along the channel width changes linearly. This is representative of its
parabolic velocity profile. However, there is a non-linear trend for the non-Newtonian fluid,
and by decreasing the flow rate, the non-Newtonian shear rate profile leads towards possessing
a more linear profile. The experiments were designed to have a maximum fluid velocity similar
to hip joint maximum fluid velocity; acquired shear rates are smaller compared with what is
usually considered for the real hip joints. At very high shear rates, the synovial fluid shows
Newtonian behaviour with constant viscosity at a value close to water. As the main goal of
the present study is to investigate the non-Newtonian fluid characteristic on the flow behaviour
and the fluid-solid surface interaction, very high shear rates near solid surface are not
favourable and avoided.
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Figure 9. Channel 1: cobalt—chromium—molybdenum alloy bars average shear rate profiles of water
and hyaluronic acid solution in phosphate buffer saline with 3 mgml~' concentration at Reynolds number
(Re) 23.33 and 64.17.

HA-protein interaction

As stated in previous studies, complex interactions between the HA chain and the protein provides
the rheopectic behaviour for synovial fluid.'"* In order to investigate whether this interaction has
an effect on the behaviour of HA solution in the channel, velocity profiles of HA solution in PBS
and HA solution in 75% PBS and 25% calf serum are presented dimensionless at different flow rates
in Figure 10.

The capturing time for 400 images is about 45s. Adding protein to the HA solution with
concentration of 3mgml~! does not change its flowing behaviour and shear stresses during this
small amount of time.

Channel size effect

Since the viscosity of non-Newtonian fluids is shear dependent, under constant measurement
condition, Re of these fluids are different from Newtonian one. Calculating Re of a non-Newtonian
fluid is a complex procedure.*® As explained earlier in this study, the Newtonian Re is kept constant
for the measurements conducted in different channel sizes, and flow rates corresponding to these
Reynolds numbers for Newtonian fluids are also applied for non-Newtonian fluids. Therefore the
Re of the non-Newtonian fluid is not the same for different channel sizes. Figure 11 shows non-
dimensional velocity profiles along the non-dimensional channel width for Channels 1 and 2.

Channel 1 shows blunter non-dimensional velocity profiles. This difference is very insignificant.
However, it suggests that under this situation, the non-Newtonian fluid does not have same behaviour
in two channels.

Bar material effect

Slip of the flow near hydrophobic surfaces increases, which can cause an increase in flow rate com-
pared with Poiseuille flow and consequently increment in velocity profile.>' Therefore, changes in
velocity profile derived from channels with different degree of hydrophobicity (UHMWPE or
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Figure 10. Channel 1: (a) cobalt-chromium—molybdenum alloy bars and (b) ultra-high molecular weight

polyethylene bars, non-dimensional average velocity profiles of hyaluronic acid solutions with 3 mgml

concentration in phosphate buffer saline and mixture of 75% PBS +25% calf serum at different Reynolds
number.

cobalt—chromium—molybdenum alloy)* surfaces show the effectiveness of the slip on different
surface materials. Figure 12 shows the velocity profiles in channels with different material bar.

Results present a difference below 1% in velocity magnitude for channels with UHMWPE bars
compared with the other two channels bars. This suggests that the slip flow effect is negligible
compared with the channel size.

HA concentration effect
Polymer solution behaviour strongly depend on the concentration of the polymer in the solution as

mentioned in the literature;?>*® increasing the concentration provides more slip flow behaviour.
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Figure 11. Channel 1 and 2: (a) cobalt—chromium—molybdenum alloy bars and (b) ultra-high molecular
weight polyethylene, non-dimensional average velocity profiles of hyaluronic acid solution with 3 mgml ™"
concentration in phosphate buffer saline at Reynolds number (Re) 23.33 and 64.17.

More concentrated solutions enhances the special polymeric behaviour of the HA. HA solution of
5mgml~! in PBS was tested and compared with that of 3mgml~' concentration one. This incre-
ment in concentration may specifically lead to slip flow on the walls. Figure 13 presents velocity
profiles of HA solutions in PBS for Channel 1 and two different channel bar materials. By
extrapolating the velocity profiles, behaviour of the fluid near the wall can be investigated. These
results show that the behaviour of higher concentrated HA solution near solid wall is different from
the lower one and the velocity does not reach zero at the wall. This situation is enhanced near
UHMWPE, which is both hydrophobic and rougher.

Figures 14 and 15 provide a closer look at the situation near the wall for two different HA concentra-
tion solutions and water. These velocity profiles are derived with magnification 20x, which improves the
spatial resolution by a factor of 2.
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Figure 12. (a) Channel 1: different material bars, Reynolds number (Re) 64.17 and (b) Channel 2: different
material bar, Re 23.33 non-dimensional average velocity profile.

Figures 13-15 results show that the wall slip is an apparent phenomenon for the higher
concentration HA solution especially near a hydrophobic surface. For the HA solution with
3 mg/ml concentration, the wall slip near the most hydrophobic (UHMWPE) surface is negligible.
Near other surfaces, this HA solution behaves mostly like water, and the slip phenomenon may
occur; however, its magnitude is beyond the accuracy of our measurement set-up and could
not be captured.

Figures 16 and 17 show shear rates along channel width for two different concentrations of HA
solution in channels with two different bar materials.

These two figures show that although for higher concentration of the polymeric solution, slip
behaviour enhances, slip length is still negligible compare with channel length and the velocity profiles
in channels with different bar materials are not different significantly. Both the shear rate and the
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Figure 13. Channel 1: average velocity profiles of hyaluronic acid solutions in phosphate buffer saline with
3mg ml~! and 5 mg ml~' concentration at Reynolds number (Re) 23.33 and 64.17, (a) cobalt—chromium—
molybdenum bars velocity profiles in ms™", (b) cobalt—chromium—molybdenum bars non-dimensional
velocity profiles and (c) ultra-high molecular weight polyethylene bars non-dimensional velocity profiles.
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Figure 14. Channel 1: cobalt—chromium—molybdenum alloy bars Reynolds number (Re) 23.33, non-
dimensional average velocity profile.
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Figure 15. Channel 1: ultra-high molecular weight polyethylene bars Reynolds number (Re) 23.33, non-
dimensional average velocity profile.

corresponding viscosity are higher near channel walls for higher concentration solution, resulting in
higher wall shear stress.

DISCUSSION

This study focused on steady state flow behaviour of biopolymer solution inside a mini-channel. Com-
position of this solution is similar to artificial joints’ lubricant. The final goal is to investigate the fluid
non-Newtonian characteristic effect on velocity distribution and fluid—solid interaction inside the
channel.
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Figure 16. Channel 1: Reynolds number (Re) 23.33, average shear rate profiles along channel width of
cobalt—chromium—molybdenum alloy and ultra-high molecular weight polyethylene bars.

Figure 17. Channel 1: Reynolds number (Re) 64.17, average shear rate profiles along channel width of
cobalt—chromium-molybdenum alloy and ultra-high molecular weight polyethylene bars.

Dependency of the viscosity on shear rate in HA solutions is the key factor in different behaviour
between Fluid 1, 2 and 4. These shear thinning fluids have three characteristic regions:*

- low shear rate plateau where at low shear rates the fluid behaves as Newtonian;

- shear thinning region where the viscosity decreases by increasing shear rate; and

- high shear rate plateau where at very high shear rate, the fluid behaves as Newtonian again with
viscosity similar to the solvent viscosity.
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Figure 3 shows low shear rate plateau and shear thinning region. Most frequent equation
applied for quantifying the polymer behaviour in shear thinning region is the power law model as
Equation (9).37

p=my"! )

The aforementioned equation is a line fitted on the shear thinning region of the double logarithmic
plot of the viscosity—shear rate. n—1 is the slop of the line, and # is called the power law index. m is the
consistency index, the intercept of the line with the shear rate of 1 1/s. Power law indices of the Fluid 2
and Fluids 4 are 0.685 and 0.469, respectively.

In a circular tube, the Newtonian shear rate distribution is known as an apparent shear rate of a non-
Newtonian fluid with the same flow rate. The relation between an apparent and true wall shear rate in a
rectangular cross section is as in Equation (10):**

2n+1

Virue = 3—l’l Vapparent (10)

Since in current study the first velocity vector is placed 20 pm away from the wall, wall shear rate
is unknown. However, comparing the nearest shear rate to the wall presented in Figure 9 with the
shear rate calculated from Equation (10) shows if this relation is applicable for near wall shear rates
or not. Closest shear rate to the channel wall for Channel 1 and Fluid 1 at Re-2 and Re-3 are 142.8
and 402.6 1/s, respectively. At Re-2, the true shear rates for Fluid 2 and Fluid 4 derived from Equa-
tion (10) are 159 and 180.3 1/s respectively. These values have 2% for Fluid 2 and 5% for Fluid 4
differences from the values showed in Figure 16. At Re-3, the differences between the predicted
shear rates from Equation (10) with the shear rates shown in Figure 17 are 6% and 5% for Fluid 2
and Fluid 4, respectively. Since the pump accuracy is 2%, parts of these differences are related to
the systematic errors.

To investigate the effect of the channel size on the non-Newtonian behaviour of the solution, non-
Newtonian Re should be quantified. For the fluid following the power law behaviour, Delplace derived
Equation (11) as a generalised Re number for flow inside a duct with arbitrary cross section:>’

pU> "Dy
m{(24n + &)/ (24 + En}e!

Y

Regeneral =

where ¢ is geometrical parameter that depends only on the cross-sectional shape. For Channel 1 and
Channel 2, this parameter has values of 7.774 and 7.238, respectively.

Based on aforementioned equation, Fluid 2 has Re of 0.74 and 0.63 for Channel 1 and Channel 2,
respectively, while these values for Fluid 4 are 0.26 and 0.2. This suggests that keeping
Newtonian Re constant for different geometries results in higher Re discrepancy for shear thinner
fluids (smaller n value).

The entanglement conditions of the current HA solutions were not studies. However based on a
previous study, for HA solutions in PBS with molecular weight of 1.5 MDa, the entanglement concen-
tration is 2.4 mg ml~ ! Therefore, it can be concluded that there are entanglements between HA
chains of both Fluid 2 and Fluid 4. Results of adding protein to HA solution show that under
steady-state situation, the biopolymer solution behaviour relies mostly on the HA concentration rather
than the solvent—polymer interaction. This behaviour was also reported before that protein content

Copyright © 2015 John Wiley & Sons, Ltd. Lubrication Science 2016; 28:221-242
DOI: 10.1002/1s



240 A. SAFARI, N. EMAMI AND M. J. CERVANTES

effect on the rheological behaviour of the HA solutions is considerable at HA solutions with concen-
tration lower than entanglement concentration.*® Oates ez al. showed that different HA solution rheo-
logical behaviour in the presence of protein is due to the protein agglomeration. Protein agglomeration
form at quiescent condition and high shear rates retard this procedure.'® Therefore, under shear rates of
this experiment, these structures do not form.

To investigate the slip behaviour near channel wall, most studies extrapolated the velocity profiles to
the channel walls.>***! However, this method is not found accurate enough and applicable in the
current study to investigate the wall-slip behaviour. The nearest reliable velocity vector distance from
the wall is placed 14 to 20 pm away from the wall. Therefore, it is not possible to judge based on the
available data what is the velocity situation at the wall.

CONCLUSION

A methodology for studying bio-based fluid in mini-channels was developed by investigating different
factors such as tracing particles, repeatability, theory-experiment and different magnifications
adjustment. The HA solution behaviour away from the wall is irrelevant to the material of the solid
walls. Moreover, although protein interaction with the HA chain changes the viscosity of the non-
Newtonian fluid, it does not affect the behaviour of the HA solution in a duct channel. Increasing
the solution concentration from 3 to Smgml~' considerably enhances the polymeric behaviour of
the solution. For the flow in channel, there are definite differences between water and the HA solution
behaviours especially at small scales (micro scales) even at low concentration.
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ABSTRACT

One of the most successful surgeries during the 21* century is total joint replacement (TJR) with material
combination of polymer-on-metal (PoM). Despite its success, wear particle generation at the interface of
the polymer and metal causes eventually implant loosening. Investigating and understanding the wear par-
ticles distribution should help in designing implants with better performances. First step towards
characterising wear particle distribution is deriving the lubricant behaviour and velocity distribution inside
implant gap.

Different hyaluronic acid (HA) solutions were subjected to a sinusoidal movement in straight rectangular
channels. The velocity profiles along the channel width were measured with Micro Particle Image
Velocimetry. HA solution behaviour was found to be dependent on the concentration. Results showed sig-
nificant differences between the water (Newtonian) and HA behaviour in unsteady flow. The unsteady be-
haviour of the lubricant depended strongly on its non-Newtonian viscoelastic behaviour which was due to
the time dependent nature of HA solution. Copyright © 2016 John Wiley & Sons, Ltd.

Received 1 February 2016; Revised 26 May 2016; Accepted 11 June 2016

KEY WORDS: viscoelasticity; reciprocating motion; hyaluronic acid; joint lubricant

INTRODUCTION

Synovial fluid (SF) is a lubricant found in natural joints. This fluid acts as a lubricant and mechanical
stress absorber during joint movements. Two of the most important joint diseases (osteoarthritis or
rheumatoid arthritis) originate with a change in this fluid’s chemical and/or physical composition.'
Moreover during total joint replacement (TJR) surgery, the fluid composition changes as well. Any
change in the composition of SF directly affects its performance; this is especially important in TJR.
In the most conventional combination of hip prosthesis, a polymeric acetabular cup moves against a

*Correspondence to: Alaleh Safari and Nazanin Emami, Machine Element, Lulea University of Technology, 97187
Luled, Sweden.
"E-mail: Alaleh.safari@ltu.se; Nazanin.Emami@Itu.se

Copyright © 2016 John Wiley & Sons, Ltd.



A. SAFARI, M. J. CERVANTES AND N. EMAMI

metal/ceramic counter surface (PoM combination). The lubrication regime for this joint implant is in
the range of elastohydrodynamic (EHL) to boundary lubrication.

One of the major sources of failure in TJR is the generated wear particles at the interface of the
implant. Many studies have been focused on improving the wear characteristic of the implant materials
or the lubrication of joint implants in order to reduce the wear particles generation.”™ However, there
is a lack of knowledge on the distribution pattern of these particles. These particle releases in the
implant lubricant and their size and density suggest that they follow the fluid movements.’ The fluid
dynamic behaviour and velocity distribution of the lubricant inside the implant gap are thus of primary
importance to understand the particle movement. SF behaviour, velocity and pressure distribution
inside the joints gap are strongly affected by its non-Newtonian shear-thinning and viscoelastic char-
acteristics.®” The viscoelasticity and shear-thinning of SF depend mainly on the molecular weight and
concentration of HA content inside the lubricant.

Different studies have focused on the composition and rheological behaviour of SF from diseased
joints (osteoarthritis or rheumatoid arthritis) and periprosthetic fluid (generated SF after TJR sur-
gery).> ' Results show that HA molecular weight, concentration and SF viscoelasticity and shear thin-
ning decrease in a diseased joint compared to a healthy one, for a review refer to." SF is a dialysate of
blood plasma. The lubricity characteristic of SF is dependent on proteoglycan (0.05-0.35 mgml '),
hyaluronan (1-4 mgml~") and surface active phospholipids (0.1 mgml~")."*'" The non-Newtonian
shear thinning and viscoelastic behaviour of SF are attributed to the hyaluronic acid (HA) content.
HA is the commercial name for sodium hyaluronate (NaHA) which is a linear biopolymer.'? In normal
SF, the concentration of HA is 1.45-4.22mgml~" with molecular weight of 6.7-7.6 MDa.'® These
parameters decrease in pathological SF.""'* Oates et al.'” showed that protein aggregation provides
SF with the rheopectic behaviour. The common result of studies on the composition of normal and
pathological SF showed that in pathological SF (compared to normal SF), both concentration and
molecular weight of HA decreased and the proportionality of the HA concentration to the protein also
changed.'®!1316

The viscoelastic property of SF was discovered in 1950."'” SF has both viscous (at low strain rate or
slow joint activity) and elastic characteristics (at high strain rate or higher joint activity). Later, several
studies were conducted to characterise the viscoelastic behaviour of normal and pathological SF.%'8-2¢
The frequency at which elastic (storage) module dominate the viscous (loss) module is called the cross-
over frequency.lﬁ’21 Studies on different SFs showed that the crossover frequency increased for path-
ological SF and in elderly people compared to healthy and young people, respectively. In some
extreme cases, e.g. after TIR surgery, there is no crossover frequency in the normal frequency range
of joint motion; the SF acts only as a viscous liquid."’

There are several studies on the rheological properties of HA and most of them study viscosity or
viscoelasticity of HA solutions at different concentrations, molecular weight or type of solvent.?>’
These studies mostly concentrated on deriving viscosity-shear rate dependencies, viscoelastic behav-
iour regarding concentration and molecular weight of HA solutions, intrinsic viscosity relationships
to the concentration and molecular weight of HA, effect of HA chain interaction with other molecules
(e.g. proteins or sodium chloride), temperature and solution pH on the rheological behaviour. Results
of the viscoelastic behaviour characterisation show that by increasing molecular weight or concentra-
tion of HA in the solution, the crossover frequency decreases and the viscoelastic behaviour improves.
However, the effect of higher molecular weight on the elastic behaviour of HA is stronger than the
concentration.”®® Lower pH also makes the HA stiffer and enhances the elastic behaviour of the
solution.?” Adding sodium chloride to the HA solution suppresses the electrostatic repulsion between
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HA molecules, resulting in lower viscosity and increments of cross over frequency in dynamic visco-
elasticity measurements.?* Protein agglomerations provide a tight network around the HA chains and
increase the entanglements between HA macromolecules in the solution.'> However, it was stated that
the viscoelasticity of SF is not affected by change in its protein content.'®

The viscoelastic and shear-thinning behaviour of HA or SF has mostly been studied through mea-
surements conducted with rheometers. However, to the best of our knowledge there is no investigation
on how these characteristics affect the fluid flow behaviour in the joint gap. Quantification of the effect
of different parameters such as the HA concentration or protein content, fluid flow type (steady, un-
steady, etc.) and the gap shape on the fluid behaviour are necessary to fully understand the mecha-
nisms. In this study, HA solutions (with similar composition to periprosthetic fluid) subjected to
unsteady (sinusoidal) movements in a straight rectangular channel, mimicking the reciprocal flow
within a joint during movement, were investigated. The viscoelastic effect on flow behaviour, velocity
profile distribution and the effect of concentration or protein content on the behaviour were investi-
gated and compared to measurements with water. The simplified geometry of the experimental model
eliminated the geometrical effect on the lubricant flow allowing investigating the lubricant composi-
tion, unsteadiness and viscoelastic non-Newtonian characteristic effect on the lubricant behaviour.
The results provided an overview of the flow behaviour inside the joint gap of TJR. Potential effect
on the wear debris movement and distribution pattern may be deduced. Micro Particle Image
Velocimetry (Micro-PIV) was used in order to visualise the oscillatory flow behaviour of HA solutions
and degassed water in a rectangular mini channel (for reference 5).

MATERIALS AND METHOD

Experimental setup

Previous study showed the suitability of micro-PIV to study biopolymer solution flow behaviour at
small scales.” The working principle of micro-PIV is the same as the PIV method for small scales.
In the PIV method, tracing particles are added to the fluid. Particles are illuminated with a pulsed light,
which is usually a Nd:YAG laser or LED.?®?* Sequences of images are captured by a charge coupled
device (CCD) camera through a microscope and cross-correlated to derive the particles’ velocity dis-
tribution. If the density and size of these particles are suitable they will follow the fluid motion and the
particle behaviour is representative of the fluid behaviour (details on particle suitability evaluation
could be found in previous study”).

Figure 1 shows a schematic view of the setup. The system consisted of a double pulsed micro-strobe
(LED), a high speed double frame CCD camera with a spatial resolution of 1280 x 1024 pixels per
frame mounted on a microscope with four magnifications (5%, 10x, 20x and 40x). The two pulses
had the same time duration, between 50 and 90 ps, based on the micro-strobe power and the flow speed.
The time between two pulses was set between 150 and 600 ps as a function of the flow rate amplitude
and the type of fluid. Polystyrene particles, with a density of 1-1.05 gcm ™ and diameter of 4.89 mi-
crons, were chosen for this study (microParticles GmbH, Berlin, Germany) with a magnification of 10x.

The oscillatory movement of the fluid was imposed by a syringe (Figure 1). The syringe oscillatory
movement was obtained with a rotating disk coupled to an electrical motor. Figure 2 shows a schematic
view of this oscillatory pump system. Twelve steel teeth (knobs) equally spaced on the periphery of the
disk were installed. A magnetic encoder allowed these knobs to determine the angular position of the disk.

Copyright © 2016 John Wiley & Sons, Ltd. Lubrication Science ;
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Figure 1. Schematic view of micro-PIV setup.

Figure 2. Schematic view of oscillatory pump.

The encoder signal allowed the synchronisation of the micro-PIV and the LED, i.e. it acted as a trigger.
With this system, images were captured at defined phases. Two arms coupled the disk to the syringe to
provide small syringe movements—up to 1 mm. Two different holes were available to attach the arm
to the rotating disk. The closer hole to the centre of the disk provided a smaller stroke amplitude for
the syringe movement (S-1) and a smaller flow rate amplitude. The other hole with larger stroke was
called S-2. The frequency of the disk motion was controlled through a developed code with LabVIEW.

Copyright © 2016 John Wiley & Sons, Ltd. Lubrication Science ;
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As mentioned in previous work,” at least 300 images are required in the present setup to get a mean
velocity with less than 0.5% variation. In reciprocating measurement, the averaging was only possible
if the phases of the velocity maps were the same.

The phases of the images were defined based on the position of the syringe piston and the phase of the
reciprocating movement. A distance laser provided information on the syringe piston position. This data
allowed determination of the syringe motion, which gives the syringe velocity after derivation with time.

Mini channels were manufactured from Chromium Cobalt Molybdenum (CrCoMo) alloy and Ultra
High Molecular Weight Polyethylene (UHMWPE), both are used in TJR. The model consisted of four
different parts as shown in Figure 3; a Plexiglas plate (back plate) allowing light to travel through the
model, a front plate with a glass window providing optical access, a middle plate consisting of a steel
frame capable of holding bars at specific distances from one another and the bars themselves, either
CoCrMo or UHMWPE. The steel frame provided channels with two different widths; 1 mm (hydraulic
diameter of 1.33 mm) and 1.5 mm (hydraulic diameter of 1.71 mm). The depth and length of both chan-
nels were 2 and 45 mm, respectively. Hereafter, the | mm wide channel is named Channel 1 and the
1.5 mm wide channel is named Channel 2.

The sides of the bars in contact with the fluid were polished to achieve a mirror-like surface. Table I
presents the surface roughness of the tested materials.

Figure 3. Experimental model.

Table I. Roughness (Ra) of different bar materials used in the channel.

Ra [pm]
Material Bar 1 Bar 2
UHMWPE 0.362 0.342
Cobalt chromium 0.075 0.073
Copyright © 2016 John Wiley & Sons, Ltd. Lubrication Science ;
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Experimental fluid

Velocity fields of degassed water were measured to evaluate the test rig/procedure and provide a ref-
erence behaviour for Newtonian fluids. The HA solutions investigated were chosen to capture the
periprosthetic fluid characteristics through a simple composition. Available data suggests that the
periprosthetic fluid has similar composition to normal SF with lower viscosity, shear thinning and vis-
coelastic behaviour." To capture the periprosthetic fluid characteristic and investigate the effect of dif-
ferent parameters on flow behaviour, three solutions of HA were studied:

1 HA with 1.5MDa molecular weight (Lifecore Biomedical, Minneapolis, Minnesota, USA) with
concentration of 3mgml~' in Phosphate Buffer Saline (PBS from Sigma Aldrich, St. Louis,
Missouri, USA with 0.15 M concentration)

2 HA with 3mgml™' concentration in a mixture of 75% PBS and 25% bovine calf serum (Sigma
Aldrich 12133C)

3 HA with concentration of Smgml~' in PBS. For all solutions, the blending procedure has been
published.’

The fluids were characterised in a rheometer (Bohlin CVQO) at 25°C under shear rate control
(0.05-15701s7") to obtain the variation of the viscosity versus the shear rate in order to derive the
shear stress distribution based on the following equation.

0= uxy ey

o, u and y are shear stress, dynamic viscosity and shear rate, respectively.

The viscoelastic behaviour of the HA with Smgml ™' concentration in PBS was investigated with a
rheometer and cone on plate configuration consisting of a stainless steel cone of 1° and 20 mm diam-
eter, strain rate of 1-3% and strain frequency between 0.07 and 10 Hz. The results of the other solution
(HA with 3mgml ™' concentration) were noisy and out of the range of the rheometer calibration.

For the micro-PIV measurements, lowest syringe motion frequency was chosen similar to the
highest rotational frequency of a hip joint in a walking situation; 0.37 Hz (22rpm) in our study. The
highest frequency was 2.03 Hz (122 rpm), higher than the crossover frequency obtained for the HA so-
lution with 5mgml~! concentration. A middle frequency of 1.02 Hz (61 rpm) was also investigated.

Table II provides an overview of the different experimental cases. For measurements with frequen-
cies of 0.37 and 1.02Hz, S-2 was used to attach the arms to the rotating disk. However, limitations in
the micro-PIV system and LED did not allow measurements of maximum velocity for an angular ve-
locity of 2.03 Hz with S-2. S-1 was used for measurements with the frequency of 2.03 Hz. For S-1, the
syringe stroke amplitude was smaller compared to S-2. Therefore, the highest mass flow rate amplitude
did not belong to the highest frequency and the maximum to minimum mass flow rates in this situation
belonged to measurements with frequencies of 1.02, 2.03 and 0.37 Hz, respectively.

DATA ANALYSIS

Cross-correlation was applied on double frame images. The interrogation area size chosen was
16 x 64 pixels, having at least eight particles in each interrogation area.’®3° Particle lag

Copyright © 2016 John Wiley & Sons, Ltd. Lubrication Science ;
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Table II. Different measurement condition.

Fluid Fluid name
Water Fluid 1

PBS +HA 3mgml™" solution Fluid 2

75% PBS +25% serum+HA 3 mgml ™" solution Fluid 3

PBS +HA 5mgml™" solution Fluid 4

Channel width (/) Channel name

1 mm channel width Channel 1

1.5 mm channel width Channel 2

Bar material Bar name
CoCrMo Bar 1
UHMWPE Bar 2

Flow frequency (Hz) Frequency acronym
f=0.37Hz F-0

f=1.02Hz F-1

f=2.03Hz F-3

Stroke length Stroke acronym
Channel 1: 3.4 mm

Channel 2: 3.8 mm S-1

Channel 1: 10 mm

Channel 2: 11.5 mm S-2

movement compared to the fluid in Couette flow was evaluated with an analytical solution. The
lag increased near the solid surfaces. However, for distances larger than two times the particle
diameter, the lag was below 1%.’® Therefore, the borders of the analytical plane along the
channel width were put at a distance twice the particle diameters to avoid high uncertainty in
the results.

The piston syringe motion and velocity pattern were derived from the distance laser data. The zero
phase of each cycle was defined at the piston syringe position in the middle of the stroke when the
stroke starts to increase. Images were captured at 12 different phases during each period. A total of
3200 images were captured for each measurement, i.e. about 250 images at each phase. The derived
velocity maps were phase resolved and averaged out for each phase. Sinus curves were fitted to the
pump velocity and the velocity of each interrogation area along the channel width, providing the phase
and amplitude of the fluid velocities.

The velocity profiles were made dimensionless according to Eq. 2 to compare the different experi-
mental conditions.

VﬂuidAchannel
Vyp = —F—— ()
Ampy, Asyrin ge

syringe

V. Achannetr Asyringe and Amp represent the velocity measured, channel cross-section area, syringe
cross-section area and velocity amplitude, respectively.
Eq. 3 provides definition for the parameters used in Eq. 2.
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Viringe = Ampy,_ . sin(2af + ¢)
Viia = Ampp,qsin (27f + ¢ ) 3)
VNp = AmpMDsin(27rf + (]5)

Ap=d—¢

fis the frequency in Hz. ¢ and ¢’ represent the phase of the syringe and fluid velocity in radians, re-
spectively. The measurements indicate that the fluid motion is only in one direction (y axis) perpendic-
ular to channel width (x axis is along channel width). The entrance length for laminar oscillatory flow
was calculated based on Eq. 4°'

Le = 0.03HRe, @)

Le and H are the entrance length and hydraulic diameter respectively. Re, is the Reynolds number of
the oscillatory flow calculated as

Reos = Ampﬂuid,meanH/v (5)

Ampgyiamean and v are amplitude of cross-sectional mean velocity and kinematic viscosity respectively.
The longest calculated entrance length was 6 mm. Since the measurements were conducted at the mid-
dle of the channel with 22 mm distance from inlet and exit and the measured velocity profiles are iden-
tical along the y axis, the boundary layer is fully developed.

A dimensionless analysis of the incompressible Navier—Stokes equation, differential form of the
variation of momentum, for oscillatory flow reveals the importance of the Womersley number (W=

H \/%— ), see.’? The Womersley number is the ratio of the transient inertial to viscous forces. W repre-

sents how deep the viscous waves generated at the wall penetrate into the flow. This dimensionless
number is usually used to evaluate the oscillatory behaviour of Newtonian fluids,?"**~® the derivation
follows. The incompressible Navier—Stokes equation for flow along the y-direction is given by:

0 10
—u:vvzu———p. 6)
ot p Oy

Eq. 7 represents non-dimensionless variables of Eq. 6 assuming o, p, v, H and p representative of
the angular frequency of the oscillation, fluid density, kinematic viscosity, characteristic length and

the pressure, respectively.

y=2
u* :]i
= t"c‘ua{_l )
poP i
p(wH)

In numerical studies, the characteristic length is defined based on the channel shape (e.g. channel
height, hydraulic diameter, etc.).>**>>"~*? In this study, the hydraulic diameter was considered as
the characteristic length so both the effect of channel dimension and geometry were taken into account.
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Eq. 8 describes the relation between viscous waves’ penetration depth, flow pressure gradient and
velocity. The consequences of this relation will be presented later in the results.

Table III presents the Womersley number for the fluids and experimental conditions investigated.

A non-Newtonian shear thinning fluid has three characteristic regions™:

* Low shear rate plateau where the fluid behaves like a Newtonian fluid

e Shear thinning region where the viscosity decreases by shear rate increment

* High shear rate plateau where the viscosity stays constant similar to solvent viscosity and the fluid
becomes Newtonian again.

To study the oscillatory flow of a shear thinning fluid and calculation of W, in most studies, the de-
fined characteristic dynamic viscosity is similar to high shear rate Newtonian viscosity.** However, in
this study the highest shear rate was about 600s~'; water dynamic viscosity was not a good estimation
for HA characteristic viscosity. Instead, the complex viscosity (frequency-dependent viscosity under
oscillatory strain condition) of the fluid at the oscillation frequency was considered as the viscosity.
Based on Cox—Merz rule, the complex viscosity is equal to the dynamic steady shear viscosity if the
shear rate is equal to the frequency in rads ' or u(j) = u*(w) if y = w(rad/s). The variables 5, ",
o and y are dynamic and complex viscosities, oscillation frequency and steady shear rate, respectively.*’

RESULTS AND DISCUSSION

HA rheology

Figure 4 shows the viscosity versus the shear rate profile. The line fitted on the double logarithmic
shear thinning region follows the power law model which is the most frequent model of describing
polymeric non-Newtonian behaviour (Eq. 9)

Table III. Womersley number for the different fluids and experimental conditions investigated.

Fluid 1 W (Channel 1) W (Channel 2)
F-0 W-0 2.02 2.6

F-1 W-1 3.37 4.33

F-2 W-2 4.76 6.12
Fluid 2 W (Channel 1) W (Channel 2)
F-0 W-0 0.27 0.38

F-1 W-1 0.47 0.6

F-2 W-2 0.68 0.87
Fluid 3 W (Channel 1) W (Channel 2)
F-0 W-0 0.24 0.34

F-1 W-1 0.43 0.54

F-2 W-2 0.61 0.79
Fluid 4 W (Channel 1) W (Channel 2)
F-0 W-0 0.09 0.14

F-1 W-1 0.17 0.23

F-2 W-2 0.25 0.33
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Figure 4. Viscosity () function of the shear rate (y) for the HA solutions investigated.

n—1

p=my (€))

n — 1 is the slop of the line and # is called the power law index. m is the consistency index which is the
intersection of the line with the shear rate of y= 1 Hz. The slopes of the lines fitted on the shear thinning
regions of Figure 4 are 0.687, 0.681 and 0.445 for Fluids 2, 3 and 4, respectively. The intersection of
this line with the zero shear viscosity is the transition shear where the shear thinning behaviour of the
polymer starts and is called the critical shear rate (,c0)-

At low shear rates, the polymeric fluids were expected to behave as Newtonian fluids with constant
viscosity. However, an unexpected increment in viscosity of Fluid 2 and 3 at very low shear rates, vis-
ible in Figure 4, was obtained. This effect was also reported by Zhang et al.*® They explained this phe-
nomenon based on interfacial effects. They also mentioned that the differences in HA solutions with
and without protein content behaviours are also related to interface effect; otherwise, the HA solutions
rheology are identical with and without protein content.

Figure 5 shows the elastic and viscous module versus strain frequency. At low frequencies, the vis-
cous module was higher and the fluid exhibited viscous behaviour. By increasing the frequency, the
elastic module dominated the viscous one. The crossover frequency was about 1.4 Hz. The crossover
frequencies for the HA solutions with 3 mgml~' concentration were not measured. However, previous
studies indicate that the crossover frequency increases with decreasing HA concentration.?®

Reciprocating motion measurements

Water behaviour. Figure 6 shows the non-dimensional velocity profiles as a function of the non-
dimensional channel width (x/%) for Channel 1 and 2 at two different frequencies (different Womersley
numbers).

At low W, the velocity variation over time was slow; the term %1;: in Eq. 8 was negligible. Therefore,

the fluid had enough time to adapt itself to the applied changes on the imposed pressure gradient and
behaved as steady at every instant; the fluid had a quasi-steady behaviour. In Figure. 6 (a) (Channel 1
and W-0), W had value of 2.02, with a parabolic shape for the velocity profiles at each phase. The mea-
surement for W-0 in Channel 2 had a higher Womersley number of 2.6; the velocity profiles deviated
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Figure 5. Viscous and elastic modules (G and G") versus strain frequency (f) for HA with 5mgml™"
concentration in PBS.

from the parabolic shape. By increasing the Womersley number (either by increasing the frequency or
channel width) deviation from the parabolic shape was enhanced.

The depth of penetration of the viscous waves was proportional to \/g 32 Increasing W decreased

the penetration depth of the viscous waves. At a high W value, the waves did not reach the whole chan-
nel width and the inertia forces dominated the viscous forces. The viscous forces were confined near
the walls and the fluid at the channel centre was frozen, not affected by friction. In this situation the

pressure gradient distribution (gi -) and unsteady term (%;: ) had the same order of magnitude in the

middle of the channel. A phase lag between the pressure gradient and the fluid motion was present
in this part of the channel resulting from the time derivation of the velocity.** Therefore the maximum
velocity did not occur in the middle of the channel but close to the wall (Figure 6 (b)). This phenom-
enon is known as the Richardson annular effect. In our measurements, the annular effect appeared on
the velocity profiles for W above 4.3 for both channels, regardless of the aspect ratio (ratio of channel
width to channel depth which is 0.5 for Channel 1 and 0.75 for Channel 2).

The amplitude and phase difference (Eq. 3) of the sinusoidal flow at different channel positions along the
width for Channel 1 and 2 and different Womersley numbers are shown in Figure 7 a and b, respectively.

In similar cases (e.g. Channel 1 at W-2 and Channel 2 at W-1), the non-dimensional amplitude of
oscillation was always lower for the channel with a lower aspect ratio. This lower amplitude was
the effect of a higher relative friction in the smaller channels (Figure 7(a)).

The phase differences contain some random variation near the walls, as the standard deviation of the
velocity was significant, above 10% of the absolute velocity.

For the lowest W, W=2.02, the increment of the phase difference between the bulk velocity and fluid
velocity across the channel was negligible. By increasing W, this phase difference increased (Figure 7
(b)). Phase difference depended on the penetration depth of the viscous waves, i.e. the W number. For
two similar cases, the phase difference was expected to be comparable. However from Figure 7(b), there
was a significant difference between phase differences in cases with similar W values. The aspect ratio
of the channel was the responsible parameter for the difference in phase shift. By decreasing the aspect
ratio, friction forces and inertial effect increased which enhanced the phase difference.***’
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Figure 6. Non-dimensional velocity (Vyp) profiles along the non-dimensional channel width (x/4) for wa-
ter, a) Channel 1, W-0, b) Channel 2, W-2.

HA solution behaviour

1) 3mg mi~' HA in PBS. Figure 8 shows the oscillatory behaviour of HA solution with 3 mgml~' con-
centration in PBS (Fluid 2) together with the results obtained from water. The polymeric solution
exhibited shear thinning behaviour. Based on previous study in one-directional movement, the velocity
profile along the channel width deviated from a parabolic shape to a blunt profile by increasing the flow
rate.” At low shear rates, the transient entanglements between HA polymer chains could be observed.*®
By increasing the local shear rate along the channel width from centre to wall, these networks were
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Figure 7. Non-dimensional amplitude (Ampyp) (a), phase difference (4¢) (b) of water in Channel 1 (empty
marker) and Channel 2 (full marker) for W-0 (square), W-1 (triangle) and W-2 (circle).

disentangled and produced spatial viscosity distribution along the channel width.” Figure 8 (a) shows
that this behaviour was also obtained during reciprocal movement. The viscosity of Fluid 2 along the
channel width during reciprocal motion was at least 20 times that of the water viscosity and the calcu-
lated Womersley values were very small (Table IV). Therefore, this fluid was expected to have a quasi-
steady behaviour without any effect of the unsteadiness in the velocity profiles along the channel width,
which was true based on velocity profiles of Figure 9. This signified that by increasing the frequency
(bulk flow rate), the local velocity amplitude profile should have tended towards a blunter one. This
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Figure 8. Non-dimensional amplitude (Ampyp) (a), Phase difference (4¢) (b) of Water (empty marker) and
3mg ml~' HA in PBS (full marker) for W-0 (square), W-1 (triangle) and W-2 (circle).

was obtained for W-0 and W-1 flows (Figure 8 (a)). There was an exception for W-2. The bulk flow rate
of W-2 was larger than W-0; however, the amplitude profile was not blunter. This behaviour could be
explained based on the relaxation time of the polymer contents. Physically, ‘relaxation time’ means the
required time for stress in polymers to reach 1/e of its initial value.** Relaxation time (1) is actually the
required time to damp the stress deformation and gain the default configuration or form new networks or
entanglements between polymer chains.** The longest relaxation time for polymers is in the order of the
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Table IV. Deborah number values for Fluid 2.

Flow name te, (stad™h) Relaxation time (s) De
W-0 0.22 0.047 0.21
W-1 0.078 0.047 0.60
W-2 0.039 0.047 1.2

critical shear rate inverse. The relaxation time of Fluid 2 was 0.047 s (Figure 4). To assess the rheolog-
ical behaviour of polymeric solutions according to stress relaxation time, the non-dimensional ‘Deborah
number’ (De) was evaluated.>®>!

B Fluid characteristic time

e —
Flow characteristic time

A small De number means the fluid behaves mainly like a viscous material. De number around 1
indicates that the fluid does not have enough time to release from all the previously applied deforma-
tions and has viscoelastic behaviour. In this situation, the previous polymer chain state influences the
present behaviour. High De number represents more elastic or solid behaviour.>>

In the middle of each cycle the flow direction changed and thus the stresses direction applied to the
fluid. Polymers needed some time to release from their previous applied stresses to regain their default
configuration. Then they disentangled and took the new orientation, by flowing the new flow direction.
Therefore, half of each cycle period was considered as the characteristic time (¢.,) for the flow. Using
the Cox—Merz rule previously described, the data from steady shear measurements in Hz used for re-
laxation time estimation while for calculation of 7., frequency in rads~' was considered. Table IV
shows the De number for Fluid 2 at W-0, W-1 and W-2.

Figure 9. Non-dimensional velocity (Vyp) profiles along the non-dimensional channel width (x/A) for HA
3mgml " in PBS in Channel 2, W-2.
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De numbers for W-0 and W-1 were small. Under these two flow conditions, the fluid had enough
time to damp the applied stresses from the opposite direction. However for W-2, De was higher than
1. There were still deformations from the stresses applied in the opposite direction remaining in the
polymer network which prevented the fluid from reaching the highest possible amplitude and provided
the fluid with partially elastic behaviour. This result is compatible with the findings of Zhang et al. The
wall strain at W-2 was about 15%.%* They showed that at this range of strain, HA solution with similar
molecular weight and concentration is predominantly viscous and the elastic behaviour increases by
increasing strain frequency.’*

Figure 10 shows the phase difference between the syringe velocities and fluid velocities for Fluid 2
in two different channels. Both Figure 8 (b) and Figure 10 show that for the non-Newtonian Fluid 2,
the phase difference between the syringe and fluid velocities increased as a function of the frequency of
oscillation and channel aspect ratio.***’ Functionality of frequency meant that the phase difference
was a function of the response time of the fluid to fluctuations. The disentanglement process was a
time-dependent process and more disentanglement took longer time. Therefore, in channels with
higher shear rates, the disentanglement density and phase difference increased. The amount of this
phase difference could also be estimated from the relaxation time. For flow with a frequency of
1.02 Hz and relaxation time of 0.047 s, one to two relaxation times took about 17 to 33°. Both Channel
1 and Channel 2 had phase differences in this range.

Based on previous work,” a different channel material only affects the fluid behaviour very close to
the wall. This also seems valid for oscillatory motion, see Figure 11.

2) 3mg ml~! HA in 75% PBS+25% calf serum. The HA solution with concentration of 3mgml~" in
75% PBS and 25% bovine calf serum (Fluid 3) and Fluid 2 are presented in Figure 12. Fluid 3 had
almost the same behaviour as Fluid 2 except at W-1, although the relaxation times of these two fluids

Figure 10. Phase difference (4¢) between bulk and local velocities along the non-dimensional channel
width (x/h) for HA 3 mg ml~! solution in PBS in Channel 1 (empty marker) and Channel 2 (full marker) for
W-0 (square), W-1 (triangle) and W-2 (circle).
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Figure 11. Non-dimensional amplitude (Ampyp) (a), phase difference (4¢) (b) of 3mgml~' HA in PBS in
Channel 2 with UHMWPE bar material (empty marker) and CoCrMo bar material (full marker) for W-0
(square), W-1 (triangle) and W-2 (circle).

derived from Figure 4 are nearly the same. Many studies suggest that flow shear stress for shear rates
less than 1000 s™! induces protein aggregation.’”>® Most probably the protein aggregation formed a
tight network around HA chains which increased the HA chain entanglements.'® It was not possible
to quantify this increment and although it did not affect fluid behaviour at W-0 and W-2, it affected
the flow at W-1 significantly. This could be due to non-linear viscoelastic effects of the solution.
The shear strain at different W was calculated based on Eq. 10”7

Copyright © 2016 John Wiley & Sons, Ltd. Lubrication Science ;
DOI: 10.1002/1s



A. SAFARI, M. J. CERVANTES AND N. EMAMI

Figure 12. Non-dimensional amplitude (Ampyp) (a), phase difference (4¢) (b) of 3mg ml~! HA in PBS
(empty marker) and 3 mg ml~! HA in 75%PBS +25% calf serum (full marker) for W-0 (square), W-1 (tri-
angle) and W-2 (circle).

)= wy (10)

y,yand o are shear strain, shear rate and strain frequency in rads~'. The strain amplitudes for Fluid 3 at
W-0, W-1 and W-2 were 65.4, 53 and 23, respectively. This amount of shear strain suggested that the
viscoelastic behaviour of the fluids was non-linear. Zhang showed that during one cycle of oscillation
at high strains with non-linear viscoelastic condition, the HA solution is predominantly viscous with
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some elastic characteristics. They also showed that by increasing the frequency or strain amplitude
(non-linear time dependent behaviour), the solution shows increased elastic behaviour. By comparing
frequencies and strain amplitudes of three W, only in W-1 both the strain and the frequency were rather
high. Therefore, this case had more elastic and non-linear viscoelastic behaviour compared to the other
two. At W-0 with very small frequency and W-2 with low strain, the change in solution structure did
not affect the flow behaviour.>*

3) 5mg ml~' HA in PBS. Figure 13 shows the behaviour of HA solutions for two different concentra-
tions (Fluid 2 and Fluid 4). W had a small value for both of these solutions, indicating the importance
of the viscous forces. Figure 13 (a) shows that for W-0, both solutions had a quasi-steady behaviour.
Figure 13 (b) shows a larger phase difference for the HA solution of 5mgml ™' concentration (Fluid 4)
in comparison to Fluid 2 for W-0. By increasing the concentration, the polymer coils overlapped, en-
tanglements densified and the relaxation time increased,”® which explains the increment in phase
difference.

For W-1, in contrast to Fluid 2, Fluid 4 did not follow quasi-steady behaviour and behaved similarly
to Fluid 2 for W-2. The explanation for this behaviour was also based on the De number value. The
longest relaxation time for Fluid 4 was 0.1 s (Figure 4). Table V shows the De value of Fluid 4 for dif-
ferent flows. For W-1, Fluid 4 had a De value around 1, a similar case as for Fluid 2 and W-2.

For W-2, the velocity amplitudes of Fluid 4 dropped extensively compared to previous cases, indi-
cating a different mechanism. As explained earlier, HA has viscoelastic behaviour. At low deformation
or strain frequency the fluid behaves as a viscous material; the polymer chains can disentangle, slip
along each other, form new entanglements and stable configurations. However by increasing the fre-
quency, there is not enough time for the chain networks to disentangle and move relative to each other.
Instead the polymer chains store the mechanical energy and behave as an elastic material.'® The cross-
over frequency at which the HA behaviour changes from a viscous material to an elastic one is repre-
sentative of the disentanglement rate or HA chain mobility. This crossover frequency decreases by
increasing the HA molecular weight or concentration in solutions.*'?®>° Therefore, in the present
study, Fluid 4 had a lower crossover frequency than Fluid 2. The frequency of 2.04 Hz (W-2) was
higher than the crossover frequency of the HA solution with a concentration of Smgml~' in PBS
(1.4 Hz). Thus the polymer solution behaved as an elastic material, absorbed the applied stresses and
reduced the mobility and velocity of the flow.

The shear rate increased from the channel centre to the channel wall. There were chain disentangle-
ments near the channel walls for Fluid 4 at W-2 due to the high value of the wall shear rate at this lo-
cation. This could be one reason for the phase difference reduction away from channel walls to the
centre (Figure 13 (b)).

The phase difference for all fluids and all flows suggested that in human articulating joints (natural
or artificial) with reciprocating motion of the joint surfaces, SF velocity is not in phase with the motion
of the surface. This phase lag depends both on the frequency of the motion and the SF viscous behav-
iour which itself depends on the HA molecular weight, concentration and HA—protein interactions.

SF of a healthy joint has HA with higher concentration and molecular weight in comparison to the
SF of a TIR or injured joint. Results of this study showed that decreasing the shear thinning character-
istic or increasing the cross-over frequency could not be the only behavioural difference between the
healthy and non-healthy SFs. In fact the whole velocity map changes which enhances the effects of
lubricant characteristics on the pressure distribution and the lubricant film thickness. This is in agree-
ment with the numerical studies conducted on lubrication, pressure distribution and film thickness of
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Figure 13. Non-dimensional amplitude (Ampyp) (a), phase difference (4¢) (b) of 3 mg ml~! HA in PBS
(empty marker) and 5 mg ml~!' HA in PBS (full marker) for W-0 (square), W-1 (triangle) and W-2 (circle).

Table V. Deborah number values for Fluid 4.

Flow name De
W-0 0.46
W-1 1.28
W-2 2.56
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hip implants with the assumption of viscoelastic shear-thinning behaviour for the lubricant. It is usu-
ally suggested that the lubricant behaves as a Newtonian fluid in walking condition in a hip implant
under walking condition and a classical EHL model applied to predict the implant performance.®®%
However, one of the conclusions of the review by Myant and Cann was that the classical EHL. model
with assumption of SF to be single phase fluid with Newtonian rheology could not be considered as a
good basis for designing implants.®® Tichy et al. studied the effect of non-Newtonian viscoelastic be-
haviour of SF on the pure squeezing lubrication of the hip implant while Meziane et al. developed the
model for the hydrodynamic lubrication.®®* Gao et al. improved the previous studies by conducting
numerical study on metal hip implant considering EHL transient lubrication for a shear-thinning lubri-
cant under physiological and simulator walking condition.” These studies showed that considering the
non-Newtonian viscoelasticity of the SF improves minimum film thickness and the pressure distribu-
tion inside the implant gap.

The results of this study along with all aforementioned studies suggested that the viscoelasticity and
shear-thinning characteristics play key roles in unsteady behaviour of the lubricant.

CONCLUSION

Vastly different behaviour between water as a Newtonian fluid and HA solutions was observed. For
the investigated polymeric non-Newtonian fluid, although the Womersely number had a very small
value, no annular effect was visible and the velocity profiles kept the blunt shapes; the amplitude pro-
file and phase difference along the channel width changed significantly for different flows. Therefore
for non-Newtonian fluid the non-dimensional Deborah number, defined based on the response time of
the polymer chains, should also be considered for assessing the fluid behaviour.

At very high shear rates, the non-Newtonian shear thinning fluid behaves like a Newtonian fluid with
constant viscosity similar to the solvent. Therefore, usually SF is considered as a Newtonian fluid for
simulation of joint performance due to very high shear rates inside the joint gap. However, based on
our results under unsteady reciprocating conditions and by increasing the frequency, HA solution
(i.e. SF) does not behave in the same way as under steady state conditions. This is due to time-dependent
behaviour of the HA polymeric chain and therefore the flow cannot be considered as quasi steady.

The experimental setup developed in this study was suitable for studying the unsteady behaviour of
joint lubricant flow which is a polymeric fluid. Simple geometry of the experimental model eliminated
the complexity of the geometry and provided the possibility to investigate the SF composition and
unsteadiness on the lubricant behaviour. It was concluded that HA concentration and interaction
between the HA chains and protein were two of the key parameters in the behaviour. Obtaining
resembling to solid trend behaviour at high frequency motion suggested that the velocity inside the
implant gap might stay gradientless at some locations. This eliminated the fluid shear forces applied
on the studied particles; therefore particles could behave based on the other applied forces such as
gravitational force.
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Abstract

Formation of wear particles within total hip replacement (THR) is one of the main causes of
its failure. In addition to improving the lubrication and wear resistance of materials used as
bearing surfaces, understating of wear particle distribution patterns within lubricants inside an
implant gap could be used to improve design parameters and implants’ lifespan. In this study,
the behaviors of biolubricants (with compositions similar to human joint synovial fluid) and
suspended particles were investigated by micro-Particle Image Velocimetry (micro-PI1V) in
curved mini channels under oscillatory Couette flow conditions. The studied biolubricants had
shear thinning viscoelastic characteristics. We found that increasing shear thinning, elasticity
or motion frequency levels did not affect the trend behaviors of biolubricant flows due to the
low strain values of the experimental conditions applied. However, suspended particles
formed strings along flow directions and exhibited cross-stream migration to channel walls.
Motion frequency, fluid shear thinning and elasticity characteristics and channel dimensions
strongly affected particle behaviors.

Keywords: Viscoelasticity, Unsteady Couette flow, Hyaluronic acid, Particle migration,

Particle alignment

Abbreviasions:

THR: Total hip replacement

Micro-PIV: micro-Particle Image Velocimetry
SF: Synovial fluid

HA: Hyaluronic acid

PBS: Phosphate buffer saline



1. Introduction

The dynamics of non-Brownian suspended particles in non-Newtonian viscoelastic fluid flow
have been recently studied widely due to their numerous biological and industrial applications
[1]. One challenging application that has not yet received much attention is related to the
distribution of wear particles in total hip replacements (THRs). Synovial fluid (SF), which
lubricates human joints, is a viscoelastic fluid with non-Newtonian shear thinning
characteristics. It is composed of proteoglycan (0.05-0.35 mg.ml™), hyaluronan (1-4 mg.ml™)
and surface active phospholipids (0.1 mg.ml™), which provide lubricity features [2,3]. The
shear thinning and viscoelasticity of SF is attributed to its hyaluronic acid (HA) composition
as a linear biopolymer. HA exists in healthy SF at a molecular weight and concentration of
6.7-7.6 MDa and 1.45-4.22 mg.ml™, respectively [4]. However, characteristics of HA in SF of
patient with THR, which is called periprosthetic SF, is not the same as healthy SF. THR is
one of the most successful surgeries in the 21% century. Most conventional THR design
consists of a hard ball made of cobalt chromium (CoCr) alloy or ceramics moving against a
soft accetabular cup wusually made from ultra-high-molecular-weight polyethylene
(UHMWPE). Although UHMWPE shows favorable mechanical and tribological properties
for reducing friction, wear particles of this material produced during the THR life-time are the
source of bone loss (osteolysis) and implant loosening which eventually cause failure [5].
Distribution patterns of these wear particles within implants’ gaps are affected by the special
rheological behaviors of the SF, geometrical parameters, particles’ sizes, particles interactions
and particle-fluid interactions [6,7]. Therefore, understanding these patterns can allow one to
optimize design parameters to decrease wear particles and third body wear effects on bearing
surfaces. Therefore, the lifespan of the implant and patient life quality are increased.

The specific behaviors of particles within viscoelastic fluid that are not happening in
Newtonian fluid include particle migration and string formation along the flow direction.
Particle alignment and string formation along the flow direction were first reported by
Michele et al. [8]. These authors showed that randomly distributed particles in viscoelastic
fluid subjected to shear or pipe flow align and build up strings. They attributed the
discrepancy between particle behaviors in Newtonian and viscoelastic fluids to normal stress
effects. This behavior was observed when the Weissenberg (Wi) value (defined as the ratio of
normal stress to shear stress) reached at least to ten. Further investigations have focused on

understanding the effects of parameters such as shear thinning, wall confinement, particle



sizes and flow conditions (shear or pressure driven and steady or unsteady) on the migration

and alignment of particles in non-Newtonian viscoelastic fluid flows.

Lyon et al. [9] showed that particles in a fluid flow with an oscillatory motion, cluster rather
than forming long strings. Won and Kim [10] conducted studies on both shear thinning and
viscoelastic fluids under reciprocating shear flow conditions. They found that although the Wi
number may be critical for particle migration, shear thinning is the determinant parameter for
particle string structure formation. This observation was later confirmed by Van Loon et al.
[7]. The results presented by Van loon et al. showed that while compressive forces originating
from normal stress and elasticity effects enhance particle cross-stream migration and particle
alignment, shear thinning is necessary for particle strings formation. Moreover, confinement
from channel walls was found to improve collision probability levels and facilitate particle
alignment. On the other hand, Scirocco et al. [11] showed that when particles are small
enough relative to the channel size, gap sizes have no significant effects on alignment. The
authors showed that experimental conditions, particle sizes and criteria used to define string
formation processes have significant effects on critical Weissenberg number determination
(the Wi value at which particle alignment starts), and they confirmed that a critical degree of
shear thinning is required to initiate string formation. They also suggested that string
formation is a bulk phenomenon that does not necessarily occur along the walls. However,
Pasquino et al. [12] suggested that in very weak shear thinning fluids, particle alignment is not
a bulk phenomenon and occurs near the walls. Particle strings were found to form when the
applied shear rate value is higher than the critical shear rate and are enhanced when the shear
rate is increased and the gap size is decreased. Once low shear rates and small particle sizes
are involved, short strings of particles can align normal to the flow direction. The authors
concluded that different parameters might affect string lengths and alignment directions.
Particle sizes, fluid characteristics such as colloidal and hydrodynamic forces, kinetics of
string formation and particle migration features were listed as some of the parameters
involved. In a later work, the same authors defined an alignment factor for quantifying the
effects of shear rates and particle concentrations on the duration and length of string
formation. Their results showed that increasing both parameters results in faster and longer
particle string formation [13]. Numerical and experimental studies on single particle
migration under Couette flow conditions between two concentric cylinders conducted by
D’avino et al. [14] showed that under the effects of viscoelasticity forces, particles migrate

toward the outer cylinder unless they are very close to the inner cylinder. Higher angular



velocity and shear thinning rates were found to increase the migration rate. Numerical
simulations of particle migration under reciprocated confined simple shear flows have shown
that increasing the frequency ceases particle migration induced by fluid viscoelasticity and
wall confinement [15]. This result is partly in agreement with the results of Lormand and
Phillips’s [16] study on particle migration within viscoelastic shear thinning fluids in
concentric cylinders with oscillatory motion. Lormand’s results showed that depending on
initial particle positions, migration is directed towards the inner or outer cylinder. Inner
migration velocity levels were found to increase with frequency. In Lormand’s study, for
frequencies larger than 1 Hz, outer migration velocities reached a value of zero and particles
did not migrate toward the outer wall. The authors thus proposed that the migration rate is

affected by the elasticity parameter [16].

Particles’ migration and alignment in non-Newtonian viscoelastic fluid flows are affected by
numerous factors: flow conditions (steady state, oscillatory, Couette, Poiseuille, etc.), gap and
particle sizes and geometries, shear thinning, elasticity degrees, particle concentrations, etc.

The main objective of the present study was to investigate particle-flow interactions within a
cylindrical curve channel mimicking a THR configuration. Various viscoelastic shear thinning
HA solutions under an oscillatory Couette flow were investigated via micro particle image
velocimetry (micro-PIV). The effects of HA concentration, protein content, motion frequency
and gap size were investigated. Distilled water was used as the reference liquid. Potential

improvements for THR design were deduced from the results.

2. Materials and Methods

2.1. Experimental Setup

Micro-PIV was used to derive velocity profiles of the polymeric fluid flow. The working
principle of micro-PIV is the same as that of PIV but for smaller scales. In this method,
tracing particles were added to the fluid. Particles were illuminated with a pulsed light (either
laser or LED). Sequences of double frame images were captured by a CCD (charge coupled
device) camera mounted on a microscope. The plane of the view was divided into numerous
interrogation areas. The displacement of particles between two frames of a double frame
image divided by the time difference between each light exposure provided the particle
velocity value. According to PIV principles if the density and size of particles are suitable,



particles follow the fluid motion and particle behaviors are representative of fluid behavior
[17-19]. Previous studies have included further information on particle suitability evaluations

for studying the steady and unsteady behaviors of polymeric solutions [20,21].

Figure 1 shows a schematic view of the experimental setup used. The system included a
double pulsed micro-strobe (LED) and a high-speed double frame CCD camera with a spatial
resolution of 1,280x1,024 pixels per frame mounted on a microscope with four
magnifications (5%, 10x, 20x and 40x). The two pulses had the same time duration (70 to 110
us) based on the flow speed and channel size. The time between two pulses was set between
150 and 940 ps as a function of the speed amplitude and fluid type. Polystyrene particles
(microParticles GmbH, Berlin, Germany) with a density of 1-1.05 g.cm™ and a diameter of
4.89 microns were used at a magnification of 10x.

LED

Connection to _
Pump

Experimental
Model

Microscope

CCD Camera

Figure 1 Schematic view of the experimental setup

2.2. Experimental Model

Two curved channels were designed to study particle-flow interactions under constant width
and converging-diverging channel conditions. The curved channel consisted of two stainless
steel concentric cylinders. To optically access the model, the stainless steel parts were placed
inside a Plexiglas frame. The constant-width channel was 1.1 mm wide while the width of the
converging-diverging channel ranged from 0.3 to 1.1 mm. The inner wall radius and depth of

both channels were set to 21 and 3 mm, respectively. Approximately 3 ml of fluid was stored



in the rectangular storage areas of each model during the measurement period (Figure 2). The
channels were sealed with an upper Plexiglas plate. Hereafter, the constant width channel is
referred to as the Const Channel and the converging diverging channel is referred to as the

Conv Channel.

Figure 2 Experimental model
2.3. Reciprocal movement

The inner cylinder was oscillated by a rotating disk powered by an electrical motor in
combination with four rotating arms and one pushing arm. Figure 3 presents a schematic view
of the oscillatory engine coupled with the experimental model. To determine the angular
positioning of the disk, a magnetic encoder and twelve steel teeth (knobs) spaced equally
along the periphery of the disk were used. An encoder signal synchronized the micro-PIV and

LED, i.e., it acted as a trigger. Images were captured at defined phases. As noted in the



previous study, to achieve statistically significant mean velocity profiles, several velocity
maps must be averaged [20]. Under oscillatory conditions, averaging is possible only for
images captured at almost the same phase. Image phases were defined based on the
positioning of the pushing arm and rotating disk phase. The positioning of pushing arm was

defined by a distance laser.

A code developed in LabVIEW controlled the frequency of the rotating disk. Three different
frequencies were applied: 0.37, 1.02 and 2.03 Hz. The criteria applied to select the frequency
are listed in our previous paper [21]. The rotation amplitude of the inner cylinder was set to
15° (total movement of 30°), which is the average hip joint rotation amplitude in sagittal plane

that occurs during walking [22].

Rotating disk

Magnetic
Encoder

Rotating Arms

Pushing Arm
*

Figure 3 Schematic view of the oscillatory engine

2.4. Experimental Fluid

Distilled water was used as reference Newtonian fluid. The HA solutions investigated were
selected to capture periprosthetic fluid characteristics through using a simple composition.
Available data suggest that the periprosthetic fluid has a similar composition to that of normal
synovial fluid with less viscosity, shear thinning and viscoelastic behavior [23]. To capture
characteristics of the periprosthetic fluid and to investigate effects of the different parameters

on flow behaviors, three solutions of HA were studied:



1- HA with 1.6-1.8 MDa molecular weight (Sigma Aldrich 53747, St. Louis, Missouri,
USA) with a concentration of 3 mg.ml™* in Phosphate Buffer Saline (PBS from Sigma
Aldrich, St. Louis, Missouri, USA with 0.15 M concentration).

2- HA with 3 mg.ml™ concentration in a mixture of 75% PBS and 25% bovine calf
serum (Sigma Aldrich 12133C).

3- HA with 5 mg.ml™* concentration in PBS.

To minimize bacterial activity, 0.1% (w/v) sodium azide (Sigma Aldrich 71289, St. Louis,
Missouri, USA) was added to the HA solutions.

The blending procedures applied to the solutions have been published [20].

Rheological behaviors of the HA solutions were investigated using a Bohlin CVO Rheometer
at 25° C under shear rate control (0.05-1570 s™) with coaxial cylinders (C25) to obtain the
variation of viscosity versus the shear rate. The viscoelastic behavior of the HA with 5 mg.ml’
! concentration in PBS was investigated using the same Rheometer and cone on plate
configuration, which consisted of a stainless steel cone of 1° and 20 mm in diameter.
Frequency sweep measurement was performed with the strain value of 2% and strain
frequency between 0.07 and 10 Hz. Investigating the viscoelastic behavior of the HA
solutions with 3 mg.ml™* was not possible due to the calibration range of the Rheometer used.
Table 1 provides a summary of the experimental conditions applied.

Table 1 Experimental conditions

Fluid Fluid Name
Water Fluid 1
PBS+HA 3 mg.ml™ Solution Fluid 2

75% PBS+25% Serum+HA 3 mg.ml™ Solution Fluid 3
PBS+HA 5 mg.ml™ Solution Fluid 4
Channel Width (h) Channel Name
1.1 Const Channel
0.3-1.1 Conv Channel
Flow Frequency (Hz) Frequency Acronym
f=0.37 Hz Fr-0

f=1.02 Hz Fr-1

f=2.03 Hz Fr-2




3. Theory

A shear flow induced by a flat plate with harmonic oscillatory motion in its own plane is
known as Stokes’ second problem [24]. Viscous waves generated at the moving wall
penetrate into the fluid with a velocity perpendicular to the wall and a penetration depth
calculated from Eq. 1 [25]

s= |2 Eq. 1
)

8, v and o represent the penetration depth or Stokes boundary layer thickness, the kinematic

viscosity and the frequency of oscillation, respectively.

Figure 4 shows a 2-dimensional view of the experimental model and measurement location.
The measurement location was set at 45° with respect to the symmetrical axis of the model.
For the Conv Channel, the ratio of the widths of the largest to smallest measurement sections
width in a complete cycle was more than 2 at this location. The maximum curvature ratio
(ratio of the width of the channel to the inner cylinder radius) of both channels was 0.05. Due
to the small field of view and small curvature ratio, it was assumed that curvature effects were

negligible in our analytical analysis. The half-circle part (Figure 4) is subjected to oscillatory
motion in its own plane at a velocity of U, = AcoS(et). Assuming a negligible effect of the

curvature on the flow, the governing equation for the conservation of momentum for both

Const and Conv Channels is given by Eq. 2:

Lou_of au) o Eq. 2
ot oy\' oy) ox

where p, u and P represent density, dynamic viscosity and pressure, respectively.



Figure 4 Schematic 2-D view of the experimental model
P . i
In Eq. 2, Z—: 0 for the Const Channel. The flow induced by a moving wall between two
X

parallel infinite plates was solved by Berker [26]. Berker solved this problem for a moving
plane with sinusoidal harmonic motion placed at y=0 and a fixed plane placed at y=h. The
boundary conditions and general form of the velocity solution are presented in Eq. 3 and Eq.
4:

u(h,t)=0 £q. 3
u(0,t) =u, sin(wt)
u = f(y)sin(at) + g(y)cos(wt) Eq. 4
Eq. 5 is the derived fluid velocity:
_ Uy yJol2v .

Uu=———m—(e sin g,.

sin(B, + f3,) i

sin(wt + yJo/2v + ) Eq.5

+e V% sin .

sin(wt — y\Jo/2v — S3,)

where 1 and f, are arbitrary constants.

In the current study, the moving surface was placed at y=h with Cosine oscillatory motion.
The Berker solution was adapted in this case. The adapted boundary condition and general
form of the velocity are presented in Eq. 6 and Eq. 7.

u(h,t) =u, cos(at) = u, sin(wt —z /2)
u(0,t)=0

10



u= f(y)sin(a)t—%)+ g(y)cos(a)t—%) Eq. 7

By adding a phase difference of —% and replacing “y” with “y-h” in the general solution

derived by Berker, the boundary conditions are satisfied.
The final form of the equation obtained for velocity is presented in Eq. 8.
-u a2y
u :m(e(y Nel sin B,
sin(at + (y —h)yJ/o/2v + B, —%) cq.8
+e VNI gin g
sin(at — (y — h)\/M—,B2 —%)

The arbitrary constants g, and g, are obtained from Eq. 9 and Eq. 10.

B+ B, =2h\w/2v Eq.9
5 - tan™ —(sin(2h\/w/2v) Eq. 10
' (*™“* —cos(2hyw/2v)

Appendix | includes the derivation procedure for g, and 3, .

4. Data Analysis

The velocity profiles were derived by applying cross-correlations between two frames of a
double frame image. Based on the criteria described in our pervious publication [20], the
interrogation area size was set to 16x128 pixels. The border of the analysis was set at two

particle diameters from the wall to prevent the large error region.

The distance laser determined the position of the pushing arm at each instant. Connections
between the arms were assumed to be solid and sinusoidal movement was transferred to the
moving cylinder. The sinusoidal velocity of the moving cylinder was derived from the
distance laser signal. The zero phase was defined as the middle position of the pushing arm
when moving backward. At least 120 images were captured at each phase. Derived velocity

maps were phase resolved and averaged at each phase, i.e., angular resolved. Sinus curves

11



were fitted at angular resolved velocities along the width of the channel, thus describing the
profile in time for the Const Channel. The amplitude and phase of the fluid velocity used in
the analysis were derived from the sinus curves. The phase difference between the moving

wall and fluid was calculated from Eq. 11.

ucylinder = Ampucylinder Sln(Zﬂf + ¢)
Upgia = AMP g4 SIN27E + ¢') Eq. 11
Ap=¢—¢'

where u, Amp, f and ¢ represent the measured velocity, calculated amplitude, frequency and

phase of motion, respectively. The velocity was made dimensionless by dividing it by the

maximum amplitude. As the phase acquired for the moving wall was ¢ =-90°, the cylinder

velocity can be written in cos form (Eqg. 12).

u

cylinder — _Ampucy”nde, COS(Zﬂf) Eq. 12
Channel width variations in the Conv Channel made it impossible to use the same procedure

for the data analysis. Therefore, results were compared at each phase.

It was noted in reference [20] that at least 300 images are required to have mean velocity
variations of less than 0.5%. For this set of measurements, due to CCD camera memory
limitations, 120 images were captured at each phase. The relative difference (RD) between the
mean velocity obtained from 120 and 300 images was investigated (Eq. 13). Figure 5 shows
RD along the channel width. The RD is presented for the case of distilled water at a frequency
of 2.03 Hz and for the phase with the cylinder maximum velocity.

[]iZ

RD = ﬂ*mo Eq. 13
u

cylinder

where U,,, is the mean value of the velocity calculated using 120 images, U, is the mean

value of the velocity calculated using 300 images and u is the cylinder velocity of the

cylinder
specific phase. The results show that the maximum relative difference along the channel is
less than 1% of the cylinder velocity.
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Figure 5 Relative difference in mean velocities obtained from 120 and 300 images along the channel width at
f=2.03 Hz.

5. Results and Discussion

5.1. HA Rheology

Figure 6 shows the viscosity versus the shear rate for the three HA solutions investigated. The
HA solution with protein content showed higher viscosity compared to the HA solution
without protein at low shear rates. As noted by Zhang et al. [27], the rheological behavior of
these two solutions is actually the same, and the difference is attributed to the interfacial
effects of rheological measurements. The intersection of the two lines fitted on the

experimental measurements defines the critical shear rate (i ) [28,29]. 7iicar 1S the shear

rate at which the disentanglement of the HA solutions and shear thinning behavior begins.

The inverse of 7 ... 1S equal to the longest relaxation period. The relaxation periods of the

higher and lower HA solution concentrations were 0.168 and 0.077 s, respectively.

13



®

107 ' ' .7 -

[ Yeritical * -O-PBS+3 my’ml HA
—y ~-25%PBS+75%Calf Serum+3 mg/ml HA |
S~ |-O-PBS+5 mg/ml HA

o
<107k
’}'f'r.ffir'rxi
N
IO—Z. . . .;.....0 l . . ..-....,') . . ‘
1() 10 _%() . 107 10°
YIS

Figure 6 Viscosity (u) function of the shear rate (y) for the HA solutions

Figure 7 shows the dynamic moduli versus the strain frequency for the HA solutions with 5
mg.ml™ concentration. The crossover frequency is at 1.1 Hz. At frequencies lower than the
crossover frequency, viscosity controls the flow behavior while at higher frequencies the
elasticity dominates the viscous effects. For lower HA solution concentrations, the dynamic
moduli were not measurable due to instrument limitations. However, it is known that by
decreasing the HA concentration, the crossover frequency increases [30].
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Figure 7 Viscous and elastic moduli (G' and G") versus strain frequency (f) for HA solution with 5 mg.ml'l

concentration in PBS
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5.2. Channel with constant width

5.2.1. Water behavior

Figure 8 shows the experimental and theoretical results for the amplitude and phase difference
profiles along the non-dimensional channel width for distilled water at difference frequencies.
The experimental and theoretical results deviate significantly. At Fr-2 and Fr-1, and for the
region near the moving wall, the experimental and theoretical results are similar. For the
theoretical solution, it was assumed that the parallel plates were infinite. However, this was
not the case in the current experiment. Moreover, the curvature effect was assumed to be

negligible.

Figure 8 Amplitude ( Amp ) and phase difference (A¢) of distilled water in the Const Channel for the

experimental (black circle) and theoretical solution (blue square) for (a) and (b) Fr-2, (c) and (d) Fr-1, (e) and (f)
Fr-0.

To investigate the effect of the side walls and the curvature on induced flow between the two

concentric half cylinders, a CFD model was developed in Ansys CFX. The model comported
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only the curved channel, i.e., the fluid tank shown in Figure 2 was not included in the
numerical domain. A hexahedral mesh consisting of more than 200,000 elements was used to
discretize the space with a time step of 0.02 s. Figure 9 shows the analytical, numerical and
experimental amplitudes for distilled water at Fr-2. The agreement between the theoretical
and numerical results suggests that the difference between the experimental and theoretical

results did not originate from the side walls or curvature effects.

Figure 9 Amplitude (Amp) along non-dimensional channel width in the Const Channel for distilled water at
frequency of 2.03 Hz.

At Fr-2, the Stokes length (Stokes boundary layer thickness) was 0.4 mm, which was smaller
than the width of the channel (1.1 mm). The viscous waves generated at the moving wall only
described the fluid behavior in the vicinity of the moving wall. With increasing distance from
the inner cylinder, the phase difference increased. Figure 10 shows the experimental and
theoretical velocity profiles along Const Channel width for various phases of cylinder motion.

Because of small Stokes length, at some phases (e.g. ¢=303°) the flow direction in the

vicinity of moving wall was opposite to that of middle of channel. However, the experimental

results enhanced this phenomenon.
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Figure 10 Experimental (black lines) and theoretical (blue lines) velocity profiles along the Const Channel width
for distilled water at frequency of 2.03 Hz.

The theoretical solution applies for flows between two infinite parallel plates. However, in the
experiments, surfaces were finite and in contact with a fluid tank (Figure 2). Since the flow
behavior in fluid tank was not interesting for this study, the PIV data were only collected
within the channel. Therefore, there are no results available on velocity maps within fluid
tank. However, it is speculated that the difference between experimental and theoretical
results can be attributed to a reverse flow generated as the inner disk moved back and forth

through the fluid tank (Figure 11).

Figure 11 Fluid motion within the experimental model.
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Figure 11 shows a schematic of the experimental model and of fluid rotations within the
model. The rotation of the inner disk generated fluid rotation within the fluid tank. It was
expected that the fluid moved based on the rotation direction shown in Figure 11 with black
arrow number 1. However, the fluid might also move and rotate as indicated by the red arrows
marked with a number 2. Therefore, a reverse flow that was actually a pressure driven flow

may have formed within the channel.

For frequencies of 2.03, 1.02 and 0.37 Hz, Stokes lengths were 0.4, 0.56 and 0.93 mm,
respectively. At frequencies of 2.03 and 1.02 Hz, Stokes lengths was smaller than the width of
the channel, and therefore the flow near the moving wall (inner cylinder) was controlled by
the induced shear flow, and the amplitude profiles of the experimental and theoretical results
followed almost the same behavior in that region (Figure 8 (a) and (c)). However, the flow
near the fixed wall was controlled by the pressure driven reverse flow. Therefore, different
behaviors between the amplitude profiles of the experimental and theoretical results were

found.

At a frequency of 0.37 Hz, the Stokes length was comparable to the channel size. Therefore,
viscous waves generated at the moving wall (due to shear induced flow) and constant wall
(due to pressure driven reverse flow) could control the flow across the entire channel width.
The final flow was the superposition of two flows. The reverse flow reduced the absolute
value of the velocities induced by the moving surface along the width of the channel. In
Figure 12 and at each phase, the absolute values of the experimental velocity profiles along
the width of the channel are lower than those of the theoretical velocity profiles. Therefore,
the amplitude profile along the width of the channel for the experimental results is lower than

that of the theoretical results (Figure 8 (e)).
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Figure 12 Experimental (black lines) and theoretical (blue lines) velocity profiles along the width of the Const
Channel for distilled water at frequency of 0.37 Hz.

5.2.2. HA Behavior

Figure 13 shows velocity profiles along the non-dimensional channel width for the lower
concentration of HA solution (Fluid 2) at the highest frequency: f = 2.03 Hz. The HA
viscosity at the highest achievable shear rate was roughly 40 times that of distilled water
(Figure 6). The penetration depth of the viscous wave was much greater than the width of the
channel and viscous forces controlled fluid behavior. At each instant, the velocity profiles

maintained steady state conditions.

Figure 14 shows the non-dimensional amplitude and phase difference profiles along the non-
dimensional channel width for HA solution with 3 mg.ml™ concentration in PBS (Fluid 2) at
different motion frequencies. Different behavior from that of distilled water was observed, as

the frequency of motion did not affect the amplitude or phase difference.

For a polymeric solution and under oscillatory motion, the Deborah number (fluid
characteristic time to flow characteristic time ratio) shows how viscoelasticity affects the
flow. At a Deborah number of close to 1 or higher, elastic forces affect the solution behavior
[21]. The Deborah number for lower HA solution concentrations under different frequency of
motion conditions is presented in Table 2. Although the Deborah number was large at

frequencies of 1.02 and 2.03 Hz, the polymeric solution did not show any variations in
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behavior. This suggests that a different mechanism dominated and controlled the flow

behavior.
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Figure 13 Velocity profiles along the non-dimensional channel width ( X/ h ) for HA solution with concentration

of 3 mg.ml'l in PBS for the constant width channel (Fr-2) with the moving wall placed at 1.

The same behavior was observed for HA solutions with and without protein content at
frequencies of 1.02 and 2.03 Hz. A comparison of amplitudes and phase differences of HA
solutions of different concentrations at different frequencies (Figure 15) shows that almost the
same behavior was observed for Fr-0 and Fr-1. Differences between the non-dimensional
amplitude profiles shown in Figure 14(a) and Figure 15 (a) for Fr-0 and Fr-1 were less than
1% (as expected based on the section 4. Data Analysis (Figure 5)). However, the difference
between non-dimensional amplitude profiles for Fluid 4 at Fr-2 near the moving wall in
Figure 15 (a) relative to other amplitude profiles was roughly 4%. At higher HA solution
concentrations (5 mg.ml™) and at the highest frequency (Fr-2), a different behavior near the
rotating wall was observed (see Figure 16). This suggests that in contrast to previous findings
[21], under these conditions the De number did not describe the flow behavior and other fluid

characteristics dominated the flow behavior.
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Figure 14 (a) Non-dimensional amplitude ( AMPyp ) and (b) phase difference (Ag)of HA with 3 mg.ml'1

concentration in PBS for the constant width channel at Fr-0 (square), Fr-1 (triangle) and Fr-2 (circle); moving
wall is located at 1.

Previous experiments were performed on an unsteady Poiseuille flow [21]. In earlier study,
the HA molecular weight was slightly lower (1.4-1.5 MD) than the present study (1.6-1.8
MDa). While the reciprocal frequency and geometric parameters applied in the current and

previous experiments were the same [21], the strain had different values (Eq. 14).
7=y Eq. 14
where y, 7 and w are the shear strain, shear rate and strain frequency, respectively.
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A maximum strain value of 8 was reached in the present study, which was much lower than
the strain values of 23 to 60 in previous experiments [21]. Therefore, the strain gradient along

the width of the channel was smaller.

The critical concentration (the concentration at which entanglement formation starts) for a HA
solution with a molecular weight of 1.5 MDa in PBS has been reported to be 2.4 mg.ml™ [31].
This suggests that for all tested HA solutions, HA chains were entangled and formed
temporary networks. Applying strain resulted in network disentanglement. On the other hand,
the Brownian motion acted towards forming new entanglements. The disentangled chains
tended toward aligning with the flow. This combination of opposing forces applied to the HA
chains resulted in net force creation on the polymer chains. Based on the coordinated system
shown in Figure 4, the contributions of this force to the normal stress in the flow direction
(oxx) were more significant than contributions to the normal force in the y direction (oyy) [32].
The difference between these two normal stresses is known as the first normal stress

difference (N; in Eq. 15) which is representative of elasticity in viscoelastic fluids.

Nl =0, —0, Eqg. 15

Therefore, anisotropy in the HA solution was actually induced by the strain [32,33]. In
previous study [21], higher strain generated higher degree of disentanglement and gave rise to
the elasticity effect. Moreover, under such high strain values, the viscoelastic behaviors of the
HA solutions were non-linear [21].

Under Poiseuille flow conditions [21], the pressure difference applied to the fluid produced
flows that also contributed to the normal force in the flow direction (ox) and could increase
the first normal stress difference and enhance the elastic effects. However, when the flow was
induced by a moving surface, this pressure effect was not present.

In characterizing viscoelastic non-Newtonian behaviors of a fluid, two non-dimensional
parameters are usually evaluated: the Deborah and Weissenberg numbers. The Weissenberg
number defines the effect of elastic forces relative to viscous forces. Two equations are
typically used to define this parameter (Eq. 16 and Eq. 17) [34].

Wi =74 Eq. 16
wi= N Eq.17
O
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where A is the fluid characteristic time, which is usually considered to be the longest

relaxation time (inverse of .., ). N1 and o,, represent first normal stress and shear stress,

respectively. y is the amplitude of the strain rate in an unsteady oscillatory flow. Table 2

shows the Weissenberg number for fluids 2 and 4.

As the Wi number is proportional to the strain value, the present results had considerably
lower Wi values in comparison to the previous measurements on unsteady Poiseuille flows
[21]. The small Wi and strain values show that the disentanglement density was not

considerable.

Discrepancies between Newtonian and non-Newtonian flow velocity profiles under Poiseuille
flow originated from variations in the strain along the width of the channel. Variations in the
strain value along the width of the channel could be an effective parameter for obtaining
different velocity profiles under different measurement conditions as well. However, for the
present measurements, variations in strain values along the width of the channel were not
considerable. Strain values changed from 1.5 at the outer stationary wall to 8 at the inner
channel wall. Therefore, there was not a considerable strain distribution to cause strong

velocity deviations between different measurement conditions.

Table 2 Weissenberg and Deborah number values for Fluids 2 and 4.

Fluid Frequency Wi De
Fr-0 023  0.35

Fluid 2 Fr-1 0.63 0.99
Fr-2 125  1.97
Fr-0 049 0.77

Fluid 4 Fr-1 136 216
Fr-2 272 430
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Figure 15 (a) Non-dimensional amplitude ( AMPyp ) and (b) phase difference (Ag) in constant channel for the

HA solution with 3 mg.ml'l concentration at Fr-2 (upward triangle) and for the HA solution with 5 mg.ml'l
concentration at Fr-0 (square), Fr-1 (downward triangle), and Fr-2 (circle); the moving wall is located at 1.

Previous studies on particle migration within viscoelastic fluid flows show that elasticity
contributes to the migration of particles towards lower shear rate regions and that the
migration rate increases with the velocity gradient while shear thinning drives particles in the
opposite direction [1,14,35]. This behavior was observed in the present measurements with
Fluid 4 at frequency of 2.03 Hz (the most elastic solution with the highest velocity gradient).
Therefore, non-dimensional amplitude profiles near the moving wall in this case deviated

from the other measurements (Figure 15). The migration of particles resulted in the formation
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of a particle-depleted layer in the vicinity of the moving wall. This layer formed gradually and
caused gradual decrease in velocity values. As noted in Section 4. Data Analysis, velocity
profiles were derived by averaging several velocity maps to obtain reliable velocity fields for
each phase. The velocity amplitude based on an average of 60 images is compared to that
obtained from 120 images for Fluids 4 and 1 (Figure 16). Fluid 4 variations are explained by
gradual particle migration.
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Figure 16 Velocity amplitudes at frequency of 2.03 Hz for the HA solution with 5 mg.ml'l concentration for 60
velocity profiles averaged (circle), for 120 velocity profiles averaged (square, distilled water), for 60 velocity
profiles averaged (diamond), and for 120 velocity profiles averaged (triangle); the moving wall is located at 1.

For Fluid 4 flow at frequency of 2.03 Hz, particles aligned near the moving wall and formed
strings. These strings were distributed along the width of the channel by flow circulation
within the plane of study. Figure 17 (a) shows the random distribution of particles as small
white dots and formed strings as white lines, and Figure 17 (b) shows the particle trajectories
during the measurement period. Figure 17 (b) was derived by extracting the maximum pixel
values for a series of images (image accumulation) and shows that particles followed a
specific trajectory. Particle alignment is a known phenomenon found in non-Newtonian shear
thinning fluid. Previous studies by Scirocco et al. [11] and Van Loon et al. [7] show that
particle alignment is mainly dependent on the shear thinning characteristics of the fluid and

that normal stresses create better conditions for particles to approach one another.

Particles in a Newtonian fluid subjected to shearing, rotate to maintain a zero torque balance

on their surfaces [1]. To keep the particles in a string directed along a flow direction, each
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particle must maintain its rotation and zero torque conditions. In Newtonian fluid, as two
particles are draw closer, the fluid leaves the gap between the particles. These two particles in
turn attach to one another and tumble, which prevents them from maintaining their rotation.
The torque applied to them is non-zero, which results in the separation of the two particles. In
shear thinning fluid, as two particles are draw closer to each other, the shear rate inside the
small gap increases, resulting in viscosity decline and pressure build up. The squeezing effect
due to built-up pressure prevents the two particles from getting too close and maintains a thin
layer of fluid between them. This condition helps particles maintain their rotation and zero
torque conditions. The formed strings in turn remain stable within the fluid along the flow
direction [7].

According to Scirocco et al. [11], once a sufficient degree of shear thinning is achieved,
strings form, which may be affected by other parameters thereafter. The critical shear rate
value of Fluid 4 was the lowest relative to the other fluids. Within the gap between the two
concentric cylinders, the shear rate increased toward the inner cylinder (the moving cylinder).
It seems that a frequency of 2.03 Hz provided the sufficient degree of shear thinning for

particles to start forming strings in Fluid 4 near the moving wall.
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Figure 17- HA solution with 5 mg.ml'1 concentration flowing at frequency of 2.03 Hz; (a) particle depleted
layer and particle alignment; (b) particle trajectories in the plane of view.
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5.3. Channel with variable width
5.3.1. Water Behavior

Variations in channel width at the measurement section of the Conv Channel regarding the
phase of movement (¢) are shown in Figure 18. The measurement section width decreased
from ¢ =270° to ¢ =90° and increased from ¢ =90° to ¢ =270°. ¢ =90° and ¢ =270°
corresponded to a zero angular velocity when the inner cylinder changed direction. Figure 19
shows the velocity profiles along the width of the measurement section of the Conv Channel
at different phases of motion. The measured velocities at phases close to ¢ =90° and

¢ = 270° were close to zero and presented very high levels of deviation. Therefore, they are

not included in the figure. A¢. and Agy represent the phase differences between each phase
and that of the smallest and largest measurement section, respectively. Figure 18 shows
variations in measurement section width and velocity at the moving wall versus the phase of

movement, and Ag; and Agy are also shown in this plot.

Figure 19 presents velocity profiles along the width of the measurement section at different
phases of movement. A comparison between the positive and negative velocity profiles with
similar A¢. and Agy values shows that the flow behaved asymmetrically under contraction and

expansion modes.

This behavior originated from the pressure gradient (Eq. 2) along the flow direction. During

contraction, Z—P > 0, which produced pressure resistance against the flow and resulted in back
X

flow. However, under the expansion mode, Z—P< 0, which contributed to the induced flow.
X

However, as noted in a section 5.2.1, the rotation of the inner cylinder in the fluid tank
produced excessive flows (e.g., reverse flow) within the channel. This complex final flow

behavior could be due to the superposition of different flows.
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Figure 18- Measurement section width variations in the Conv Channel.

0.1-
0.08 - Ag =91
0.06
0.04
<~ 0.02 -
s 0
0.02 -
.04
-0.06 - Ag =29
Ag =91 Ag =61
0.08 " - - - . td - )
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

y(mm)

Figure 19 Velocity profiles along the width of the measurement section for distilled water at Fr-2 during
contraction (negative velocity profiles) and expansion (positive velocity profiles).

5.3.2. HA behavior

Figure 20 and Figure 21 show the velocity profiles at frequencies of 2.03 and 1.02 Hz,
respectively, for water in comparison with HA solutions for measurement section widths
exceeding 0.4 mm. At these phases, HA solutions affected the asymmetry of the flow during
contraction and expansion. By increasing the HA concentration, the viscosity increased and
the effect of the pressure gradient decreased (Eg. 2). Therefore, for the HA solution with
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concentration of 5 mg.ml™ and a viscosity of roughly two orders of magnitude of the viscosity
of water, the asymmetry between the velocity profiles disappeared as the width of the

measurement section increased or decreased.

Figure 20 Velocity profiles along the width of the measurement section for distilled water (black) and for the HA
solution with 3 mg.ml'l concentration (blue) at Fr-1 under contraction (negative velocity profiles) and
expansion (positive velocity profiles) modes.

Figure 21 Velocity profiles along the width of the measurement section for distilled water (black) and for the HA
solution with 5 mg.ml'1 concentration (blue) at Fr-2 under contraction (negative velocity profiles) and
expansion (positive velocity profiles) modes.

For measurement section widths of less than 0.4 mm and for Fluid 2 at all frequencies and
Fluid 4 at frequencies of 0.37 and 1.02 Hz, particles depleted the region near the moving wall

and created large deviations in derived velocity profiles. Figure 22 (a) and (b) show the
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particle distribution along the 0.35 mm measurement section for Fluid 2 at start and end of the
measurement, respectively. Particles were depleted from the region near the moving wall,
which resulted in large deviations in the derived velocity profile of that region (Figure 22 (c)).
As noted in a previous section, elasticity caused particle migration to the lower shear rate
region. One parameter that affects particle migration is wall confinement [1,14]. Studies
performed by D’Avino et al. [14] show that particle cross-streamline migration is heavily
affected by curvature in the shear rate and by interactions with confining walls. The results
published by Van Loon et al. [7] also show that more confinement (a smaller gap size)
enhances both particle migration and string formation. A shear rate distribution around
particles forms as a results of different distances from the confinement wall, which in turn
results in normal force imbalances and particle migration. When decreasing the channel size,
the velocity gradient increases and shear rate variations around particles are enhanced [7].
Therefore, after decreasing the width of the channel in the Conv Channel in comparison with
the Const Channel, particles migrated in both HA fluids at all frequencies. At all frequencies,
the width of the depletion layer varied from 0.031 to 0.105 mm for different phases of motion.
However, Fluid 4 at frequency of 2.03 Hz showed a different particle migration mechanism.
At all phases, particles formed strings that traveled to the channel walls. Figure 23 shows the
particle distribution in the Conv Channel along the width of the measurement section for
Fluid 4 under different conditions. Figure 23 (a) and (b) show the particle distributions at the
start and end of the measurement at frequency of 2.03 Hz, respectively, for a measurement
section width of 0.7 mm. Random particle distribution was visible at the start of the rotation
period. However, after 120 cycles (roughly 1 minute), particle strings formed and migrated
towards the inner and outer walls. The same behavior was observed for other phases and at
smaller measurement section widths (Figure 23 (c)). At the end of the measurement period,
for Fluid 4 at Fr-2 in the Conv Channel, almost all particles participated in string formation,
which did not occur for the constant width channel. Decreasing the channel size affected
particle string formation in two ways, which in turn resulted in more particle string formation:
1- increased particle collision, 2- increased shear thinning effects. Figure 23 (d) shows that for
Fluid 4 at frequency of 1.02 Hz, shorter particle strings formed. By increasing the frequency,
the shear rate increased and shear thinning characteristics improved, which in turn directly
affected and facilitated particle string formation. Particle alignment was not detected for Fluid
4 at frequency of 0.37 Hz and for Fluid 2 at all frequencies.
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Figure 22 Particle distribution along the Conv Channel for HA solution with 3 mg.ml'1 concentration along

0.35-mm-width measurement section at frequency of 1.02 Hz at the () start and (b) end of the measurement
period; (c) obtained velocity profile for the measurement sections of (a) and (b).
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Different behaviors investigated during these measurements are in agreement with previous
study results. Lormand and Philips [16] studied particle migration in viscoelastic fluid
subjected to flows in concentric cylinders as the inner cylinder moved at a square wave
velocity and induced flow. Compared to materials used in the present study, Lormand’s fluid
was higher in viscosity and had shear thinning characteristics similar to those of Fluid 4. Their
results show that for oscillatory flows, particles generally migrate towards the walls and away
from the channel center. However, this behavior is strongly dependent on flow characteristics.
In Lormand’s study once oscillation frequencies exceeded 1 Hz, outward particle migration
ceased and particles remained in regions close to the outer cylinder. This behavior in our
study was observed for Fluid 2 at all frequencies and for Fluid 4 at frequencies of 0.37 and
1.02 Hz. Particle migration showed similar behavior for Fluid 4 at frequency of 2.03 Hz for
all phases. However, for other measurements, migration was only detected across small
measurement section widths. This may be attributable to 3-dimensional effects and vorticity
within the flow. The results did not show that the formation of a particle-depleted layer near
the moving wall resulted in increasing particle density in other channel sections in the plane
of view (Figure 23 (d)). This suggests that the migration pattern was 3-dimensional and that

understanding the complete mechanism requires 3-dimensional study.
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Figure 23 Particle distribution along the Conv Channel for the HA solution with 5 mg.ml'l concentration along
the 0.7-mm-wide measurement section at frequency of 2.03 Hz at the (a) start and (b) end of the measurement
period; (c) along the 0.36-mm-wide measurement section at frequency of 2.03 at the end of the measurement
period and (d) along the 0.32-mm-wide measurement section at frequency of 1.02 at the end of the measurement
period.

6. Conclusion

HA solutions and suspending particle behaviors were investigated under unsteady Couette

flow conditions within curved channels of constant and variable widths. Micro-PIV was used
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as the quantitative flow measurement method. For the unsteady Couette flow measurement
inside curve channels, particles did not necessarily follow fluid behavior and showed cross-
streaming migration. The selection of fluid and experimental model configurations was
designed to simulate flows within THR. The aim was to investigate and understand wear
particle distributions within the THR. Our results showed particle alignment/cluster formation
and particle migration towards channel walls, which increased by decreasing the distance
between walls. Dependent on HA concentrations, particles migrated towards the outer wall
alone or to both inner and outer walls. However, the density of particles migrating towards the
outer walls was always higher than that of the inner walls. The outer wall in the present study
corresponds to the UHMWPE liner surface in THR. The results of the present study suggest
that at hip implant frequency of movement (0-0.37 Hz) wear particles are mostly concentrated
in regions close to the UHMWPE surface rather than in the metallic/ceramic femoral head.
The particle aggregation mechanism near walls can increase third body wear of the implant
bearing surfaces, and confinement effects (smaller gap) increase aggregation and wear rates.
However, 3-dimensional measurements must be carried out to validate the observed

phenomena.
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Appendix |

Arbitrary constants S, and S, are obtained by considering zero velocity at y=0 where the

constant wall is placed (Eqg. 18 and Eq. 19).
B uo -hJo/2v _:
u=———>——(e sin f3,.
sin(f, + 55,) i
. T
sin(et —hyw/2v + B, _E) Eq. 18

+e™“? sin ..

sin(at + hyJw/2v - B, —%)
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u=— o (g
Sin(f, + £2)

sin 3, .(sin(at).cos(~hyw/2v + A, —%))
+cos(at).sin(-hy/w/2v + B, —%))

Eqg. 19
+eM% sin g,
(sin(et).cos(hy/a/2v - £, -7

2
+cos(at).sin(hya/2v — B, —%)))z 0

Coefficients of sin(wt) and cos(awt) should be zero to obtain zero velocity at each instant,

providing us with Eq. 20 to Eq. 22.

1) e ™% sin B,.cos(~h\Jw/2v + B, —%)
+e™% sin p,.cos(hyw/2v - B, —%) =
2) e ™% sin B,.sin(~h\Jaw/2v + B, —%)

V4

+ ™% sin B,.sin(hyJw/2v - 4, - )=

1) e™“* sin B,.cos(~hyw/2v + 3, —%j

T

— e sin g,.cos(hy/w/2v - 3, _E)
= Eqg. 20

2) e ™% sin B, .sin(-hJw/2v + B, -%)
— e sin B sin(hyw/2v — B, —%)
e ™ sin B,.cos(~hyw/2v + B, —%)

- =

e ™% sin B, sin(~h\Jw/2v + B, —%)

T

—e™? sin g,.cos(hJw/2v - f3, —E)

— e sin B sin(hw/2v - B, —%)
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sin(-hyw/2v + g,)  sin(hyo/2v - S,)

—cos(-hyJw/2v + B) - cos(hyfw/2v - B,)

Eqg. 21

tan(-h\w/2v + B,) = tan(h\Jw/2v - j3,) Eq. 22
= B, + B, =2h{w/2v
By replacing £, with 2h\/w/2v — 3, in the second part of Eq. 20, f, is obtained as Eq. 23.

e ™% gin B,.sin(-h\Jw/2v + j, —%) +eMer

sin 4, sin(hy/a/2v - 43, —%) =0
= —e ™ sin(2hJw/2v - B,)
cos(~hyw/2v + )
—e™“*sin g, cos(-hyJw/2v + £,) =0
= e " sin(2h\Jo/2v - p,) = - sin /
(sin(2h\/@/2v)cos 3,
—cos(ZhW)sin £ =
— e 5in B,
sin 8, (e°™“"*" + cos(2h\[w/2v))
= (sin(2hy/w/2v) cos B,

B —(sin(2h\/w/2v)
, =1
= A=tn @™ _cos(2h\/w/2v)

Eq. 23
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Abstract

To obtain reliable results from in vitro measurements on the tribological behavior of joint
implant materials, the parameters of the measurements must simulate in vivo conditions.
Although the nature of the load in human joints is dynamic, most of the studies using simple
pin-on-disk tribometers were performed with a constant load. The current study focused on
investigating the effect of dynamic loading in comparison with static loading in the
tribological behavior of ultra-high-molecular-weight polyethylene (UHMWPE) sliding
against a cobalt chromium molybdenum (CoCrMo) counter surface with different lubricants,
where the effects of hyaluronic acid (HA) and protein content in the lubricants were also
investigated. The results suggested that although the dynamic loading did not affect the
friction evolution for any of the lubricants, the friction value decreased for the lubricants that
did not contain HA. The results showed that higher protein content in the lubricant increased
the friction coefficient, however, it provided the highest protection against wear for sliding

surfaces.
Keywords

Pin on disk, bio-lubricant, Hyaluronic acid, friction coefficient, bio-tribology



1. Introduction

Long survival rate (low wear) and low coefficient of friction are two of the most important
characteristics of a total joint replacement (TJR), which is used in improving mobility and
reducing the pain of patients with joint disease or injuries. A low coefficient of friction (COF)
in metal on ultra-high-molecular-weight polyethylene (UHMWPE) prostheses and a survival
rate of 75% in 20 years make metal on polyethylene (MoP) joint implants the most commonly
used type in TJR [1,2]. However, because the oxidation degradation characteristic of
UHMWPE decreases the wear resistivity of this material, eventually, excessive production of
wear particles will cause implant failure due to aseptic loosening [3,4]. Theoretical studies
have shown that the MoP joint operates mainly in boundary or mixed lubrication regime,
which intensifies the wear rate due to asperity contacts [5-7]. Moreover, a large number of
cyclic loadings leads to material fatigue, and high friction can contribute to joint loosening as
a result of the fatigue [8]. To understand the frictional and wear characteristics of a MoP joint,
many studies have used different experimental approaches: free and driven pendulum, pin-on
-disk, pin-on-plate, and hip or knee simulator under different loads, speed and lubricant
conditions [1,4,8-19]. One of the most important factors for obtaining reliable results from the
tribological measurements is the composition of the periprosthetic synovial fluid (SF).
Although the composition of periprosthetic SF is not fully understood because of ethical
issues and the difficulty of accessing SF, recent studies suggested that its composition is
similar to the osteoarthritic SF [14,20]. However, the protein content of the periprosthetic SF
is higher compare to that of normal SF. The hyaluronic acid (HA) concentration and
molecular weight in periprosthetic SF are lower than healthy SF and about 2-3 mg.ml™ and
1.1-1.8 MDa, respectively [21]. Early studies showed that when blood serum was used as the
lubricant in tribological measurements, the wear surfaces that were produced resembled
implant wear surfaces [22]. Therefore, the ASTM F732 protocol proposed bovine calf serum
(BCS) as the best lubricant for bio-tribological measurements [23]. To fully understand the
lubrication mechanism of implants, many studies focused on understanding the main
component of SF that acts as the lubricant. Sawae et al. [4] investigated the effect of different
lubricants on the frictional and wear behavior of a UHMWPE pin with unidirectional sliding
against a steel or alumina disk. Their results suggested that the albumin solution behavior as a
lubricant was different from that of serum. Although both of them prohibited the transfer of
the polymeric surface to the counter surface, the wear mechanism and the frictional behavior
were different. Albumin showed a much higher friction compared to serum. This study also



showed that adding HA to the lubricant decreased the COF significantly. Schole et al. [13,24]
studied the effect of the non-Newtonian and physiological characteristics of the lubricant on
the frictional behavior of different hip joint configurations using a hip simulator. They
showed that for ceramic and metal implants, the differences in the COFs between synthetic
and physiological lubricants were significant. This difference was negligible for the MoP
configuration, with the protein containing lubricant exhibiting a slightly higher COF
compared to that of the synthetic lubricant. These studies also suggested that the protein
present in SF or calf serum adsorbed onto the implant surfaces, creating a solid-like film that
protected the surfaces form wear but could either increase or decrease the friction. The effects
of serum concentration on the frictional behavior of different UHMWPE pins sliding against
CoCrMo disks were studied by Yao et al. [25]. The results showed that although BCS with
different concentrations and bovine SF increased the COF compared to deionized water,
human SF provided a lower COF. It was also shown that crosslinking or gamma irradiating
the polymer did not affect its sliding COF. The studies of Gispert et al. [14] on the friction
and wear behavior of pins from different metals and alumina sliding on a UHMWPE disk
with a unidirectional movement and different lubricants showed the importance of adding
proteins to the lubricant. The results of this study showed that adding proteins to the lubricant
prohibited the transfer of the polymeric layer to the metallic counter surface and improved the
lubrication condition. They also concluded that because HA did not affect the surface tension
significantly, in contrast to bovine serum albumin (BSA), it did not have a considerable effect
on the COF. Chen et al. [15] showed that although albumin adsorbed strongly onto the
implant bearing surfaces, thereby improving the boundary lubrication, for the lubricant with
50% BSA, the COF increased significantly compared to water. The results of the studies by
Flannery et al. [16] on MoP using a knee simulator also suggested that under the mixed
lubrication regime, the adsorption of proteins on the bearing surfaces increased the COF. Fam
[18] investigated the frictional behavior of UHMWPE sliding against CoCrMo lubricated with
water and serum and determined how the HA concentration affected this behavior in
reciprocating pin-on-disk measurements. The main conclusion of this study was that
increasing the HA concentration up to 1 mg.ml™ decreased the friction, and for higher
concentration HA solutions, the COF remained constant.

The high variability of these results suggested the importance of controlling the measurement
parameters, such as lubricant composition, type of motion, load, speed, and roughness.
Previous studies showed that the wear rate of UHMWPE is very sensitive to the motion type
[26,27] and that the friction can be significantly affected by applying a dynamic load
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compared to a steady state load [12,28]. Dynamic loading (either applied as a sudden load
variation or a semi-sinusoidal loading profile) is used in pendulum or hip and knee simulators.
However, these two methods are a rather complex means of studying the biotribological
behavior of implant materials. Using a pin-on-disk with multidirectional motion is the most
common and simple method of investigating the tribological behavior of joint implant
materials. Almost all measurements using this method have been conducted under steady state
loading. However, because joint bearing materials are subjected to cyclic loading, it is crucial
to understand how dynamic loading might affect the results in comparison with static loading
when tribological behaviors are studied using the pin-on-disk method. Therefore, the main
aim of the current study was to understand how dynamic loading might change the frictional
behavior of materials in comparison with static loading in the pin-on-disk measurement.
Understanding the effect of the loading condition provides an insight into the fact that how
valid are the frictional measurements with pin-on-disk and constant load and which
parameters affect this validity.

2. Materials and Method

2.1. Materials

GUR 1020 UHMWPE (Ticona/Celanese, USA) blocks were prepared in our laboratory using
the compression molding method, and 4x4x4 mm?® pins were cut out from a pressed
UHMWPE block. Each pin was soaked in distilled water for a minimum of two weeks before
tribotesting. The average roughness of the pin surface was approximately R;= 1.5-2 um.

Chromium Cobalt Molybdenum alloy (CrCoMo) with a mirror polished surface (with average
roughness of R; = 0.005 um) was used as the counter surface. All samples were cleaned based
on the procedure in the ASTM F732 - 00(2011) standard. Table. 1 contains a detailed
explanation of the lubricants and the names assigned to each of them.

Distilled water was the reference lubricant used to compare the influence of HA and/or
protein in the lubricant. Diluted BCS was chosen as one of the lubricants based on the ASTM
F732 standard recommendation and to investigate the protein effect.

The HA content of the SF provides it with shear thinning viscoelasticity behavior. In present
study and for the lubricants which contained HA, The concentration and molecular weight of



HA were chosen to capture the HA characteristics in periprosthetic SF (similar shear thinning
and viscoelastic behavior).

Table. 1 Lubricants’ composition
Lubricant Composition Lubricant name
Distilled water DW

Diluted BCS: 75% Phosphate Buffer Saline (PBS from Sigma Aldrich, DS
St. Louis, Missouri, USA, with 0.15 M concentration) and 25% BCS
(Sigma Aldrich 12133C, St. Louis, Missouri, USA)

HA with 1.6-1.8 MDa molecular weight (Sigma Aldrich 53747, St. Louis, HA

Missouri, USA) with concentration of 3 mg.ml™ in PBS

HA with 3 mg.mI™ concentration in a mixture of 75% PBS and 25% BCS HAS

2.2. Experimental Methodologies

2.2.1. Tribological characterization (pin-on-disk)

The frictional measurements were performed using a unidirectional Plint TE-67 pin-on-disk
tribometer (Phoenix Tribology Ltd, Kingsclere, England). For the steady state condition, a
120-N load was applied on the pin, corresponding to 7.5 MPa of pressure. The dynamic load
was applied through a pneumatic system in a sinusoidal pattern at a frequency of 1 Hz,
average load of 120 N and amplitude of 40 N. The applied loads were chosen to maintain the
pressure in the range of 2 to 10 MPa, based on the ASTM F732 - 00(2011) standard. The
frequency of the load was chosen based on the load variation frequency during the normal
walking activity [29]. Hereafter, the measurements with steady and dynamic loadings are
referred to as Const and Sin, respectively. The sliding velocity was kept constant at 34 mm.s™
to reduce the hydrodynamic effects. This velocity lies in the typical velocity range for hip
implants (0-50 mm.s™) [14]. Each measurement was performed for 50,000 cycles at room
temperature (25-27°C). Distilled water was added gradually at a constant rate to the lubricant
via a syringe pump (kd Scientific model 410 series) to ensure that the concentration of the
lubricants remained constant. Each set of measurements was performed at least three times.



The pin viscoelastic thickness deformation was measured by a displacement sensor coupled to
the pin holder. Fig. 1 provides a schematic view of the experimental set-up.

Fig.1  Schematic of the experimental set-up

Fig. 2 shows the response and decay time of the friction sensor. The response and decay times
were approximately 0.7 s and 1.2 s, respectively. These response times are considerably high
compared to the load cycle period (1 s). Therefore, the sensor could not capture the total range
of friction under dynamic loading conditions. The longer decay time compared to the
response time suggested that the mean recorded friction forces had higher values compared to
the real situation. Effectively, higher mean values for the recorded Sin friction force were
obtained compared to the Const friction force. To correct the recorded friction mean value,
sinusoidal loads at a frequency of 1 Hz with defined mean and amplitude values were applied
on the friction sensor. By comparing the applied mean value with the recorded one, Eq. (1)
was derived for correcting the friction mean value to determine the modified one.

F
F

= I:record -0.13* (F

= Average(F,.4)

- I:record min )

mod record max

1)

mod(mean)
F represents the friction force. The above equation only corrects the recorded mean value.
The mean COF (mean value for sinusoidal COF) was derived by dividing the modified mean
friction by the mean applied load (120 N).



-
4- ]
35" ]
3" 1
Z.25 ]
[] !
2 ]
2 20 ]
1.5
70% of Load Decayed:
1 Decay Time
70% of Max load: . X
0.5 /Rcsponsc Time imrflgmc of
oad Decay
O" ‘.//‘.....‘.‘.‘.-‘.\....\“ L | e ' L L ]
0 1 2 3 4 5 6 7 8
Time(s)
Fig. 2  Step response and decay time of the friction load sensor
2.2.2. Rheological Measurement

The variation of the HA solution’s viscosity vs shear rate was investigated using a Bohlin
CVO Rheometer at 25°C under shear rate control (0.05-1570 s™) with coaxial cylinders (C25).

2.2.3. SEM and EDS

Scanning electron microcopy (SEM) images of the pins and the disks before and after the
measurements were captured using a JEOL JSM-7001F microscope.The pin surfaces were
coated with platinum/palladium (80/20). No special treatment was used on the disk surfaces.
The pin surfaces were also analyzed using energy-dispersive X-ray spectroscopy (EDS) to
investigate the chemical elemental composition on the surfaces of the pins.

2.2.4. Topographical Analysis

The topography of the surfaces of the pins and disks was captured and analyzed using optical
interferometry (Zygo NewView 7300) before and after the tribotest.

2.2.5. Crystallinity

Differential scanning calorimetry (DSC) was used to investigate whether tribotesting affected
the degree of crystallinity of the UHMWPE pins (tested in different lubricants). The degree of
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crystallinity was also measured on aged UHMWPE pins (aged in distilled water at 37°C
temperature for 2 months).

3. Results

Fig. 3  Friction coefficient vs. sliding distance for four different lubricants under a)
sinusoidal pattern load and b) constant load with error bars for 90% confidence

interval



Fig. 3 shows the evaluation of the friction coefficient with increasing sliding distance. To
compare the results between constant load and sinusoidal load conditions, the mean value of
the sinusoidal COF is presented in Fig. 3(a). For each lubricant, the variation of the COF
followed nearly the same trend under both dynamic sinusoidal and steady state constant loads.
The error bars present 90% confidence interval for the last hour of measurement. Because of
the rather high pressure, the polymer pin underwent elastic deformation during the running-in
period, resulting in decreases in the surface roughness and the COF. Fig. 4 represents the pin
thickness variation during the running-in period caused by elastic effects. The error bars
present 90% confidence interval for the last hour of measurement.

4000

39505
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3850 : : : : - : :
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Fig. 4  Pin elastic deformation during a pin-on-disk measurement for the distilled water

lubricant under steady state loading with error bars for 90% confidence interval

After the viscoelastic deformation phase, the COF trend was varied for different lubricants.
The viscosities of these lubricants were different. This difference was one of the reasons for
obtaining the different trends and values for the COF. The diluted BCS viscosity is 0.002-
0.0025 Pas (two to three times the value for distilled water). Increment of COF in with BCS
as lubricant compared to distilled water could be due to protein adsorption on the contact
surfaces (Fig. 6); for diluted BCS, a white circle of the adsorbed protein was visible at the end
of the test, thus verifying protein adsorption. Fig. 5 shows the average viscosity variation as a
function of shear rate and the error bars for 90% confidence interval for HA solutions. To
estimate the viscosity at higher shear rate it is possible to fit a mathematical model and
extrapolate. Power law model is the simplest model which is usually fitted on the shear
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thinning region of the double logarithmic plot of the viscosity vs. shear rate for HA solution
(Eq. (2)) [30].

ﬂ = mj}n_l (2)

u, ¥, mand n are viscosity, shear rate, consistency and power indices, respectively. n-1 is the

slope of the line fitted on the shear-thinning region of the double logarithmic plot of the
viscosity vs. shear rate and “m” is the intercept of the fitted line with shear rate of 1 s™*. “n”
and “m” had the value of 0.618 and 0.26, respectively. By considering the average roughness
of the surfaces and the sliding velocity of the pin, the average shear rate exerted on the HA
solution was about 23,000 s™. The viscosity of the HA solution at this shear rate was 0.0056
(more than 6 times of the distilled water viscosity at 25°C).

25%PBS+75%Calf Serum+3 mg.ml'l HA

____________

m --pBS+3 mg.ml™t HA

© (Pa.s)

N
:
20 0] . M | . Ly . L

0
10 100 45 10
Fig.5  Viscosity (u) as a function of the shear rate () for the HA solutions with error

bars for 90% confidence interval

The value of the COF after the running-in period placed between 0.2 and 0.75. Under constant
load condition and by increasing the viscosity in HA solution, compared to distilled water, the
COF decreased. These suggested that the active lubrication mechanism was mixed lubrication
[14,16,31].
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Fig. 6  The lubricant bath condition after measurement with diluted BCS

The average COF for the last hour of measurements and the error bars (standard deviation for
3 measurements) for 90% confidence interval are presented in Fig. 7. The difference between
steady state and dynamic COFs was significant for non-HA-containing lubricants. Statistical
analysis (one-way ANOVA) performed on the COF values for steady state and dynamic
loadings and in the case of non-HA solution lubricants led to a value of p<0.03. However, for
the HA-containing lubricants, the difference between COFs of static and dynamic loadings
was not statistically significant.

For diluted BCS lubricant containing HA, the COF had a higher value compared to HA
solution in PBS and a lower value compared to dilute BCS. Examination of the COF
evolution for HAS over time (Fig. 3) showed that at the beginning of the measurement, the
frictional behavior was similar to dilute BCS (rapid decreasing of COF at the start of
measurement and gradual increasing of COF afterward). However, at the middle of the
measurement the COF value started to decrease gradually and the frictional behavior moved
towards the frictional behavior with HA in PBS.
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Table. 2 shows the crystallinity values for pin surfaces (before and after tribo-testing) with

different lubricants. With distilled water as the lubricant, compared to the other lubricants, a

trend of a decrease in the crystallinity value was observed. However, the amount of decrease
is not significant. Therefore, different lubricants or testing conditions had no significant effect
on the degree of crystallinity.

Table. 2 Crystallinity values of the pin samples before and after measurement at different
conditions

Sample Crystallinity
Control pin 48.55+ 2.32
DW, Sin 46.43+ 451
DW, Const 47.49+0.98
DS, Sin 46.43+0.89
DS, Const 50.24+£0.12
HA, Sin 51.44+ 0.60
HA, Const 51.07£0.30
HAS, Sin 49.33+1.30
HAS Const 50.70+ 0.65
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Fig. 8 shows the SEM images from the CoCrMo disks before measurement (Fig. 8(a)) and
after measurements at constant load with diluted BCS, HA solution in PBS, and HA solution
in diluted BCS as lubricants (Fig. 8 (b), Fig. 8 (c), and Fig. 8 (d), respectively). The black
spots on the disk surfaces correspond most probably to the Mo-rich undissolved particles [14].
No wear sign or tracks were visible in Fig. 8 (b) and (d). In Fig. 8 (c), the pin tracks might be
related to the early stages of wear.

Fig. 9 shows the SEM images of the wear tracks on the CoCrMo disks with distilled water as
the lubricant at two different magnifications. Fig. 9 (a) corresponds to the constant load
condition, and Fig. 9 (c) represents the disk surface after the dynamic load measurement. The
shape of the tracks suggested that abrasive wear was the dominant wear mechanism for both
loading conditions.

Fig. 8  SEM images of the CoCrMo disk surface at a magnification of 5000x (a) before
the pin-on-disk measurements and after the pin-on-disk under constant load conditions
with (b) diluted BCS, (c) HA solution 3 mg.ml™ concentration in PBS, and (d) HA

solution 3 mg.ml™ concentration in diluted BCS
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Fig.9  SEM images of CoCrMo disk surfaces after tribo-testing with distilled water as
the lubricant (a) under constant load conditions at a magnification of 1500x, (b) under
constant load conditions at a magnification of 5000x, (c) under sinusoidal load
conditions at a magnification of 1500x%, and (d) under sinusoidal load conditions at a
magnification of 5000x

Fig. 10 (a) is the pin surface before measurements, Fig. 10 (b), (c) and (d) show the pin
surface after pin-on-disk measurements under constant load conditions with lubricants of
distilled water, HA solution in PBS and diluted BCS, respectively. The arrows show the
sliding direction tracks on the pins when the lubricant was distilled water or the HA solution
in PBS; these tracks were absent for the BCS-containing lubricants.

14



Fig. 10 SEM images of the UHMWPE pin surface (a) before pin-on-disk measurements
and after pin-on-disk measurements under constant load conditions with (b) distilled
water, (c) HA solution 3 mg.mlI™* concentration in PBS, and (d) diluted BCS; the

arrows show the sliding direction

Fig. 11 and Fig. 12 show the EDS analysis of the pin surfaces with distilled water and HA in
PBS solution as lubricants. For the pin with distilled water as the lubricant, Co and Cr
particles are observed at the pin surface. The chemical composition of the CoCrMo discs was
Co (65.74 wt%), Cr (27.11 wt%), Mo (5.52 wt%), Mn (0.78 wt%), N (0.194 wt%), Fe (0.07
wt%), Ni (0.06 wt%), Si (0.59 wt%), C (0.04 wt%), W (< 0.02 wt%), Cu (< 0.01 wt%), P (<
0.003 wt%), and S (< 0.0005 wt%). From the three main elements of the disks (Co, Cr, and
Mo) only Cr could be detected at the pin surface with HA solution in PBS as the lubricant.
The other available elements at the pin surface in Fig. 12 belonged to the disk composition,
but their concentrations in the metal alloy were low. Further investigation using electron

backscatter revealed that these elements were embedded into the pin surfaces; after the
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polymer surfaces softened under the high temperature produced during the sliding process,
these elements penetrated into the polymer surface. None of the main components of the disk
composition (Cr, Co, or Mo) could be found at the pin surfaces with diluted BCS or HA

solution in diluted BCS as lubricants.

¢ Spectrum 41
Cr
(]
crCo
L Co
i el & e Co Co
T ¥ T v T v T ¥ T v T T T T Ll T L 3 T T T T
0 1 2 3 4 5 6 7 8 9 10
full Scale 1423 cts Cursor: 10211 (0 cls) keV|

Fig. 11 SEM and EDS of pins lubricated with distilled water
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Fig. 12 SEM and EDS of pins lubricated with HA solution in PBS

4. Discussion

Decrease in the COF by adding HA to the solution has been reported before by many authors
[4,14,18]. HA has very low adsorption on UHMWPE surface and previous studies showed
that HA has poor functionality as boundary lubricant and although it improves the friction
condition, it cannot work as the boundary lubricant [32-34]. Therefore, in current study
adding HA to the lubricant decreased the COF by increasing the viscosity and improving the
hydrodynamic effect. This suggested that the active lubrication mechanism was mixed
lubrication.
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Increasing the load during dynamic loading pushed the counter surface asperities close to each
other. Distilled water as the lubricant was trapped between the asperities and then squeezed
out gradually from smaller gap regions to larger gaps. Gradual depletion of the water and
fluid resistivity against depletion resulted in the development of the hydrodynamic built-up
pressure and the micro-squeeze effect [35,36]. The built-up pressure contributed to the load
supported by the fluid film and improved the frictional behavior. Under static and dynamic
loading conditions, the COF was not significantly different for the lubricants containing HA.
HA higher viscosity improved the hydrodynamic effect, which resulted in fewer asperity
contacts compared to that of distilled water. Therefore, the surfaces were more protected from
rubbing against each other, and in contrast to water lubrication, the contact surfaces stayed
smooth. Fig. 9 (a) and (b) shows the abrasive wear damaged the surface of the disk when
distilled water was the lubricant. While Fig. 8 (c) shows early stages of wear and smoother
disk surface when the lubricant was HA solution in PBS. With lower surface roughness for
the HA solution in comparison with water, the micro-squeeze effect became negligible and
almost no difference was visible between the COFs of the static and dynamic loadings.
However, decreasing the COF and improving the friction, did not necessarily improve the
wear condition. The SEM images of the disk surfaces with distilled water as the lubricant
(Fig. 9) show that dynamic loading deteriorated the wear condition. Based on the hypothesis
suggested by Barbour et al. [2], under high stress condition and constant load, the produced
wear particles were trapped between the surface asperities and were prohibited from
deteriorating the wear condition. However, under dynamic load and during the load
decreasing phase, the asperities were separated, thereby providing the opportunity for the
wear debris to slide along the surfaces and contribute to wear. Grooves of 2-body abrasive
wear were visible for both loading conditions. The wear tracks on the disk surface when
dynamic load applied represented sliding of the wear particles along the disk surface, which
was absent for the measurement at constant load.

When BCS was used as the lubricant, the COF was found to increase compared to water.
Increasing of the COF in presence of BCS in comparison with water was also reported by Yao
et al. [25]. As stated by Scholes and Unsworth [13] and later verified by Flannery et al. [16],
when UHMWPE moved against CoCrMo in a protein-containing lubricant, the protein was
adsorbed on both surfaces and formed a solid lubricant on the sliding surfaces. Protein-to-
protein rubbing against each other acted as a bridge between the two surfaces and increased
the friction coefficient. Fig. 6 shows the white circle layer of adsorbed protein between the pin
and the disk after 14 hours of measurement. Fig. 3 shows that for diluted BCS, the COF value
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decreased quickly after the measurement, although it continued to gradually increase
afterward. The gradual increment of COF was most probably related to the gradual protein
adsorption during the measurement. Therefore increasing the COF in the presence of diluted
BCS compared to distilled water was related to the protein adsorbed layer. The dynamic
loading, resulted in the decrease in the COF in comparison with static loading with diluted
BCS as lubricant. Increasing the load during dynamic loading resulted in higher surface
asperity contacts, which might broke the adsorbed protein layer at some spots and resulted in
a decrease in the COF. By adding HA to the diluted BCS, the COF decreased gradually and
the differences between COFs of static and dynamic loading disappeared. The adsorbed
protein layer was not visible for diluted BCS with HA at the end of the measurement. Results
of the study of Serro et al. [34] on the adsorption of albumin on UHMWPE showed that in
presence of HA, the albumin adsorption slightly reduced. The concentration of the HA in that
study was 0.5 mg.ml™ which is rather low compared to the current study [34]. They did not
investigate the effect of HA concentration on the albumin adsorption. However, it is visible
from current study’s results that by increasing the HA concentration, the protein adsorption
reduced considerably. Consequently COF decreased and the frictional behavior moved
towards that of the HA solution in PBS.

Fig. 10 (b) and (c) shows that ripple-shaped tracks at the surfaces of the pins with distilled
water and HA solution in PBS. When the soft surface of a pin contacted the hard disk surface,
these could be created via abrasive wear, or as mentioned by other authors, they were
produced as a result of plastic strain accumulation [37]. Bragdon et al. [38] stated that for
unidirectional motion, these ripples formed a result of polymer chains orientation due to
exerted friction forces at the polymer surface [38,39]. These ripple shapes were absent when
diluted BCS used as the lubricant (Fig. 10 (d)). This also confirms that in presence of protein,
the friction forces were not exerted on the pin surface and the protein-protein rubbing was the
source of high friction value.

In most of the tribological studies of the TIJR materials with pin-on-disk or pin-on-plate setup,
the load is kept constant and based on ASTM 732 protocol, BCS used as the lubricant.
However, the results of the present study suggested that variable load affect the frictional
behavior of the BCS. It should be noted that this study was conducted by unidirectional
motion pin on disk setup to provide the simplest motion. There are numerous tribological
studies which are focused on the detail of the wear behavior of the TIR materials [2,22,39-
42], therefore this study only addressed frictional behavior. However, the effect of the loading
condition on the wear factor is the subject of future studies. The other parameter which was
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not included in this study was crosslinking of the UHMWPE pins. Crosslinking of
Polyethylene molecular chains are performed to improve the wear resistance of UHMWPE
[3]. Since current study only focused on frictional behavior, the pins from virgin UHMWPE
without crosslinking were used. Moreover, Yao et al. [25] study on the effect of crosslinking
on the frictional behavior of the UHMWPE showed no statistical difference between friction
coefficient when non-irradiated and highly crosslinked UHMWPE were used.

5. Conclusion

The tribological behavior of a UHMWPE pin sliding against a CoCrMo disk was investigated
under steady state and dynamic loading conditions with different lubricants. The COF values
calculated from tribotest results and SEM, EDS and DSC were used to evaluate how different
measurement conditions affected the pins and disks. The crystallinity of the polymeric pin
was not affected by the use of different lubricants and different loading condition. The results
suggested that the friction evolution over time for static and dynamic loading follows the
same trend and only depends on the lubricant type. Only the non-HA lubricants showed
variation in the COF values between static and dynamic loadings, with dynamic loading
resulting in a decreased COF. Moreover, although the presence of protein in the lubricant
increased the COF value, it provided the strongest protection for the bearing surfaces against
wear. Almost all of the tribological studies of TJIR materials using pin-on-disk or pin-on-plate
setup are performed with constant load. However, the results of the current study showed that
for tribological study of the TJIR materials using the pin-on-disk or pin-on-plate method, the
combination of the lubricant constituents with the loading condition plays a significant role in
the frictional behavior.
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