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ABSTRACT 

Revision total hip arthroplasty (rTHA) is an expensive and surgically risky procedure that is necessary 

in the case of a failed primary total hip arthroplasty (pTHA). The cause of failure in artificial hip joints 

is often rooted in the tribological performance of the bearing surfaces such as increased wear and 

reduced lubrication. Surface texturing is a surface modification technique which has been studied for 

aerospace and automotive applications and has shown promise in the biomedical field of artificial 

human joints in the last two decades. Several studies have been done to assess the tribological 

performance of introducing surface micro-textures as a means of reducing friction and wear. However, 

not many studies are found in literature that focus on ceramic-on-polyethylene surfaces, specifically 

with the softer surface being textured. This thesis investigates the effects of surface texturing on the 

coefficient of friction and wear between a textured ultra-high molecular weight polyethylene 

(UHMWPE) plate and an alumina (Al2O3) ball. Surface textures with different combinations of dimple 

aspect ratio and texture densities are empirically studied in the boundary and/or mixed lubrication 

regime. Experiments are conducted via a reciprocating ball-on-flat friction tester. Microscopy and 

profilometry are done to understand the characterize the tribological behavior of the sliding surfaces. 

Additionally, a hydrodynamic lubrication model is implemented to examine the effects of the same 

surface textures on the maximum load-carrying capacity of the lubricant in the hydrodynamic 

lubrication regime.  
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NOMENCLATURE 

ε = Dimple aspect ratio 

Sp = Texture density 

rp  =  Dimple radius 

r1 =  Unit cell length 

hp = Dimple depth 

U = Relative sliding velocity 

c = Minimum clearance 

h = Local clearance 

N = Number of dimples per column 

p0 = Ambient pressure 

p = Lubricant pressure 

η = Dynamic viscosity 
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1. PROBLEM INTRODUCTION 

Total hip arthroplasty (THA) is a surgical procedure used to treat chronic hip pain and 

disability, which could be caused by arthritis or traumatic injury. The procedure involves replacing the 

damaged femoral head and cartilage with prosthetic components that generally consist of a stem that 

is attached to the femoral bone, a ball that is placed on the upper part of the stem, a socket that is 

attached to the acetabular portion of the pelvis, and a spacer or liner that is inserted between the 

prosthetic ball and socket [1,2]. In the case of a failed primary total hip arthroplasty (pTHA), the only 

therapeutic action is a revision total hip arthroplasty (rTHA) to replace the failed components from 

the original surgery. The rTHA does not only create a financial burden for the patients and the national 

healthcare system, but also poses surgical risks including a higher rate of sepsis, prosthetic joint 

infection, more blood loss and transfusion, and medical complications compared to the pTHA [3]. 

One of the leading causes for the limited life-span of the pTHA components, often spanning 10 to 

20 years after surgery, is aseptic loosening which is the failure of fixation of a prosthetic component 

in the absence of an infection. Wear debris from the implant causes particle-induced osteolysis around 

it which can result in aseptic loosening of the components [4]. Thus, it is crucial to investigate the 

properties and design of artificial implant materials to improve tribological performance.    

Surface modifications techniques such as surface texturing, surface coating, and surface 

grafting have been widely studied for different applications to achieve optimal tribological 

performance without changing bulk material and have recently found their way in the field of artificial 

hip implant design. Surface texturing refers to the process of creating artificial asperities with defined 

geometry and distribution on the bearing surface. Based on different conditions such as load, relative 

velocity, dimple aspect ratio, and texture density, surface texturing has shown improved tribological 

performance by acting as a lubricant reservoir, increasing hydrodynamic pressure between sliding 

surfaces, storing wear debris, and/or decreasing sliding surface contact area [5]. Different material 

combinations such as metal-on-metal (MoM), metal-on-polyethylene (MoP), ceramic-on-polyethylene 

(CoP), ceramic-on-ceramic (CoC), and metal-on-ceramic (MoC) display different wear mechanisms 

and therefore, respond differently to surface textures. The availability of such a wide variety of artificial 

hip implant designs and biomaterials in the market requires research to explore the effects of surface 

texturing for each of these different cases.  
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Previous studies with hard-on-soft coupling have generally experimented with the hard surface 

being textured. In a 2019 study, Nečas et al. [6] reversed this by experimenting with a dimpled ultra-

high molecular weight polyethylene (UHMWPE) acetabular cup articulating with four smooth femoral 

heads of metal and different ceramics. Their work showed reduction in friction in the textured samples 

across all the materials during the running-in phase. Moreover, not much literature exists on surface-

textured CoP surfaces, specifically. Further investigation of the use of a dimpled UHMWPE surface 

articulating with a hard surface like ceramic can provide new insights on the friction and wear 

mechanisms. The proposed thesis work seeks to explore the tribological performance of a dimpled 

soft polyethylene surface articulating with a hard ceramic ball to characterize and explain friction and 

wear behavior.  

  



11 

 

 

 

2. THE RESEARCH QUESTION 

Several studies have shown the positive tribological impact of adding textures to sliding surfaces. 

The main contribution of this work will be to show how adding micro-textures to the softer surface 

in a CoP contact will affect the coefficient of friction and wear volume. This thesis work will seek 

answers to the following research questions: 

i. Does a textured UHMWPE surface articulating against a ceramic ball exhibit lower 

coefficient of friction and wear than an untextured UHMWPE surface? If so, what 

mechanisms improve tribological performance? 

ii. What combination of dimple aspect ratio and texture density performs best tribologically? 
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3. LITERATURE REVIEW 

3.1.      Biotribology 

Biotribology refers to the science of interacting surfaces in relative motion in the context of 

the human or an animal body and encompasses concepts such as friction, wear, and lubrication. The 

failure of artificial hip implants is often due to wear-related problems such as aseptic loosening [4]. 

Thus, it is important to get a good grasp of the key concepts in biotribology to improve current 

artificial implant designs and propose new solutions. 

Friction is commonly defined as the resistance to relative motion between two surfaces in 

contact. As polished as a surface may seem, at the microscopic level, all surfaces contain asperities 

which induce friction, mainly due to local adhesion and deformations that take place at asperity 

junctions when two surfaces are in contact and move relative to one another [7]. Sliding or kinetic 

friction force is proportional to the normal force at the interface and can be expressed as shown in 

Eq. (3.1), where 𝐹𝑓 is the frictional force, 𝑁 is the normal force, and 𝜇 is the coefficient of friction.  

𝐹𝑓 = 𝜇𝑁                                                                  (3.1) 

Wear refers to the gradual removal of material at the surface of a solid. Several wear 

mechanisms have been identified and defined in tribology studies, but adhesive and abrasive wear are 

most common types in the context of hip implants [7]. Adhesive wear occurs due to local welding 

between asperities that are broken away from one another due to sliding motion. Abrasive wear occurs 

when a hard surface moves along a soft surface. This can cause a two-body abrasion where the hard 

surface abrades the soft one, or a three-body abrasion where a hard particle trapped between the two 

surfaces abrades either or both surfaces.  

Lubrication is introduced to assist in sliding movement and to reduce energy losses due to 

friction. In animal joints, synovial fluid acts as a natural lubricant enabling smooth movement. 

Lubricants get into the spaces between the surface asperities and reduce asperity-to-asperity 

interactions or completely separate them. In the boundary lubrication regime, which occurs under 

high load and low speed conditions, the lubricant pressure is not sufficient to separate the two surfaces 

or to support the load. Thus, there is a considerable amount of asperity contact between the two 
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surfaces. In the hydrodynamic or full-film lubrication regime, which occurs under low load and high-

speed conditions, the sliding surfaces are completely separated due to the lubricant pressure. This 

occurs when the lubricant forms a converging wedge as the two surfaces slide relative to each other, 

thus forming a lifting pressure [8]. The mixed-film lubrication regime is a combination of both the 

hydrodynamic and the boundary lubrication regimes. The Stribeck curve, shown in Fig. 3.1, is a 

fundamental concept in tribology which graphically represents the variation in the coefficient of 

friction over the entire spectrum of the different lubrication regimes. The Hersey number, which is 

plotted in the x-axis, represents a dimensionless lubrication parameter, and includes the lubricant’s 

dynamic viscosity, 𝜂, the entrainment speed of the lubricant, 𝑁, and the normal load per length of 

contact, 𝑃.  

 

Fig. 3.1: Stribeck curve [9] 

 

3.2. Artificial Hip Implants  

Artificial hip implants consist of a femoral head articulating with an acetabular cup. The head 

can be made of ceramic or metal and the acetabular liner/cup can be made of ceramic, metal, or 

polymer. Metals were one of the first materials used in the early stages of development of artificial hip 

implants and metal alloys such as titanium alloys and cobalt-chromium-molybdenum (CoCrMo) alloys 

have commonly been used in this application due to their biocompatible nature and excellent 
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mechanical and corrosive properties [10]. Polymers, particularly UHMWPE, are known for their high 

wear resistance and low friction properties. However, acetabular liners/cups made of polyethylene 

also generate debris when implanted that is attacked by the body’s immune system causing osteolysis 

and consequently, mechanical loosening of the implant [11]. Ceramics, such as alumina (Al2O3) and 

zirconia-toughened alumina, were introduced to THA to overcome this issue of polyethylene wear 

and due to the inert nature of their wear particles along with their hardness and scratch resistance [12]. 

The MoM coupling gained popularity in the 1960s and 1970s due to its low wear rates 

compared to the MoP coupling. Despite its positive tribological performance, MoM has become 

extremely uncommon in the past decade due to the potential for an increased release of metal ions 

into the bloodstream, which can be toxic when highly concentrated [11,13]. With Sir John Charnley’s 

pioneering efforts, the MoP coupling emerged as a more common choice with the Co-Cr femoral 

head articulating with an UHMWPE acetabular cup being one of the most acceptable bearing surface 

couples today due to its relatively good long-term performance [14]. However, concerns of 

polyethylene wear causing osteolysis due to wear debris have prompted ongoing research to improve 

the durability of this material pair. The CoC coupling has shown promise due to the biologically inert 

nature of ceramic wear particles but comes with its own share of complications such as squeaking and 

brittle fracture [15]. Lastly, the CoP coupling combines the inert ceramic component with the soft 

polyethylene component while mitigating the risks associated with metal debris. Due to the lower 

Young’s modulus of polyethylene compared to the harder metals and ceramics, and thus its ability to 

undergo deformations more easily, this coupling may benefit from an enhanced fluid layer and 

potentially exhibit lower friction from smoothening caused during natural movement [16]. Heckmann 

et al. studied the trends of hip implant bearing surface selection in the United States and found that 

CoP saw a steady year-by-year increase from being 11.1% of the total cases in 2007 to 50.8% by 2014, 

surpassing even MoP which accounted for 42.1% of the total cases that year. MoM peaked in 2008 at 

40.1% of the total cases and only accounted for 4.0% of the cases by 2014 with CoC closely following 

it at 3.1% of the total cases [17]. 
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3.3. Surface Texturing 

Surface texturing is a surface modification technique which has slowly gained traction in the 

field of orthopedic biomaterials in the past two decades. Although not directly related to tribology, 

several studies have shown their success in enhancing the biocompatibility and osseointegration of 

the implant by improving osteoblast adhesion, leading to better integration with the surrounding bone 

tissue and improving the implant’s stability [18,19]. Surface textures have been used successfully in a 

variety of engineering applications such as cutting tools, piston and ring cylinders, and journal bearings 

as a means of reducing friction and wear [20]. With aseptic loosening being the leading cause of failures 

in THA and being rooted in the production of wear particles, surface textures have been investigated 

as a means of reducing friction and wear. The integration of advanced surface texturing methods could 

lead to the development of more durable and biocompatible artificial hip joints, ultimately improving 

patient outcomes. 

Various processes exist to develop surface textures for different types of orthopedic materials 

including molding, laser-based techniques, conventional machining, and electrochemical processes. 

Laser surface texturing (LST) is a common method widely used by researchers for its efficiency, 

controllability, ease of automation and high processing speed [21,22]. The process involves ablating 

the work surface with a high-energy beam of laser causing the material to melt and vaporize, thus 

modifying the surface topography. Some drawbacks of the method include the build-up of ablated 

material around the dimple edges and local modification of the material’s properties especially in 

polymers [23]. CNC micro-milling is an viable alternative that makes use of small indenters which can 

come in different shapes combined with different indentation loads and material hardness to produce 

textures of different depths [24]. Alternatively, electrochemical processes selectively etch away un-

masked material to create texture features. 

To evaluate the effectiveness of these textured surfaces, wear tests with varying levels of 

sophistication are utilized in tribological research. Wear joint devices test real prostheses in an 

environment that simulates physiological conditions whereas wear screening devices provide a way of 

quickly testing the materials studied while approximately replicating the same wear mechanisms that 

occur with a given pair of materials [25]. Hip joint simulators are wear joint devices that usually utilize 

a spherical femoral head articulating with a hemispherical acetabular shell and replicate the complex 
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motions and loads that create tribological conditions similar to those experienced by hip joints in the 

human body [26]. These simulators are invaluable in offering a realistic assessment of wear behavior, 

especially over extended periods. Dong et al. performed hip simulator tests using an inverted 

pendulum hip joint simulator which used angular velocity sensors to collect oscillation data and 

calculated the coefficient of friction using the linear decay of the pendulum [27]. They reported a 20% 

reduction in the coefficient of friction between the head and cup for the MoP micro-textured surface. 

Alternatively, pin-on-disk tribometers are widely used wear screening devices in tribological research 

due to their simplicity and cost-effectiveness. The method involves using a pin that represents the 

femoral head and a rotating disk that represents the acetabular cup, sliding against each other under 

controlled conditions of load, frequency, distance, and environment. Young et al. performed one of 

the earlier studies using a pin-on-disk tribometer to evaluate the performance of CoCrMo pins sliding 

against textured UHMWPE disks and measured the coefficient of friction and wear [28]. The 

tribometer made use of strain gauges arranged in the Wheatstone bridge configuration to indirectly 

measure the frictional force between the two surfaces. They reported a reduction in the coefficient of 

friction of the textured surface, but an increase in wear debris. Other wear screening devices include 

ball-on-flat, ring-on flat, and cylinder-on-flat tribometers. 

Based on the bearing operating conditions such as load and sliding relative velocity, as well as 

texture geometry such as shape, aspect ratio, and texture density, the literature documents three main 

functions that surface textures perform in order to improve tribological performance [24]. Generally, 

deep texture features act as lubricant reservoirs and reduce friction and wear by reserving and 

supplying lubricant under starvation conditions during boundary or mixed lubrication conditions. 

Studies by Lee et al. [29] and Tarabolsi et al. [30] reported that the dimples stored wear debris produced 

during articulation, thus reducing three-body abrasive wear. Similarly, Sufyan et al. [31] and Pratap and 

Patra [32] attributed improved tribological performance to the dimples functioning as lubricant 

reservoirs and suggested a shift from the boundary lubrication to the mixed lubrication regime to be 

the primary mechanism for friction reduction. Shallow texture features generally boost hydrodynamic 

lubrication by increasing the lubricant film pressure, consequently increasing lubricant film thickness. 

This, in turn, reduces contact between the bearing surfaces, thus reducing friction and wear. This 

effect is seen in studies done by Borjali et al. [1], Dougherty et al. [33], Kashyap and Ramkumar [34], 

Cho and Choi [35], and Roy et al. [36]. Lastly, texture features can also reduce the nominal contact 
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area between the bearing surfaces if contact occurs under boundary lubrication conditions as shown 

by Cuervo et al. [37], Kustandi et al. [38], and Wei et al. [39]. These are driven by the texture density 

rather than the dimple aspect ratio. 

Looking specifically at hard-on-soft material combinations, Ito et al. carried out experiments 

on a dimpled metal Co-Cr alloy femoral head against an UHMWPE socket using a hip joint simulator 

[40]. They demonstrated a reduction in the coefficient of friction by 17% and a reduction in wear by 

69% while using the dimpled surface and attributed this improved performance to the dimple storing 

wear debris, thus reducing abrasive wear. Moreover, lubricant stored in these dimples was thought to 

be dispensed as a result of its viscosity, thereby providing a continuous supply of lubrication. Similarly, 

a more recent study was done by Borjali et al. using a pin-on-disk test [1]. They tested a dimpled 

CoCrMo disk articulating with an UHMWPE pin using micro-textures of different aspect ratios and 

texture densities. They reported a reduction in polyethylene wear across all the micro-textured disks 

compared to the smooth disks and showed through surface topography measurements that the 

UHMWPE pin articulated against the textured CoCrMo disk was almost completely intact as 

compared to the smooth CoCrMo disk. This was said to be the result of micro-hydrodynamic bearing 

created by the micro-textures which increases the lubricant film thickness, thus reducing friction and 

polyethylene wear. 

Although not as commonly studied as the MoP coupling, a few studies have been conducted 

on the CoP coupling. Choudhury et al. experimented with an UHMWPE pin rolling on a dimpled 

alumina plate [41]. They documented an increase in both the coefficient of friction and polyethylene 

wear explaining that this may have been due to ceramic’s much greater Young’s modulus compared 

to UHMWPE. The hard ceramic does not deform as much as the softer UHMWPE, as a result of 

which the deformed UHMWPE comes in contact with the texture edges on the ceramic surface, 

causing abrasive wear and an increase in the coefficient of friction. Nečas et al. reversed this and 

evaluated the tribological performance of a smooth ceramic head articulating against a dimpled 

UHMWPE acetabular liner [6]. They reported a reduction in the coefficient of friction with the 

textured surface across all the different materials they tested, including the alumina head against the 

texture UHMWPE liner. In addition to the dimples acting as lubricant reservoirs, they suggested that 

this reduction in friction was due to the diminishing of the dimples on the UHMWPE surface, 

eventually leading to a reduction of the contact asperity ratio, enabling the implant to operate smoothly 
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for longer. Nevertheless, polyethylene wear is still a concern and needs to be further investigated 

especially in terms of the micro-textures boosting hydrodynamic lubrication and how this is affected 

by the deformation of polyethylene. This research study seeks to explore the tribological performance 

of a dimpled soft UHMWPE surface sliding against a hard alumina ball to explain friction and wear 

behavior. 
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4. OBJECTIVES OF THE PROPOSED WORK 

The overarching goal of the proposed work is to examine the tribological effects of adding textures 

to the softer surface in an artificial hip implant and to propose possible mechanisms that might be in 

play. To this end, the objectives of this study are as follows: 

i. To examine the tribological performance of a textured UHMWPE surface against a ceramic 

ball through tribometer testing 

ii. To analyze coefficient of friction and wear results and provide explanations of the mechanisms 

that the UHMWPE surface undergoes that describe its tribological performance 

iii. To implement the hydrodynamic lubrication model that describes the load-carrying capacity 

of the lubricant for different dimple geometries 
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5. EXPERIMENTAL WORK PERFORMED 

5.1. Preparation of Textured Surfaces 

In order to simulate artificial hip joint surfaces, an UHMWPE plate (Transglass Productos 

Plásticos, Spain) with a density of 0.93 g/cm3, 63 Shore-D, and an initial average roughness of Ra ~ 

0.064 µm trimmed into smaller blocks were used to represent the acetabular portion. The femoral 

head was represented by a 6mm diameter 92% alumina ball (MSE Supplies LLC, USA).  

Surface textures were created by Prof. Jorge Salguero and Prof. Juan Manuel Vazquez from 

the University of Cádiz, Spain on the surface of the UHMWPE plates using a LS-MARKPRO SC-IR 

21002 femto-second infrared laser. Each circular dimple was obtained by the irradiation of nine 

concentric circles with an increasing of 5 µm radius. Considering the nominal spot diameter of 25 µm, 

a modified 100 µm circular area in diameter was achieved. Different texture densities were developed 

using a matrix pattern of the circular dimples with center-to-center distances of 100, 150, 250, and 300 

µm as shown in Table 5.1. For samples A-D, a nominal depth of 30 µm was targeted with laser 

irradiation parameters of 30W power, 250 kHz pulse rate, and a 200 mm/s scan speed. For samples 

E-H, a nominal depth of 12 µm was targeted with laser irradiation parameters of 40W power and 50 

kHz pulse rate. For samples I-L, a nominal depth of 6 µm was targeted with laser irradiation 

parameters of 30W power and 50 kHz pulse rate. The textures are described by the aspect ratio ε, 

which is the ratio of dimple depth to dimple diameter and the texture density Sp, which represents 

how closely packed the dimples are relative to each other as described in Fig. 5.1.  

 

Fig. 5.1: 3D view of a textured bearing surface with texture features geometry labelled 
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Fig. 5.2: Microscopy of untextured sample (Sample Z) 

Table 5.1: Samples used in this study, identified by their aspect ratio ε and texture density Sp, along with their optical 

microscopy images 

Sample A 
 

Sample B Sample C Sample D 

ε   = 0.30 

Sp = 0.35 

ε   = 0.30 

Sp = 0.20 

ε   = 0.30 

Sp = 0.13 

ε   = 0.30 

Sp = 0.09 

    

Sample E 
 

Sample F Sample G Sample H 

ε   = 0.12 

Sp = 0.35 

ε   = 0.12 

Sp = 0.20 

ε   = 0.12 

Sp = 0.13 

ε   = 0.12 

Sp = 0.09 

    

Sample I 
 

Sample J Sample K Sample L 

ε   = 0.06 

Sp = 0.35 

ε   = 0.06 

Sp = 0.20 

ε   = 0.06 

Sp = 0.13 

ε   = 0.06 

Sp = 0.09 
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Fig. 5.3: (a) 3D profilometer image of a section of textured sample D, (b) profile of dimple cross-section 

 
After the texturing process, the focus variation microscopy (FVM) technique on an Alicona 

IF G5+ was used to characterize the depth and geometry of the irradiated dimples as shown in Fig. 

5.3. It is to be noted that as can be seen in both the profile and the cross-section view, the laser 

texturing process resulted in the formation of protuberances around the dimples on the UHMWPE 

sample due to the accumulation of deformed material, which could lead to an increased coefficient of 

friction and wear rate in the running-in phase.  

 

(a) 

(b) 
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5.2. Lubricant Properties 

Commercially-available artificial synovial fluid (Biochemazone) was used as the lubricating 

fluid. After some initial testing on a Brookfield Viscometer, it was determined that the fluid was a 

non-Newtonian fluid, similar to human synovial fluid. Thus, the viscosity of the fluid was measured 

using TA Instruments’ Discovery Hybrid Rheometer with a cone and plate geometry. Viscosity 

measurements were taken at room temperature (~24⁰C) for shear rates from 1 [s-1] to 100 [s-1]. An 

exponential curve fit was used to extrapolate the viscosity measurement at the 2 [s-1] shear rate which 

corresponds to the 2 [Hz] frequency at which the tribometer was run. An average viscosity 

measurement of 0.0497 [Pa.s] was calculated across three trials at the 2 [s-1] shear rate. 

  

 

Fig. 5.4: Viscosity vs. shear rate measurements for artificial synovial fluid across three trials 
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5.3. Tribological Tests 

Friction testing was carried out on a custom-built ball-on-flat reciprocating tribometer 

designed as per ASTM G133. The apparatus, shown in Fig. 2,  consists of a pin that holds the Al2O3 

ball and a sample holder which holds the PE1000 block. A linear voice coil actuates the specimen 

holder back and forth at a set frequency and stroke length. Strain gauges attached to the tribometer 

arm are used to measure the friction forces generated during sliding and converted into coefficient of 

friction in LabVIEW. Before running tests, several stabilizing tests were performed as per the 

tribometer manual to determine the amount of noise in the system. The determined value was then 

subtracted from the coefficient of friction during subsequent tests. 

 

   

  

Fig. 5.5: a) Custom-built tribometer, (b) close-up of pin and specimen, and (c) schematic of apparatus  

 

Ceramic 

Ball 

UHMWPE 

Flat specimen 

Voice 

coil 
 

Load holder 

DAQ 

(a) (b) 

(c) 
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Three tests were carried out for each texture to minimize experimental error. The tests were 

conducted at a frequency of 2 Hz and a stroke length of 5 mm for one hour, which translates to a 

sliding speed of 0.02 m/s and a total sliding distance of 72 m. The normal load was kept constant at 

3 N, which corresponds to a maximum Hertz contact pressure of 27 MPa. For the untextured surfaces, 

these parameters correspond to the boundary lubrication regime with lambda ratio, λ < 1 as calculated 

in Appendix A. ~0.2 mL of artificial synovial fluid was placed between the contact surfaces for 

lubrication in the beginning of the test. These parameters were informed by prior studies and the 

limitations of the apparatus. Although the peak contact pressures in the normal human hip joint 

anatomy are only within the ranges of 2 MPa to 9 MPa [42], the loads used to reach such low pressure 

values produced wear tracks that were too superficial for comparison. The sliding velocity was selected 

to be similar to previous experiments run by other researchers [24].  

Table 5.2: Tribometer testing parameters 

 

 

 

 

 

 

Wear tracks resulting from the tribometer testing were imaged using an Olympus BH-2 

Optical Microscope. Images were taken at three spots along the wear scar. Images of the alumina ball 

were also taken after tribometer testing using an Olympus SZX-12 Optical Microscope. In order to 

study the 3D morphology of the wear track, a Nanovea ST-400 profilometer with a resolution rate of 

1000 Hz was used.  

 

  

Load [N] 5 

Stroke length [mm] 5 

Frequency [Hz] 2 

Equivalent sliding speed [m/s] .02 

Max. Hertz contact pressure [MPa] 27 
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6. ANALYTICAL WORK PERFORMED 

Intentionally created micro-textures on one of the sliding surfaces has shown to increase the 

lubricant’s load-carrying capacity based on the dimple shape, aspect ratio, texture density, and 

operating conditions, thus, reducing friction. Fig. 6.1 shows the set-up of the model that is 

implemented and is based on work done by Qiu et al. [43] and Chyr et al. [44]. To simplify the analysis, 

the ball-on-plate contact is approximated as a parallel slider bearing. The textured UHMWPE surface 

is represented by a column of 𝑁 dimples. The top surface is untextured and moves relative to the 

bottom textured surface at a velocity 𝑈. It is assumed that the minimum spacing 𝑐 between the 

surfaces is enough to avoid asperity contact and hydrodynamic lubrication is maintained throughout. 

Each dimple has an identical spherical shape and is positioned in the center of a square cell of width, 

2𝑟1. The dimple diameter 𝑟𝑝 is automatically adjusted using user input values of 𝑆𝑝. No slip is assumed 

at the solid boundaries. 

 

Fig. 6.1: Schematic of the lubrication model showing (a) cross-sectional view and, (b) top view 

The relationship between the bearing spacing and the lubricant pressure can be expressed in 

the form of the steady-state two-dimensional incompressible Reynolds’ equation, 

𝜕

𝜕𝑥
(ℎ3 𝜕𝑝

𝜕𝑥
) +

𝜕

𝜕𝑦
(ℎ3 𝜕𝑝

𝜕𝑦
) = 6𝜂𝑈

𝑑ℎ

𝑑𝑥
    (6.1) 

(a) 

(b) 
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where 𝑥 and 𝑦 are indicated in Fig. 6.1(b), 𝑝(𝑥, 𝑦) is the local bearing space, ℎ(𝑥, 𝑦) is the local bearing 

spacing, 𝜂 is dynamic viscosity of the artificial synovial fluid, and 𝑈 is the relative sliding velocity 

between the two surfaces. Eq. (5.1) is non-dimensionalized and re-written as: 

𝜕

𝜕𝑋
(𝐻3 𝜕𝑃

𝜕𝑋
) +

𝜕

𝜕𝑌
(𝐻3 𝜕𝑃

𝜕𝑌
) =

𝜆

𝛿2

𝑑𝐻

𝑑𝑋
    (6.2) 

where 𝑋 =
𝑥

𝑟𝑝
, 𝑌 =

𝑦

𝑟𝑝
, 𝑃(𝑋, 𝑌) =

𝑝(𝑥,𝑦)

𝑝0
, 𝐻(𝑋, 𝑌) =

ℎ(𝑥,𝑦)

𝑐
, 𝛿 =

𝑐

2𝑟𝑝
, and 𝜆 =

3𝜂𝑈

2𝑟𝑝𝑝0
.  

The inlet and outlet of the column of 𝑁 dimples are maintained at ambient pressure, 𝑝0. The following 

boundary condition are imposed on the square cell: 

𝑃 (−
𝑟1

𝑟𝑝
, 𝑌) = 𝑃 ((𝑁 −

1

2
)

2𝑟1

𝑟𝑝
, 𝑌) = 0    (6.3) 

                                            
𝜕𝑃

𝜕𝑌
(𝑋, −

𝑟1

𝑟𝑝
) =

𝜕𝑃

𝜕𝑌
(𝑋,

𝑟1

𝑟𝑝
) = 0    (6.4) 

The cavitation condition is set to the following: 

𝑝 = 𝑝𝑐𝑎𝑣 = 0, 𝑖𝑓 𝑝 < 0 

The non-dimensional local spacing, 𝐻(𝑋, 𝑌) between the two surfaces for spherical dimples is given 

by [43]:  

 𝐻(𝑋, 𝑌) = {

1                                                                                             𝑖𝑓 𝑋2 + 𝑌2 > 1

1 +
1

2𝛿
√(𝜀 +

1

4𝜀
)

2

− (𝑋2 + 𝑌2) −
1

2𝛿
(

1

4𝜀
− 𝜀)   𝑖𝑓 𝑋2 + 𝑌2 ≤ 1

          (6.5) 

 

Fig. 6.2 shows examples of the plots for a single dimple geometry’s non-dimensional local spacing, 

𝐻(𝑋, 𝑌) for three different textures. 
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Fig. 6.2: Examples of non-dimensional local bearing spacing for (a) Sample A, (b) Sample E, and (c) Sample K 

 

Appendix D contains the MATLAB code that has been developed that allows the user to input 

different values of dimple aspect ratio, texture density, and number of dimples per column and outputs 

the non-dimensional local spacing. Eqn. (6.2) is solved for a column of seven dimples using a central 

discretization staggered-grid finite difference method and the Gauss-Seidel iterative method with a 

successive over-relaxation factor of 1.4 [45]. The pressure calculation is iterated until the relative 

change between two successive iterations of the pressure calculation in each grid is less than 10-2. The 

non-dimensional load carrying capacity is calculated and plotted by taking the average value of the 

pressure matrix.  

  

(a) (b) (c) 
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7. RESULTS AND DISCUSSION 

7.1. Experimental Results 

In this study, the effect of different texture densities and dimple aspect ratios was evaluated 

for ceramic on textured polyethylene contacts and compared against an untextured contact. As 

illustrated in Fig. 7.1, the majority of the textured samples outperform the untextured sample with the 

exception of samples A, B, C, and E in terms of the average coefficient of friction value. A significant 

24% reduction in the average coefficient of friction value is observed in sample L, which has the 

lowest aspect ratio and texture density out of all the samples, compared to the untextured sample. On 

the other hand, there is a 70% increase in the average coefficient of friction value in sample A.  

A clear trend is observed in the relationship between dimple spacing and the average 

coefficient of friction. As the spacing between the dimples increases, there is a discernible decrease in 

the coefficient of friction values as evident for the samples with 𝜀 = 0.30 and 0.12. Additionally, for 

samples with the deeper dimples (𝜀 = 0.30), there is a more pronounced variation in the coefficient 

of friction across the different texture densities, i.e. the range between sample A and sample D is 0.08. 

In contrast, the values remain relatively consistent across the different texture densities for samples 

with the shallower dimples (𝜀 = 0.06), i.e. the range between sample I and sample L is 0.01.  

 

  Fig. 7.1: Summary of results for friction data of the different textured samples 
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Table 7.1: Coefficient of friction values with percent differences of the different textured samples compared to the 

untextured sample 

 
 
 

Taking a closer look at the coefficient of friction vs. distance graphs shown in Fig. 7.2, sample 

A displays erratic and elevated friction behavior during the running-in phase as compared to sample 

D, which is stable throughout the duration of testing. This can be explained by the protuberances that 

form around the edges of the dimples during the laser-engraving process as can be seen in Fig. 5.3(a). 

The closer the dimples are to each other, the more interference is expected from the protuberances 

around the dimples, causing an increase in the interaction of asperities between the two surfaces, thus 

increasing the frictional force during sliding contact. 

 

   

Fig. 7.2: Coefficient of friction values over distance of (a) sample A, and (b) sample L 

(a) (b) 

Avg.: 0.072 Avg.: 0.153 
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 The most wear is observed in sample A in terms of wear depth and width, as can be seen in 

Fig. 7.3 and 7.4. This is likely due to third-body abrasive wear that results from wear particles generated 

when the protuberances around the dimples flatten during sliding contact. The main wear mechanism 

observed is adhesive wear caused by the plastic deformation of the softer surface, UHMWPE sliding 

against the harder ceramic surface. It is interesting to note that the width of the wear scar significantly 

decreases for sample I which is of the same texture density but of lower aspect ratio than samples A 

and E, which display high wear. This is indicative of a potential shift from the boundary lubrication 

regime to the mixed lubrication regime in the Stribeck curve in which a small hydrodynamic boost 

would separate the two surfaces and reduce the wear width. Samples I-L have similar wear patterns to 

each other and are observed to be more superficial than the wear found on the untextured sample, 

indicating improved wear behavior on the samples with 𝜀 = 0.06. Fig. 7.4 shows the profilometry 

scans for samples A and L. The wear depth of sample A is almost double that of sample L. 

 

Fig. 7.3: Wear scars for textured samples 
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Fig. 7.4: Longitudinal cross-section of wear tracks for (a) sample A of dimple depth 30 μm, and (b) sample L of dimple 

depth 6 μm from profilometry 

A two-way ANOVA analysis was done to reveal the significance of the dimple aspect ratio 

and texture density on the coefficient of friction. Specifically, the dimple aspect ratio significantly 

influenced the coefficient of friction, with dimples of 𝜀 = 0.30 resulting in the highest mean friction 

coefficient and dimples of 𝜀 = 0.06 in the lowest, F(2, 24) = 26.78, p < 0.05. Similarly, texture density 

showed a significant impact, where higher texture densities generally led to higher mean coefficients 

of friction compared to lower texture densities, F(3, 24) = 15.43, p < 0.05. Additionally, there was a 

significant interaction effect between the dimple aspect ratio and the texture density, F(6, 24) = 4.05, 

p < 0.05, indicating that the influence of the dimple aspect ratio on friction depends on the texture 

density level. For instance, at the highest aspect ratio, the coefficient of friction for the highest texture 

density was substantially higher than at low texture densities. These findings underscore the necessity 

of considering both dimple aspect ratio and texture density in unison when optimizing surface designs 

for frictional performance.  

There are some limitations to this experiment. The ball-on-flat apparatus does not closely 

simulate the hip joints which exhibit conformal contact. The apparatus exhibits an overly-simplified 

subset of non-conformal contact in which the load distribution is concentrated at a much smaller 

contact area than in conformal contact. Because of this, the contact pressure is much higher than what 

is normal in the human hip joint. Furthermore, the apparatus only considers unidirectional motion as 

compared to the human hip joint which displays complex, multi-directional motion, which would 

(a) 

(b) 



33 

 

 

 

require a more complex apparatus to simulate accurately. However, the current apparatus is sufficient 

since the main goals of this research were to examine the effects of dimple aspect ratio and texture 

density and to compare them in terms of tribological performance.  

 

7.2. Analytical Results 

A numerical model was developed to compare the bearing load-carrying capacity for the 

different textured samples. Since the experimental apparatus has limitations when it comes to defining 

the desired lubrication regime, this numerical model can help us evaluate the approximate 

performance of the textures if sliding contact was to enter the hydrodynamic lubrication regime. The 

same operating conditions (𝛿 and 𝜆) used by Chyr et al. [44] were adopted in this model since the end 

goal was to compare the bearing load-carrying capacity rather than to get accurate film pressure values. 

Fig. 7.5 shows the typical non-dimensional film pressure distribution over a column of three dimples.  

 

Fig. 7.5: Hydrodynamic pressure over a column of three dimples 
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The hydrodynamic lubrication model implemented in this study points to a greater 

hydrodynamic boost in dimples with the highest aspect ratio, 𝜀 = 0.30. According to Fig. 7.6, samples 

C and D would lead to the largest hydrodynamic boost, and therefore, can be expected to perform 

best tribologically in the hydrodynamic lubrication regime. This behavior is opposite to what was seen 

experimentally in the boundary and/or mixed lubrication regime. Literature records instances where 

dimples with high aspect ratios store lubricant away from contact surfaces which negatively impacts 

lubrication [46], although mathematically, they are shown to create the largest hydrodynamic boost. 

However, one trend observed in both regimes is that the samples with 𝜀 = 0.30 display the highest 

variation in performance, both in terms of the coefficient of friction experimentally, as well as the 

hydrodynamic boost in the numerical model. 

 

Fig. 7.6: Non-dimensional load-carrying capacity as a function of dimple aspect ratio and texture density 
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Since manufacturing tolerances were not held accurately during laser texturing, the 

corresponding calculations for the aspect ratio and texture density were done using nominal values 

for the dimple diameter and depth. Furthermore, experiments were done in the boundary or mixed 

lubrication regime so wear could be observed for characterization and due to the limitations of the 

apparatus, while the numerical model was for the hydrodynamic lubrication regime. For these reasons, 

the experimental and numerical results could not be compared.  However, the model was an extension 

to the experiment and used to approximate the textured samples’ tribological performance in the 

hydrodynamic lubrication regime. 
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8. CONCLUSION 

In this study, ball-on-flat tribometer testing was carried out on CoP contacts and shown that 

polyethylene wear and the friction between the bearing surfaces could be reduced by adding circular 

dimples of a specific aspect ratio and texture density to the polyethylene surface.  The conclusions can 

be summarized as follows: 

i. Samples with lower texture densities generally performed best in terms of friction and wear in 

the experiments likely due to less accumulation of material around the dimple edges during 

laser engraving process. There was a clear decreasing trend in both the coefficient of friction 

and wear depth/width with decreasing texture densities with the same aspect ratio group 

ii. Sample L (𝜀 =  0.06, 𝑆𝑝  =  0.087), the sample with the lowest texture density and dimple 

aspect ratio, yielded the lowest coefficient of friction and wear compared to the other textures. 

Sample L exhibited a 24% reduction in friction, while sample A exhibited a 70% increase in 

friction compared to the untextured sample 

iii. Experimentally, samples with lower texture densities and aspect ratios generally performed 

better in terms of friction and wear in the boundary/mixed lubrication regime. Numerically, 

samples with higher texture densities and aspect ratios led to the largest hydrodynamic boost 

which in turn, would lead to lower friction and wear in the hydrodynamic lubrication regime. 

However, in both cases, the range of variation is highest in the samples with 𝜀 = 0.30 across 

the different texture densities, while the samples with 𝜀 = 0.06 perform similar to each other 

The results from this study clearly point to the texture density and dimple aspect ratio to having 

significant impact on the tribological behavior of the bearing surfaces. Additional studies where 

the hip joint conditions are mimicked more closely will need to be done to determine the ideal 

texture geometries for different material combinations. This can help optimize texture designs 

with the eventual goal of personalizing the textures to suit the end user in terms of factors such as 

their age, activity level, and weight.  
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9. SCOPE FOR FUTURE WORK 

i. Experimentally determine the appropriate testing parameters (load, frequency, stroke length, 

time) to emulate the different lubrication regimes on the ball-on-flat tribometer for untextured 

ceramic-on-polyethylene contact with artificial synovial fluid 

ii. Experimentally test the different textures in the hydrodynamic lubrication regime  

iii. Investigate the calculation of the lambda ratio, 𝜆 used to determine the lubrication regime for 

textured surfaces 

iv. Implement the elasto-hydrodynamic lubrication model for hard-on-soft contacts for select 

textures to account for the effects on the lubricant pressure due to the softer surface deforming 

much more than the harder surface 
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10. SOCIETAL CONTEXT 

Several literatures have projected an increasing demand in THA in the coming years. A 2017 

study [47] based on 20 countries part of the Organization of Economic Cooperation and 

Development (OECD), reported a projected increase in the demand for hip implants from 184 per 

100,000 total population in the year 2015 to 275 in the year 2050 with the US contributing to 46% of 

hip implants in 2015 to a projected 56% in 2050. Although the procedure has been shown to have a 

high success rate, what was once reserved for an older, low-activity level population is now becoming 

a prevalent procedure within younger and more active cohorts. The finite lifespan of these implants 

calls for the rTHA, which creates a financial burden for the patients and the healthcare system and 

poses several surgical risks as compared to the pTHA [3]. Thus, research in the area of surface 

modification such as surface texturing is valuable in determining its ability to reduce friction and wear 

in artificial hip joint surfaces. Furthermore, with the rise in popularity and success of personalized 

medicine, this research will also enable the development of artificial hip implants to perform optimally 

for each, individual by factoring in inputs such as anatomy, body mass, and lifestyle activity level [24]. 

Surface texturing as a means of surface modification is being explored in other fields as well. 

For example, several studies have displayed the positive tribological performance of internal 

combustion engines (ICE) through the introduction of surface textures on either the piston rings or 

the cylinder liners. Koszela et al. [48] reported improved functional properties of the ICE with cylinder 

surface texturing. An increase in the maximum power of 5.1% was observed for ICEs with textured 

cylinders and a 5.8% increase for those with textured cylinders and DLC coating. Another application 

of surface texturing can be seen in journal bearings. Galda et al. [49] experimentally demonstrated that 

surface textures significantly affected the friction coefficient and found that textured journal bearings 

remain in hydrodynamic lubrication for longer and moved to mixed lubrication at lower speeds 

compared to smooth journal bearings. 

The proposed research will help gain insight into the tribological behavior of surface-textured 

CoP hip implant surfaces and add to the characterization of wear mechanisms.   
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APPENDICES 

Appendix A: Calculation of Lambda ratio, λ 

For elliptical contact, the following equations developed by Hamrock and Dowson [50] are most 

widely used to calculate the minimum film thickness. 

𝜆 =
ℎ𝑚𝑖𝑛

√𝑅1
2 + 𝑅2

2
 

ℎ𝑚𝑖𝑛

𝑅′
= 3.63𝑈0.68𝐺0.49𝑊−0.073(1 − 𝑒−0.68𝑘) 

𝑈 =
𝜂0𝑢0

𝐸′𝑅′
 

𝐺 = 𝛼𝐸′ 

𝑊 =
𝐹

𝐸′𝑅′2
 

where 𝜂0 is the dynamic viscosity of the lubricant at atmosphere pressure under a certain temperature, 

𝑢0 is the mean speed of the two surfaces, 𝑅′ is the effective radius, 𝛼 is the pressure-viscosity 

coefficient under a certain temperature, 𝐹 is the normal load, and 𝑘 is the ellipticity parameter. 

According to ISO/TR 1281-2, 2008, the pressure viscosity coefficient α can be calculated from the 

kinematic viscosity, 𝜈0.  
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𝜆 < 1 Boundary lubrication regime 

1 < 𝜆 < 3 Mixed lubrication regime 

𝜆 > 3 Full film lubrication regime 
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Appendix B: Staggered-Grid Finite Difference Equations to solve the Hydrodynamic 
Lubrication Model 

 
2-D steady-state incompressible Reynolds’ Equation: 

𝜕

𝜕𝑥
(ℎ3

𝜕𝑝

𝜕𝑥
) +

𝜕

𝜕𝑦
(ℎ3

𝜕𝑝

𝜕𝑦
) = 6𝜂𝑈

𝑑ℎ

𝑑𝑥
 

After non-dimensionalization: 

𝜕

𝜕𝑋
(𝐻3

𝜕𝑃

𝜕𝑋
) +

𝜕

𝜕𝑌
(𝐻3

𝜕𝑃

𝜕𝑌
) =

𝜆

𝛿2

𝑑𝐻

𝑑𝑋
 

Applying finite difference equations: 

𝜕

𝜕𝑋
(𝐻3

𝜕𝑃

𝜕𝑋
) =

𝐻𝑖,𝑗+0.5
3 𝑃𝑖,𝑗+1 + 𝐻𝑖,𝑗−0.5

3 𝑃𝑖,𝑗−1 − (𝐻𝑖,𝑗+0.5
3 + 𝐻𝑖,𝑗−0.5

3 )𝑃𝑖,𝑗

∆𝑥2
 

𝜕

𝜕𝑌
(𝐻3

𝜕𝑃

𝜕𝑌
) =

𝐻𝑖+0.5,𝑗
3 𝑃𝑖+1,𝑗 + 𝐻𝑖−0.5,𝑗

3 𝑃𝑖−1,𝑗 − (𝐻𝑖+0.5,𝑗
3 + 𝐻𝑖−0.5,𝑗

3 )𝑃𝑖,𝑗

∆𝑦2
 

𝜆

𝛿2

𝑑𝐻

𝑑𝑋
=

𝜆

𝛿2

(H𝑖,𝑗+1 − 𝐻𝑖,𝑗−1)

2∆𝑥
 

Simplifying algebraically: 

𝐻𝑖,𝑗+0.5
3 𝑃𝑖,𝑗+1 + 𝐻𝑖,𝑗−0.5

3 𝑃𝑖,𝑗−1 + (
∆𝑥

∆𝑦
)

2

(𝐻𝑖+0.5,𝑗
3 𝑃𝑖+1,𝑗 + 𝐻𝑖−0.5,𝑗

3 𝑃𝑖−1,𝑗) −
𝜆

𝛿2

(H𝑖,𝑗+1 − 𝐻𝑖,𝑗−1)

2
∆𝑥

= (𝐻𝑖,𝑗+0.5
3 + 𝐻𝑖,𝑗−0.5

3 )𝑃𝑖,𝑗 + (
∆𝑥

∆𝑦
)

2

(𝐻𝑖+0.5,𝑗
3 + 𝐻𝑖−0.5,𝑗

3 )𝑃𝑖,𝑗 

Since 
∆𝑥

∆𝑦
= 1: 

𝐻𝑖,𝑗+0.5
3 𝑃𝑖,𝑗+1 + 𝐻𝑖,𝑗−0.5

3 𝑃𝑖,𝑗−1 + 𝐻𝑖+0.5,𝑗
3 𝑃𝑖+1,𝑗 + 𝐻𝑖−0.5,𝑗

3 𝑃𝑖−1,𝑗 −
𝜆

𝛿2

(H𝑖,𝑗+1 − 𝐻𝑖,𝑗−1)

2
∆𝑥

= (𝐻𝑖,𝑗+0.5
3 + 𝐻𝑖,𝑗−0.5

3 + 𝐻𝑖+0.5,𝑗
3 + 𝐻𝑖−0.5,𝑗

3 )𝑃𝑖,𝑗 

 

𝑃𝑖,𝑗 = 𝐴𝑖,𝑗𝑃𝑖,𝑗+1 + 𝐵𝑖,𝑗𝑃𝑖,𝑗−1 + 𝐶𝑖,𝑗𝑃𝑖+1,𝑗 + 𝐷𝑖,𝑗𝑃𝑖−1,𝑗 + 𝐸𝑖,𝑗 

 

𝑑𝑒𝑛𝑜𝑚. = (𝐻𝑖,𝑗+0.5
3 + 𝐻𝑖,𝑗−0.5

3 + 𝐻𝑖+0.5,𝑗
3 + 𝐻𝑖−0.5,𝑗

3 ) 
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𝐴𝑖,𝑗 =
𝐻𝑖,𝑗+0.5

3

𝑑𝑒𝑛𝑜𝑚.
 

𝐵𝑖,𝑗 =
𝐻𝑖,𝑗−0.5

3

𝑑𝑒𝑛𝑜𝑚.
 

𝐶𝑖,𝑗 =
𝐻𝑖+0.5,𝑗

3

𝑑𝑒𝑛𝑜𝑚.
 

𝐷𝑖,𝑗 =
𝐻𝑖−0.5,𝑗

3

𝑑𝑒𝑛𝑜𝑚.
 

𝐸𝑖,𝑗 =
𝜆

𝛿2

(H𝑖,𝑗+1 − 𝐻𝑖,𝑗−1)

2 ∙ 𝑑𝑒𝑛𝑜𝑚
∆𝑥 
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Appendix C: Two-way ANOVA Analysis for Coefficient of Friction Data 
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Appendix D: MATLAB Code 

%% Pattered Microtexture Design 
% Sandhya Vaidyanathan 
% MS Thesis 
% 2023-24 
 
clear; clc; close all; 
 
%% Bearing operating conditions: 
mu = 4.97E-08; % N/mm^2.s 
U = 20; % mm/s 
rp = 1;  
p0 = 1; % N/mm^2 
p_cav = .9; 
c = 5.53E-08*1000; % mm 
% Non-dimensional flow factor: 
lambda = 5.94*10^(-4); % 3*mu*U/2/rp/p0; 
% Non-dimensional minimum spacing: 
delta = 0.01; % c/2/rp; 
N = 7; 
 
%% Aspect ratio .3: 
eps = .3; 
 
% Texture A: 
% Texture density: 
Sp = .349; 
[W] = ReynoldsCalc(eps,Sp,N,lambda,delta,p_cav,p0); 
figure 
scatter(Sp,W,[],"MarkerFaceColor","#D95319","MarkerEdgeColor","#D95319") 
hold on 
 
% Texture B: 
% Texture density: 
Sp = .196; 
[W] = ReynoldsCalc(eps,Sp,N,lambda,delta,p_cav,p0); 
scatter(Sp,W,[],"MarkerFaceColor","#D95319","MarkerEdgeColor","#D95319") 
hold on 
 
% Texture C: 
% Texture density: 
Sp = .126; 
[W] = ReynoldsCalc(eps,Sp,N,lambda,delta,p_cav,p0); 
scatter(Sp,W,[],"MarkerFaceColor","#D95319","MarkerEdgeColor","#D95319") 
hold on 
 
% Texture D: 
% Texture density: 
Sp = .087; 
[W] = ReynoldsCalc(eps,Sp,N,lambda,delta,p_cav,p0); 
scatter(Sp,W,[],"MarkerFaceColor","#D95319","MarkerEdgeColor","#D95319") 
hold on 
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%% Aspect ratio .12: 
eps = .12; 
 
% Texture E: 
% Texture density: 
Sp = .349; 
[W] = ReynoldsCalc(eps,Sp,N,lambda,delta,p_cav,p0); 
scatter(Sp,W,[],"MarkerFaceColor","#7E2F8E","MarkerEdgeColor","#7E2F8E") 
hold on 
 
% Texture F: 
% Texture density: 
Sp = .196; 
[W] = ReynoldsCalc(eps,Sp,N,lambda,delta,p_cav,p0); 
scatter(Sp,W,[],"MarkerFaceColor","#7E2F8E","MarkerEdgeColor","#7E2F8E") 
hold on 
 
% Texture G: 
% Texture density: 
Sp = .126; 
[W] = ReynoldsCalc(eps,Sp,N,lambda,delta,p_cav,p0); 
scatter(Sp,W,[],"MarkerFaceColor","#7E2F8E","MarkerEdgeColor","#7E2F8E") 
hold on 
 
% Texture H: 
% Texture density: 
Sp = .087; 
[W] = ReynoldsCalc(eps,Sp,N,lambda,delta,p_cav,p0); 
scatter(Sp,W,[],"MarkerFaceColor","#7E2F8E","MarkerEdgeColor","#7E2F8E") 
 
%% Aspect ratio .06: 
eps = .06; 
 
% Texture I: 
% Texture density: 
Sp = .349; 
[W] = ReynoldsCalc(eps,Sp,N,lambda,delta,p_cav,p0); 
scatter(Sp,W,[],"MarkerFaceColor","#77AC30","MarkerEdgeColor","#77AC30") 
hold on 
 
% Texture J: 
% Texture density: 
Sp = .196; 
[W] = ReynoldsCalc(eps,Sp,N,lambda,delta,p_cav,p0); 
scatter(Sp,W,[],"MarkerFaceColor","#77AC30","MarkerEdgeColor","#77AC30") 
hold on 
 
% Texture K: 
% Texture density: 
Sp = .126; 
[W] = ReynoldsCalc(eps,Sp,N,lambda,delta,p_cav,p0); 
scatter(Sp,W,[],"MarkerFaceColor","#77AC30","MarkerEdgeColor","#77AC30") 
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hold on 
 
% Texture L: 
% Texture density: 
Sp = .087; 
[W] = ReynoldsCalc(eps,Sp,N,lambda,delta,p_cav,p0); 
scatter(Sp,W,[],"MarkerFaceColor","#77AC30","MarkerEdgeColor","#77AC30") 
 
hold off 
grid on 
xlabel('Texture density, S_p') 
ylabel('Non-dimensional load-carrying capacity, W') 
legend('eps = 0.3','','','','eps = 0.12','','','','eps = 0.06','','','') 
 
 
%% Function to calculate load-bearing capacity of per unit area: 
function [W] = ReynoldsCalc(eps,Sp,N,lambda,delta,p_cav,p0) 
% Mesh grid set-up: 
% Number of nodes (ODD #): 
m = 301; 
n = m; 
m_ = 2*m-1; 
n_ = 2*n-1; 
% Initializing X and Y arrays: 
X = NaN(m_,N*n_); 
Y = NaN(m_,N*n_); 
% Side length per cell (based on texture density): 
Lx = 2*sqrt(pi/4/Sp); 
Ly = Lx; 
% Distance between nodes: 
dx = Lx/(m-1); 
dy = Ly/(n-1); 
 
% Populating X array: 
for Cm = 1:N    % Cm is the index for dimple count 
    X(:,1+(Cm-1)*m_) = -Lx/2;    % Populating first column of each unit cell - X 
array 
    for i = 2+(Cm-1)*m_:m_+(Cm-1)*m_   % Populating rest of unit cell - X array 
        X(:,i) = X(:,i-1)+dx/2; 
    end 
end 
 
% Populating Y array: 
Y(1,:) = Ly/2;    % Populating first row of all the unit cells - Y array 
for j = 2:n_ 
    Y(j,:) = Y(j-1,:)-dy/2;   % Populating rest of unit cell - Y array 
end 
 
% Calculate non-dimensional local clearance: 
% Dimple top view: 
top_view = sqrt(X.^2+Y.^2);  % to determine if we are inside or outside dimple later 
% figure 
% surf(top_view) 
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% H(X,Y): 
H = NaN(m_,N*n_); 
for i = 1:m_ 
    for j = 1:N*n_ 
        if top_view(i,j) > 1   % outside dimple 
            H(i,j)= 1; 
        else   % inside/on dimple 
            % H(i,j) = 1 + E/delta; % cylindrical dimples 
            H(i,j) = 1+1/(2*delta)*sqrt((eps+1/(4*eps))^2 ... 
                -(top_view(i,j))^2)-1/(2*delta)*(1/(4*eps)-eps); % spherical dimples 
        end 
    end 
end 
% figure 
% surf(H) 
 
% Pressure calculation: 
P = zeros(m,N*n); 
p_in = 1; 
p_out = 1; 
P(:,1) = p_in; 
P(:,n*N) = p_out; 
w = 1.4; % over-relaxation factor 
e_crit = 10^(-2); 
max_iter = 5000; 
for k = 1:max_iter 
    P_old = P; 
    for i = 2:m-1 
        for j = 2:N*(n-1) 
            denom = H(2*i+1,2*j)^3 + H(2*i-1,2*j)^3 + H(2*i,2*j+1)^3 + H(2*i,2*j-
1)^3; 
            A = H(2*i,2*j+1)^3/denom; 
            B = H(2*i,2*j-1)^3/denom; 
            C = H(2*i+1,2*j)^3/denom; 
            D = H(2*i-1,2*j)^3/denom; 
            E = (-lambda/delta^2*dx/2*(H(i,j+1) - H(i,j-1)))/denom; 
            P(i,j) = (1-w)*P(i,j)+w*(A*P(i,j+1)+B*P(i,j-1)+C*P(i+1,j)+D*P(i-1,j)+E); 
            if P(i,j) < p_cav 
                P(i,j) = p_cav; 
            end 
        end 
    end 
    P(:,1) = p_in;   % Inlet boundary condition 
    P(:,N*n) = p_out; % Outlet boundary condition 
    P(1,:) = P(2,:);   % Top boundary (dp/dy = 0) 
    P(m,:) = P(m-1,:); % Bottom boundary (dp/dy = 0) 
    err = max(abs((P-P_old)./P_old),[],'all'); 
    if err < e_crit 
        break; 
    end 
end 
if k < max_iter 
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    fprintf('Convergence has been reached\n') 
else 
    fprintf('Convergence not reached\n') 
end 
W = sum(P,'all')/(Lx*Ly*N); 
 
% figure 
% surf(P) 
% xlabel('X') 
% ylabel('Y') 
% zlabel('Pressure') 
end 
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