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Specimen-Specific Finite
Element Models for Predicting
Fretting Wear in Total Hip
Arthroplasty Tapers
Products from fretting wear and corrosion in the taper junction of total hip arthroplasty
(THA) devices can lead to adverse local tissue reactions. Predicting damage as a func-
tion of design parameters would aid in the development of more robust devices. The
objectives of this study were to develop an automated method for identifying areas of fret-
ting wear on THA taper junctions, and to assess the predictive ability of a finite element
model to simulate fretting wear in THA taper junctions. THA constructs were fatigue
loaded, thus inducing damage on the stem taper. An automated imaging and analysis
algorithm quantified fretting wear on the taper surfaces. Specimen-specific finite element
models were used to calculate fretting work done (FWD) at the taper junction. Simulated
FWD was correlated to imaged fretting wear. Results showed that the automated imaging
approach identified fretting wear on the taper surface. Additionally, finite element models
showed the greatest predictive ability for tapers exhibiting distal contact. Finite element
models predicted an average of 30.3% of imaged fretting wear. With additional valida-
tion, the imaging and finite element techniques may be useful to manufacturers and regu-
lators in the development and review of new THA devices. [DOI: 10.1115/1.4045904]
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Introduction

Over 300,000 people receive a total hip arthroplasty (THA)
each year in the United States [1,2]. It is the second most common
joint replacement procedure following total knee arthroplasty.
Current THA devices consist of multiple components, and gener-
ally include a cup and liner on the acetabular (pelvic) side, and a
stem, head, and optionally a sleeve on the femoral side. A major-
ity of these components can be obtained in different sizes. This
modular design allows the surgeon freedom to configure the
implant during surgery to optimally match the patient’s anatomy
[3–7]. However, modularity can lead to complications like com-
ponent mismatch, disassociation, fracture, and wear at mating
surfaces [3–5,7–10]. One area of concern is the junction between
femoral stems and heads. The head and neck are most often joined
with a small angle taper [11]. While effective in joining the two
components, in vivo fatigue loading associated with normal walk-
ing can cause unwanted micromotion between the stem and head,
leading to fretting wear and corrosion [5,7,8,10,12–15]. This dam-
age can gradually release metal ions and particles, causing adverse
local tissue reactions and osteolysis that may ultimately cause
device failure and the need for revision surgery [7,15–18]. Under-
standing the design features that influence such failures may lead to
improved devices and reduced adverse outcomes.

Stem-head taper junction parameters—including device mate-
rial, loading rate, construct stiffness, angular mismatch, contact
length, surface finish, and other features—have all been shown to
influence micromotion, fretting wear, and corrosion [12,19–22].
In addition, because the components are assembled in vivo, the
assembly force and impact technique also affect the performance
of the modular connection, its likelihood of loosening, and the
potential for adverse events [23–27]. The prevalence of fretting
wear has led to the development of standardized scoring systems
and advanced imaging techniques that allow for consistent evalua-
tion (grading) of fretting wear and corrosion of taper junctions
[12,28–30]. However, despite being well characterized, taper
damage remains difficult to predict. A method is needed for

determining the likelihood of fretting wear in a stem-head taper
junction so that devices can be designed to reduce the rate of
in vivo failure.

Numerical techniques such as finite element analysis (FEA)
may provide a method for predicting in vivo taper junction per-
formance. FEA provides a computational framework where
design parameters can be isolated and their relative contribution
to mechanical integrity can be quantified. For example, FEA has
been used to investigate the effect of manufacturing tolerance on
micromotion of tapered junctions [31]. Wear, micromotion, con-
tact stress, and disassembly force at the head–neck interface have
also been quantified with finite element modeling [32,33].
Recently, a computational model was developed to investigate the
relative influence of taper design parameters and load on fretting
work done (FWD) as a predictor for taper wear and corrosion per-
formance [34]. Experimental constructs were used to validate the
micromotion predicted by the model, but the predicted FWD was
not correlated to physical fretting wear and corrosion. Validating
the FWD predictions of this model may allow for more accurate
predictions of fretting wear in vivo.

The goal of this study was to develop a finite element model to
predict fretting in THA constructs. Using previously described
techniques, the modular surfaces of fatigue tested taper constructs
were fully imaged [29]. To avoid observer bias, an automated
technique was developed to identify areas of fretting wear on
experimental taper connections. The FWD finite element frame-
work was used to create specimen-specific models of experimen-
tal taper connections. The ability of the automated quantification
method and finite element model to identify and predict fretting
wear in THA tapers was evaluated.

Methods

Bench Testing. Each experimental taper connection consisted
of a femoral stem with a male taper and a femoral head with a cor-
responding female taper. Taper connections (n¼ 10) were

Fig. 1 (a) Experimental setup of the THA constructs during fatigue loading. The femoral head is first impacted on the femoral
stem. The femoral stem is attached to a base that orients the construct 40 deg from vertical and the direction of applied load.
Extensometers placed on the superior and inferior sides of the construct measure relative motion between stem and head via
rigid fixtures. (b) Photograph of the experimental setup.
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manufactured from a single lot of CoCr alloy (ASTM F1537, M.
Vincent & Associates, Minneapolis, MN), ensuring consistent
material properties throughout the specimens. Stem and head
taper angles were measured with a Talyrond 585 out-of-roundness
machine (Taylor Hobson, Leicester, UK). Heads were fixed onto
the stems using an impact load of 5000 N produced by a custom-
built drop hammer. Impact loads were previously measured while
a surgeon reproduced the clinical procedure for ball placement on
a trunnion that was attached to a load cell. Assemblies were
attached to a uni-axial load frame (MTS, model 312.21, Minneap-
olis, MN) using a custom designed load fixture such that the axis
of the stem was oriented 40 deg off the vertical axis and line of
applied load (Fig. 1). A sinusoidal cyclic load (min¼ 280,
max¼ 2800 N) was applied to the femoral heads at a rate of 10 Hz
for 10� 106 cycles. The 2800 N load was chosen as the average
of the ISO 7206-4 (2300 N) and ASTM F1875 (3300 N) loads
[35,36]. The loading frequency was within the range prescribed
by ISO 7206-4 (1–30 Hz). All tests were conducted in phosphate
buffered saline at 37 �C. Relative motions of the stems and heads
were measured during fatigue loading using extensometers (Epsi-
lon Technology, Corp., Jackson, WY) placed on the superior and
inferior sides of the constructs.

Constructs were disassembled and the taper surfaces of the
stems were imaged using the digital mosaic method (DMM),
described in detail elsewhere [29]. Briefly, the taper surfaces were
sequentially imaged at high magnification along the circumferen-
tial and longitudinal directions (HIROX KH-7700, HIROX-USA,
Hackensack, NJ) (Fig. 2(a)). The high magnification images were
digitally stitched together using the open source imaging editor
GIMP (GNU Image Manipulation Program) to create Cartesian
representations of the stem taper surfaces (Fig. 2(b)). Unaffected
areas of the taper surface (areas of minimal nonvisible wear)
exhibited longitudinal light-to-dark banding caused by the varia-
tion in reflected light when imaging the curved surface of the
taper. Individual photographs are darker in the center and brighten
toward the edges (i.e., a circumferential brightness gradient),
resulting in axially oriented light-to-dark bands, with one band for
each photograph in the circumferential direction. In unaffected

areas of the taper, 40 distinct light-dark bands are visible, corre-
sponding to the 40 pictures taken around the circumference of the
taper. In damaged areas, fretting wear and corrosion disrupt sur-
face reflection and inhibit banding.

A discrete Fourier transform (DFT) technique was used to iden-
tify fretting wear areas in the stitched images. DMM images were
converted to grayscale, scaled to decrease image size, and
smoothed using a Gaussian filter (sigma¼ 4.0) (Fig. 3(a)). For
each pixel, a DFT identified the dominant frequency, fD, of the
grayscale image intensity (from 0 to 255) as a function of position
over a span of pixels ranging over 6250 pixels in the circumferen-
tial direction (Fig. 3(b)). The dominant frequency was then
assigned to the corresponding pixel and a frequency map was gen-
erated for the entire image (Fig. 3(c)). In unaffected areas where
wear is so minimal that it is nonvisible, the dominant frequency,
fD, corresponds to the number of pictures (40) per the number of
pixels (2200) in the circumference of the image (0.018¼ 40�
2200). In damaged areas, where the regular light-to-dark banding
is disrupted, the dominant frequency, fD, is measurably different
than this value. Binary images, indicating damaged or undamaged
surface, were created by assigning a damage threshold to the fre-
quency maps and subsequently assigning a greyscale intensity of
white to the undamaged and black to the damaged pixels
(Fig. 3(d)). A parametric study varied the Gaussian filter (smooths

Fig. 2 (a) After disassembly, the stem taper is imaged using
the DMM. Here, high magnification images are taken around the
circumference and length of the taper. (b) The images are digi-
tally stitched together to create a Cartesian map of the taper
surface. The imaging technique produces light-to-dark bands
running in the longitudinal (vertical) direction. Dashed arrows
indicate two sequential light bands. There are 40 bands in total,
one for each image in the circumferential (horizontal) direction.

Fig. 3 (a) DMM images are converted to grayscale, scaled, and
Gaussian filtered. (b) For each pixel in the image, the grayscale
image intensity (0–255) is measured for a range of 6250 pixels
in the circumferential direction. A discrete Fourier transform is
used to calculate the dominant frequency, fD, of the image
intensity response. Undamaged areas (left) have a dominant
frequency corresponding to the number of images per circum-
ference. Damaged areas (right) have a dominant frequency sig-
nificantly greater or less than this value. (c) A frequency map is
generated for the taper surface. (d) The map is thresholded to
create a binary image identifying the damaged (black) and
undamaged areas (white).
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image) from 0.5 to 6.0 and pixel span (range of discrete Fourier
transform) from 650 to 6500. Filter and span values of 4.0
and 6250, respectively, most consistently identified damaged and
undamaged areas.

Finite Element Analysis. Specimen-specific finite element
models (n¼ 10) were created using a previously validated finite
element framework [34]. Validation of micromotion was achieved
through direct comparison of modeled results to measured experi-
mental micromotions. Analyses were implicit and quasi-static
(Mechanical APDL, Release 19.0, ANSYS, Inc., Canonsburg,
PA). Stem geometries were approximated as a cylindrical post
ending in a male taper, and head geometries were approximated
as a cylindrical sleeve encompassing a female taper (Fig. 4). The
taper angles measured during bench testing were used to create
the specimen-specific model geometries. Volumes near contact
areas were meshed with second-order, reduced integration, hexa-
hedral elements to capture high stress gradients associated with
contact. Volumes away from contact areas were meshed with
first-order hexahedral elements to reduce computational cost.
Surface-to-surface contact was specified between stem and head
taper surfaces. Contact and target surface elements were placed
over the stem and head tapers, respectively. Single-node elements
were placed above and below the superior and inferior surfaces,
respectively, to replicate the extensometers. The extensometer ele-
ments were rigidly tied to the stem and head surfaces so distances
between them could be calculated throughout the load cycle in the
same way the extensometers measured the distance between the
rigid stem and head fixtures. The distal surface of the stem was
rigidly constrained in all degrees-of-freedom. Loads acted through
a pilot node located at the head center which was rigidly tied to
the proximal head surface. Loading was applied in two stages.
First, a 5000 N load was applied axially to mimic the impact load

and seat the head on the stem. Second, a sinusoidal load was
applied 40 deg off axis mimicking the bench test (min¼ 280,
max¼ 2800 N). The frictional contact between head and stem cre-
ates nonlinearity in the model, which may necessitate several load
cycles before achieving steady-state. A previous convergence
study of ten consecutive load cycles showed convergence of FWD
after one load cycle. Therefore, two load cycles were simulated
with all results taken from the second cycle. Element size was
determined through a previous mesh convergence study where the
output variables of contact pressure, micromotion, and FWD con-
verged to 3.0%, 2.3%, and 3.1%, respectively. Element size was
evaluated relative to meshes of twice the linear resolution and was
locally refined in regions of interest. Details of the convergence
studies are provided elsewhere [34]. Output variables at the con-
tact surfaces were contact pressure, P, and micromotion, M. These
were used to calculate the fretting work done (FWD¼ coefficient
of friction�P�M) of one gait cycle over the taper surface. Rela-
tive motions between head and stem were also calculated from the
distances between extensometer elements.

Material properties assigned to the stem and head were linear-
elastic and isotropic, based on the properties of CoCr alloy. A pre-
liminary parametric study investigating coefficient of friction and
elastic modulus determined that device modulus had the most
influence on micromotion between the head and stem. Elastic
modulus was determined through a calibration where it was varied
through a range of reported values [37–39]. Modulus was incre-
mented between 200 and 230 GPa until error was minimized
between modeled and measured extensometer distances. Cali-
brated elastic properties were E¼ 210 GPa and �¼ 0.3. Contact
between the stem and head was implemented with a linear, iso-
tropic, friction law. The coefficient of friction of CoCr on CoCr
was assigned to be 0.30 [40].

Fretting work done from the calibrated models (E¼ 210 GPa
and �¼ 0.3) was plotted on a Cartesian domain and initially had a
resolution corresponding to the finite element mesh (32 by 80 ele-
ments) (Fig. 5(a)). FWD maps were then discretized to have the
same pixel resolution as the bench test results (DFT damage
maps, �600 by 2200 pixels) (Fig. 5(b)). Binary images of mod-
eled fretting wear were produced by thresholding the FWD maps.
The threshold value was based on the average percent of damaged
area in DFT maps, 7.7% (Table 1). A critical level of FWD (J/m2)
was determined for each finite element model at the upper 7.7%
value of the FWD distribution. All areas having FWD greater than
this value were considered damaged. All areas having FWD less
than this value were considered undamaged (Fig. 5(c)). FWD
maps were registered to DFT maps by aligning the circumferential
(horizontal) orientation and then trimming the longitudinal (verti-
cal) dimensions to match. The binary FWD maps were compared
on a pixel-to-pixel basis to the bench test DFT damage maps. Pre-
dictive ability of the simulations was quantified as the amount of
DFT damage that was in the same pixel location as modeled FWD
damage. This agreement was quantified as both a percentage and
areal measure.

A paired Student’s t-test was used to test for differences
between measured and simulated displacements on the superior
and inferior surfaces with significance set at p� 0.05.

Results

The measured taper angles of the stems and heads along with
measured and predicted fretting wear are presented in Table 1.
Analysis of construct angular mismatch yielded eight of the ten
constructs with neutral to distal (positive) contact: specimens 1, 2,
3, 6, 7, 8, 9, and 10. The remaining two constructs had proximal
(negative) contact: specimens 4 and 5. Stem tapers had an average
imaged area of 570.7 mm2, as determined from DMM. The DFT
technique identified an average of 44.2 mm2 of damaged surface,
or 7.7% of the total taper surface. This value was used to threshold
fretting corrosion of the simulated FWD maps at the upper 7.7%

Fig. 4 Section view of the finite element model. Stem geome-
tries are approximated as a cylindrical post with male taper, and
head geometries are approximated as a cylindrical sleeve with
female taper. Single node elements replicated the extensome-
ters and load fixtures. These were rigidly tied to the stem and
head surfaces, and their relative displacements were tracked
throughout the load cycle.
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of each FWD distribution (Fig. 5(c)). The mean (6SD) FWD
threshold value across all models was 32.98 (624.38) J/m2.

Mean maximum extensometer displacements were 35.46 lm
(extension) and 37.60 lm (contraction) on the superior and infe-
rior sides of the construct, respectively (Fig. 6). Calibrating the
average simulated extensometer distances to measured average
distances produced a modulus for the stem and head of 210 GPa,
which was within the range of literature values [37–39]. Mean
simulated displacements were 34.04 lm and 38.24 lm for the
superior and inferior surfaces, respectively. Differences between
measured and simulated displacements on the superior surface
(p¼ 0.086) and inferior surface (p¼ 0.591) were not statistically
significant.

An example of the individual DFT and FWD binary damage
maps, and a combined map showing their regions of overlap, is
given in Fig. 7. Both DFT and FWD damage distributions were
dependent upon contact location. Constructs having neutral to dis-
tal contact exhibited a DFT map with damage wrapping around

Fig. 5 (a) Accumulated FWD over one load cycle was calcu-
lated using the pressure, P, and micromotion, M, data from the
FEA. (b) The FWD maps are rediscretized to have the same
dimensions and resolutions as the DFT damage maps. (c)
These Cartesian FWD maps are thresholded to create a binary
image for predicting the damaged (black) and undamaged areas
(white).

Table 1 Stem angle and head angle denote the measured taper angles of the stems and heads, respectively. Angular mismatch is
the difference between the stem and head angles, with positive and negative angular mismatches denoting distal and proximal
contact within the taper junctions, respectively. Total image area is the total stem taper surface area as measured by the DMM. DFT
area is the area of fretting wear and corrosion on the stem taper surface identified with the DFT technique (magnitude and percent-
age of total image area). FWD area is the area of fretting wear predicted by the finite element model (magnitude and percentage of
DFT area). DFT1FWD area is the common area overlayed by both DFT and FWD.

Specimen
Stem

angle (deg)
Head

angle (deg)
Angular

mismatch (deg)
Total image
area (mm2)

DFT
area (mm2)

DFT area
(% of total)

FWD
area (mm2)

FWD area
(% of DFT)

DFTþFWD
area (mm2)

1 5.5130 5.5110 0.0020 549.0 33.1 6.0 41.7 64.3 21.3
2 5.5220 5.5125 0.0095 548.7 47.1 8.6 42.0 35.7 16.8
3 5.5300 5.5135 0.0165 613.9 74.5 12.1 46.7 43.3 32.3
4 5.4085 5.5215 �0.1130 448.5 37.2 8.3 34.1 0.0 0.0
5 5.4025 5.5175 �0.1150 572.8 56.8 9.9 43.7 2.6 1.5
6 5.6595 5.5085 0.1510 570.0 29.0 5.1 43.4 49.1 14.2
7 5.6425 5.5065 0.1360 552.6 28.3 5.1 42.3 34.3 9.7
8 5.6645 5.5095 0.1550 568.2 9.2 1.6 43.5 18.1 1.7
9 5.5180 5.5140 0.0040 676.5 63.8 9.4 51.5 29.4 18.7
10 5.5135 5.5140 �0.0005 606.3 62.9 10.4 46.1 26.3 16.5

Mean 5.5374 5.5129 0.0246 570.7 44.2 7.7 43.5 30.3 13.3
Std. dev. 0.0887 0.0042 0.0926 55.3 19.2 3.0 4.2 18.9 9.7

Fig. 6 Relative maximum extensometer displacements
between stems and heads over a loading cycle (means and
standard deviations). Bench tests measured displacements
between rigid fixtures using extensometers. Finite element
models calculated displacements between single-node ele-
ments that replicated the fixtures and extensometers. Displace-
ments on the superior side are in extension (tension), and
displacements on the inferior side are in contraction (compres-
sion). Differences between measured and simulated displace-
ments on the superior surface (p 5 0.086) and inferior surface
(p 5 0.591) were not statistically significant.
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the circumference of the distal end with a concentration on the
inferior surface (Fig. 8). Proximally contacting specimens had
DFT damage concentrated in the center (longitudinally), and cen-
ter to superior surface (circumferentially). FWD damage distribu-
tion was also dependent upon contact location. FWD distributions
were concentrated on the inferior surface of the constructs with
the longitudinal position of the FWD concentration corresponding
to the contact location: distal concentration for neutral to distal
contact and proximal concentration for proximal contact.

The FWD maps generally predicted damage in the correct loca-
tions, with the FWD areas being spatially near the DFT damage
areas. Overlaying DFT and FWD area ranged from 0.0 to
32.3 mm2. The percentage of DFT area overlaying FWD area
ranged from 0.0 to 64.3%. On average, FWD area coincided with
30.3% of the DFT damage area (Table 1, Fig. 8). Predictive ability
was much higher for distally contacting constructs than for proxi-
mally contacting. Neutral to distal contacting models predicted an
average of 37.6% of the DFT damage. In contrast, specimens four
and five exhibited proximal contact, and their models predicted
0.0 and 2.6% of the DFT damage, respectively. In the proximally
contacting specimens, FWD maps overestimated the proximal
shift of the damage region and underestimated its shift to the supe-
rior surface (Fig. 2(b) illustrates proximal-distal and
superior–inferior orientation on the image maps).

Discussion

Experimental THA constructs were manufactured to quantify
fretting wear in the stem-head taper junction. An automated imag-
ing analysis technique was developed using discrete Fourier trans-
forms to identify damaged areas on the taper surfaces. Specimen
specific finite element models were generated using an existing
computational framework. On average, the simulations correctly
predicted 30.3% of the stem taper fretting wear area.

Imaging with DMM provided high-resolution pictures of the
stem taper surfaces. However, these images do not readily

distinguish between damaged and undamaged areas. Several
scales have been developed for classifying damage on taper surfa-
ces [12,28,30]. These scales facilitate standardized measures of
taper fretting wear across the community. However, identifying
regions of fretting wear or corrosion is often based on subjective
measures and is dependent on the analyst. As such, there is the
potential for bias and inconsistency. This study proposes an auto-
mated method for objectively identifying and quantifying dam-
aged and undamaged taper surface areas. The DFT technique uses
the periodic imaging process of the DMM to isolate damaged
surfaces. The conical shape and reflective surface of the stem
tapers produce photographs that are dark in the center and brighter
toward the left and right edges (i.e., a circumferential brightness
gradient). Stitching these photographs together produces axially
oriented light-to-dark bands, with one band for each photograph
in the circumferential direction. This local light-to-dark gradient
was a useful artifact of photography. Although it prevented identi-
fication of damage by a set grayscale threshold value, the fretting
wear disrupted the regular surface reflection and locally elimi-
nated axial banding. Therefore, circumferentially plotting the
grayscale intensity from DMM images revealed a consistent sinu-
soidal grayscale intensity in undamaged areas, and a disrupted
(i.e., irregular) response in damaged areas. Consequently, DFTs
were used to specify local frequency responses of the grayscale
intensity, which were then processed to identify damaged regions.
The DFT technique was able to identify fretting wear damage on
all ten specimens. With further validation, this technique may pro-
vide a robust way of automating the recognition of fretting wear
and corrosion on taper junctions.

Pixel-to-pixel comparisons were made between DFT and FWD
damage maps. DFT areas ranged from 9.2 to 74.5 mm2 with an
average of 44.2 mm2. FWD areas ranged from 34.1 to 51.5 mm2

with an average of 43.5 mm2. Qualitatively, FWD damage was
generally concentrated near DFT damage such that FWD damage
overlapped an average of 30.3% of the DFT damage. Magnitudes
of the overlapping areas ranged from 0.0 to 32.3 mm2 (corre-
sponding percentages of 0.0 to 64.3%), indicating some models
had much better predictive ability than others. This also shows
that in some instances, the majority of the simulated FWD area
does not overlap DFT identified damage. An average of 30.22
(68.24) mm2 of simulated FWD damage did not overlap with

Fig. 7 DFT damage map generated from DMM images is com-
pared to the FWD damage map determined using FEA. Both
maps are discretized to have the same resolution so that the
comparison can be made on a pixel-by-pixel basis. Areas of
damage identified with the DFT technique are green. Areas of
FWD damage determined from FEA are blue. The Overlay image
indicates common area in red, where the FWD map overlaps the
DFT map.

Fig. 8 Overlay images for all specimens. Areas of damage
identified with the DFT technique are green. Areas of FWD dam-
age determined from FEA are blue. Overlaying areas (common
to DFT and FWD) are red.
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observed DFT damage. This area represents incorrect damage pre-
dictions and highlights specificity as one of the biggest limitations
of the model. Although areas of simulated FWD were often near
DFT, the model’s specificity can be improved.

Agreement between imaged fretting wear (DFT) and modeled
FWD is influenced by the FWD threshold level. The continuous
FWD maps were thresholded to produce a binary image in order
to make a pixel-by-pixel comparison between imaged fretting
wear and modeled FWD. The finite element models result in a
continuous distribution of FWD over the taper surface. Selecting a
threshold value is analogous to identifying the critical level of
FWD, which correlates to physical fretting wear. The selected
threshold was based on the amount of taper area identified as dam-
aged with the DFT technique. The DFT technique calculated that
an average of 7.7% of the taper surface areas experienced fretting
wear. Using this average amount of experimental damage as a
guide, FWD maps were thresholded at the upper 7.7%, with all
FWD values greater than this threshold considered damaged, and
all FWD values less than this threshold considered undamaged.
The average FWD threshold level across all models was 32.98 J/
m2. The resulting amount of overlap between experiment (DFT)
and finite element model (FWD) could then be interpreted as the
level of model predictive ability. This method has limitations.
Specimen fretting wear area ranged from 1.6 to 12.1%, so using
the average 7.7% is an approximation. Increasing or decreasing
the threshold value would increase or decrease the amount of
FWD area, respectively. This could potentially make for increased
or decreased overlap with DFT area. Implementing a threshold at
a critical FWD value where fretting wear transitions from nonvisi-
ble to visible damage would be ideal. However, such a FWD
value is not known. As such, the threshold value was rooted in an
experimental observation, as opposed to an arbitrarily selected
FWD magnitude. Future work could investigate the influence of
threshold value on predictive ability as well as identification of a
critical level of FWD at which fretting wear transitions from non-
visible to visible.

Contact location also influenced simulated FWD. The models
predicted FWD distributions would shift from distal to proximal
with respective shift in contact location of the stem-head con-
structs. Despite this consistent response, predictive ability was
much higher for neutral and distally contacting specimens than
proximally contacting. The reasons for this discrepancy are not
clear, though it is likely attributable to the linear-elastic material
model. It is possible that proximally contacting specimens are pro-
ducing higher contact stresses due to the smaller contact area
associated with the narrow proximal end of the taper. This could
cause localized yielding, deformation, and fretting wear that the
linear-elastic model is incapable of simulating. As such, proxi-
mally contacting specimens may be undergoing more complex
fretting wear, leading to poor agreement between the proximally
contacting finite element models and experimental constructs.
Conversely, the greater contact area of the neutrally and distally
contacting specimens may be undergoing primarily elastic defor-
mation, leading to better agreement with the finite element model.
Other simulations exhibited similar results to this study [41–44].
These models had pressure and wear maps with comparable distri-
butions and concentrations to the present results. Like this investi-
gation, others used linear-elastic material models. Some
investigations also incorporated plasticity and/or simulated wear
so surface degradation could be quantified through simulated
fatigue loading. Also, like the present study, some simulations
showed initial stress concentrations occurring on the distal-
inferior surface of the taper. Wear was often concentrated on the
inferior aspect of the taper and would move proximally and dis-
tally with respective changes in contact between stem and head.
However, these models showed that stress and surface degradation
could evolve over the time of cyclic fatigue loading, significantly
affecting the location of fretting wear. Therefore, incorporating a
more advanced material model (such as one with yielding and
plasticity) may increase agreement with proximally contacting

specimens. Overall, the proposed finite element model provides
promising predictive ability for distally contacting tapers, and pro-
duces results that are consistent with similar FEA investigations.

This study has several limitations. The DFT technique devel-
oped here was effective in identifying damage on DMM images.
However, this may be unique to the specimens and laboratory
environment. Tapers had a reflective surface and a particular cur-
vature such that high magnification images produced a banded
effect when stitched together. Specimens made of other materials,
having different surface finishes, or imaged under different light-
ing conditions, may not exhibit the vertical banding and thus not
provide the periodic grayscale contrast needed for damage identi-
fication with DFTs. In its current form, the algorithm has only
been qualified for identifying damage on reflective metallic tapers.
Additional testing with different surface finishes and materials is
needed to determine the robustness of the DFT technique. Addi-
tionally, the measurement system associated with DMM image
acquisition is inconsistent. Image size measured via DMM ranged
from 448.5 to 676.5 mm2 despite nearly identical specimen geom-
etry. Future work should focus on refining the imaging algorithm.

An increased sample size would have also been beneficial. In
particular, an evenly distributed range of angular mismatches
(proximal to distal) may provide greater insight to improve the
predictive ability of the model, which would then increase our
understanding of in vivo performance. Currently, the model shows
the best predictions for neutral to distal contact, but it is not
known at what angular mismatch this predictive ability breaks
down. Additionally, a larger sample size would have allowed for
separate groups of calibration and validation constructs. The cur-
rent model has been calibrated (E¼ 210 GPa and �¼ 0.3) to the
ten constructs to minimize extensometer displacement error. How-
ever, the calibrated model was not validated with a separate set of
constructs. Therefore, the predictive ability of the model beyond
the calibration constructs is unknown. Future efforts should
include validating the predictive ability of the model on a separate
sample of constructs.

The material model and specimen geometry are also limited.
Materials were restricted to linear-elastic and isotropic behaviors.
Fretting wear and damage are complex phenomena involving
yielding, hardening, failure, material displacement/removal, and
corrosion. Moreover, the finite element model assumes stem and
head geometries are perfectly conical. Actual specimens will
exhibit some out-of-roundness as well as irregular surface topog-
raphy. The current model does not account for these factors.
Future work could quantify geometric deviation and potentially
correlate it to model predictive ability. Taken together, all these
simplifications are likely contributing to the model’s inability to
accurately predict damage in proximally contacting tapers.

This study demonstrates that linear-elastic properties produce
reasonable initial models to predict fretting in THA taper junc-
tions. Moreover, a quantitative metric was developed for compar-
ing experimental damage to modeled damage. This study serves
as a base for subsequent levels of hierarchical validation. Future
efforts should focus on progressive validation and improvement
of the model framework, such as sequentially incorporating addi-
tional material model complexities like yielding, hardening, and
surface evolution. Incrementally adding and validating individual
model parameters will ensure the greatest level of confidence.
Future models should also incorporate detailed surface topogra-
phy of the experimental constructs. Surface profilometry has been
used to characterize the roughness and deformation of the tapers.
Measuring wear depth and volume could also serve to strengthen
model validation. These data could be used to validate interfacial
coefficients of friction or a finite element model incorporating
plasticity or surface evolution.

Conclusion

Total hip arthroplasty constructs were cyclically loaded, thus
inducing fretting wear at the taper junction between stem and
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head. The stem taper surfaces were imaged using DMM and a
novel DFT technique was developed to identify damaged surface
area. Specimen-specific finite element models replicated the load-
ing scenario and predicted FWD on the taper surfaces. The results
demonstrate that:

(1) Identification of damage regions within a DMM image can
be automated through a DFT approach.

(2) FWD as calculated by FEA can be used to approximate
fretting wear in some metallic THA taper junctions, with
the current model being a potential first step in subsequent
hierarchical validation.

(3) Results were best for constructs exhibiting neutral to distal
taper contact, with proximal contact and other factors
requiring further investigation.

The DFT technique could be further developed by testing with
additional materials, laboratory conditions, and nonlinear material
behavior. With additional refinement, this approach may be useful
to device manufacturers by complimenting current methods of
estimating wear characteristics of THA constructs and to optimize
designs for reduced wear.
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