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ABSTRACT 

 

Polyethylene wear has long been a topic of concern for the longevity of joint 

replacement systems as bearing failure is the leading cause for the need of revision 

surgery. Experimental simulations are costly and time consuming; therefore, a more 

efficient solution for predicting wear is computer simulation. Predictive computational 

modeling of the adhesive/abrasive wear mechanism has been in use for over a decade, but 

the accuracy of such models is still under debate [1-7]. Recent studies have shown that 

cross-path motion, as seen in joint replacements, results in elevated wear and shortens the 

life of the polyethylene bearing surface [8-10]. Modern computer simulations have 

attempted to address the effects of cross-path motion and range from simple to complex 

formulations [9, 11-13]. Current models are limited by their complexity, computational 

efficiency, joint-specificity, or motion-cycle path dependence. 

In this study, an adaptive finite element (FE) model was used to implement a 

modified form of Archard’s Wear law [1] that accounts for the effects of cross-path 

motion and polymer chain realignment. The proposed model was validated to three 

separate experimental wear systems, each with three distinct loading scenarios. As seen 

in Equation 1, the proposed Modified Archard’s law sums the effects of unidirectional 

and cross-path motion and also accounts for polymer chain realignment, referred to as 

‘memory’. This Modified Archard’s law is simple and generally applicable to any wear 

system: 

 
where k0 and k* are experimentally derived wear coefficients for uni-directional and 

cross-path sliding, respectively. The variable p refers to contact pressure and the variable 

s is the magnitude of incremental sliding distance. The variable ‘m’ incorporates memory 

effects; its full definition can be found in [14]. 

Validation of the proposed wear model was completed through comparisons to 

published experimental data for three wear systems. The first system was a pin-on-disk 

Eqn. (1)
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wear experiment by Dressler et al. [15]. They concluded that wear was elevated by 

changes in direction but that the elevated wear diminished with sliding in a consistent 

direction up to 5 millimeters. Application of previous models to this experimental system 

resulted in incorrect wear predictions. Application of the proposed Modified Archard’s 

law was able to predict the experimental wear volume results exactly. 

Further validation was confirmed when the Modified Archard’s law was applied 

to FE models of a cervical disk replacement and a total knee replacement, as seen in 

Figure i. The cervical disk model was made in accordance with the experimental setup by 

Bushelow et al. [16]. The total knee replacement model was made in accordance to the 

setup by McEwen et al. [10]. Experimental wear depth and volume results were 

compared to predictions from both the classical and Modified forms of Archard’s Wear 

law for each of the two experiments’ three distinct loading scenarios. Wear coefficients 

were scaled to a standard loading scenario for each system. In each of the two predicted 

scenarios of both experiments, the Modified Archard’s Wear law showed a better fit to 

the experimental data than the classical Archard’s Wear formulation. 

 

  
              (a)            (b) 

 Figure i:  (a) Cervical Disk Replacement hardware  
  (b) FE model of a Total Knee Replacement system 

 
Bibliography: [1]  Archard 1953; [2] Maxian et al. 1995; [3] Kang et al 2009; [4] Knight et al 2007; [5] 
Pal et al 2008; [6] Ghiglieri et al 2008; [7] Goreham-Voss 2009; [8] Bragdon et al 1996; [9] Turrel et al 
2003; [10] McEwen et al 2005; [11] Wang 2001; [12] Hamilton et al 2005; [13] Knight et al 2006; [14] 
Petrella et al 2009; [15] Dressler et al 2009; [16] Bushelow et al 2008  
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CHAPTER 1 

 

INTRODUCTION 

 
The wear behavior of the plastic bearing surface in joint replacements has been a 

topic of research for many years. Wear of the polyethylene occurs under a complex 

mechanism that has been extensively studied both experimentally and numerically. The 

most common type of wear is known as adhesive-abrasive wear and is a concern for 

systems with high contact forces and long relative sliding distances. Within the human 

body, the particles liberated from the polyethylene surface due to wear in joint 

replacements have been shown to be bioreactive and can cause an unfavorable immune 

response. Polyethylene wear is a critical deciding factor in determining the life of total 

joint replacement devices. In an effort to reduce costly and time consuming experimental 

testing, computer simulation has been proposed as an alternative for predicting 

polyethylene wear in joint replacements. The present study investigated the 

computational prediction of polyethylene wear using a modified form of Archard’s Wear 

Law in a novel approach accounting for path-dependent motion.  

On a molecular scale, polyethylene is a plastic comprised of a long chain of 

repeating molecules. The chains contain carbon bonds arranged in a near linear fashion 

with hydrogen atoms filling in branches around each carbon atom. On a macroscopic 

scale, the polyethylene chains are coiled and interlocked in a semi-crystalline structure 

that is often opaque to the naked eye. The degree of interlocking chains and number of 

chains in a given volume dictate the molecular weight of the polyethylene; joint 

replacements often use a form of polyethylene that is known as ultra high molecular 

weight polyethylene, or UHMWPE for short. 

When in resting contact, microscopic asperities on each contacting surface collide 

and interfere to the extent that two opposing objects no longer move closer together. In 

the case of two dissimilar materials, such as polyethylene and metal, the polyethylene 

asperities are deformed much more so than asperities on the metal surface due to the 

difference in material stiffness. The interaction of these surface asperities grows ever 
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more complex when dynamic sliding movement is introduced. With relative sliding, the 

asperities on each wear surface slide past one another resulting in repeated loading and 

unloading of the asperities.  This cyclic fatigue loading causes changes in the strength of 

the polymer microstructure and leads to reduced wear resistance. The roughness of each 

surface is a descriptive characteristic associated with surface asperities and can dictate 

some of the system’s parameters such as the coefficient of friction. Material processing 

has often been employed to prescribe the roughness of the surfaces in contact. 

The mechanical contact properties of UHMWPE are some-what unique and arise 

from the molecular interactions in the physical material structure. The some-what unique 

properties of UHMWPE are its excellent durability, impact toughness, and wear 

resistance. These properties arise from the structural arrangement of polymer chains 

within the polyethylene matrix. This matrix consists of two states of matter, a crystallite 

arranged in lamellar sheets with portions of amorphous solid. The combination of 

structural states allows for a degree of elastic deformation but also gives rise to plastic 

deformation, time-dependent properties such as creep, and the potential for large-scale 

wear in the form of delamination or the splitting of adjacent polymer fibers. Linear 

motion on the surface of UHMWPE bearings has been shown to cause a molecular 

alignment with consistent sliding direction [1]. This structural alignment arranges the 

long chain of carbon atoms along the principal direction of sliding and results in an 

increased resistance to bond breakage and thus wear. The effect of this principal 

alignment has been previously termed orientation-hardening and had an additional side-

effect, the transverse direction to the aligned molecules is less resistant to wear and has 

been deemed orientation-softening [1]. 

Orientation-hardening effects were likely one of the initial reasons that 

polyethylene was used in linear bearing situations since the wear rates are generally low 

with linear sliding. Linear sliding wear theories have been around for many decades with 

perhaps the most widely known being Archard’s Law [2] which was derived in 1953 to 

describe adhesive-abrasive wear of metal-on-metal interfaces. Archard’s Law depended 

upon the product of three quantities: the magnitude of relative sliding distance, the 

normal force of contact between the surfaces, and an experimentally derived linear wear 

rate. The early laboratory testing of the polyethylene was conducted in a linear, 
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reciprocating motion pattern; however, the joint kinematics prescribed by testing 

standards such as ISO 18192-1 for the cervical disc and ISO 14243 for the knee and those 

kinematics seen in joints after implantation are generally not linear in direction. 

In industry, manufacturers often execute multiple tests of devices that exhibit 

adhesive-abrasive wear mechanics. These laboratory experiments can take months to 

complete and require multiple stages of monitoring to ensure controlled testing 

conditions. With the current number of different joint replacement systems and as the 

number of designs increases, the demand for physical testing is rapidly increasing. The 

cost of experimental testing increases with the number of tests needed and the time 

required for the tests’ completion. Computational modeling of wear processes provides a 

more efficient and less costly approach to predicting the life of joint replacement systems. 

Models of joint replacement systems have been used to reproduce contact pressure and 

joint kinematics for over a decade [3]. More recently, finite element models (FE) have 

been designed to update the geometry of the polyethylene as wear occurs. Many different 

joint replacement systems have been implemented into FE models including hips [3,4], 

knees [5,6], and spinal discs [7,8]. 

There are differences in testing conditions prescribed by ISO standards and the 

true movements of the patient throughout a typical day. As more clinical data has become 

available, the confidence in the UHMWPE joint replacement wear prediction of 

Archard’s Law has declined. Early failure of joint replacements led to many questions 

about the effect of nonlinear motion with respect to the wear of UHMWPE. The sliding 

that occurs in joint replacements in vivo is known to contain cross-path or multi-

directional motion, especially in the hip and knee and cross-path motion has been shown 

to significantly increase wear rates [9-13]. 

The culmination of the theoretical investigation into the dynamic molecular 

interaction within the polyethylene matrix and its relationship to cross-path motion was 

published by Wang in 2001. The results of this study suggested that UHMWPE 

molecules can separate from one another through the splitting of adjacent fibers. Wang’s 

theory was complex and was dependent upon the carbon-carbon bond energy and a 

number of physical contact variables including the angle of the velocity vector with 

respect to fiber alignment, the magnitude of normal force, the coefficient of friction, and 
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the angular velocity. Models that predict wear due to cross-path motion are often referred 

to as cross-shear models. 

In addition to the work done by Wang, other cross-shear models have been 

proposed [5,10,14,15]. Several limitations arose with the cross-shear models as they were 

formulated [16]. Some of these limitations included joint specificity, the need for a 

dominate sliding trajectory, difficulties in obtaining or estimating measureable physical 

quantities such as frictional work, scaling of the wear coefficient which may not account 

for incremental changes in sliding conditions, and general complexity in the number of 

equations needed. The present study proposed a cross-shear metric and incorporated it in 

a Modified Archard’s Law that is a general, simple, and robust computational model to 

predict wear rates and volumetric wear of systems that exhibit cross-shear. The proposed 

model separates the contribution of unidirectional and cross-path motions. The degree of 

cross-path motion for a system under a given set of kinematics is easily visualized using 

the cross-shear metric proposed. In the proposed model, the cross-shear metric 

incorporates changes in direction and the effect of orientation-softening. 

 The purposes of this study were to 1) propose a novel cross-shear metric, 2) 

implement the classical and modified forms of Archard’s Law into a custom finite 

element simulation framework for predicting wear volume, and 3) validate the proposed 

cross-shear metric and  wear algorithm through application to a pin-on-disc (POD), a 

cervical disc replacement, and a fixed-bearing total knee replacement. The systems 

chosen for validation were based on the availability of published wear data and for their 

inclusion of cross-path motion. 
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CHAPTER 2 
 

LITERATURE REVIEW 
 

 This chapter summarizes the current state of joint replacements, computational 

simulation, and the effect on wear of multi-directional sliding, or cross-shear. 

 

2.1  Total Joint Replacements 

 

 The replacement of the bone and cartilage interface of human joints has been a 

common technique for restoring mobility since late 1958 with the introduction of the 

Charnley total hip prosthesis [1]. In the first design, the two surfaces that came into 

contact were comprised of poly-tetrafluoroethylene (or PTFE).  When in contact and 

under load, two PTFE surfaces sliding relative to one another resulted in microscopic 

particles generated due to a complex shearing and adhesive interaction of micron scale 

finger-like asperities on each surface sliding past one another [2]. This shearing 

phenomenon and the particles associated with it have been collectively known as 

adhesive wear. In the case of PTFE and its modern day replacement, ultra-high molecular 

weight polyethylene (UHMWPE) which was adopted in the early 1960’s, the wear 

particles generated resulted in a strong autoimmune response that ultimately led to failure 

of the implant and the need for revision surgery [1]. Although the wear-through of 

UHMWPE has been rare in clinical practice due to its lower wear rate [3], studies have 

continued to show adverse effects of wear particles in the joint space surrounding 

implants. Some of these effects included: induced macrophage activity, granulomatous 

tissue, joint inflammation, and resorption (necrosis) of the bone surrounding the 

prosthesis which led to failure due to pain or instability and the need for revision surgery 

[3-7]. Replacement components implanted during revision surgery often exhibit shorter 

operational lifespans and the surgery itself can be technically challenging [8]. In order to 

increase the life of total joints, minimizing the wear of UHWMPE has continued to be a 

goal of material scientists, engineers, and clinicians. 

 Clinical performance of joint replacements depends on a variety of patient factors 

such as age, body-weight distribution, activity level, and gait pattern [9]. Several tests 
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have been used to periodically monitor the state of the total joint replacement following 

surgery including standard radiographs, fluoroscopy, CT scans, and MRIs [10]; however, 

novel materials have developed beyond the resolution of conventional monitoring 

systems [4]. With the recent trend of increasing numbers of total joint replacements being 

implanted in younger, more active patients, the wear of the UHMWPE bearings has been 

a large concern and understanding the wear mechanism has been of utmost importance to 

ensuring long-term patient satisfaction and implant survivability [8, 10]. Increased 

demands on the bearing surface have developed into a necessity for longer lasting and 

more resilient UHMWPE formulations [11]. 

 The exact process by which adhesive wear in UHMWPE occurs has been a topic 

of debate for many years. The mechanical behavior of UHMWPE in response to loaded 

contact and relative sliding is complex and the material, morphological, and mechanical 

properties are potentially a time-varying function of loading and environmental 

conditions [11]. The material properties of UHMWPE have been long studied and the 

properties that make this polymer suitable as a bearing material arise from its structural 

and molecular composition. On a molecular scale, UHMWPE consists of long repeating 

molecules of ethylene with a backbone of carbon to carbon bonds. The long carbon 

polymer chains can intertwine with adjacent chains and with themselves to form orderly 

crystalline sheets called lamellae [9]. The crystalline lamellae are embedded within an 

amorphous region of unordered chains [9]. Commonly used UHMWPE structures for 

joint replacements often consist of approximately 50% crystalline lamellae and 50% 

amorphous regions [9]. The specific size and relative arrangement of lamellae and 

amorphous regions is dependent on the UHMWPE molecular weight and processing 

conditions employed in addition to other variables [9]. Contact and wear mechanisms 

depend on the superficial micron-sized asperities on the polymer surface. 

 When the UHMWPE bearing surface is in contact with a metal component such 

as those used in metal-on-polyethylene total joint replacements, the surface to surface 

interaction occurs through microscopic interactions between the opposing surface 

asperities [2]. The interaction between the surface asperities was shown to be 

characterized by plastic deformation when applied to the hip and knee [12]. 

Approximations of wear depth and wear volume often employ wear factors which have 
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been shown to have proportional relationships to the mean sub-micron asperity height 

[13-15]. Previous work has also shown that the wear rate in UHMWPE was dependent on 

the rate of inelastic strain accumulation due to microscopic asperity interaction [2]. 

 Wear mechanisms primarily occur on the polymer surface in response to load and 

relative sliding. Wang et al. [16] showed that mechanical properties of UHMWPE, 

including wear, were determined by relative crystallinity, number of molecules adjoining 

crystalline lamellae and amorphous regions, degree of cross-linking and entanglement 

between adjacent molecular chains in amorphous regions, and the orientation or 

anisotropy of crystallites. With modern surface coatings of the metal components, 

polymer transfer films generally do not form and the wear rate has been therefore shown 

to depend on the cohesive energy density of the molecular carbon to carbon bonds [3]. In 

a study by Minn and Sinha in 2009 [17], the authors investigated changes in UHMWPE 

film surface topology and crystallinity when subjected to contact and relative sliding. 

Results of the study indicated that during sliding, the UHMWPE crystallinity and 

molecular orientation can be changed, especially during continuous sliding [17]. These 

results support the long-known concept of molecular reorientation arising from sliding 

contact in a consistent direction [3, 18-22]. The complex interaction of molecular 

realignment and sliding path will be discussed in detail in Part 3 of this chapter. In a 

study by Minn [17], during initial sliding contact, surface asperities were plastically 

deformed in the crystalline region which led to a decrease in relative crystallinity and 

changes in molecular orientation in the middle range of sliding cycles (30k-50k) [17]. 

With less than 30k sliding cycles, the polymer surface exhibited high relative crystallinity 

and little change in surface topology. After more than 50k sliding cycles, molecular 

realignment appeared complete and the surface topology was smooth. 

 The effects of surface roughness on wear have been investigated by several 

groups. With modern material processing techniques the polyethylene bearing surface is 

generally rougher than the counterface (metal or ceramic), even after the running-in 

phase and continued wear [23]. Williams et al., 2009 [24] showed that as counterface 

roughness was increased, the mean values for the number of small and large wear 

particles increased. Modern metal femoral components in total knee replacements are 

polished which decreases surface roughness and increases scratch resistance [10]. 
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Additionally, another study by Klepper in 2009 [25], showed that a deposited boron film 

with thickness of approximately 200 nm led to a reduction in UHMWPE wear under 

saline solution and was hypothesized to reduce the surface roughness [25]. Results of the 

study indicated a detection of UHMWPE transfer film layer onto uncoated metal control 

samples with a thickness of approximately 150 nm [25]. 

 In addition to the aforementioned wear mechanics, surface roughness has been 

shown to influence contact mechanics such as friction coefficients and contact area. In a 

study by Wang in 2001 [3], friction was investigated in a pin-on-disc setup and results of 

continuous sliding indicated that the frictional force initially showed large fluctuations 

until reaching a steady-state after 500 cycles. In the study of UHMWPE films by Minn 

and Sinha in 2009 [17], the coefficient of friction was shown to initially remain relatively 

high until the top film surface was completely modified with consistent sliding. Multiple 

studied have shown that UHMWPE wear rates were likely a function of the coefficient of 

friction [3, 13, 26]. Additionally, Wang showed in 2001 that the derived relationship 

between the wear factor and coefficient of friction suggested there existed a critical value 

of friction coefficient below which rupture of adjacent polymer fibers would not occur 

[3].  

 In other experimental studies, “deformed-upon-implantation” acetabular shells 

showed higher frictional torque loads [27]. The larger femoral heads showed greater 

frictional torque which was likely due to increased contact area. Additionally, another 

study showed that larger femoral heads increased volumetric wear rates due to increased 

amounts of relative sliding as a function of increased contact area [26]. The increased 

contact and sliding over time changes the surface topology as previously mentioned. 

Smoother surfaces in contact showed a real contact area increase with increasing stress 

while rougher surfaces showed contact area was constrained as the nominal stress 

reached the yield stress of the material [28, 29]. Results of a prior study by Mazzucco et 

al. in 2003 [30], showed two key findings: 1) normal load showed no effect on wear rate, 

and 2) doubling the contact area resulted in double the wear rate. In a more recent study 

of hip wear, an increase in hip load did not lead to a linear increase in the real contact 

area and wear [23]. For a given load, an increase in nominal contact area resulted in 

decreased nominal contact stress, but led to an increase in real contact area which 
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resulted in increased wear [23]. Similarly, a prior study by Wang in 2001 showed that for 

a given load, increasing the contact stress by decreasing the area resulted in decreased 

coefficient of friction and wear rate [3]. Wang concluded in 2001 that according to the 

unified theory of wear, contact stress was not the driving factor for determining wear in 

UHMWPE [3]. 

 Experimental testing of UHMWPE wear has been conducted in ever wider arrays 

of machines, loading conditions, and on more types of designs over the years. Wear 

testing is a crucial step in the design verification process in industry yet it is time 

consuming and expensive due to low frequency cycles and testing durations of weeks to 

months [31, 32]. Testing conditions have been prescribed by standards such as ISO and 

discrepancies in experimental results exist between testing machines that use force- or 

displacement-controlled input parameters. For example, Schwenke et al., 2009 [33] 

showed that testing under force control produced larger wear areas and greater wear rates 

compared to displacement-controlled tests with large variations arising under current 

testing standards. Differences in testing protocols have been investigated and 

experimental testing has shown that simulators should use more physiological kinematics 

and kinetics including secondary motions and off-axis loading cases that may correspond 

to less frequent daily activities such as stair climbing or descent [3, 19, 34-36]. 

 Wear particles from experiments have been categorized based on shape and size 

using microscopic visualization and characterization methods. A statistical distribution 

implemented by Williams et al. in 2009 showed that a mixture model of three separate 

distributions captured the variability in number and volume distributions of debris size. 

The results implied that UHMWPE debris could be represented by two or more wear 

processes, but a single wear process was insufficient to capture the wear particle 

variability [24]. In studies of peri-prosthetic tissues collected during total hip implant 

retrievals, the majority of UHMWPE wear particles were micron or sub-micron size and 

were fiber or particulate in shape [37-41]. 

 Modern material processing techniques have improved on the molecular structure 

of UHMWPE by inducing cross-link formation. Cross-links are carbon-carbon chemical 

bonds between adjacent chains and the addition of cross-links has been widely shown to 

decrease volumetric wear in total joint replacement applications [3, 8, 11, 35, 42-45]. The 



11 
 

process to induce cross-linking has been reported via several mechanisms including 

gamma irradiation, electron-beam irradiation, and by exposure to peroxides [16, 19, 46, 

47]. Although the wear resistance was shown to increase with the first generation of 

cross-linked UHMWPE, other material properties such as ultimate tensile stress, ultimate 

strain, and oxidative stability were shown to be adversely affected by the cross-linking 

process [11, 16, 18, 19, 48]. The second generation of cross-linked UHMWPE has been 

shown to maintain the improved wear resistance over conventional polyethylene while 

also maintaining other mechanical properties and oxidative stability [11]. 

 Investigation in the benefits of cross-linking showed that wear rates were a 

function of cross-link density, cross-linked UHMWPE produced smaller wear particles, 

and there may exist a critical threshold of cross-link density above which fiber rupture 

could not occur [3, 24, 47]. Additionally, the effects of decreased mechanical and 

physical properties were outweighed by the improvement in wear resistance [47]. Clinical 

outcomes for cross-linked UHMWPE have shown no significant differences in 

postoperative clinical score, range of motion, or radiographic results compared to 

conventional UHMWPE [49]. Early failure of cross-linked UHMWPE have not been 

reported [49]; however, issues such as the long-term behavior of bearings under in vivo 

wear mechanics, the quantity and bioreactivity of wear debris, and the role of wear debris 

in the wear process merit ongoing study [50]. 

 As previously mentioned, the process of cross-linking in the first generation of 

cross-linked UHMWPE decreased the oxidative stability of the polymer [47, 48]. Gamma 

and electron-beam irradiation can produce oxidation, even in the absence of oxygen [50]. 

The presence of peroxides induced cross-linking, but also resulted in direct oxidation 

through a competing chemical reaction [51]. Relationships have been reported between in 

vivo biodegradation, interactions with synovial fluid, and wear mechanisms in 

UHMWPE used in total joint replacements [48]. Results indicated that degradation and 

oxidation affected abrasion, wear, delamination, and wear debris [48]. Material 

processing techniques such as post-irradiation annealing and vacuum storage or vitamin 

E doping have been shown to improve oxidative resistance and decrease in vivo 

biodegradation [22, 50, 51]. The presence of vitamin E has been shown to decrease cross-

linking and other issues were identified for further investigation such as the interaction of 
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vitamin E with peri-prosthetic tissues, and the long-term effect of vitamin E doping on 

cross-linked and conventional UHMWPE wear mechanisms [50]. 

 

2.2  Computational Modeling 

 

 The purpose of Part 2 is to relate total joint replacement systems to computational 

engineering simulation. Wear testing via experimental laboratory testing is time 

consuming and expensive due to the high number of loading cycles required to establish 

wear behavior [31]. Computational methods can provide a simplified and efficient 

solution to predictive wear simulation and wear behavior compared to experimental 

testing. The modern computer simulation can implement an adaptively meshed, dynamic 

finite-element model capable of capturing spatially- and temporally-dependent solution 

variables for use in advanced wear depth and volume predictions of complex multi-

directional motion. 

 Wear simulations of total joint replacement require validation to establish their 

ability to reproduce wear rates and damage profiles from retrievals or experimental 

simulators [29]. Clinical wear rates provide a means of validation for computer models. 

Clinical wear rates have been calculated using reference measurements from unimplanted 

geometry compared to specimens obtained post-mortem, during revision surgery, or 

obtained by estimation with imaging techniques such as traditional 2D radiographs (X-

rays), Computerized Tomography (CT), or Magnetic Resonance Imaging (MRI) [10, 52, 

53]. Experimental wear simulators have been used to test implants independent of 

surgical position and often use prescribed testing conditions such as ISO or ASTM 

standards [23, 36, 54-57]. Alternate input parameters have been obtained using in vitro 

testing such as fluoroscopy for kinematics [52, 58]. Uncertainty arose between 

experimental and in vivo wear rates without inclusion of soft tissue interaction, surgical 

implant position, or design specific constraints [59]. 

 Experimental wear rates have been compared to a range of simplified contact 

interactions and motion profiles from pin-on-disc or wheel-on-flat setups [23, 58, 60] 

through full scale, complex, multi-directionally loaded, total joint simulators designed 

specific to the kinematics respective to an average human joint of interest [23, 29, 52, 54, 
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56, 57, 60]. Differences in wear stations, even within the same simulator machine, 

commonly produce a statistical variation in experimental wear rates [31]. Given the time 

required, experimental variability, and high cost associated with experimental testing, 

computational simulation has provided an efficient and increasingly accurate method to 

reproduce the gravimetric wear rate or even the volumetric wear rate and damage pattern 

[5, 10, 12, 23, 29, 31, 36, 52-59, 61-69]. Other computational methods have simulated 

wear and joint behaviors such as critical strain [12], intervertebral disc stiffness matrices 

[61], or deformable contact simulation with mathematically defined surfaces [62]. 

 A convenient and efficient tool used in wear simulation is finite element (FE) 

modeling. FE models are created through a procedure by which a 3D digital 

representation of manufactured geometry can be subjected to kinematic conditions such 

that useful engineering variables can be estimated with confidence based on the relative 

confidence of the inputs. A single finite element describes a physical space occupied by 

material with properties defined as measured from designed laboratory experiments or 

estimated from published values. Depending on the type of simulation required, be it 

static or dynamic, implicit or explicit, deterministic or probabilistic, the simulation 

software often employs simplifying assumptions such as elastic conforming contact and 

constant coefficients of friction [35, 52, 56, 65, 67, 70]. Further simplification has been 

employed to reduce the number of simultaneous equations, and thus computational time, 

through techniques that estimate reaction forces such as a bed of deformable springs used 

in a rigid-body to rigid-body contact simulation using elastic foundation theory [68] or 

variable step nodal geometry updates [65]. 

 Inputs to the FE model include geometry, mesh, material properties, contact 

interactions, and boundary conditions, including loading input curves for translation, 

rotation, and applied forces. The geometry is often described using mathematical 

notations in digital format and defines the extents of the physical object. The mesh is a 

spatial decomposition and segregation of the geometry into 1D-nodes, 2D-edges, and 3D-

elements. The mesh definitions are one potential access method to modify the solution 

with custom scripting for tasks such as implementation of node coordinate updates. 

Increased mesh density increased computational demand, resolution of estimated spatial 
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and temporal variable results, and simulation time. The effects of increased mesh density 

offered diminished returns with mesh convergence studies. 

 The material properties define the mechanical response of the meshed material to 

loading and displacement. The values of physical variables are often based on measured 

laboratory experimental values from designed tests. Some example physical variables are 

elastic modulus (Young’s Modulus), plastic deformation, friction coefficient, or time-

dependent functions such as creep deformation and fatigue. Contact interactions define 

the transmission of forces and reactions between multiple physical bodies in the model. 

Metal components are often modeled as rigid bodies due to their high relative stiffness 

compared to the UHMWPE. With rigid body or rigid/deformable contact, simulation 

times are reduced compared to fully deformable models. Boundary conditions are the 

means to prescribe modifications or restrictions to movement responses and are often 

defined in terms of degrees of freedom at reference geometry. The kinematics and 

kinetics of the system prescribe displacements/rotations and force/moments, respectively, 

about reference geometry. Use of displacement control is feasible to prescribe movement 

from clinical fluoroscopy, but the prescribed movements dictate the contact response and 

therefore dictate the wear. The force control parameters influence the inter-design wear 

comparisons because the contact interactions are inherit to each total joint design. 

 Once the FE models are setup, the modern software execution has multiple 

available solution methods including implicit and explicit solutions. The explicit method 

allows for large strain rates and relative sliding behavior between contacting bodies [59]. 

Implicit derivations often employ a stiffness matrix to convert material deformation to 

stress and sometimes result in difficulties with solution stability [59]. Using the explicit 

method, the time-history of requested solution variables is available for use in such FE 

post-processing techniques as adaptive remeshing FE wear simulations. 

 The outputs of the FE models are time- or history-dependent variables. These 

variables can be construed as a time-dependent by node or element basis or history-

dependent by volume or contact surface. The kinematic and kinetic results files from the 

FE models can be used to populate a results database that summarizes multiple wear 

iterations (job executions). The explicit simulations can simulate specific time interval 

data during the prescribed kinematics and kinetics. In an example of published simulation 
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time segmentation for a derivation of cross-shear versus wear factor, Kang [29] used 101 

time steps for 1 second of prescribed conditions. Contact dependent variables required for 

the solution of the wear simulation equations applied through use of a selected wear 

model are available at each node in the mesh using custom data extraction codes, such as 

the Python scripting interface included with Abaqus. Some examples of wear variables 

for different published simulations are: contact pressure [23, 29, 53, 58, 65, 66, 68, 69], 

contact area [23, 36, 57, 58, 65], sliding distance [23, 29, 53, 65], sliding direction [23, 

29, 35, 55, 56, 59, 60, 65, 67, 70], deformation and displacement [5, 52, 53, 59, 62, 67, 

69], and translational velocity or rotational velocity [69]. Adaptive remeshing joint 

simulation studies have published geometric nodal coordinate update intervals as a 

function of the convergence of stable contact variables. Some examples of published 

fixed-step nodal updates are a minimum of 500,000 cycles [53, 56, 65], 250,000 cycles 

[5, 53], and 125,000 cycles [29]. 

 In 1953, Archard [71] published an equation to estimate the linear wear depth 

perpendicular to the wear surface of two contacting metal surfaces sliding relative to one 

another. The equation was known as Archard’s Wear Law and is shown below in 

Equation 2.1: 

                  Eqn. 2.1 

where H is the wear depth, k is the experimentally derived linear wear rate, Cp is contact 

pressure, and d is the magnitude of relative sliding distance between surfaces. When 

contact forces are in the range of those experienced in vivo, Archard’s Law has been 

shown to reasonably calculate wear depths due to linear sliding of UHMWPE on metal or 

ceramic. However, the kinematics displayed in total joint replacements are often non-

linear so the applicability of Archard’s Law to total joint replacements has been 

questioned. 

 The computational simulation of cross-shear mechanisms is more fully 

investigated in the summary provided in Chapter 2 - Part 3. 
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2.3  Cross-shear 

 

 Polyethylene wear processes have been shown to occur through several 

mechanisms such as ploughing for unidirectional motion [72], plastic deformation and 

fatigue for multidirectional motion [72], and some mechanisms common to both motions 

such as adhesion, abrasion, and 3rd-body accelerated wear [22, 24, 72]. Lubrication has 

been shown to affect the type of wear mechanism with examples of protein-rich fluid, 

similar to synovial fluid, and saline leading to ripples and oriented fibers on the surface, 

respectively [73]. Additionally, friction coefficients were different between the 

lubricating fluids with plasma showing a slightly decreased coefficient of friction under 

multidirectional sliding (0.025) compared to brine (0.035) [73]. Other parameters 

affecting wear have included radiation dose, post-irradiation processing, counterface 

surface roughness, and sliding trajectory dependency [22]. Surface wear properties of 

polyethylene are dependent upon the molecular microstructure which has the ability to 

change its morphology and crystallinity in response to contact forces. 

 It has been shown that non-crosslinked UHMWPE molecules realign under 

unidirectional and multidirectional motion [18] and surface layer reorientation under the 

latter occurs continuously at acute angles [20]. UHMWPE molecules are known to 

preferentially align in the direction of the principal tensile stress component arising from 

asperity contact [18]. When the polyethylene molecules align, an increase in wear 

resistance, known as orientation hardening or strain-hardening, occurs due to the ability 

of the molecular chains to resist the tensile contact forces [18, 19]. A side effect of 

orientation hardening is a decrease in the wear resistance along the transverse direction, 

and is known as orientation softening [16, 19]. The transverse strength of UHMWPE can 

be orders of magnitude less than that of the aligned direction and thus off-axis loading 

has been shown to more easily result in inter-fiber splitting [18]. The approximated unit 

work required for wear along the direction of aligned fibers was shown to be 6.4 times 

higher than along the perpendicular direction [33]. Modern material processing 

techniques have been formulated to improve the wear resistance of polyethylene with the 

latest generation of UHMWPE characterized by a high degree of crosslinking and also a 

measure of oxidation resistance [11]. 
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 Crosslinking polyethylene retards molecular realignment, increases carbon-carbon 

bond density, and reduces orientation hardening and inter-fiber splitting [3, 18]. 

Crosslinks have been shown to exist in the amorphous regions of the polyethylene 

structure, but their presence did not inhibit lamellae reorientation due to the proposed 

mechanisms of interlamellar stack rotation, interlamellar shear, and interlamellar 

separation [8]. Highly wear resistant UHMWPE has been proposed to be isotropic and 

homogeneous, consisting of fine crystalline lamellae connected by an optimum number 

of tie molecules and crosslinks [18, 19]. Crosslinked polyethylene has shown reduced 

wear rates under cross-shear sliding [8, 74]. Non-crosslinked polyethylene exhibited, 

respectively, a 5% decrease and no change in crystallinity under linear and elliptical 

sliding, whereas crosslinked polyethylene exhibited a 10% and 3.9% decrease in 

crystallinity under linear and elliptical sliding, respectively [8]. Changes to the molecular 

structure such as the addition of crosslinks affects reorientation and long-term wear, 

although the generation of wear particles due to adhesive or abrasive mechanisms occurs 

through liberation of polyethylene molecules from the wear surface and has been related 

to changes in friction conditions as a function of surface roughness. 

 In an experimental pin-on-disc (POD) study, friction coefficients measured in situ 

varied during multidirectional sliding [32]. Sliding along the direction of aligned polymer 

chains has been shown to exhibit a lower coefficient of friction than sliding along the 

orthogonal direction [17, 75]. Increased coefficient of friction in the unaligned direction 

was influenced by relative crystallinity, molecular orientation, and micro-changes in 

surface topology [17]. After sliding in a consistent direction for several thousand cycles, 

a change in sliding direction resulted in a change in the coefficient of friction [17]. 

Surface roughness increased upon initial sliding then became relatively smooth at 

~50,000 cycles [17]. Sliding in the reverse direction after 30k-50k cycles exhibited an 

increase in coefficient of friction due to lower crystallinity and higher numbers of sharp 

edges and corners [17]. Multidirectional motion has been shown to affect many aspects of 

the mechanical and structural responses of polyethylene to contact with relative sliding. 

 “Cross-shear” is defined as the measure of variation in sliding direction [66]. 

Multidirectional or cross-shear sliding leads to increased asperity shearing on the surface 

[20]. Increased asperity shearing significantly increases wear with increased cross-shear 
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angle resulting in progressively larger increases in wear rates [16, 19, 20, 72]. In a study 

of wear rate versus sliding conditions, wear rates for unidirectional motion showed a 

decrease after an initial bedding-in period, yet wear rates for multidirectional motion 

were constant upon initial sliding [22]. Patient-specific, in vivo kinematics for common 

joint replacements such as hips or knees often contain unknown levels of cross-shear so 

standard testing protocols have been used to characterize wear behavior. 

 Experimental studies have proven an effective means to more fully characterize 

the relationship between cross-shear and wear. POD tests using serum lubrication showed 

considerably greater wear rates under multidirectional motion compared to linear motion 

[22]. A pin-on-disc test of square and rectangular paths revealed that squares had the 

highest wear rate and rectangles with high aspect ratios resulted in the lowest wear rates 

as the latter paths began to appear more unidirectional [60]. In more advanced wear 

systems such as total hip joints, motion has been shown to be multidirectional and 

resulted in multidirectional surface shear stresses [19]. In a total hip replacement wear 

simulation machine under biaxial rocking and physiological loading conditions, results 

showed shear stress vectors with constantly changing direction and magnitude [3]. In a 

total knee replacement study, knee designs with rotating platform bearings resulted in 

lower wear rates compared to fixed-bearing designs due to reduced cross-shear and more 

unidirectional motion [35]. Similar to the benefits of computational modeling discussed 

in Chapter 2 – Part 2, cross-shear modeling has become a valuable tool for the 

development and validation of theoretical relationships between cross-shear motion and 

polyethylene wear. 

 Limitations of wear models that do not include cross-shear indicated the need to 

incorporate cross-shear via strain-hardening or frictional work [5, 65, 66]. Several cross-

shear wear models have been proposed, each based on different underlying principles 

including frictional work related to primary molecular orientation (PMO) [3, 29, 65, 76], 

stress-weighted average deviation from principal sliding direction [70], and the ratio of 

principal to transverse sliding magnitude [56, 60].  

 The first cross-shear model was published by Wang [3] and quantified the 

relationship between cross-shear and the wear coefficient (k) using Equation 2.2 below: 

 1               Eqn. 2.2 
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where k` is a constant, d is the diameter of UHMWPE fibrils, m is the coefficient of 

friction, μ0 is the critical coefficient of friction for initiating surface failure, γc is the C-C 

bond energy, Xc is the cross-link density, X0 is the critical cross-link density to prevent 

surface rupture, and α is the maximum cross-shear angle. 

 In 2003, Turell and colleagues [60] developed a simplification of the PMO model 

from Wang [3] applied to rectangular paths using Archard’s Wear Law. They related the 

wear coefficient (k) and cross-shear motion as shown in Equation 2.3 below: 

                   Eqn. 2.3 

where A is the shorter magnitude of side length of the rectangular path, and B is the 

longer magnitude of side length [60]. This cross shear model is discussed further in 

Chapter 3. 

 In 2005, Hamilton and colleagues [70] published a cross-shear wear equation 

based on the stress-weighted average deviation from principal sliding direction. The 

equation has multiple parts and has been simplified to Equation 2.4 below: 

 

∑
∑

∑

∑
∑

               Eqn. 2.4 

where σ* is the normalized cross-shear intensity, i is an increment of time, n is the total 

number of time steps, p is contact pressure, d is the magnitude of relative sliding distance, 

and θ is the angle of sliding relative to a fixed reference axis aligned perpendicular to the 

principal sliding direction. The wear magnitude was calculated using Archard’s Wear 

Law and values of normalized cross-shear intensity (σ*) were related to the wear 

coefficient (k) as shown in Equation 2.5 below: 

                Eqn. 2.5 

where C1, C2, and C3 were fit to experimental data with values of 4E-6, 8E-7, and 1E-7, 

respectively. 

 In 2007, Knight and colleagues [56] developed a relationship between the wear 

coefficient (k) and the proportion of principal to transverse sliding magnitudes in a total 
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knee replacement system. The wear coefficient (k) was applied using Archard’s Wear 

Law and was calculated using Equation 2.6 below: 

                          Eqn. 2.6 

where ML is the magnitude of sliding in the medial-lateral direction, and AP is the 

magnitude of sliding in the anterior-posterior direction. 

 In a study by Kang in 2009 [23], a cross-shear ratio (C0) was defined as the 

frictional work component perpendicular to the principal molecular orientation divided 

by the total frictional work, as shown in Equation 2.7 below: 

                   Eqn. 2.7 

where WT and WP represent the work due to friction in the directions transverse to and 

parallel to the UHMWPE molecular orientation, respectively. The cross-shear ratio (C0) 

was related to an Archard's Wear Law wear coefficient (k) by Equation 2.8 below: 

                  Eqn. 2.8 

where C0 is the cross-shear ratio, save is the average contact pressure, and ‘a’, ‘b’, and ‘c’ 

are constants from the empirical fit to experimental results with values of -13.1, 0.19, -

0.29, respectively. The prescribed 1 second duration motion cycle was divided into 101 

instants for the purpose of calculating the cross-shear ratio. Mean CS ratios were 

unchanged due to wear if the kinematic and kinetic model inputs remained constant. High 

CS ratios corresponded to more open sliding tracks and the maximum CS ratio of 0.5 was 

obtained from a square sliding path. In an unrelated study, a wear factor obtained from 

rectangular motion paths resulted in the best agreement between the cross-shear wear 

model and experimental wear results [31]. The large cross-shear angle seen in square and 

rectangular motion paths likely results in a near maximum wear due to sliding in the 

orthogonal direction to molecular alignment.  

 Wear factors have been shown to depend on cross-shear in various relationships 

including linear, sinusoidal, power, or logarithmic functions [60, 76] and the ratio of 

frictional work to wear was deemed a polyethylene material property [76]. Most models 

thus far have focused on scaling the wear coefficient in the classic form of Archard’s 

Wear Law, but this approach has limitations since it presumes a uniform increase in wear 

over the full cycle of motion, whereas cross-shear may only be present in a few 
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increments of the total cycle. A recent study comparing different cross-shear models and 

their effectiveness at predicting wear in total joint replacements has shown that the 

simple inclusion of cross-shear effects in the wear formulation was more important than 

the specific model selected with the current limited state of wear mechanism monitoring 

technology [76]. 

 Limitations of current models have shown the need of a novel cross-shear metric 

capable of relating wear to cross-shear motion on an incremental time scale including 

effects of contact pressure, sliding distance, and sliding trajectory without the need for 

reference directions. The proposed novel cross-shear metric of the following study was 

implemented into a wear depth approximation based on a modified form of the classic 

Archard’s Wear Law that separates wear due to unidirectional and cross-shear motions. 

The proposed wear depth approximation is simple and generally applicable to wear 

systems that exhibit adhesive contact wear mechanisms including wear mechanisms 

found in total joint replacements. 
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CHAPTER 3 

 

CROSS-SHEAR FORMULATION 
 
 The contents of this chapter were submitted online to the Computer Methods in 

Biomechanics and Biomedical Engineering journal on 10/4/2010 under the title: A Novel 

Cross-shear Metric for Application in Computer Simulation of Ultra-High Molecular 

Weight Polyethylene Wear 

 

3.1  Introduction 

 

 Physical wear testing of ultra-high molecular weight polyethylene (UHMWPE) in 

total joint replacements is ubiquitous and a necessary part of the design verification & 

validation process for any new device. The process is time and resource intensive though, 

making it challenging to perform multiple design iterations to optimize wear performance 

in concert with other design outputs. Computational wear modeling has obvious utility in 

this context as it can be conducted with much greater economy than physical testing. 

Archard’s law [1] has become the accepted standard for wear simulation in total joints, 

and its application in the hip was first described by Maxian and colleagues [2] more than 

a decade ago. The basic method of simulating implant wear using Archard’s law is now 

relatively well established in both the hip [3, 4] and the knee [5, 6]. Using wear 

simulation, one may conduct a greater number of design iterations than would be 

practical through physical testing, quantify outcome metrics that are difficult to measure 

experimentally (e.g., contact pressure, interfacial slip rate, sliding trajectory), and 

effectively apply sophisticated design tools such as design of experiments, optimization, 

or probabilistic analysis. Indeed, optimization methods have been applied to minimize 

wear in hip [7] and knee [8] replacements, and probabilistic simulation methods have 

been employed to better understand the factors affecting knee wear [9]. Most of these 

studies, however, did not account for the cross-shear associated with multidirectional 

sliding in the joint, which has been shown to significantly increase UHMWPE wear 

measured in vitro [10-13]. 
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 Numerous studies have proposed models to quantify the effects of cross-shear in 

computational wear prediction. Wang described a unified theory for cross-shear wear 

based on deviations of sliding trajectory from a principal sliding direction [14]. Wear 

volume was expressed as a function of the amount of frictional work done during sliding 

perpendicular to the principal direction. The premise for this theory was derived from 

earlier experiments in which UHMWPE samples exhibited molecular orientation under 

uniaxial tension with a measurable increase in rupture strength along the stretch direction 

[15]; rupture strength was also significantly diminished perpendicular to the stretch 

direction. In the context of wear, molecular orientation is believed to strengthen material 

on the surface of the UHMWPE along the principal direction of sliding, with a 

corresponding decrease in strength in the transverse direction. Wang’s unified theory 

showed good agreement with validation experiments [14] and has arguably formed the 

foundation of subsequent ideas related to cross-shear modeling. One limitation of the 

unified theory, however, is that the method for computing the principal sliding direction 

was not explicitly defined. The full range of incremental slip directions for a given 

motion path was described as varying uniformly around the principal sliding direction by 

an angle α , but this does not account for arbitrary motion paths in which slip 

trajectories may not vary uniformly. 

 In a later study designed to further validate the unified theory, Turell and 

coauthors performed pin-on-disc (POD) testing with rectangular motion paths [13]. The 

shorter side of the rectangle was designated A and the longer side, defined as the principal 

sliding direction, was designated B . Volumetric wear rate was expressed as a linear 

function of the term A/ A B  and this relationship was found to agree well with POD 

experiments for high aspect ratio motion paths (small A). For nearly square paths the 

measured wear was higher than that predicted by the model, and the authors suggested 

this may have been due in part to reorientation of UHMWPE molecules during each cycle 

of sliding. Based on this finding, one may conclude that there may not be a single 

principal sliding direction. Molecular orientation in the surface of the polymer may vary 

throughout a motion cycle and the intensity of cross-shear associated with a given slip 

trajectory may, in fact, depend on the history of sliding. 
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 The rectangular motion path used by Turell et al. simplifies interpretation of the 

principal sliding direction described in the unified theory, but the term A/ A B  is still 

not generally applicable to arbitrary interface geometry and kinematics. For example, 

Knight and colleagues [16] adapted the A/ A B  model to the tibiofemoral joint of a 

fixed-bearing knee replacement by defining the anterior-posterior (AP) direction as the 

principal sliding direction. The wear factor was then expressed in terms of AP and 

mediolaterial (ML) sliding distances as, k ML/AP . This approach provided good 

results for knee wear prediction, but it bears the limitation of being implant-specific. That 

is, the assumed AP alignment of the principal sliding direction would not be appropriate 

for a rotating platform knee in which the kinematic conditions at both the front-side and 

back-side interfaces of the tibial insert are different from a fixed bearing implant [17, 18]. 

The primary challenge in applying the k A/ A B  cross-shear model is that it is not 

obvious how best to define the principal sliding direction for an arbitrary motion path. 

 Hamilton and colleagues addressed the question of principal sliding direction by 

defining a cross-shear model based on a statistical consideration of incremental slip 

vectors [19]. In their model, the intensity of cross-shear, σ  , at a point on the UHMWPE 

surface is still based on deviation of incremental slip trajectories from the principal 

sliding direction, which makes it similar to the unified theory proposed by Wang. The 

principal direction, however, is an arithmetic average of all incremental slip vectors with 

each weighted by the corresponding incremental contact pressure. Although this method 

of calculating the principal direction is unambiguous and applicable to any arbitrary 

motion path, the cross-shear model itself exhibits an important limitation. Sliding 

directions are measured relative to a fixed datum line and the predicted cross-shear 

intensity depends on how this datum is chosen. To be truly general, the cross-shear model 

should be invariant to the choice of datum line. 

 The purpose of the present study, therefore, was to propose a robust cross-shear 

model applicable to any interface geometry under any kinematic conditions. Validation 

was performed by examining cross-shear predictions for several common motion paths 

used in POD testing, and published wear data from POD tests designed specifically for 

cross-path motion were considered. Comparisons were made to previously reported 

cross-shear values where possible.  



30 
 

3.2  Definition of the Cross-shear Metric 

 

 Motivated by the notion that molecular orientation at each point on an UHMWPE 

wear surface may vary throughout a motion cycle, a phenomenological cross-shear metric 

was developed based on the deviation of each incremental slip vector from earlier sliding 

directions rather than from a single principal direction. This approach eliminates the need 

to define a principal sliding direction, which is one of the primary limitations of existing 

cross-shear models. 

 It is most insightful to describe the cross-shear metric in the context of wear 

simulation using Archard’s law. We begin by adopting the scalar tribological intensity 

defined by Hamilton et al. [19] as, 

 τ p ∆                   Eqn. 3.1 

where p  is incremental contact pressure (MPa), Δ  is the scalar magnitude (mm) of an 

incremental slip vector, i 1, 2, … , n are time increments, and j 1, 2, … , N are locations 

on the discretized wear surface (these would typically be node indices in a finite element 

model). Archard’s law may then be written concisely in terms of either wear depth or 

wear volume as, 

 H k ∑ τ                   Eqn. 3.2 

 W k ∑ ∑ τ AN                  Eqn. 3.3 

where H  is wear depth (mm) at a discrete location on the surface, W is wear volume 

(mm3), k (mm3/N·mm) is the experimentally measured apparent wear factor, and A  is an 

element of surface area (mm2). To define the cross-shear metric, a reference axis fixed in 

the wear surface may be chosen arbitrarily. The orientation of each incremental slip 

vector relative to the reference axis is denoted θ . To account for the possibility that the 

alignment of polymer chains in the wear surface may change during a single motion 

cycle, the concept of material memory is introduced. An incremental weight factor for 

material memory is then defined as, 

 ∑ 1/  sin θ θ ,          i             Eqn. 3.4 

where  represents the sliding distance required to align or realign polymer chains in 

the surface layer of the UHMWPE. The sine function in (3.4) characterizes the extent to 
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which the current slip vector at a given point on the surface deviates from previous slip 

vectors at that same location. Note the absolute value symbols, indicating that only the 

magnitude of change in sliding direction is important. The number of previous slip 

vectors that are considered in (3.4) is determined by the  parameter. At the 

beginning of the motion path there are few previous slip vectors, so the restriction 

i  is needed. In general, due to the requirement i , it is necessary to 

compute (3.4) for at least two consecutive motion cycles to obtain a converged set of  

values. The term 1/  ensures that  never exceeds a maximum value of unity, 

corresponding to a worst case. Equation (3.4) also implies that the worst case cross-shear 

condition occurs when 1 in combination with a 90° change of direction in every 

increment of motion. The application of (3.4) is illustrated in Figure 3.1 for a simple L-

shaped motion path. 

 

 
Figure 3.1. Diagram illustrating application of (4) for two different values of the  parameter. 
Each arrow represents a slip vector defining counterface motion as perceived by an observer from 
a fixed location on an UHMWPE wear surface. In practice, these vectors would all be aligned 
with their tails anchored at the location of the fixed observer, but here they have been laid out 
head-to-tail for visualization purposes. The L-shaped path illustrated above is the exact converse 
of the path that would be traced out on the counterface. (a) When 1 the weight factor at 
increment five indicates elevated cross-shear due to the 90° change in sliding direction, but that 
effect diminishes after just one increment of subsequent sliding. (b) When 3 there is 
elevated cross-shear for three increments following the change in direction. The value of  
defines how far back the algorithm “looks” for changes in sliding direction. Physically,  
represents the sliding distance required for polymer chains to realign to a new dominant sliding 
direction. 
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 Sliding intensity metrics are defined as, 

 σ ∑ τ                  Eqn. 3.5 

 σ ∑ τ                   Eqn. 3.6 

where σ  is sliding intensity for an arbitrary motion path and σ  is the maximum sliding 

intensity corresponding to 1 . The normalized cross-shear intensity for the full 

motion cycle at a discrete location on the surface is then given by, 

 x σ σ⁄                   Eqn. 3.7 

Wear depth may now be expressed in terms of  using a modified form of Archard’s 

law expressed as, 

 H k ∑ τ k ∑ τ                Eqn. 3.8 

 k σ k σ                  Eqn. 3.9 

and wear volume is defined as, 

 W k ∑ ∑ τ AN k ∑ ∑ τ AN            Eqn. 3.10 

 ∑ k σ k σ AN               Eqn. 3.11 

where k  is the wear factor for unidirectional sliding, and k  is the wear factor for worst 

case cross-shear sliding. Equations (3.9) and (3.11) account for both the spatial and 

temporal variation in wear throughout a motion cycle. The wear coefficient k  is 

associated with a low, baseline level of wear that occurs throughout the motion cycle 

irrespective of sliding direction. The coefficient k  characterizes elevated wear due to 

cross-shear, but only at increments in the motion cycle during which cross-path motion is 

present, as indicated by the weight factors . The value of k  may be easily measured 

with a unidirectional wear test, and, in principle, it is also possible to measure k . The 

latter experiment, however, requires knowledge of the kinematic conditions associated 

with worst case cross-shear, which have not been previously reported. Equation (3.4) 

assumes worst case conditions correspond to incremental changes in sliding direction of 

90°, but this has not been proven. The value of k  may also be estimated by combining 

(3.3) and (3.11) and simplifying, which gives, 

 k k k
∑ AN

∑ AN                Eqn. 3.12 
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Then let the average normalized cross-shear intensity be defined as, 

 x
∑ AN

∑ AN                 Eqn. 3.13 

so that (20) simplifies to, 

 k k k x                 Eqn. 3.14 

From (3.14) one can see that if k  is known, then any other multidirectional sliding wear 

test for which k and sliding kinematics can be calculated will enable an estimate of k . In 

the special case of homogeneous contact, all of the A  are approximately equal and all 

points on the wear surface are subjected to the same counterface kinematics and contact 

pressure. Then (3.14) simplifies to, 

 k k k x                 Eqn.3 .15 

where the bar on x  has been omitted since x  is identical at all points on the surface. 

The cross-shear metric is defined by (3.4) - (3.7) and (3.13). For greater clarity, 

development of the cross-shear model was described in the context of a modified form of 

Archard’s law, but the scope of the present study is restricted to an examination of cross-

shear only. 

 

3.3 Application to Common Motion Paths 

 

 The x  cross-shear metric was computed for several standard motion paths using 

(3.7). To facilitate comparison with published data, each motion path was discretized into 

n 100  increments and  was also set to a value of n 100 . Contact 

pressure was assumed to be uniform and constant. Results for diamond paths of various 

aspect ratios are listed in Table 3.1 and compared to values of A/ A B  from [13] and 

values of σ  from [19]. 

 The rectangular motion paths used in the development of the A/ A B  model 

were also simulated for comparison. In the POD experiment described in [13], an 

OrthoPOD multidirectional wear tester created rectangular motion paths on cobalt-

chromium disks through a combination of pin and counterface rotation. Consequently, 

the slip vectors at the center point of each UHMWPE pin reflected a small amount of 
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Table 3.1. Cross-shear intensities for diamond paths of 
various aspect ratios. All motions were computed with 
n 100 increments and x  used 100. 

 

Counterface 
Motion 

A
A B

 
σ  

x  Ref. Axis 
0° 45° 

0.5 0.87 1.22 0.50 

-- 0.58 0.58 0.43 

 

-- 0.29 0.29 0.25 

 

-- 0.10 0.10 0.09 

 

-- 0.02 0.02 0.02 

-- 1.71 0.02 0.02 

-- 1.73 0.00 0.00 

 
curvature in the actual counterface motion (see [19] for a detailed discussion). For this 

reason, both the σ  and the x  cross-shear metrics exhibited values slightly higher than 

would be expected for perfectly rectangular motion paths (Table 3.2). 

 Cross-shear intensity was also predicted for elliptical (Table 3.3) motion paths 

with various aspect ratios. 

 Lastly, cross-shear intensity was also predicted for lemniscate (Table 3.4) motion 

paths with various aspect ratios. 
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Table 3.2. Cross-shear intensities for rectangular paths of 
various aspect ratios. All motions were computed with 
n 100 increments and x  used 100. A 45° reference 
axis was used to compute σ . 

 
Approximate 
Counterface 
Motion+ 

A
A B

 σ  x  

 
0.5 0.87 0.54 

 
0.4 0.84 0.52 

 0.3 0.75 0.47 

 
0.2 0.58 0.39 

 0.1 0.35 0.28 

 0.0 0.18 0.13 

+Note that the actual motion exhibited some curvature 
due to pin rotation (see [19] for a detailed discussion). 

 

3.4 Validation with Pin-on-Disc Data 

 

 Support for the predictive value of the proposed cross-shear metric was sought by 

performing validation using published wear data. In the POD experiments reported by 

Turell et al., the wear factor for virgin UHMWPE material was predicted to be linearly 

proportional to the ratio A/ A B  with maximum wear expected for a square path, 

A/ A B 0.5. The peak wear rate in the experimental study was found to occur 

closer to a value of A/ A B 0.3 . Korduba and colleagues repeated the POD 

experiments [20] and found similar results for virgin material with peak wear rate 

occurring near A/ A B 0.2. The wear rates from both studies were normalized and 

are illustrated together in Figure 3.2(a) as a function of the ratio A/ A B . The total 

sliding distance of a single motion cycle in the POD experiments was 20 mm. Values of 
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Table 3.3. Cross-shear intensities for elliptical paths of 
various aspect ratios. All motions were computed with 
n 100 increments and x  used 100. A 0° reference 
axis was used to compute σ . 

 
Counterface 
Motion 

A
A B

 σ  x  

-- 1.00 0.64 

-- 0.82 0.63 

 

 

-- 0.59 0.59 

 

-- 0.30 0.47 

 

-- 0.12 0.30 

 

-- 0.06 0.19 

 
the x  cross-shear metric were computed for 2 mm and 3 mm. These 

data were normalized and plotted against the A/ A B  ratio together with the 

experimental POD wear rates as well as values of σ  from [19] (Figure 3.2(b)). Note that 

with an appropriate value of the  parameter the peak value of cross-shear predicted 

by x  agrees with the peak value of the experimentally measured wear rate. This 

agreement was not observed for σ  nor for the ratio A/ A B .   
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Table 3.4. Cross-shear intensities for lemniscate paths 
of various aspect ratios. All motions were computed 
with n 100 increments and x  used 100. A 
0° reference axis was used to compute σ . 

 
Counterface 
Motion* 

A
A B

 σ  x  

 

-- 1.00 0.55 

 

-- 0.90 0.53 

 

-- 0.75 0.48 

 

-- 0.50 0.40 

 

-- 0.25 0.26 

 

-- 0.10 0.14 

 
 As a second example, consider the POD test results reported by Dressler and 

colleagues [21]. Cross-linked (50 kGy) UHMWPE pins were subjected to approximately 

square paths of size 5 mm, 10 mm, and 100 mm. They reported wear of approximately 

2.4 mm3 per million cycles with no significant difference in wear rate per cycle 

regardless of the total sliding distance of the motion path. The authors suggested that 

wear was elevated following the change in sliding direction in each corner of the square 
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Figure 3.2. Variation of wear rate (mm3/Nm) and cross-shear metric with the ratio A/ A B  for 
POD experiments [13, 20] performed with approximately rectangular motion paths. Wear rates 
and cross-shear intensities were normalized to their maximum values. (a) The peak wear rate 
measured experimentally was found to occur at A/ A B 0.2 in [20] and at A/ A B 0.3 
in [13], well below the theoretical ratio of 0.5. (b) Cross-shear metrics x  and σ  were computed 
for the POD experiments and normalized similar to the wear rates. The x  metric exhibits peak 
values that agree with the experimental wear rates. 
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path, but wear was nearly zero elsewhere. If the apparent wear rate is computed from 

(3.3) for each size square path based on the assumption that wear is directly proportional 

to total sliding distance, then we have k 3.6 10  (mm3/N·mm), k 1.8

10  (mm3/N·mm), k 1.8 10  (mm3/N·mm). The variation in these wear 

factors is unexpected because wear rate is a property intrinsic to the materials and 

tribological conditions, which were identical for all three cases. Wear rate should not 

depend on the length of the motion path. If (3.4)-(3.7) are applied to compute x  for each 

sliding path, assuming a value of 1 mm, then we obtain x 0.2, x 0.1, and 

x 0.01. If the unidirectional wear rate is assumed negligible, k 0, then we obtain 

the worst case cross-shear wear rate from (3.15) as k k k k 1.8 10  

(mm3/N·mm). The x  metric predicts elevated wear in each corner of the square path 

following a 90° change of sliding direction, and application of (3.15) leads to a consistent 

wear factor for all motion paths as observed experimentally. 

 Lastly, consider the POD test results reported by Kang et al. in which UHMWPE 

pins were subjected to a combination of reciprocating translation and axial rotation [10]. 

The effect of cross-shear was examined on virgin material by comparing two sets of 

experimental conditions: (±20°, 20 mm) and (±20°, 12 mm). Average wear factors were 

reported as 4.7 10  (mm3/N·mm) and 5.5 10  (mm3/N·mm) for the 20 mm and 

12 mm sliding tracks, respectively. Based on total sliding distance one would expect the 

20 mm motion path to exhibit greater wear, but the trend toward increased wear in the 12 

mm motion path may be explained by elevated cross-shear. The principles of the unified 

theory were applied in [10] to compute a cross-shear metric, which was, surprisingly, 

found to exhibit an identical value of CS 0.039 for both motion paths. Due to the 

combination of translation and rotation, kinematic conditions on the pin face were 

inhomogeneous. For accurate comparison of cross-shear predictions x  was computed 

using (3.13) and found to exhibit values x 0.022 for conditions (±20°, 20 mm) and 

x 0.037  for (±20°, 12 mm) with 2  mm. These values are very close in 

magnitude to the CS value reported in [10], but note that x  clearly differentiates the two 

motion paths on the basis of cross-shear in agreement with the experimental wear results. 
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3.5 Discussion 

 

 A phenomenological approach has been used to develop a cross-shear metric that 

is easy to implement, robust, and applicable to any interface geometry under any 

kinematic conditions. Validation using published wear data demonstrated good 

agreement and strong support for the x  metric. This new metric is distinguished from 

existing cross-shear models by two unique features: x  measures cross-path motion 

incrementally throughout the motion cycle, and cross-shear intensity at each increment 

depends on the  parameter. The former attribute contributes to the simplicity and 

robustness of x  because it is not necessary to assign a direction of principal molecular 

orientation to an UHMWPE wear surface. For complex motion paths that produce 

inhomogeneous interface kinematics and variations in sliding history across a wear 

surface it may be difficult to rationalize a principal sliding direction. The x  metric does 

not depend on a principal direction but rather measures incremental changes in sliding 

trajectory. One consequence of this approach is that incremental slip vectors may be 

measured relative to any arbitrary reference line fixed in the wear surface and x  values 

are completely invariant to the choice of reference line (Table 3.1). 

 Recently published POD test results suggest that UHMWPE wear is elevated 

immediately following a change in sliding direction [21]. The  parameter in (3.4) 

uniquely captures this behavior by prescribing a linear decrement in cross-shear intensity 

to each increment of motion following a change in sliding trajectory. The physical 

rationale for this is the idea that molecular orientation in an UHMWPE wear surface may 

change throughout a motion cycle, and  represents the sliding distance required to 

reorient the polymer from one sliding direction to another. This concept has been 

suggested before [13], but it has not been rigorously tested. The practical significance of 

 in the computation of x  is that it defines how much of the sliding history is used to 

assess cross-shear intensity at a given increment of motion. For comparison to other 

cross-shear metrics (Tables 3.1-4)  was set to a value of n 100 because 

all existing cross-shear models use a similar approach. By definition, x  is bounded 

between values of zero and one. When n  the highest cross-shear intensity 

predicted by x  is for a circular path (Table 3.3), which agrees with the worst case motion 
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reported by Hamilton and colleagues [19]. The value of x  for the circular path, however, 

is not equal to the maximum value of x 1.0 because there is some redundancy in the 

motion. That is, sliding trajectories that differ by exactly 180° do not lead to cross-shear. 

Equation (3.4) illustrates that the maximum value of x 1.0 may only be obtained 

when 1  and every increment of motion produces a 90° change in sliding 

trajectory. These observations are intuitively sensible and follow naturally from the 

concept of molecular reorientation, which suggests that cross-shear wear should 

progressively diminish as the polymer chains become aligned to the new direction of 

motion. 

 Note that for arbitrary motion paths of unknown length (Tables 3.1-4)  must 

be prescribed as a number of increments, which may also be interpreted as a percentage 

of the overall path. For motion paths of prescribed length  may be specified in units 

of length (mm) and this is the preferred approach. The POD testing reported in [13] and 

[20] employed 20 mm long motion paths in the form of rectangles with various aspect 

ratios. The experimentally measured wear rates exhibited some minor variations between 

tests (Figure 3.2(a)) but the essential finding of both studies was that wear rate was 

maximum when the aspect ratio of the rectangular path was in the range 0.2-0.3. Since 

the total sliding distance was identical for each motion path, differences in wear were 

assumed to be due to cross-shear. One would then naturally expect a valid cross-shear 

metric to predict a peak in cross-shear intensity that corresponds with the peak in wear 

rate. The x  metric is the only existing cross-shear model that can predict this behavior 

(Figure 3.2(b)). Strong agreement was found with the experimental POD results for 

values of  in the range 2-3 mm. This range of  agrees well with the findings of 

Dressler and colleagues who suggested that cross-shear wear following a change in 

sliding direction diminishes after a subsequent sliding distance of less than 5 mm [21]. 

Turell et al. also suggested that reorientation may occur after a sliding distance in the 

range of 7 mm [13]. 

 Dressler et al. reported POD test results for square paths of different lengths [21]. 

Surprisingly, they found that wear rate was not related to the total sliding distance but 

depended only on the number of motion cycles. This finding suggested that it was the 90° 

changes in sliding direction encountered in the corners of the path that were responsible 
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for most of the wear. The x  model is able to represent this behavior exactly. Because x  

measures cross-path motion on an incremental basis, elevated cross-shear intensity is 

assigned only to the increments of motion that exhibit strong deviation from earlier 

sliding trajectories. Equation (3.7) illustrates that x  is a ratio that can be thought to 

characterize the percentage of the total path length that is subjected to cross-shear, which 

explains why cross-shear intensity was found to decrease with increasing size of the 

square motion path (x 0.2, x 0.1, and x 0.01). Earlier studies [10, 19] have 

sought to correlate cross-shear metric with wear rate in order to choose a single wear 

factor for computer simulation based on total sliding distance. The POD results reported 

in [21] demonstrate the limitation of this approach. Equations (3.8) and (3.10) present 

modified forms of Archard's law based on the principles of x , which enable cross-shear 

wear assessment on an incremental basis throughout a motion cycle. With this approach, 

elevated wear is predicted for only those increments of motion that exhibit elevated 

cross-shear. Although (3.8) and (3.10) express wear in proportion to contact pressure, this 

is not essential. Recent studies have shown that in some cases UHMWPE wear may 

depend more on contact area than pressure [22, 23], but the fundamental value of x  for 

identifying which increments of motion are subjected to greater cross-shear is unaffected 

by the choice of independent variable in the wear calculation. 

 The proposed x  metric is the only cross-shear model with the ability to 

distinguish similarly shaped motion paths of different lengths. This characteristic is 

highlighted by application to the square motion paths reported in [21], but it is most 

clearly demonstrated by comparison to the results of Kang and colleagues [10]. Their 

cross-shear calculation based on the unified theory produced identical values of cross-

shear intensity for both 20 mm and 12 mm motion paths, although the experimental 

results showed greater wear from the 12 mm path. The x  metric was able to correctly 

predict elevated cross-shear in the 12 mm path in agreement with the experimental 

findings. This is so because the  parameter used in x  retains dimensions of length 

and is able to differentiate paths on the basis of cross-path motion regardless of total 

sliding distance. Existing cross-shear models nondimensionalize a motion path by 

expressing it as a number of increments, thereby losing the ability to differentiate 

geometrically similar paths. 
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 Validation of the x  metric was performed using published wear data from a 

selection of POD tests. Uniform pressure distribution was assumed on the face of the 

UHMWPE pin for the purpose of computing x , but there likely is some variation in 

contact pressure at the interface of a physical POD test wear couple. This represents a 

limitation of the present study, but the effect on x  calculations is expected to be small, 

especially in comparison to the influence of the cross-path motion. Additional POD tests 

should be performed to specifically investigate the predictive capability of the model for 

common motion paths with varying amounts of cross-shear. The ultimate purpose of the 

model is to facilitate total joint replacement wear simulation, and this also must be 

studied for a variety of joints to prove the general applicability of the model. 

Nevertheless, the present findings support the novelty and potential value of the proposed 

cross-shear metric for generalized simulation of joint replacement wear. 
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CHAPTER 4 

 

WEAR ALGORITHM AND FINITE ELEMENT FRAMEWORK 
 

 The wear equation previously described in Chapter 3 and shown below again in 

Equation (4.1) for reference, was implemented in a custom Python script linked to an 

adaptive meshing finite element (FE) framework to simulate wear depth and volume.  

 ∑ , · ∆ , ∑ , · ∆ , ∑ · sin , ,  

where H represents wear depth in units of length, j represents discrete points on the 

meshed surface, i represents each increment of time in the explicit FE solution, n 

represents the maximum number of time increments with contact, p represents contact 

pressure, Δ represents the magnitude of sliding distance, θ represents the angle of sliding 

relative to an arbitrary reference axis, and k0 and k* represent experimentally derived 

linear and worst-case cross-shear wear rates, respectively. As described in Chapter 3, 

UHMWPE wear rates are initially elevated by changes in sliding direction and then 

gradually decrease with consistent sliding, and mem represents the theoretical magnitude 

of sliding distance required for complete UHMWPE molecular chain realignment and 

corresponds to steady-state wear rates near those of linear sliding. 

 The software platform Abaqus (Simulia; Providence, RI) was chosen for its wide-

known verification and convenient Python scripting interface. Wear simulations of the 

type proposed often contain large magnitudes of relative sliding between parts in contact. 

This type of relative motion can be simulated using an explicit analysis with good 

solution stability and convergence. Additionally, explicit analyses are known to more 

easily handle systems with prescribed dynamic forces. Manual control of the explicit time 

incrementation was applied to limit the total amount of data to be analyzed and to 

decrease overall solution times. The Abaqus/Explicit python scripting interface allowed 

for implementation of the wear script and adaptive mesh algorithm using the Python 

coding language. 

 Two custom Python scripts were written to implement Equation (4.1) and control 

the adaptive meshing routine (see Appendix A, B). The wear script was designed to 

Eqn.4.1 
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extract FE solution data for use by Equation (4.1) and Archard’s Wear Law shown below 

in Equation (4.2).  

  ∑ , ∆ ,      

where each variable is defined similar to Equation 3.1. Figure 1 below shows a flowchart 

of the wear script. Wear magnitudes for each surface node were calculated from Equation 

9 or Y and nodal coordinates were updated in the surface normal direction. Nodal surface 

normal vectors were calculated from the average of 6 or 8 cross-products, 2 from each 

adjacent element. The overall wear simulation was controlled using an additional Python 

script that utilized operating system commands to coordinate the timing of sequentially 

running computer programs. Figure 4.1 below shows a visual of the top-down 

information processing that occurs as part of the coding algorithm. 

 

 
   Figure 4.1: Wear algorithm flowchart. 
 
 A custom Abaqus user subroutine was used to extract the sliding trajectories for 

each node in contact at each time increment. The user subroutine was based on the 

VFRIC user subroutine provided in the Abaqus/Explicit user’s manual. VFRIC was 

written in the default coding language, FORTRAN, and was used to prescribe simple 

Coulombic friction shown below using Equation (4.3). 

   ·     

where Ftangential friction represents the force due to friction and is applied in the direction 

opposite to the resultant tangential contact force, μ represents the coefficient of friction, 

Eqn. 4.3 

Eqn. 4.2 
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and Fnormal represents the component of the contact force corresponding to the normal 

direction to the surface. By using the VFRIC user subroutine, the solution dependent 

variables such as sliding trajectory cosines were available for output. The sliding 

trajectories were calculated by translating the local contact node sliding trajectory cosines 

into the global coordinate system, followed by rotation into the 2D plane aligned 

tangential to the surface at each node. 

 For the purpose of wear calculation using Equation (4.1), the node data was 

filtered to remove zeros corresponding to time increments with no contact. Outputs of the 

wear script were an updated FE input file containing updated nodal coordinates and lists 

of nodal wear depth, nodal sliding distance, and element wear volume. Using the initial 

and final node coordinates of each surface node, ‘wear volume elements’ were defined 

for the purpose of calculating wear volume. The volume of each ‘wear element’ was 

determined using volume decomposition of the hexahedral elements into six tetrahedrons 

followed by application of Equation (4.4) below to each tetrahedron. By using the vector 

operations of the dot product and cross product as shown, the total ‘wear element’ 

volume is exactly equal to the sum of the tetrahedron volumes. 

 ·    

where the variables , , and  represent vectors defined from the first node index in 

the wear element hexahedron which is also used to define the starting point for each 

tetrahedron as shown in Figure 4.2 below. 

  The wear script was manually validated using Equation (4.2) and a simple pin-on-

disc (POD) simulation with a relatively small number of nodes on the wear surface.  

Once sufficient confidence was established using the wear script with Equation 10, the 

angular portion of Equation (4.1) was investigated and manually validated for the POD 

system with various arc paths. The value of mem was investigated for the extreme values 

of 1 and n. A convergence study was conducted to determine the frequency of FE model 

solutions required to simulate wear while optimizing computational efficiency. Figures 

4.3 and 4.4 below show an example of the data sets and graphical convergence technique 

used to determine the most computationally efficient number of wear cycles to apply to 

each kinematic FE solution. 

Eqn. 4.4 
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Figure 4.2: Shows a visual representation of the 
volume decomposition as performed on hexehedral 
'wear elements' using Equation 12 to calculate wear 
volume. 

 
 The wear algorithm nodal update interval (250,000 cycles) was chosen by close 

inspection of contact area, contact pressure, and the total number of time increments with 

contact for each node and various loading kinematics. The convergence study was 

conducted for node updates ranging from 125,000 – 1,000,000 cycles. As seen in Figure 

4.3, the maximum wear depth value remained relatively consistent from one cycle to the 

next for the 125,000 cycle case and showed only minor fluctuation in the 250,000 cycle 

case. Close examination of Figure 4.4, shows that nodal coordinate update intervals 

greater than 125,000 cycles are converging toward the value of the median for the 

250,000 cycle case. In addition, the 125,000 cycle median wear depth value was almost 

exactly 50% of the value for the 250,000 cycle case at coincident time intervals. Once the 

values of each variable inspected were consistent within 5% or less difference from the 

previous solution, that nodal update was chosen and corresponded to 250,000 cycles for  
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Figure 4.3: Plots the maximum magnitude of wear depth versus the number of wear 
cycles prescribed. 
 

 
Figure 4.4:Plots the median magnitude of wear depth versus the number of wear cycles 
prescribed. 
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this study. Reported literature values for node update intervals suggest between 250,000 

and 500,000 cycles as acceptable for kinematics applied for joint replacements which was 

confirmed by the convergence study. 

 Further validation of the model occurred through application of Equation (4.1) 

and Archard’s Wear Law (Eqn. 4.2) to the geometry and kinematic conditions of two 

independently tested joint replacement systems, a cervical spine disc replacement and a 

total knee replacement. These systems were chosen for the simplicity of contact geometry 

and the availability of laboratory experimental wear testing results from colleagues. A 

complete description of the validation through application to computational wear 

simulation in total joint replacement systems is described in detail in Chapter 5. 
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CHAPTER 5 
 

CROSS-SHEAR WEAR MODEL VALIDATION 
 
 This chapter investigates the validation process applied to the wear model 

including the wear algorithm and the finite element framework. 

 
5.1 Introduction 
 

 The application of computational methods to wear in joint replacements has 

provided a useful engineering tool since its inception in 1995 by Maxian and colleages 

[1]. Several physical contact mechanics have been discovered including microscopic 

asperity contact, asperity fatigue failure processes, and the effect of the molecular 

realignment within the physical material structure of the plastic bearing. 

 Plastic physical material structures can be modified through post processing of an 

initial injection-molded or block-formed and machined plastic such as Ultra High 

Molecular Weight Polyethylene (UHMPWPE). The post processing can involve one or 

more of the following: remelting, electron beam irradiation, gamma irradiation, 

oxidation-reducing agents, etc. The goal of post-processing has been two-fold: reduction 

of wear particles and enhancement of biocompatibility. Radiation induces cross-linking 

which is favorable for reducing wear particles by interlocking adjacent polymer chains on 

the molecular level. However, this process also results in free radicals within and around 

the polymer chains. 

 Free radicals from polymer bearings are involved in the oxidative  processes 

found both under exposure to air and also within the body. Oxidation of the plastic 

bearing surface reduces the life of the implant by accelerating wear processes through a 

weakened molecular structure and allowing for additional wear processes to more easily 

occur such as de-lamination and spalling. Remelting reduces the number of free radicals 

but can also result in a gross reduction in desirable mechanical properties such as material 

stiffness, elastic modulus, ultimate tensile strength, fatigue strength, and toughness, 

among others. 

 Computer simulation of total joint replacement has been developed into a method 

for determining wear of the polyethylene bearings. By utilizing computer simulation, 
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costs associated with large numbers of experimental testing performed by manufacturers 

can be reduced. Also, the timeline of the total joint device's development process can be 

accelerated through predictive modeling of prototypes before mass-manufacture. In this 

way, the manufacturers can save on development costs through reduction in materials, 

time-to-market, and labor while providing a valuable tool for greater innovation than with 

traditional design methods. 

 Modern wear models have included advanced mechanical contact considerations 

including cross-shear. Archard's Law [2] for adhesive/abrasive wear is the foundation of 

nearly all wear models reported in the orthopedic literature, and it has been applied in 

numerous studies for hip [3], knee [4], and more recently, disc replacement wear [5]. It is 

widely accepted that cross-shear motion increases UHMWPE wear compared to 

unidirectional sliding, but Archard's Law [2] does not account for this phenomenon. 

 Various studies have sought to address the issue of cross-shear by scaling the 

wear factor up or down depending on the intensity of cross-shear computed over a single 

cycle of counterface motion [6,7]. The main disadvantage of this approach is that 

counterface kinematics are homogenized over the entire cycle of motion when in fact 

there may be relatively few increments of motion during the full cycle that exhibit cross-

path motion. The goal of the following study was to validate a previously proposed 

predictive cross shear model [8] through application of the wear algorithm to finite 

element (FE) models of a simple pin-on-disk system, a cervical disc replacement system 

(ProDisc-C, Synthes), and a total knee replacement system (PFC Sigma, Depuy). 

 
5.2 Methods and Results 
 
 Initial computational models of total joint replacements were simple, but modern 

computer applications have enabled engineers to efficiently model 3D systems with 

moving contact. In this study, the authors explored the application of a multi-body 

dynamic simulation using Abaqus Explicit to model total joint replacement wear systems. 

The wear algorithm as described in Chapter 3 was applied to three wear systems: Pin-on-

Disc (POD), Cervical Total Disc Replacement (Cervical TDR), and Total Knee 

Replacement (TKR). The equations used in the proposed cross shear wear model are 

shown below: 
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 ∆  [9]                 Eqn. 5.1 
 
where τij is the scalar tribological intensity adopted from Hamilton et al. (2005), pij is 

incremental contact pressure (MPa), Δij is the scalar magnitude (mm) of an incremental 

slip vector, i = 1,2,...,n are time increments, and j = 1,2,...,N are locations on the 

discretized wear surface. Archard's Law can then be written as: 

 ∑                  Eqn. 5.2 
 
 ∑ ∑                  Eqn. 5.3 
 
where Hj is wear depth (mm) at a discrete location on the surface, W is wear volume 

(mm3),  (mm3/N·mm) is the experimentally measured apparent wear factor, and Aj is an 

element of surface area (mm2). The orientation of each incremental slip vector relative to 

an abitrarily chosen reference axis is denoted θij. To account for possible changes in 

polymer chain alignment, the concept of material memory is accounted for by an 

incremental weight factor for material memory, denoted mij, and calculated by: 

 ∑ sin ,     (i > mem)           Eqn. 5.4 
 
where mem represents the sliding distance required to align or realign polymer chains in 

the surface layer of the UHMWPE. Sliding intensity metrics were defined as: 

 ∑                   Eqn. 5.5 
 
 ∑                    Eqn. 5.6 
 
where σj is sliding intensity for an arbitrary motion path and σj

0 is the maximum sliding 

intensity corresponding to mij = 1. The normalized cross-shear intensity (xj*) for the full 

motion cycle at a discrete location on the surface is then given by: 

                    Eqn. 5.7 

 
Wear depth can then be calculated using a modified form of Archard's Law to account for 

cross-path motion: 

 ∑ ∑                 Eqn. 5.8 
 
                        Eqn. 5.9 
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and subsequently, wear volume can be represented by: 
 
 ∑ ∑ ∑ ∑             Eqn. 5.10 
 
      ∑                Eqn. 5.11 
 
where k0 is the wear factor for unidirectional sliding, and k* is the wear factor for worst-

case cross-shear sliding. 

 A finite element (FE) model of a cylindrical UHMWPE pin and a metal plate 

(Figure 5.1) was developed in Abaqus CAE to verify the wear algorithm. 

 
Figure 5.1: Pin-on-Disc (POD) 

 
With any computational model, a number of assumptions are often made. For example, 

assigning initial values to solution variables such as the material or contact properties 

including inertial forces and the coefficient of friction. Some of the assumptions are 

outlined below in Table 5.1. 

Table 5.1 - Abaqus POD Model: a) model properties, b) stress/strain plastic definition[10] 

Model E (MPa) ρ (kg/m3) ν Dimensions (mm)  σ (MPa) ε  (mm/mm) 

Pin 1300 0.95 0.41 φ=20 
h=40 

 28.249 0.0 

Disc n/a (rigid) n/a n/a φ=100  29.627 0.0031 
  (a)    31.694 0.011 
      32.55525 0.017 
      33.5543 0.037 

              (b) 
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 The tangential component of the force due to friction was defined using the 

Coulombic friction approximation as shown below in Equation 5.12: 

 ·               Eqn. 5.12 
 
with μ defined as the coefficient of friction and initially set to μ = 0.01. 

 A user subroutine in Abaqus (VFRIC) was custom-written in FORTRAN for the 

purpose of extracting relative sliding directions at nodes on the wear surface. The four 

inputs to the VFRIC user subroutine were: 

 1) coefficient of friction (μ) 

 2) total wear step time (in seconds) 

 3) number of frames desired for wear step (100 frames - default) 

 4) wear step number 

Two important solution variables were desired as outputs from VFRIC and were 

requested at each time increment: 1) contacting nodes, and 2) sliding trajectory direction 

cosines at nodes. This custom subroutine was a significant novelty of the wear algorithm. 

 Movement patterns of the POD model were determined for multiple linear and 

angular paths such that hand calculations would provide a simple verification of the 

coding scheme. Four unique testing conditions were developed to verify the wear model 

as outlined below in Table 5.2. 

 
Table 5.2 - Summarizes the POD wear verification setups for the four cases examined. 

POD 
Orientation 

Movement/Force 
Direction 

Wear Model Position 
(initial)                (final) Verification 

Wear surface 
parallel to 

XZ- 
plane 

X-translation 
Y-axis force 

 

Wear 
calculation 

Wear surface 
parallel to 

XZ- 
plane 

XZ-translation 
Y-axis force 

 

2 Direction 
cosines Wear 
calculation 
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POD 
Orientation 

Movement/Force 
Direction 

Wear Model Position 
(initial)                (final) Verification 

Wear surface 
rotated to 

+45- 
degrees 
around 
X-axis 

X-translation 
50% Y-axis force 
50% Z-axis force 

 

3 Direction 
cosines 
Wear 

calculation 

Wear surface 
parallel to 

XZ- 
plane 

Y-axis rotation 
Y-axis force 

 

x* 
calculation 

 
 Following the completed verification of the coding scheme, the wear algorithm 

was applied to a cervical disc wear study reported by Bushelow et al. [11] (Figure 5.2). 

 

 
    Figure 5.2: ProDisc-C  
    Cervical TDR (Synthes) 
 
A computer model of the ProDisc-C Cervical TDR was obtained from Synthes. The 

geometry of the model was simplified to two contacting bodies: 1) a superior metal plate 

with a concave hemispherical inferior surface for contact, and 2) a polyethylene bearing 

simplified to a cylinder with a convex hemispherical superior surface for contact. 

 Material properties and experimental input profiles were obtained from Synthes 

and loading conditions identical to those prescribed for the experiment were applied to 

the FE model for 3 separate levels of kinematics. Loading case 3 corresponded to the 

loading conditions recommended by ISO/DIS 18192-1 and is shown in Figure 5.3(a) 

below. Loading case 2 was identical to loading case 3 except with a constant 150 N 

compressive axial force and is shown in Figure 5.3(b) below. Loading case 1 is similar to  
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loading case 3 with two major differences: 1) adjusted initial geometry position by 10 

degrees of rotation about the y-axis (ML-axis), and 2) similar lateral bending loading 

curve with less maximum magnitude of prescribed displacement. Loading inputs for case 

1 are shown below in Figure 5.3(c). 

 

 
Figure 5.3: (a) Shows input parameters versus time for Case 1,  Cervical TDR model. 

 

 
Figure 5.3(b) Shows input parameters versus time for Case 2, Cervical TDR model. 
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Figure 5.3 (c) Shows input parameters versus time for Case 3, Cervical TDR model. 
 
 Following successful completion of the initial cervical model, temporal 

convergence and mesh convergence studies were performed. The temporal convergence 

study was conducted as described above to determine the minimum number of physical 

wear cycles required to capture the measureable surface geometry changes (250,000 

cycles). Simulations were run using several update intervals including: 2 million, 1 

million, 500,000, 250,000, and 125,000 cycles. The results from the simulation using an 

update interval of 125,000 cycles confirmed the validity of the 250,000 cycle update 

interval (Figures 4.3 and 4.4). A mesh convergence study was conducted by iterating the 

mesh density until reaching an appropriate number of surface and volumetric elements 

for each wear system. The selection criterion for the mesh convergence study was contact 

pressure. 

 After the convergence study, wear rates were scaled to fit the wear model 

predictions to case 3, which was the loading recommended by ISO/DIS 18192-1. Wear 

volumes for cases 1 and 2 were subsequently predicted using the same wear rates fit to 

Case 3. Figure 5.4 below summarizes the results for Archard's Law and the proposed 

cross shear model. 

 As seen in Figure 5.4, the experimental wear results show a rank order from 

highest to lowest as: case 2, case 3, and case 1. In each of the three cases, the cross shear 
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model performed as well or better than Archard's Law. Discrepancies in cumulative wear 

volume for cases 1 and 2 were hypothesized to be caused in part by time-varying wear 

processes such as creep that primarily occur in the first 1-2 million wear cycles. In 

addition to wear volume, wear contours are an effective visualization tool for assessing 

wear system behavior. 

 

 
Figure 5.4: Wear model predictions compared to experimental results from the cervical disc wear 
study reported in [11]. 
 
 The simplified geometry shown below in Figure 5.5 requires less computational 

power compared to the full model geometry such as in Figure 5.2 due to a significantly 

fewer number of volumetric elements. Standard spherical surface meshing techniques 

were employed with the tetrahedron-only element type required by the wear simulation 

framework.  

 Wear results were visualized using custom wear depth and x* databases created 

by utilizing built-in scripting capabilities in Abaqus. Results from the cervical model for 

each loading case and with mem = 1 are shown below in Figure 5.6.  
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        (a)                (b) 

Figure 5.5: a) Side-view of the assembly of the metal 
and UHMWPE components for the ProDisc-C TDR 
model. b) Top-view of the UHMWPE component for 
the ProDisc-C TDR model. 

 
 Results from the cervical model were obtained for Archard's Law and the 

proposed cross shear model with mem = 1. As seen in Figure 5.6(b) and 5.6(e), the worst-

case loading, as defined by maximum wear, occurred with loading case 2. The x* 

contours shown in Figure 5.6(g-i) as well as the consistent extents and wear depth 

magnitudes seen in cases 1 and 3 for both model types indicate that the cervical model 

kinematics prescribed resulted in relatively low amounts of cross shear and as such, the 

results for the Archard's Law and cross shear models were similar. 

 Lastly, the FE framework for wear prediction was also used to reproduce a total 

knee replacement (TKR) wear study reported by McEwen et al. [12] (Figure 5.7). A PFC 

Sigma TKR system (PFC Sigma, DePuy Orthopedics) was modeled for three loading 

conditions using Abaqus Explicit. The FE model geometry was obtained from reverse 

engineering using a coordinate measurement machine. The model geometry was 

simplified to two contacting bodies: 1) metal femoral component with two contacting 

"condyles" similar in size and shape to natural distal femoral condyles, and 2) a plastic 

bearing component ranging from 4-6mm in thickness in the superior/inferior direction 

and possessing medial and lateral condyle contact-compartments which correspond to the 

medial and lateral condyles of the metal component. 

 The loading inputs were defined by three levels of kinematics: standard, 

intermediate, and reduced. The loading input curves were applied using both 

displacement- and force-controlled models. 
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             Case 1            Case 2                   Case 3 (ISO) 

 
    (a)     (b)      (c) 
 

 
     (d)     (e)      (f) 
 

 
    (g)    (h)     (i) 
 
Figure 5.6: a-c) Wear depth contours from Archard's Law for the three loading cases. 
                  d-f) Wear depth from the cross-shear model under force-control with mem = 1. 
                  g-i) x* contours for the three loading cases under force-control with mem = 1. 
 
 The force and displacement curves for the displacement-controlled model were 

obtained from the feedback sensors on the experimental testing machine. The force-

controlled model was tuned until the resulting displacement ranges for anterior/posterior 

translation and interior/exterior rotation were similar to those reported in the study by  

(mm) 

(mm) 
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    Figure 5.7: PFC Sigma TKR  
    (DePuy Orthopedics) 
 
 

 
Figure 5.8: Finite Element model of a PFC Sigma TKR 
with corresponding anatomic references (adapted from 
Knight 2006 [7]) 

 

McEwen et al. [12]. The degrees of freedom in the system correspond to the common 

anatomical reference planes and axes as shown below in Figure 5.8. 

 The three levels of kinematics prescribed translation along the anterior/posterior 

axis and rotation about the superior/inferior axis. A compressive load and a rotation 

corresponding to flexion/extension were prescribed for the femoral component. The 

magnitudes of axial force and flexion/extension angle are shown below in Figure 5.9. 
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Figure 5.9: Shows the axial force (N) and flexion/extension angle (deg) versus % of the gait 
cycle. Highlighted in red are the manually curve-fitted data points used as model inputs. 
 
 The difference between each loading case was the magnitude of the range of 

anterior/posterior translation and internal/external rotation. The standard loading case 

prescribed 0-10mm of anterior/posterior translation and 0-10 degrees of internal/external 

rotation. The intermediate case prescribed 0-5mm of anterior/posterior translation and 0-

10 degrees of internal/external rotation. The reduced case prescribed 0-5mm of 

anterior/posterior translation and 0-5 degrees of internal/external rotation. 

 Results from the knee model using both Archard's Law and the proposed cross 

shear model were compared to the wear volume reported from the experiment for each 

case using both input control methods. The results are shown below in Figure 5.10. 

 Contour plots were created to show the various levels of wear depth across the 

wear surface of the plastic bearing. For each kinematic case, both Archard's Law and the 

proposed cross-shear model were used to predict the resulting wear depth. Kinematic data 

for the displacement-controlled model was acquired from the displacement and reaction 

force sensors on the experimental testing machine. As described by Barnett and 

colleagues [13], the input parameters to the experimental knee testing machine resulted in 

slightly altered output kinematics compared to the prescribed testing conditions. This  
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Figure 5.10: Wear model predictions compared to experimental results 
from the total knee replacement study reported in McEwen et al. [12]. 

 
displacement and force discrepancy can greatly affect wear calculations based on 

incremental contact variable magnitudes. In order for accurate reproduction of 

experimental kinematics, the true-displacement and true-reaction force feedback data was 

used to control the knee model for both Archard's Law and the proposed cross shear  

model. Wear depth and x* contour results are shown below in Figure 5.11. 

 The contour plots from Archard's Law and the proposed cross-shear model for the 

force-controlled inputs are summarized below in Figure 5.12. The extents of the wear 

damage was significantly larger for the cross shear model compared to the Archard's Law 

model. One interesting point is the increased x* magnitude with no increase in wear 

depth when comparing Figures 5.12(g) and 5.12(d) with Figure 5.12(h) and 5.12(e). It 

was hypothesized that the relatively low wear due to the standard kinematics was in part 

due to a rolling contact condition between the plastic bearing surface and the metal 

femoral component. This hypothesis was supported by investigation of the nodal contact 

pressure and the magnitude of relative sliding distance versus time.  
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              Standard       Intermediate        Reduced 

 
    (a)   (b)   (c) 
 

 
    (d)   (e)   (f) 
 

   
             (g)               (h)      (i) 
 
Figure 5.11: a-c) Wear depth contours from Archard's Law under feedback displacement-control. 
                     d-f) Wear depth from the cro ss-shear model under feedback displacement-  
         control with mem = 1. 
                     g-i) x* contours for the three loading cases under feedback displacement-control 
        with mem = 1. 
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(mm) 

 

        Standard    Intermediate       Reduced 

 
            (a)             (b)           (c) 
 

 
    (d)   (e)   (f) 
 

 
            (g)              (h)   (i) 
 
Figure 5.12: a-c) Wear depth contours from Archard's Law under force-control. 
                    d-f) Wear depth from the cross-shear model under force-control with mem = 1. 
                    g-i) x* contours for the three loading cases under force-control with mem = 1. 
 
 

(mm) 

(mm) 
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 The results for the feedback displacement-controlled knee model showed a 

decrease in edge loading when compared to the results of the force-controlled method. 

This decrease in edge loading results in a more uniform wear depth contour interval as 

seen in Figure 5.11(a-f). However, a consequence of more consistent contact may be an 

increase in measured cross shear intensity as seen in Figure 5.11(g-i). 

 
5.3  Discussion 
 
 Four different loading scenarios were implemented for the POD wear model. The 

purpose of the model was to validate the wear algorithm including the wear calculation, 

the definition of sliding trajectory direction cosines, and the calculation of x*. The first 

POD model was used to validate the wear calculation by hand multiplication of the 

incremental wear variables. The second POD model was used to validate the definition of 

two direction cosines and also the wear calculation. The third POD model was used to 

validate the definition of three direction cosines and also the wear calculation. The fourth 

and final POD model was used to validate the calculation of x* by investigation and hand 

multiplication of the incremental cross shear variables. 

 Wear volume measurements from three experimental loading cases for the 

ProDisc-C were compared to the wear prediction from the proposed cross shear model 

and also predictions from Archard's Law. Results of the Cervical TDR model show an 

improvement in the wear volume prediction as compared to Archard's Law. In each of the 

two predicted cases, the proposed cross shear model performed better than Archard's Law 

with greater relative success under constant axial force conditions (case 2) compared to 

the 10 degree y-axis rotation and variable axial force conditions (case 1). 

 Wear volume predictions for each loading case and for both wear models were 

characterized by a maximum wear depth under loading case 2. Wear depth and x* 

contours were provided for the mem = 1 condition, and the mem = 100 conditions are 

available in the appendix. As seen in the x* plots for the mem = 1 condition, the 

kinematic inputs for the cervical disc replacement study examined here can be described 

as possessing low amounts of cross shear. With the low amount of cross shear present in 

the cervical loading cases examined, the differences between the Archard's Law model 

and cross shear model are not as pronounced as in another wear system containing high 
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amounts of cross shear such as the kinematics prescribed for total knee replacement 

systems. 

 Wear volume measurements from three experimental loading cases for the PFC 

Sigma TKR were compared to the wear prediction from the proposed cross shear model 

and also predictions from Archard's Law. Results showed Archard's Law was unable to 

significantly differentiate between the different levels of kinematics, the cross shear 

model exhibited a strong correlation to the experimental wear volume results. 

 The differences in kinematics resulted in a large difference in experimental wear 

volume results. As seen in the contour plot of Archard and cross shear wear depth for 

mem = 1, the force-controlled model showed a larger overall area of wear as compared to 

the other control methods. The standard kinematics showed the most relative sliding due 

to the flexion/extension of the femoral condyles and asynchronous motion of the plastic 

bearing. In both the intermediate and reduced kinematic cases, the total magnitude of 

relative sliding is less than the standard kinematics due to a rolling action between the 

femoral component and the plastic bearing. Additionally, the standard case shows a larger 

amount of cross shear as seen in the contour plots of x* for each control method. 

 The proposed wear model segregates unidirectional from cross-shear motion. 

Preliminary validation suggests the model is capable of representing experimental POD 

observations such as cross-path motion and material memory effects that cannot be 

explained by the standard Archard's Law. The proposed wear model has been 

implemented in an FE framework and initially applied to simulate cervical disc wear with 

reasonable agreement to experimental results. The modified wear law was able to 

strongly differentiate total knee wear on the basis of cross-shear in correspondence with 

different levels of input intensity. Future work includes further validation through in-

house experimental testing and additional total joint systems. 
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CHAPTER 6 
 

CONCLUSION 
 

 The desire to reduce UHMWPE wear in total joint arthroplasty has spurned a 

significant amount of ongoing research. Cross-path motion, often seen in joint 

replacement systems, dramatically increases wear rates. Predicting the extents of wear 

patterns, wear rates, in addition to the cumulative volumetric wear are powerful 

capabilities of emerging modern computational modeling.  

 The purposes of this study were to 1) propose a novel cross-shear metric, 2) 

implement the classical and modified forms of Archard's Law into a custom finite 

element simulation framework for predicting wear volume, and 3) validate the proposed 

cross-shear metric and wear algorithm through application to a pin-on-disc (POD), a 

cervical disc replacement, and a fixed-bearing total knee replacement. The development 

of a novel, generalized, heuristic, and simplistic cross shear metric was developed that 

quantifies the amount of cross shear motion present for a given system under given 

kinematics. The cross shear metric was incorporated into a modified form of Archard's 

Law for the purpose of calculating wear depth and volume. The modified Archard's Law 

segregates the effects of unidirectional and cross shear motions and was implemented 

into a finite element model framework. The proposed cross shear model was validated for 

a pin-on-disc, a cervical total disc replacement, and a total knee replacement wear 

system. 

 Limitations of the current study include by are not limited to: 1) the wear model 

requires a hexahedral mesh which can be time consuming and difficult for complex 

geometries, 2) adjacent wear surfaces cannot currently share nodes, 3) the plastic material 

definition used was the same for all the validation applications yet the specific type of 

UHMWPE used in each experiment was different, and 4) the cross shear metric was 

defined using the assumption of equidistant increments of displacement yet the explicit 

motion and simulation output is not constrained to equidistant displacements by time 

increment. 

 Future work with regard to the purposes of this study includes: 1) investigation 

and additional tuning of the proposed cross shear metric through application to a variety 
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of wear couples, 2) implementation of additional equation sets and cross shear models for 

comparison, 3) updates to the FE framework or coding algorithm, and 4) validation to 

additional wear systems such as hips, lumbar or thoracic spinal discs, ankles, shoulders, 

elbows, wrists, or additional POD setups, etc. Future work with regard to the limitations 

of this study includes: 1) hexahedral meshing can be automated using scripting 

techniques, 2) the FE model framework can be updated to accommodate adjacent wear 

surfaces, 3) experiment-specific plastic definitions can be obtained for future 

applications, and 4) the output of the dynamic explicit model can be tuned to better fit the 

equal distance displacements by time increment. 
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APPENDICES 
 

Appendix A – Additional Wear and x* Figures 
         Case 1         Case 2          Case 3 

 
    (a)   (b)   (c) 

 
    (d)   (e)   (f) 
 
Figure A.1: a-c) Wear depth contours from the cross shear model for the three cervical loading  
       cases with mem = 100. 
       d-f) x* contours for the three cervical loading cases with mem = 100. 
  



79 
 

            Standard 

  
          (a) 
 

  
           (b) 
 
Figure A.2: a) Wear depth contour from the cross shear model for the standard knee loading case  
        under Displacement-Control with mem = 100. 
        b) x* contour for the standard knee loading case under Displacement-Control with  
       mem = 100. 
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             Standard       Intermediate        Reduced 

 
    (a)   (b)   (c) 
 

   
             (d)            (e)             (f) 
 
Figure A.3: a-c) Wear depth contours from the cross shear model for the three knee loading cases  
       under Force-Control with mem = 100. 
       d-f) x* contours for the three loading cases under Force-Control with mem = 100. 
 

Appendix B –CONTENTS OF THE CD-ROM 
 B.1  Wear Loop - Python Script 
 

 B.2  Wear Script - Python Script 
 

 B.3  VFRIC Abaqus/Explicit User Subroutine - FORTRAN script 
 

 B.4  ProSim_STD_from_Stanmore_Knee_10-2-09.inp - Abaqus Input File 


