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INTRODUCTION 

Younger, more physically active individuals are 

having hip arthroplasty, and these individuals 

would like to be able to continue their previous 
level of physical activity after their surgery. For 

this reason, it would be desirable to have 

implants available that allow a greater range of 

motion than the commonly used metal-on-
polyethylene (MoP) implant. 

The conventional MoP bearing used in hip 

replacement surgery has a head with a smaller 
diameter than the acetabular socket into which it 

is placed. This implant has been reported to 

have satisfactory long-term clinical and 
radiographic results [1, 2]. However, in the past 

decade, a metal-on-metal (MoM) bearing has 

become available. An advantage of the MoM 

bearing for more active individuals is that it can 
be obtained in a larger diameter head (LDH) 

size than is possible for an MoP bearing. The 

larger head size allows an increased range of 
motion and has less risk of dislocation [3, 4]. 

However, most reports of MoM THA have been 

on implants using a metal-inlay liner coupled 
with a smaller (28-mm or 32-mm) femoral head 

[5-12]. Clinical reports on large heads are 

relatively rare and limited to studies of the 

earlier McKee-Farrar implants and to later 
studies of resurfacing arthroplasty [3, 13-15].  

Little is known about the inner stresses caused 

by physical activity in implants with different 
head sizes. Golf is an example of a physical 

activity that is allowed after hip and knee 

replacements [16, 17]. During shoveling 

movements or a golf swing, the head of the 
implant rotates in the socket of the hip joint and 

the force applied to the implant and through the 

implant to the femur should depend on the 
surface area of the head and the distance of each 

element from the center of rotation. These 

forces should therefore be affected by the 
diameter of the head. The current study was a 

finite element analysis of a virtual THA model, 

using a swinging motion (single-leg stance with 

pelvic rotation) as the loading condition and 
heads that varied in diameter, a LDH MoM and 

a smaller diameter MoP head. 
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Our questions were (1) Does use of a large head 

change the stress pattern in the implant and 
femur during pelvic rotation? (2) Are stresses on 

a large head THA implant during pelvic rotation 

higher than those seen on a conventional MoP 
THA?  

METHODS 

Overview of Experimental Protocol 

Virtual total hip arthroplasty using implants 

with two different head sizes was created from 

digital computed tomography images of an 
artificial pelvis and femur and from images of 

two clinically available implants constructed 

with computer software. Virtual arthroplasty 

was then performed with each implant, and the 
resulting images were transferred into finite 

element analysis (FEA) software. After the 

accuracy of the FEA method was tested 
mathematically and by comparing the virtual 

results with those obtained from a physical 

model, the virtual models were subjected to a 
simulated golf swing and the von Mises stresses 

that resulted with each implant recorded and 

analyzed. 

Model Elements  

The artificial pelvis and corresponding femur 

model were obtained from SAWBONES 

(Pacific Research Laboratories Inc, Vashon 

Island, WA, USA). The implants used were an 

LDH MoM implant and a conventional MoP 

implant. The LDH MoM implant created had an 

acetabular component with outer diameter 58 

mm, inner diameter 54 mm, height 29 mm, and 

a femoral head with outer diameter 52 mm, 

inner diameter 56 mm, and height 29 mm. The 

MoP implant had an acetabular component with 

outer diameter 58 mm, inner diameter 52 mm, a 

polyethylene liner with outer diameter 52 mm, 

inner diameter 28 mm, and a femoral head with 

outer diameter 28 mm, inner diameter 15 mm, 

height 21 mm. The stem for each implant was a 

cementless proximal fitting stem, distal diameter 

15 mm. This stem was chosen because it is the 

most common stem type used in modern 

primary THA. All constructs used in the 

simulation were replicas of commercially 

available equipment, in order that the three-

dimensional computer model resemble the 

clinical situation as closely as possible.  

Model Setting 

For the mesh used in the FEA, in consideration 

of the geometric shape of the structure, the 

second order tetrahedral element (solid 92 

element) of the ANSYS software was selected 

for the volume part. Free mesh generation was 

performed after the construction of the analysis 

parameter model.  

All material settings were based on information 

in the literature, including the settings of cortical 

bone, cancellous bone, and hip prosthesis [18, 

19]. They were modeled as a homogenous linear 

elastic continuum exhibiting isotropic 

properties.  

The porous coating of the stem was fully 

bonded to the cancellous bone to simulate the 

condition of bone in growth. For the contact 

simulation settings, contact pair element 

(Contact174/Target170) was selected, and the 

non-linear contact element was constructed 

using the node-to-surface mode to simulate the 

phenomenon of contact and friction between the 

LDH and the prosthetic cup, between the 

conventional head and polyethylene liner (PE 

liner), and between the femoral stem (non-

coating part) and the inner wall of the femoral 

cortex. The coefficient of friction between the 

stem and the endosteum was 0.4 [20]. The 

coefficients of friction of LDH-prosthetic cup 

(CoCr-CoCr) and conventional head-PE liner 

(CoCr-PE) coupling were 0.15 and 0.07, 

respectively [19, 21].  

Generation of Virtual FEA Model 

Digital computed tomography images (*. DCM) 

of the artificial femur and pelvis were obtained 

and processed using medical image processing 

software (Amira 4.1, Mercury Computer 

Systems, Chelmsford, MA, USA). The resulting 

files were then transferred into the finite element 

analysis software (ANSYS Ver. 11.0, 

Canonsburg, PA, USA) used to construct the 

entity model of the femur and pelvis.  

The acetabular component and two femoral 

heads were constructed by CAD software 

(Pro/Engineer, Wildfire 2.0, Parametric Technology 

Corp., Needham, MA, USA). A three-dimensional 

model of the cement less U2 stem prostheses 

(model #1104-1078, distal diameter of 15 mm) was 

provided by the manufacturer (United Orthopedic 

Corp., Hsinchu, Taiwan).  

After constructing the femur, pelvis, and 

prosthesis, the prosthesis was implanted in the 

femur and pelvis to the appropriate location. 

The range of the cancellous bone that was not 
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replaced by the prosthesis was from the greater 

trochanter to the distal end of the femoral stem 

porous coating area (Figure 1). 

 

 

Figure1: Construction of THA prosthesis and corresponding bony structure. 

Convergence Test 

To ensure that the algorithms used in the 
analysis gave robust and reliable numerical 

values, analyses were performed using a series 

of mesh sizes from size 9mm to size 4mm to test 

convergence. The load condition used for this 
test was a 2000 N downward vertical (that is, 

perpendicular to horizontal) load at the center 

point of the hip prosthesis. The kinematic 
boundary condition for all nodes on the distal 

cross section were rigidly fixed (i.e. 

displacements and rotations were equal to zero). 

The output variable monitored was the total 
strain energy and the vertical displacement of 

selected points within the cortical bone. The 

results for each mesh size were compared to the 
results for mesh size 3mm. The difference 

between mesh size 4 and mesh size 3 was < 

0.3%. Therefore, mesh size 4 was used as the 
mesh element size in the analysis; there were a 

total of 138,499 elements and 202,655 nodes in 

the over-all model using this mesh size. 

Comparison with A Physical Model of an 

Artificial Femur 

In addition to testing the reliability of the virtual 

model simulation by testing convergence over a 
range of mesh sizes, we tested its reliability by 

comparing its results to those of a physical 

simulation, using an artificial femur and a 
tensile testing machine. In the virtual simulation 

used for comparison with the physical 

simulation, a single downward vertical force of 

2000 N was applied at the most superior edge of 

the hip prosthesis, and zero degrees of freedom 
was set at the distal node of femoral stem as the 

boundary condition. In the physical simulation, 

a downward force was applied to an artificial 

femur at a velocity of 0.05 mm/s until 2000 N 
was reached. Strain values at corresponding 

locations on the virtual and physical model were 

then compared. The results of the physical 
experiment and the computer simulation were 

within an acceptable range (20%) and were a 

further verification of the reliability of the finite 

element analysis. 

Loading and Boundary Conditions for the 

Golf Swing Simulation 

For the virtual pelvic rotation, the acetabular 
and femoral components were set in standard 

position with 45° inclination and 15° 

anteversion of the cup and neutral alignment of 
the stem. A loading condition based on the 

downswing-to-impact phase of an arm and 

shoulder swing with a single-leg stance on the 

leading foot was applied on the hip. The joint 
reaction force was 2,872 N together with a 

1,237 N abductor muscle force (about 3.4-times 

body-weight), as described by Wang et al. [22] 
The pelvic rotation angle at impact was set at 

29.4° and the rotation velocity at impact was set 

at 258.8° per second. The settings for the swing 
were based on the results of a motion analysis of 

a low-ball-velocity golfer (mean ball velocity of 

55.7 meters per second; mean age of 58.5 years; 
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mean body mass index of 26.6; mean USGA 

handicap of 15.1 strokes) [23, 24]. The loading 
configuration is shown in Figure 2. 

 

Figure2.Golf swing loading condition of the finite 

element model (demonstrated with the LDH MoM 

THA). (A) The distal end of the construct (▲) was 

constrained in all directions as a boundary 

condition. The coordinate system (X, Y, Z) represents 

rotation of the pelvis (arrow) along the Z-axis on the 

left hip. (B) The joint reaction force (P0) is the 

resultant force of 616 N, 171 N, and 2800 N on the 

(X, Y, Z) coordinate, respectively. The abductor force 
(P1) is the resultant force of 430 N and 1,160 N on 

the (X, Z) coordinate, respectively. 

The von Mises stresses were analyzed by the 

ANSYS software on the periprosthetic bone and 

the stem, using the seven regions of interest 
(ROI) described by Gruen et al. [25] The von 

Mises stresses on each ROI were averaged to 

represent the stress distribution under the 
loading condition.  

RESULTS AND DISCUSSION 

Stress Patterns with Large and Small 

Diameter Heads 

The diameter of the implant head does not affect 

the stress pattern seen after the simulated 

swinging motion.  The mean von Mises stresses 
on the bone surrounding the implant and on the 

implant stem (Figure 3) follow a similar pattern 

with both implants. In the bone, stress 
concentration is seen in the area surrounding 

and immediately distal to the distal third of the 

stem (ROI 3-5). The highest von Mises forces 
are in ROI 5. In the stem, stress concentration is 

highest at the distal tip (ROI 3-5) and in the 

uppermost zone (ROI 7) on the medial side (the 

area adjacent to the neck of the implant). The 
von Mises stress distribution and peak stress in 

the femoral cortex (Figure 4) show similar 

patterns of stress distribution with large and 

small diameter heads and a peak stress over the 
distal femoral cortex.  In the longitudinal-

section view of von Mises stress (Figure 5) 

stress concentration is seen on the lateral side of 
the distal stem and over the neck of the stem in 

both the LDH MoM THA model and the 

conventional MoP THA model. Maximum 

stress is seen around the neck of the stem. 

 

 

Figure3.Mean von Mises stresses in the 7 ROI 

(Gruen zones). (A) periprosthetic bone and (B) stem. 

  

Figure 4.von Mises stress distribution and peak 

stress in the femoral cortex. (A) LDH MoM THA and 

(B) conventional MoP THA 
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Figure 5.Longitudinal-section view of von Mises 

stress distribution and peak stress. (A) LDH MoM 

THA and (B) conventional MoP THA 

Comparison of Stress Intensity on Large and 

Small Diameter Head Implants 

Stresses were higher in both bone and stem in 

the implant with the larger head diameter 

(Figure 3). In the bone, the von Mises forces in 

ROI 5 are 76±31MPa in the LDH MoM and 
49±21 MPa in the conventional MoP THA 

models (Figure 3).  In the stem, the highest 

stresses are 28±1 MPa in the LDH MoM and 
15±7 MPa in the conventional MoP THA model 

at the neck (ROI 7). The peak stress in the 

femoral cortex, however, (Figure 4) is 332 Mpa 
in the LDH MoM THA model and 343 MPA in 

the conventional MoP THA model.  

Patient’s expectations after joint replacement 
include relief of symptoms and improvement in 

physical function [26]. Increasing demands for a 

return to more vigorous activities after surgery 
have been observed in patients who choose the 

have their joints replaced at a younger age and 

clinicians have relaxed some of their previous 

restrictions on activity [16, 17]. One reason for 
this is the improvements that have occurred in 

joint implants over the years. However, a study 

of 34 patients with a mean follow-up of 6.3 
years found that young patients with 

conventional MoP THA were in fact not as 

active as thought [27].With the use of LDH with 

metal-on-metal bearings in hip resurfacing 
surgery, other investigators reported an increase 

in the activity of patients after the index surgery 

[28, 29]. Encouraged by the results of hip 
resurfacing arthroplasty, LDH MoM THA was 

introduced as an alternative option for primary 

THA. Theoretically, LDH MoM THA provides 
improved stability, a greater range of motion, 

and a reduced surface wear on the bearing that 

can benefit patients and allow more activities 
than conventional MoP THA. The mating of 

LDH with a standard femoral prosthesis also 

eliminates the risk of femoral neck fracture 
associated with hip resurfacing surgery. 

However there have been no investigations of 

internal stresses produced by motion with the 

two implants, so we undertook a finite element 
analysis of stresses in virtual models of the two 

implants to determine whether the stress 

patterns produced by a simulated golf swing 
were similar and whether the larger head 

implant produced higher stresses during this 

type of motion. 

Limitations 

The current study has limitations primarily 

because although finite element analysis 

provides information to enable the reader to 
understand stress distribution, it cannot 

represent the real situation in the human body. 

the rotational swings of each individual will 
differ in terms of the swing path, rotation angle, 

velocity, posture, coordination between muscle 

groups, and so on. Because the hip rotation 

accompanying an arm and shoulder swing is a 
dynamic process and the joint reaction force 

constantly changes during different phases of 

the swing, we used the average rotation angle 
and rotation velocity at impact based on the 

results of low-ball-velocity golfer for our model 

[23, 24]. Rotation angle and velocity would 
differ somewhat for a similar movement such as 

shoveling. The loading condition in this study 

was a simplified model obtained by rotating the 

pelvis horizontally on the femoral head. It was 
also unknown how the stress distribution would 

be changed if the porous coating of the stem was 

not defined as fully bonded. The friction 
coefficient of 0.15 for metal-on-metal used in 

this study was based on the experimental value 

with a clearance of 75 m and bovine serum or 
synovial fluid as a lubrication film, and without 

the consideration of equatorial contact [18, 21]. 

Deformation of the acetabular component after 

press-fit implantation into the pelvis was also 
not modeled in this study, although such 

deformation would affect the stresses between 

the bearing surfaces [30].  Nevertheless, this 
finite element analysis is able to provide 

information for guidance before reports of 

longer term clinical follow-up of the LDH MoM 

THA are available.  

Similarity of Stress Patterns 

In the current study, a finite element analysis of 
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a simulated arm/shoulder swing after hip 

replacement with implants with different 
diameter head sizes showed a concentration of 

stress in the distal third of the stem and the 

surrounding bone and a similar concentration of 
stress proximally, in the stem neck. The stress 

pattern was similar with both implants, so one 

might suspect that it was the specific physical 

activity, rather than variations in the implant 
design, that determined the stress pattern. This 

possibility should be a subject for further 

research.  

Increased Stress in the Large Diameter Head 

Model 

Under the loading condition used in the current 
study, the von Mises stress was higher in the 

LDH MoM THA model than in the conventional 

MoP THA model both in the region of 

periprosthetic femur bone and in the stem 
(Figure 3A and 3B). The highest stress 

concentration on the periprosthetic femur bone 

was noted in the ROI 4 and 5 (distal femur) 
region and the stress values were twice as high 

in the LDH MoM THA model as in the 

conventional MoP THA model. In clinical 

cases, this situation would usually mean that 
patients with LDH MoM THA would suffer 

more thigh pain after surgery than patients with 

conventional MoP. However, clinical reports of 
a LDH mated with a standard femoral stem are 

limited. In one previous study in 107 patients 

with a mean follow-up of 1.1 years, Garbuz et 
al. reported that clinical outcomes and 

improvement in quality of life were similar in 

patients randomized to hip resurfacing 

arthroplasty or LDH MoM THA [31]. The stem 
used in Garbuz’s study was the M/L Taper stem 

(Zimmer, Warsaw, IN, USA) while the stem 

used in the current study was a distal fluted stem 
(U2 stem, United Orthopedic Corp., Hsinchu, 

Taiwan). The torsion stability of a fluted stem 

has been shown to be the highest in comparison 
with other stem designs [32], and in the current 

study using this stem, the highest pressure was 

between the distal stem and the corresponding 

femur bone. How the stress distribution would 
be changed with an M/L taper stem is of interest 

and needs to be examined. 

Other Forces to Consider 

Of course head size is not the only consideration 

to be taken into account when selecting an 

implant. When cement less stem is used, as in 

our model, the amount of micro motion between 
stem and bone during movement is important, 

because too great a degree of micro motion will 

decrease bone in growth and affect implant 

stability. Peterson et al (2009) studied micro 
motion using cadaver femurs and simulated stair 

climbing and found increased rotational stability 

and decreased micro motion with larger 
implants. The physical properties of the 

materials used are also important. Fialha et al 

(2007) found ceramic-on-ceramic and metal-on-

metal surfaces to have higher maximum contact 
pressure and therefore higher frictional wear 

than polyethylene-on-ceramic or polyethylene-

on-metal surfaces. Heat generation was higher 
in the metal-on-metal surface than in the other 

three surfaces. 

CONCLUSIONS 

The findings of this study may prove to be 

important and clinically relevant because we 

were able to demonstrate a high stress 
concentration on the prosthetic neck of a stem 

mated with a LDH under the loading condition 

of pelvis rotation. There were also higher 
stresses on the distal femur bone, when a LDH 

instead of a 28 mm conventional femoral head 

was used in total hip arthroplasty. Since higher 

stresses would be expected to be experienced 
during single-leg stance with pelvic rotation, 

patients after LDH MoM THA should be careful 

when performing certain physical activities. 

The highest stress concentration on the stem was 

noted in ROI 7 (medial femoral neck of 

prosthetic stem) in the present study, and the 

stress value was almost twice as high in the 
LDH MoM THA model as in the conventional 

MoP THA model. In a report by Garbuz et al., 

concentrations of serum cobalt and chromium 
increased significantly from baseline in the 

LDH MoM THA group. Therefore the authors 

strongly recommended against further use of 
that particular LDH MoM THA design in the 

belief that the adapter connecting the LDH and 

the femoral stem introduced additional locations 

for the release of ions. The high stress 
concentration on the neck of the stem in the 

LDH MoM THA seen in the current study could 

in theory worsen fretting and corrosion on the 
head-neck junction. 

ABBREVIATIONS USED 

THA, total hip arthroplasty; MoM, metal-on-
metal; MoP, metal-on-polyethylene; LDH, large 

diameter head; FEA, finite element analysis; PE, 

polyethylene; CoCr-PE, conventional head 
polyethylene liner; CoCR-CoCr, large diameter 

head prosthetic cup; ROI, region of interest. 
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