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ABSTRACT  

Title of thesis : 
A three-dimensional finite element stress 
analysis of interface conditions in porous 
coated hip prosthesis 

Thesis written by : 
Siu-For Yau, M.S.M.E., 1991 

Thesis directed by : 
Michael J. Pappas, Ph.D, P.E. 

A three-dimensional finite element model of a collar-

type hip stem and both the cortical and cancellous bones is used 

to investigate the stress distributions on an implanted femoral 

stem, adjacent bone, and specifically at the bone/implant 

interface for various amounts of porous coating and different 

stem materials. The finite element model consists of 909 nodes 

comprising 536 linear eight-node solid brick elements and 176 

two-node interface elements. The finite element analysis code 

employed is SUPERTAB from SDRC. The interface elements consist of 

coincident-node spring elements and gap elements which model the 

rigidly bonded and loose interfaces respectively. Local 

coordinate systems are defined at the bone/implant interface to 

represent interface normal stresses. A nonhomogeneous isotropic 

distribution of elastic constants is used to account for the 

varying material properties in the model. Four different loading 

conditions (4%, 9%, 41% and 52%) of the normal walking cycle are 

analysed. The hip joint reaction force, abductor muscle force and 

adductor muscle force are applied to the collar of stem and the 
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greater and lesser trochanters. 

The resulting stress distributions indicate that for 

the fully porous coated inhomogeneous model, the proximal bone 

region is highly relieved of stresses. The proximally coated 

model generates more interface compression and higher bone 

stresses in the proximal region. The laterally coated model 

exhibits similar stress pattern to that of proximally coated. 

However, when compared to the proximally coated, the slanted 

coated model has a higher proximal bone stress and higher 

interface stress values at the bone/implant interface. Thus, the 

laterally coated stem is the most effective at loading the 

proximal femur and reducing the loading bypass mechanism in the 

region. The effects of cobalt-chromium-molybdenum(CoCrMo) and 

titanium as the stem materials are also assessed. The titanium 

stems demonstrate more favorable results than the CoCrMo stems. 

Therefore, the use of laterally coated titanium stem appears to 

be the optimal alternative in the total hip replacement system. 
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CHAPTER ONE 

INTRODUCTION 

1.1 HISTORICAL PERSPECTIVE 

Smith-Peterson[1] developed the techniques of 

Pyrex cup arthroplasty for treatment of arthritic hips in 

1939. Later he used Vitallium molds in place of the Pyrex 

cups. These metallic cup arthroplasties were used in the 

United States until cemented total hip replacements became 

available in the late 1960s. In the 1940s Moore and 

Bohlman[2] as well as the Judet brothers[3] independently 

designed and developed a replacement prosthesis for the 

femoral head and neck, which is still being used in the 

treatment of femoral neck fractures. In 1960, John 

Charnley[4] first reported his clinical experiences with 

replacement of the human hip joint using stainless steel and 

Teflon fixed to bone with methylmethacrylate. Due to 

excessive wear of the Teflon cups, high density polyethylene 

(HDPe) was substituted. In the early 1970s, Giliberty[5] and 

Bateman[6] independently developed a press-fit bipolar 

prosthesis. This consisted of a femoral head and stem capped 

by a shell of HDPe over which a metallic cup was placed. 

Lunceford[7] used the technique of combining McBride cup[8] 
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and Moore prosthesis without cement to perform total hip 

replacement. In the late 1970s Lord et al.[9] and Judet et 

al.[10] designed and developed press-fit femoral components 

with roughened surfaces for implantation in the femur which 

did not necessitate using acrylic bone cement. Since 1977, 

noncemented prosthesis with a Moore-type stem and a porous 

coating have been developed by surgeons like Engh, Chandler, 

and Lunceford[11]. 

Active individuals with healthy bone stock are 

ideal candidates for noncemented implants. With the 

increasing cases of aseptic femoral loosening with each 

subsequent revision of cemented hip implants[12][13], porous 

coated implants are finding wide acceptance in the 

orthopaedic community[14][15] and are considered a better 

alternative to avoid the problems being encountered with 

cement. 

1.2 AN ALTERNATIVE TO CEMENTED PROSTHESIS 

Acrylic cement provides immediate fixation of the 

implant to bone by virtue of its space-filling role. No real 

adhesive bonding of the element to bone or implant occurs. 

The incidence of loosened cemented total hip replacement can 

be attributed by cement failure and resulting lysis[16] 

often called "cement disease". Chwirut[17] found significant 

creep deformation subsequent to repetitive loading with 
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interpore cracks appearing in vitro. Furthermore, a 73% 

reduction in the cement strains has been shown to occur in 

the proximal-medial region after 4.1 million cycles. This is 

another indication of creep deformation. Acrylic cement may 

undergo "aging" with time. Long term studies[18] suggest 

that the intrinsic changes of methyl methacrylate over time 

decrease the biomechanical suitability of cement for long-

term fixation. Studies[19] have documented the stress 

shielding in the proximal-medial margin of the femur. It is 

evident that the proximal femur is subject to conditions 

that may hinder the ability of the cement to transfer load 

from the prosthesis to the surrounding bone. Therefore, the 

elimination of "cement disease" can only occur with the 

elimination of cement. An attractive alternative is the use 

of porous coated implants to achieve biologic fixation, 

permitting the so-called micro-interlock[20]. 

Cementless components offer several potential 

advantages over cemented ones, including less foreign 

material, long term interface stability, and improved 

biocompatibilty. The implant stems are fabricated from cast 

cobalt-chromium alloy or titanium alloy and they are coated 

with a sintered bead porous surface[21]. 

1.3 ADVANCES IN POROUS COATED IMPLANTS 

Early designs of cementless total hip prosthesis 

have stems which are fully coated. Their clinical results 
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demonstrate that bony ingrowth has occurred into the coating 

of the distal part of the femoral components and stress 

shieldings result[22]. Stems with distal coating appear to 

transfer more load distally and stress-relieve proximally. 

Engh and Bobyn[23] find in their study that the more 

extensive the connection between the implant and the bone, 

the greater the amount of bone will be stress-shielded and 

become resorbed. Similar findings have also been reported by 

Turner et al.[24] in studies of canine porous-coated femoral 

implants. 

Later designs have confined the porous coating to 

the proximal portion of the femoral component. Several 

advantages can potentially accrue from a proximally coated 

implant design : less surface area for corrosion and metal 

ion release[25], reduced likelihood of rigid distal fixation 

causing cantilever stem loading and fatigue failure, and 

easier implant removal if necessary. With partially coated 

stem, even if the proximal porous region is well-connected 

to the femur by bony ingrowth, the distal femur is free to 

move somewhat relative to the smooth distal surface of the 

implant. This decoupling of implant and bone increases the 

strain and stresses in the femur and noticeably reduces the 

distal bone resorption. 

Histologic analyses of proximally coated human and 

canine femoral implants[26] have often shown rigid fixation 

of the proximal stem region by bone microinterlock and 

encapsulation of the smooth distal stem region by a thin 
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shell of bone separated from the implant by fibrous tissue. 

However, Engh and Bobyn indicate in their study[23] that 

proximally coated implants do not reduce proximal bone 

resorption in the region of porous coating. The gain in 

conservation of bone stock with one-third coated implants 

appears to result from the region which is not porous 

coated. 

1.4 PREVIOUS FINITE ELEMENT STUDIES 

The finite element method (FEM), an advanced 

computer technique of structural stress analysis developed 

in engineering mechanics, was introduced in 1972 to 

orthopaedic biomechanics for evaluating stresses in human 

bone. Since then, this method has been applied with 

increasing frequency for stress analyses of bones and bone-

prosthesis structures. Artificial joint design and fixation 

is probably the most popular application of the FEM in 

orthopaedic biomechanics. Three dimensional, 2-D and beam 

analyses of total hip replacement structure have been widely 

performed. 

In 2-D FEM analysis, varying degrees of mesh 

refinement are used and different prosthetic designs are 

simulated. A simple load case such as hip joint reaction 

force is commonly used. Andriacchi et al.[27] use a 2-D 

model consisting of constant strain triangular elements used 
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separately, or combined into groups of four, to represent a 

quadrilateral. A unit load is applied to the femoral head in 

different angles with respect to the longitudinal axis of 

the femur. The model results in errors of 50% when compared 

to experimental results. This could be attributed to the 

consideration of the model as a 'sandwich' construction in a 

plane with no connection between the lateral and medial bone 

slabs. Probably the best method to restore the 3-D integrity 

of the bone in 2-D models is by using a layer of 'spanning ' 

elements or 'sideplate' elements. Svensson et al.[28] use 

this method to include the effects of bone cement and cortex 

in the anterior-posterior dimension. The medial and lateral 

cortices are connected, without being connected to the stem 

elements. A single hip joint force is applied to the model. 

However, the accuracy of the model improves sufficiently 

enough to be considered as realistic evaluation. 

Another way of accounting for the 3-D structural 

integrity of the composite in simplified models is to assume 

axisymmetric geometry. By using Fourier analysis, 3-D 

loading and stress states can be incorporated. Huiskes[29] 

assumes the idea of axisymmetric geometry and uses a 

simplified model with a three dimensional joint force. He 

applies axisymmetric ring elements, FEM beam elements, 2-D 

plane-strain elements, beam-on-elastic foundation theory, 

and strain gauge analysis to compare modelling options and 

to obtain a more generalized description of the 

intramedullary fixation structure. Anatomic models, applying 
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the 3-D FEM with varying degrees of refinement have been 

investigated. 3-D FEA is quite useful for predicting the 

changes in stress distribution that result from variations 

in design. The three dimensional and variable nature of the 

in vivo stem loads and of the various muscle loads would 

produce significantly variable patterns of stress 

distribution. Crowninshield et al.[30] study the various 

aspects of the stem design using a simplified 3-D model of 

hip replacement. The loading conditions include a force on 

the head of prosthesis and an abduction force inserted 

through the greater trochanter. This chosen loading 

situation is one of the most demanding situations during 

prosthetic function. 

Since the cementless porous coated prosthesis 

becomes to replace the cemented method, analytical studies 

have been shifted to this area. Rohlman et al.[31] 

investigate load transfer between a porous coated (partly 

and fully) hip stem and a femur. The stance phase of walking 

is used as the load case for the model. No muscle forces is 

taken into consideration. Only a pure bending moment is 

applied to the model. The stress distributions for linear 

and nonlinear interface conditions are determined. Their 

results indicate that maximum values for relative motion in 

the interface occur on implants with the same elastic 

modulus as compact bone and the elastic modulus of the 

coating has only a small influence on bone stresses. 

Rohlmann et al.[32] later model a nonlinear bone-implant 
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interface with a finite element program employing stress-

based method to represent the loose interface. Stress-based 

iterations are less suitable because they are calculated as 

derivatives of the displacement field and hence are less 

accurate than displacement. The more accurate method using 

nodal displacements has been described by Bathe and 

Chaudhary[33]. 

With the advantages of fast growing computer 

technologies, the finite element codes are far more capable 

of dealing with complicated but more realistic approaches. 

The fundamental 2-D finite element analysis should be 

replaced with 3-D which can offer better accurate results. 

One of the greater challenges, which has not been met in the 

recent hip replacement analyses lies in the input of major 

muscle forces in particular the applied adductor force 

during normal gait. The major muscles acting on the hip 

joint are the gluteus maximus as well as the gluteus medius 

and minimus. Gluteus maximus, the largest muscle in the 

body, is the hip extensor, adductor and the most powerful 

lateral rotator of the thigh. The gluteus medius and minimus 

are the abductors and medial rotators of the thigh. The hip 

abductor and adductor play a major role during gait to 

stabilize the pelvic girdle over the weight-receiving limb 

so that the opposite limb would move forward and in turn 

receive the body's weight. 
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CHAPTER TWO 

MODEL DESCRIPTION 

2.1 OBJECTIVE 

The aim of this study is to investigate the effects 

of implant materials and porous coating geometries on load 

transfer in total hip replacement(THR). The implant 

materials involved are cobalt-chromium-molybdenum alloy and 

titanium alloy. The porous coating geometries under study 

will be the configurations of complete coating, proximal 

coating and lateral coating. Emphases are placed on 

interface stress patterns which would characterize the 

initial postoperative conditions in THR. 

2.2 COMPONENTS OF TOTAL HIP REPLACEMENT MODEL 

2.2.1 FEMUR 

A normal femur basically consists of two 

structures, one is compact cortical bone surrounding the 

other spongy cancellous bone. The structure of the femur was 

preliminary interpretated by J.Wolff's hypothesis[34] : 

statical importance and necessity are deduced from the 
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density of trajectories in the Culmann's crane model, high 

density of trajectories meaning large stresses and 

consequently the necessity of compact bone, low density 

meaning cancellous bone, and no density meaning the 

medullary cavity. Later Koch[35] adopts Wolff's hypothesis 

to investigate the inner structure of the femur on a 

mathematical basis. He dissects a normal left femur into 75 

transverse sections and computes their mechanical properties 

individually. 

The femur is an inhomogeneous, anisotropic, and 

elastic material[36][37]. Huiskes[38] indicates the stress 

analysis of a human femur is adequately served with an 

isotropic elastic model. Isotropic materials are described 

by only two independent elastic constants, Young's Modulus 

and Poisson's Ratio. As a result of review of published 

literature[39][40], the following data are assumed to be 

appropriate as typical values for analysis : 

Cortical bone  

Young's Modulus=18 GPa 

Poisson's Ratio=0.29 

Cancellous bone  

Young's Modulus=0.32 GPa 

Poisson's Ratio=0.29 

These are the average values from several workers 

whose results show good agreement. Young's Modulus is the 
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ratio of normal stress to normal strain produced in a simple 

one-dimensional tension or compression test. The simple 

tensile test may be the best way to characterize bone. When 

bone is bent, it will fail in tension on convex side. The 

tensile strength of bone has often been considered its most 

important mechanical property. In a tensile test, the whole 

bone is not used, test pieces are machined from the cortex. 

Cancellous bone is a difficult tissue to test and estimates 

of its properties are few. It is almost impossible to test 

in tension because of the difficulty of gripping it without 

crushing it. Evans and King[41] tested its modulus of 

elasticity and compressive strength in small prisms taken 

from all parts of human femora. From the data obtained 

during tests, a stress-strain curve was drawn for each 

specimen and was used to calculate the tangent modulus of 

elasticity. 

The finite element model of the femur(Fig. 2.2.1-

1[1-2]) is made of linear eight-node brick element using 

SUPERTAB analysis program developed by Structural Dynamics 

Research Corporation (SDRC). The solid brick element is 

designed to construct approximate solutions to the equations 

of three dimensional linear elasticity[42]. It also provides 

flexibility for the mesh formation of the odd geometries of 

cortical and cancellous bone. The profiles that form the 

cortical and cancellous structures in this study are 

extracted from part of the sections in the study by 

Koch[35]. 
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2.2.2 POROUS COATED PROSTHESIS 

The stem used in this study is a simplified form of 

the Buechel-Pappas femoral stem whose body is basically 

straight tapered, cylindrical and porous coated. The model 

has a 12-mm diameter and a length of 7 inches(Fig. 2.2.1-

1[3]). The stem has collar seating whose main effects are to 

transfer compressive load through the calcar [43] and to 

control distal settling(subsidence) of the implant with 

repetitive loads[44]. A stem without collar would increase 

the hoop stresses in the calcar as reported in the study by 

Crowninshield et al.[31]. The tensile stress component which 

is mode of unphysiological loading might lead to the bone 

resorption in the calcar region of the femur. 

The implant materials which are compared in this 

study are cobalt-chromium-molybdenum alloy and titanium 

alloy used for biologically fixed metal implants[45]. 

Titanium alloy is stronger than Co-Cr-Mo alloy in both 

fatigue and yielding resistance. Due to its lower stiffness, 

titanium implants should reduce the stress shielding effect 

in the calcar region of the femur and therefore help 

alleviate the bone resorption problem. The mechanical 

properties of these alloys are as follow : 
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Cobalt-Chromium-Molybdenum alloy (Co-Cr-Mo)  

Young's Modulus = 200 GPa 
Poisson's ratio = 0.30 

Titanium alloy ELI grade (Ti-6%A1-4%V)  

Young's Modulus = 110 GPa 
Poisson's ratio = 0.30 

Three types of porous coating configurations on the 

stem model[figure 2.2.2-1] are studied. These are : 

(1) Complete coating : An entirely coated stem would be 

proved as least efficient in terms of load transfer from the 

prosthesis to the bone. 

(2) Proximal coating : a proximally coated stem providing 

extensive decoupling area which facilitates more bending to 

the bone and enables to achieve natural stress patterns. 

(3) Lateral coating : This type of configuration differs 

from the proximal one that the coating extends gradually 

from the medial side of the stem to lateral side. The 

slanted coating tends to produce a load path that transfers 

load directly to the medial calcar region and distributes 

the load laterally. This study attempts to verify it as 

optimal coating geometry for minimizing the stress shielding 

effect. 
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The stem mesh is solid brick elements as is the 

femur. The porous coating region is modelled by node-to-node 

interface spring element connecting one node on the stem to 

another node on the bone. Since there is no gap between the 

stem and the bone, the spring element becomes a pair of 

coincident nodes. The nodes are bonded with a stiffness 

constant of 200x109 Newtons per unit Meter equal to the 

value of Young's Modulus of CoCr to ensure fixation. The 

bonded interface allows transfer of tension, compression and 

frictional shear. 

SUPERTAB provides the node-to-node nonlinear 

frictionless gap element which simulates the non-coating 

interface. The gap element interprets a tensile nodal force 

as impermissible. Thus the ggp is ignored whenever tensile 

force is required to maintain contact. The non coating 

region is treated as a loose interface which allows slip 

without frictional shear. The gap element also functions to 

limit the relative motion of its pairs of nodes in a 

specified direction. This prevents the penetration of 

elements attached to one node into the elements attached to 

the other node. 

A local cartesian coordinate system is created for 

each of the interface connecting nodes. The main purpose of 

this coordinate system is to have the local negative z-axis 

normal to the interface represent compressive interface 

stresses. Figure 2.2.2-2 shows a brief interface description 

in two sections . 
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2.3 INPUT BOUNDARY AND LOADING CONDITIONS 

The model is constrained at the bottom which is far 

from being the area of interest in this study. 

The input load is the muscle forces and hip joint 

force during normal gait. The analysis by John P. Paul[46] 

is adopted as reference for the loading conditions in this 

study. Paul photographically measure the three dimensional 

configuration of the leg segments during a walking cycle in 

which the ground-to-foot force actions were measured by a 

force-plate dynometer. From the measurement data, the 

resultant forces and moments transmitted between segments 

were calculated. The hip joint forces are presented as 

orthogonal components through the hip joint. The stress 

values are analyzed at the 4 percent, 9 percent, 41 percent 

and 52 percent phases of the walking cycle after heel 

strike. 

The input loads are abductor and adductor muscle 

forces and hip joint reaction force during normal gait. The 

hip joint and muscle forces determined by Paul[46] are used 

in this study. The resultant muscle forces(abductors and 

gluteus maximus) and orthogonal hip joint forces are 

transformed here into new sets of force components to 

coincide with the orientation of the model used by 

coordinate transformation. The initial step is to determine 

the I,J,K component forces from three different views 
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including top, lateral and front. At each view, a three by 

three transformation matrix is established to relate the old 

axes to the new axes with directional cosines. Multiplying 

the individual matrixes together get the overall 

transformation matrix T of the model. This would become the 

transformation factor to obtain the new set of 

components(I',J',K') from the product between the matrix 

factor and old components matrix. Here is the governing 

equation : 











CHAPTER THREE 

RESULTS 

A total of six finite element models of total hip 

replacement structure using titanium and Co-Cr implants with 

lateral, proximal and complete coating configurations are 

analyzed. Results for 4 percent and 41 percent phases of the 

walking cycle are presented. These two load cases differ 

substantially from each other in terms of directions and 

magnitudes of the loading forces. For the 4 percent load case, 

the dominant positive z components result in a more posterior 

displacement of the model. The vector magnitudes of the 4 percent 

load case are lower than the 41 percent load case which displaces 

the model in a more anterior direction due to the dominant 

negative z components. 

3.1 VON MISES STRESSES ON THE IMPLANTS 

Von Mises stress is used to characterize the three 

dimensional nature of stresses on the implant. It is generally 

considered as the yield indicator for ductile materials such as 

those used in the implants. 
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The von Mises stresses on the stem surface for the 4% and 

41% load cases are illustrated in fig. 3.1-1 thru 3.1-6. The 

variations in stress magnitude are mainly contributed by the 

varying material stiffness and the amount of porous coating. 

3.1.1 EFFECT OF DIFFERENT MATERIALS 

The average stresses on the surface of the Co-Cr implants 

range from 25 to 29 percent higher than the titanium implants. 

This is primarily due to Co-Cr having modulus of elasticity 

roughly twice that of titanium. When the stiff Co-Cr implant is 

surrounded by spongy bone tissue, it preferentially takes more of 

the shared load. 

The fatigue strength values for titanium in coated and 

uncoated forms are 25ksi(172MPa) and 60ksi(414MPa) respectively. 

For Co-Cr, these values are 25ksi(172MPa) and 40ksi(276MPa) 

respectively. With the common factor of safety of 2 applied to 

the fatigue limits, failure by fatigue loading occurs whenever 

the titanium stem reaches the stress values of 81MPa and 207MPa 

and the Co-Cr stem reaches the stress values of 81MPa and 138MPa 

in coated and uncoated forms respectively. The maximum stresses 

on the Co-Cr implants at the 41 percent phase exceeds its fatigue 

strength in all coating configurations. These excessive stresses 

would result in eventual implant failure under fatigue loadings. 

The titanium implants fall in the same category despite that the 

peak stresses are not in much excess of the fatigue strength 

except for the complete coating geometry. 
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3.1.2 EFFECT OF POROUS COATING CONFIGURATIONS 

Maximum stresses are found at the tip of the stems in all 

coating configurations. This unrealistic occurence is caused by 

modelling and is not considered further. 

The common behavior pattern of the partly coated stems is 

that levels of stress intensity are approximately ten times lower 

in the coated proximal region than in the uncoated distal region. 

The highest stresses is located about lower two-third down the 

length of the stem. For the 4 percent and 41 percent load cases, 

the highest stresses exist on the anterior side and posterior 

side of the stem respectively. Maximum stresses for the partly 

coated stems are generated on the tensile side of the stem. 

Overall, the partly coated stems share similar stress patterns 

although peak values are somewhat higher in the laterally coated 

stem than in the proximally coated stem. 

For the fully coated stems, the maximum stresses is near 

middle of the stem. Unlike the partly coated stems, the peak 

stress is on the compressive side of the stem and the stress 

distribution is more uniform on the stem surface. 
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3.2 COMPRESSIVE STRESSES AT BONE INTERFACE 

Contour plots of compressive stresses at bone interface are 

shown in fig. 3.2-1 thru 3.2-12. Tension at the interface is 

represented by white areas on the figures. The interface 

compression is achieved mainly by stem-bone contact pressure 

resulting from the axial bending load contributed by the negative 

Y component of the hip joint vector. Compression at bone 

interface is believed to facilitate bone fixation and promote 

bony ingrowth. On the contrary, tension at bone interface will 

cause implant loosening and bone resorption. 

For the 4 percent load case, compression occurs primarily on 

anterior-lateral and posterior-medial sides of the interface. 

Local stress concentration found at anterior proximal interface 

is caused by the negative z component of the adduction vector 

inserted in that region. 

The stress pattern is reversed for the 41 percent load case 

where compression is seen on anterior-medial and posterior-

lateral sides of the interface. The opposite pattern is primarily 

due to the opposite direction of the hip joint reaction force 

which is an anterior component for the 41 percent load case and a 

posterior component for the 4 percent load case. 

Medial compression in the proximal interface is caused by 

the axial loading distributed by the collar while lateral 

compression in the proximal interface results from the effects of 

the positive x abductor force and the negative x hip joint force. 

The peak stress at the periphery of the interface is a modelling 

antifact and does not contribute to any clinical implications. 
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3.2.1 EFFECT OF DIFFERENT MATERIALS 

The stress contour plots in fig.3.2-1 thru 3.2-12 reveal 

that titanium stems result in a more gradual stress transfer at 

the interface, which is contrary to the more localized stress 

concentrations associated with the Co-Cr stems. The difference 

may be accounted for the smooth bending applied by the more 

flexible titanium stem to the surrounding interface. 

For the stiffer Co-Cr stems, they appear to induce higher 

stress concentration at the distal interface. Figures 3.2-13 thru 

3.2-15 illustrate that the distal interface nodes represented by 

the last three symbols have higher calculated normal stresses for 

the Co-Cr stems than the titanium stems. 

3.2.2 EFFECTS OF POROUS COATING CONFIGURATIONS 

Stems with complete coating result in slight bone-implant 

contact, reflected by low levels of compressive stresses at the 

interface. The tension and compression at the interface are 

approximately in equal proportion. Local stress concentration is 

observed at the distal interface and its presence may lead to 

bone hypertrophy which may cause eventual implant failure. 

The bone interface with partial coating exhibits 

significantly higher compressive stresses and the stress 

distribution shows a great deal of smoothness. Compared to the 

fully coated interface, partly coated interface induces more 

compression notably near the junction of coating and loose 

interface. Stresses are quantitatively higher on the bone 

interface with lateral coating than with proximal coating. 
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3.3 MAXIMUM SHEAR STRESSES AT BONE INTERFACE 

Fig. 3.3-1 thru 3.3-9 illustrate the results for the 4 

percent and 41 percent load cases. The formation of shear 

stresses at the interface basically comes from torsional loads as 

well as axial loads as a result of three-dimensional loading. 

Peak stress at the proximal interface merely reflects the defects 

in model processing. 

3.3-1 EFFECT OF DIFFERENT MATERIALS 

The general effect of titanium stems is higher shear 

stresses developed at the bone interface in comparison with Co-Cr 

stems. Figure 3.3-7 which represents the fully coated stem shows 

the nodes for titanium stem has higher calculated maximum shear 

than those for Co-Cr stem along the interface, except in the 

distal regions denoted by the last three symbols of the curves. 

The result reflecting the stiffness effect matches closely with 

the characteristics of interface compressive stresses as function 

of materials. For the partly coated stems which frictional shear 

is assumed to exist only in coating area, the average maximum 

shear is generally higher at the bone interface surrounding 

titanium stem, as illustrated in figures 3.3-8 and 3.3-9. 

3.3-2 EFFECT OF POROUS COATING CONFIGURATIONS 

For the complete coating, maximum shear at the proximal 

interface is uniformly low except near the muscle force region. 

The maximum shear distribution at the distal interface is more 

59 



uniform, which can be attributed to the uniform canal shape and 

lack of applied forces. The highest shear is at the distal end 

where the load is distributed predominantly. 

For the 4 percent load case, maximum shear is higher 

posteriorly than anteriorly due to the more posterior direction 

of the joint force. Maximum shear is higher medially at the 

anterior interface due to the action of adduction force inserted 

on the anterior side. The shear pattern is reversed for the 41 

percent load case which higher shear is found at the anterior 

interface because of the anteriorly directed joint reaction 

force. Maximum shear is medially higher at both anterior and 

posterior interfaces. This results from the effect of the 

opposite-Y directions of the joint force and the adduction force 

inserted in lesser trochanter region. Distal shear distribution 

is equivalent to the 4 percent load case. 

For the proximal coating, maximum shear increases laterally 

to medially on the anterior interface at the 4 percent load case. 

On the posterior interface, maximum shear increases in the 

downward direction. Maximum shear for the 41 percent load case 

follows the pattern of the 4 percent one. The only exception is 

that higher shear also exists medially on the posterior interface 

owing to the loading condition. 

The general pattern for the lateral coating at 4 percent and 

41 percent load cases is more uniform shear distribution across 

the coating interface when compared with the proximal and 

complete coating configurations. Area of maximum shear 

concentration is reduced particularly at the medial interface. 
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3.4 STRESSES IN FEMUR 

3.4.1 EFFECT OF DIFFERENT MATERIALS 

The von Mises stresses on the surface of cortical bone for 

the fully coated titanium stem is 9% higher on average higher 

than the fully coated Co-Cr stem. For the partly coated titanium 

stems, the average stress is 4% higher than the Co-Cr stems. More 

load is carried by the bone with a titanium stem due to its lower 

rigidity in a composite structure. The effect is more pronounced 

if there is an integral bond between the stem and the less rigid 

surrounding bone, as reflected by the results of the fully coated 

stems. This implies that the amount of coating significantly 

alters the stress transfer pattern. 

3.4.2 EFFECT OF POROUS COATING CONFIGURATIONS 

Figures 3.4-1 thru 3.4-3 show the maximum compressive 

stresses at the bone interface and the surrounding bone for 

different coating configurations. THR with fully coated stem 

demonstrates excessive stress concentration near the distal end, 

while the proximal region is greatly bypassed in terms of the 

axial load transfer. In contrast, the partly coated stems induce 

higher level of stress intensity over the decoupled area which 

produces bending and axial loading of the femoral shaft. Stress 

discontinuities exist near the boundary of the coating and the 

loose interface. The stress concentration is more evenly 

distributed in the distal interface. 
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Figures 3.4-4 thru 3.4-12 illustrates the von Mises stress 

on the cortical bone surface for the 4 percent and 41 percent 

load cases. The peak stresses in the extreme proximal region is a 

model antifact and as is the localized distal stress 

concentration at the stem tip. 

For the 4 percent load case, the stress concentration at the 

greater trochanter is the result of the reaction of the abduction 

force. The same applies for the 41 percent load case which also 

shows the stress concentration at the lesser trochanter where the 

adduction force is inserted. 

For the fully coated stems, the cortical bone is 

substantially relieved of stress notably in the proximal area 

when compared to the partly coated stems. It indicates the load 

path bypasses the proximal femur when the bone interface is 

completely bonded to the stem. For the partly coated stems, as 

shown in the stress contour plots, they elevate the level of the 

stress intensity significantly in the proximal region because of 

the decoupled area which allows the femur to move relative to the 

stem. Therefore, more stress can be transmitted to the proximal 

femur and stress shielding effect can be reduced in that region. 
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CHAPTER FOUR 

DISCUSSION OF RESULTS 

In terms of material choice, titanium is preferred over 

Co-Cr mainly because it produces more favorable conditions 

in the implant, bone, and at bone interface. Titanium 

reduces the peak stress in the implant to prevent implant 

failure. Its low rigidity alleviates the stress shielding 

effect of the stem and benefits the surrounding bone taking 

more of the shared load. In the area of bone interface, 

titanium stems can generate relatively high compressive 

stresses in the proximal area. The increased compressive 

stresses at the proximal bone interface would secure the 

component fixation and promote bone ingrowth. Titanium stem 

results in a smooth stress distribution at the distal 

interface, thereby reducing distal bone hypertrophy caused 

by high local stress concentrations associated with the Co-

Cr filled canal. 

Changing from complete coating configuration to partial 

coating configuration shifts the high level of maximum 

compressive stresses in the distal region to the proximal 

region near the coating boundary and without increasing the 

maximal values. As a result of the midstem load transfer, 

the stress shielding effect can be substantially reduced. 

This is reflected by the elevated von Mises stresses on the 

cortical bone surface for the cases of partly coated stems. 
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The augmented stresses is mainly caused by increased 

deformation of the bone in bending, due to the reduced 

stiffness of the whole structure when the implant-bone 

interface is no longer bonded. 

With respect to the partial coating configurations, the 

lateral coating achieves a higher ratio of compression to 

tension on the interface and a more natural stress transfer 

in the femur when compared to the proximal coating. It 

produces a load path that transfers load directly to the 

medial calcar region and distributes the load laterally 

minimizing stress protection. The only shortcoming of the 

lateral coating configuration is the slightly higher 

stresses induced on the implant. 
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CHAPTER FIVE 

CONCLUSION 

Bone remodeling can be predicted by the mechanical 

factors such as stress shielding and altered stress transfer 

which depend on stem design. Material stiffness can 

determine the durability of the prosthesis and the extent of 

stress shielding effects. The results of this study indicate 

that titanium implant is expected to produce better 

performance. Stem coating geometries produce dramatical 

different interface conditions. A slanted coating 

configuration appears to achieve more physiological loading. 

The model in this study stands for the initial 

formulation of the bone-implant interface. The bonded 

interface represented by spring element is defined to allow 

the transmission of compressive, shear and tensile forces. 

The loose interface represented by gap element is defined to 

transfer only compressive force. The forthcoming model 

formulation should sort out spring elements which are 

subject to tensile stress and then redefine them to transmit 

compressive force only. This process of interface 

redefinition followed by model reanalysis is repeated until 

all the interface elements simulating loose interface are 

free of tension. The final model can then satisfy the 

assumption that total fixation can occur only in the coating 

interface in the absence of tension. 
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APPENDIX 

ILLUSTRATION OF COORDINATE SYSTEMS TRANSFORMATION 
ON 

4 PERCENT PHASE OF THE WALKING CYCLE 
9 PERCENT PHASE OF THE WALKING CYCLE 
41 PERCENT PHASE OF THE WALKING CYCLE 
52 PERCENT PHASE OF THE WALKING CYCLE 
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