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Abstract

The aim of this study was to determine the effects of cyclic loading on the debond process of a
roughened stem— cement interface used in total hip arthroplasty. The specific goals were to assess
the effects of two surgeon-controlled variables (stem heating and degree of stem surface roughness)
and to determine if an independent finite element-based fracture mechanics model could be used to
predict the debond response. A clamped cantilever beam geometry was used to determine the fatigue
debond response of the stem— cement interface and was created using an experimental mold that
simulated in vivo cementing conditions. A second experiment was performed using a torsion-loading
model representative of the stem— cement—bone composite. For both experiments, two stem heating
(room temperature and 50°C) and surface roughness conditions (grit blasted: Ra = 2.3 and 5.1 um)
were used. Finally, a finite element model of the torsion experiment with provision for crack growth
was developed and compared with the experimental results. Results from both experiments revealed
that neither stem preheating nor use of a stem with a greater surface roughness had a marked effect
on the fatigue debond response. There was substantial variability in the debond response for all cases;
this may be due to microscopic gaps at the interface for all interface conditions. The debond rate
from the finite element simulation (10~7-31 m/cycle) had a magnitude similar to the experimental
torsion model (10~ (677 £1.25) m/cycle). This suggests that within the context of the experimental
conditions studied here that the debond response could be assessed using a linear elastic fracture
mechanics-type approach.
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INTRODUCTION

A primary cause of clinical loosening of cemented femoral components is the loss of fixation
at the stem—cement interface. In an attempt to prevent this loss of fixation, stem surfaces are
often roughened or precoated with cement to increase the bond strength of the interface.12
Rougher stem surfaces have the potential for greater mechanical interlock, thus increasing the
strength of the interface. Preheating of the femoral stem is also credited with increasing the
stem—cement bond3 because heating the stem causes polymerization to occur at the stem—
cement interface first. This process forces voids from polymerization shrinkage4 to form
further into the cement mantle and away from the interface,? resulting in a potentially stronger
interfacial bond.
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Clinical reports of loosening rates for roughened stem surfaces have been mixed with several
groups reporting poor outcomes®—8 while other groups find no clear difference between
roughened and smooth (satin or polished) stem surfaces.910 To date, extensive clinical data
does not exist with regards to loosening rates when stem preheating is used. Laboratory reports
on the effectiveness of preheating in terms of increasing bond strength of the stem-cement
interface have been inconsistent. lesaka et al.3 found that stem preheating improved the metal—
cement interfacial shear strength as determined by static and cyclic testing. They also reported
a reduced porosity at the stem—cement interface when cementing with a preheated femoral
stem. In contrast, while Wang et al.11 also found decreased porosity at the stem— cement
interface with stem preheating, they found no significant correlation between porosity and
static interfacial shear strength.

The modeling of debonding at interfaces has often been used in a finite element context where
the interface is typically assumed to be bonded or completely failed. 12 More recent efforts
have focused on use of a strength of materials approach to modeling interface failure relying
on static failure of the interface.13 Because of a paucity of data regarding the fatigue debond
response of the stem—cement interface, there have been limited modeling efforts to predict
fatigue failure at this interface. The two most convenrent approaches to modeling fatigue failure
are to use either a damage accumulation approach or a fatigue crack approach where the
finite element mesh is modified to directly model the debondrng process. 5 In this study, a
linear elastic fracture mechanics (LEFM) approach is used where a crack is introduced at
the interface and the interface debond energy is determined experimentally after the load is
applied to the specimen. The fatigue debond response is modeled using a Paris Law model,

which has previously been shown to be appropriate for debonding of the stem- cement
interface.1” The Paris Law parameters from the experiment are then used as input parameters
for finite element simulation of the debond process.

We conducted a series of experiments and computer simulations in order to gain a greater
understanding of the effects of cyclic loading on the debonding process at the roughened stem—
cement interface and to examine the effects of surface finish and femoral stem preheating on
the strength of this interface. First, a clamped cantilever beam experiment was utilized to
determine the energy required to debond the stem—cement interface under conditions of varied
stem temperature and stem surface roughness. Second, we investigated the debond response
of the stem—cement interface for a more realistic experiment using a cross section of a cemented
stem—cement construct under torsional loading. Finally, we applied the fatigue crack growth
response data (via Paris Law parameters) from the clamped cantilever beam experiment to
predict the debond response of the torsional-loading experiment using a finite element model
with provision for interface debonding. We hypothesized that (1) the resistance to interface
debonding would increase with use of a heated stem and high surface roughness, and (2) the
debond response determined by the experimental and computational torsional-loading models
would not be different.

MATERIALS AND METHODS

Clamped Cantilever Beam Experiment

A previously developed in vivo simulated mold Was used to create stem— cement composites
amenable to a clamped cantilever beam geometry 8 This mold was developed to provide
mechanical and thermal boundary conditions that mimicked the conditions present during
cementing of a femoral hip component. Cobalt chromium alloy (CoCr) stems consisted of a
central square bar and two half-rounds that were bonded to the central bar to create a generic
stem geometry [Figure 1(A)]. The bars were roughened with either 16 (average roughness, Ra
=5.1 um) or 60 (Ra = 2.3 um) grit aluminum oxide. Surface roughness was verified using a
surface pro-filometer (Mitutoyo Corp., Ckanagawa, Japan). The surface roughness values of
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16 and 60 grit were chosen to represent the range of commercially available grit-blasted surface
finishes.. An aluminum mold heated to 37°C was used to simulate the proximal femur. The
mold had surface asperities to represent trabecular bone and to allow for interlock between the
cement and cortical wall. PMMA cement (Simplex P, Stryker Orthopedics, Mahwah, NJ) was
mixed for 1 min under vacuum and the mold was filled in a retrograde fashion. Stems were
inserted either at room temperature (21°C) or at heated (50°C) conditions for 4 min from the
initiation of mixing. The mantle construct was removed from the mold after 24 h and stored
for 2 weeks in saline at 37°C. Cement in the half round regions was carefully machined and
the half-rounds were removed, resulting in a clamped cantilever beam geometry [Figure 1(B)].

Mechanical testing consisted of application of cyclic tensile loads using displacement-
controlled loading at 2 Hz for the first 1000 cycles followed by loading at 5 Hz for the remainder
of the experiment. The low loading rate early in the test was performed to capture rapid crack
growth rates. Applied load (AP), crack length (a), and number of loading cycles (N) were
sampled at prescribed intervals for data analysis. Crack length was monitored using a 45x
traveling microscope. Using an elasticity solution for the compliance of a clamped cantilever
beam,19 the cyclic debond energy (AG) was calculated using:

6ar? [ 2,

_ H*1+)
a¢ £8213\ 4
where E (2200 MPa) is the cement modulus, B (12.3 mm) is specimen depth, H (6.3 mm) is
specimen height, and v (0.3) is Poisson’s ratio. The fatigue response was plotted as fatigue
debond rate (da/dN) versus AG. A Paris Law model (da/dN = C(AG)m)16 was fit to these two
phases of the response, and the parameters “m” (log-slope) and “C” (log-intercept) were used
for statistical comparison. A total of 16 specimens were tested, with four specimens at each
grit (16 or 60)/heat (heated or room temperature) combination. All tests were conducted in 37°
C deionized water.

Following testing, the porosity at the cement surface that had debonded from the stem was
determined. Black modeling clay was spread into the pores to create contrast with the cement.
Specimens were imaged using a 2 mega-pixel camera attached to a dissecting microscope and
gap fraction was determined using Image J (Version 10.2).

Stem—Cement Torsion Experiment

An idealized stem cross-section was created to investigate the debond response of the stem—
cement interface when subjected to torsional loading (Figure 2). This model system was chosen
to represent one of the primary mechanisms of loosening of stems: the axial torsional-loading
component. Ten millimeter thick CoCr stem sections using a geometry with flat sides and
rounded ends were grit-blasted with either 16 (Ra=5.1 um) or 60 (Ra = 2.3 um) grit aluminum
oxide. Test specimens were created using an aluminum mold into which the cement was
introduced 4 min after the initiation of mixing.

For the heated stem case, the stem was heated to 50°C, while the outer aluminum mold ring
(representing bone) was warmed to 37°C. With this condition, polymerization started at the
stem and moved towards the mold ring. To simulate the room temperature stem case in terms
of the polymerization front, we chose to cool the stem to 4°C while maintaining the aluminum
mold ring at 37°C. This modification in protocol was done because of concern over influence
of the top and bottom plates in the curing process, which were in close proximity to the curing
cement mass because of the limited specimen height. The top and bottom mold plates were
maintained at 21°C and to insure that the polymerization front would start first at the mold
body and finish last at the stem surface, the stem was cooled below the 21°C level. In a
preliminary study, the morphology of the resulting stem—cement interface for the heated stem
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and modified room temperature stem case using this approach were compared with the
respective clamped cantilever beam cases to insure that they were similar.

After curing, the face of each specimen was sanded flat, and a small gap was introduced using
a jewelers saw (0.7-mm thickness); this served as a controlled precrack. The gap was included
to simulate the large gap regions that were found for grit-blasted stems in cadaver bones.20
The stem- cement specimens were epoxied into an aluminum fixture for mechanical loading.
Crack gages (Krak-Gage, Hartrun Corp., St. Augustine, FL) were aligned with the stem—
cement interface to monitor crack growth. Crack gages were not used in the clamped cantilever
beam experiment because the location of initial debond was often difficult to predict and the
debond length often extended far beyond the useable range of the crack gages (5 mm).

Mechanical testing consisted of cyclic torques (T = 7.38 N m over 10-mm specimen depth)
applied viaa moment arm using load control with an MTS machine (MTS Corp., Eden Prairie,
MN) at 5 Hz. This load level was chosen as an estimate of the torsional load that might be
transferred over a proximally grit-blasted region of a cemented stem. Here, we assume that all
the load was transferred across the grit-blasted region. With a typical 50-mm length grit-blasted
region, this would be equivalent to a torque of ~37 N m (0.738 N m/mm x 50 mm). This is
within the range of axial torques reported in instrumented hips 24-40.3 N m.21 Specimens
were tested in deionized water at 37°C to a maximum of 400,000 loading cycles. Saline was
not used due to concern over the confounding effect of fluid conductivity on the function of
the crack gage. Crack length (a) and number of loading cycles (N) were collected at regular
intervals. A total of 24 fatigue tests were conducted, with six specimens at each grit (16 or 60)
and heat (heated or cooled) condition.

Computational Methods

RESULTS

Aplainstrain, 2-D, finite element model (Figure 3) with provision for crack growth was created
to simulate the stem—cement torsion experiment. A plain strain finite element model was chosen
based on a preliminary calculation of specimen thickness needed to provide plane strain
conditions at the crack tip16 and was estimated to be on the order of 0.2 mm. Given that our
experimental specimen thickness was much larger than this (10 mm), it was determined that a
plane strain model could be used to capture the behavior at the crack tip. A LEFMm16 approach
was used to assess crack growth along the stem— cement interface. Linear, elastic six-and eight-
noded elements (651 elements, 1978 nodes after introduction of initial crack tip) were used for
the stem (E = 200 GPa), cement (E = 2.2 GPa), and surrounding aluminum ring (E = 70 GPa).
A couple was applied to achieve the same moment as was applied in the experiment using point
loads on the stem. Care was taken to apply these point loads such that the local stress field near
the crack tip was unaffected. This was not difficult because the stem was much more rigid than
the cement. The outer edge of the aluminum ring was constrained. A crack was introduced
along the stem— cement interface and propagated along the interface in several increments
using the finite element package FRANC (Cornell Fracture Group, Ithaca, NY). Cyclic debond
energy, AG, was determined as a function of crack length using the J-integral method along
the bimaterial interface.22 A Paris Law model was then used to predict debond growth rate
(da/dN) of the stem— cement torsion experiment with AG determined from the finite element
model and Paris Law constants taken from the independent clamped cantilever beam
experiment. Note that this model did not directly model surface roughness or cement porosity,
but simulated the debond response using the Paris Law constants from the experiments.

Observations of specimens from the clamped cantilever beam study revealed that voids tended
to form near the mold side of the cement for the heated stem specimens and near the stem side
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for the room temperature specimens (Figure 4). Cement porosity was negligible for the heated
stem specimens and (12 + 5.7)% for the room temperature stem specimens.

The fatigue loading regime for the clamped cantilever beams resulted in a wide range of crack
growth rates from 1072 to 109 m/cycle. The fatigue crack growth response (Figure 5) had two
main components: a Phase | response characterized by a rapid drop in the fatigue crack growth
rate, and a Phase Il response characterized by a more moderate decrease in debond rate. A
transition zone between phases occurred at ~10~°-10~8 m/cycle. There was substantial overlap
in the debond response for all test combinations (Table 1). ANOVA did not reveal any
significant difference in Paris Law parameters as a function of temperature or surface
roughness. Of note was the very large specimen-to-specimen variability for these test
specimens. Given the lack of strong relationship between debond response and stem surface
treatment, results from the 16 experiments were grouped to develop asingle Paris Law response
for the Phase | and Phase Il data. There was a significant difference (p < 0.001) between the
two phases for this grouped data.

For the stem— cement torsion experiment, the crack length (a) versus loading cycle (N) response
(Figure 6) was generally linear (r2 = 0.78 + 0.20) for the 24 test specimens. Thus, debond
growth rate (da/dN) was used to describe the debonding characteristics of the test specimens
(Table I1). Average cyclic debond rates were lowest for the heated/16 grit combination
(10748 m/cycle) and highest for the cooled/60 grit combination (107593 m/cycle). However,
neither surface finish (p = 0.11) nor stem temperature (p = 0.15) was found to be a significant
independent variable as tested using ANOVA. The debonding of the stem- cement interface
was again found to be highly variable for all grit/temperature combinations, reducing the
statistical power of the experiments.

Results from the finite element analysis of the stem—cement torsion experiment indicated that
the cyclic energy release rate was nearly constant (27.3 J/m?) over the region measured by the
crack gage (Figure 7). Using the Phase 11 Paris Law constants (C and m) from the clamped
cantilever beam tests, an average cyclic debond rate of 10~7-31 m/cycle was predicted for the
model of the stem— cement torsion experiment. This was similar to the experimental results
(10~ 6.77£1.25) m/cycle) determined for the stem— cement torsion specimens, indicating that
the LEFM model was able to predict the response found in the experiment using input data
from an independent experiment.

DISCUSSION

The results from both the clamped cantilever beam and stem—cement torsion experiments did
not support our initial hypothesis that the fatigue debond response of the roughened stem-
cement interface would be improved by preheating the stem and using a greater surface
roughness. The voids that were present macroscopically at the stem—cement interface for the
room temperature stems appear not to have an adverse affect on the fatigue debond response.
In an attempt to understand why this may be so, scanning electron microscopy (SEM) images
of the room temperature and heated stem-cement interfaces were obtained from specimens
that had not been fatigue tested. The SEM images (Figure 8) indicate that microscopic gaps
were present at the stem-cement interface in both heated and room temperature specimens.
These could be due to local shrinkage upon cement curing or from local air entrapment.
Nonetheless, the presence of these microscopic gaps may explain the lack of improvement in
fatigue debond response for cases when the stem was heated.

The results from the experiments/models support our second hypothesis that the debond
response of the torsion model could be predicted using an LEFM/finite element model with
fatigue debond data obtained from a completely different experiment. This suggests that within
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the context of the experimental conditions studied here that the debond response could be
assessed using an LEFM-type approach. Other interface conditions that result in a large
cohesive zone may not be amenable to this approach. One limitation of the torsion model/
experiment was the fact that a gap was artifi-cially introduced at the stem— cement interface
in the same location. As such, the experiment did not rely on the random gaps that have been
found to form over grit-blasted surfaces.20 In the future, naturally occurring random gaps could
be modeled directly, thereby allowing for determination of the debond response for a wide
variety of conditions. This could be done by using a very fine mesh around the stem- cement
interface, and randomly moving nodes away from the interface to create voids.

Preheating of the stem® has been proposed as a mechanism to decrease porosity at the stem-
cement interface. The approach used in the present study was able to control the polymerization
path and the location of pore development, consistent with previous work. However, the results
were not consistent with those of lesaka et al.3 who found an increased push-out strength with
preheating of the stem. The use of a push-out test may be more sensitive to the macro-porosity
of the interface because the rough stem surface must be pushed past asperities in the cement.
In contrast, the fracture mechanics approach here only relies on the local separation of the
interface, and failure occurs by the progressive debonding of the interface with little post-failure
contact. As loading across the interface is complex and varies with location and loading
condition, both failure conditions (with and without post debonding contact) are probably
important in determining the fate of the cemented implant.

To date, clinical results using preheated stems have not been reported; therefore, it is difficult
to determine if preheating the stem will reduce the loosening rates of cemented stems.
Preheating has other benefits such as reduced operating room time due to faster overall cement
polymerization23 and the reduction of local stress risers (pores) in the cement adjacent to the
stem. Therefore, even though substantial improvements from preheating of the grit-blasted
components was not found here, the use of the technique may have other benefits. One possible
limitation with preheating of the stem is the possibility of increasing the temperature at the
cement-bone interface, thereby increasing the risk of thermal necrosis. lesaka et al.3 have
measured an increased temperature of 6°C at the bone—cement interface. Whether this is
sufficient to cause damage in an in vivo environment where there is blood circulation is unclear.

When compared with smooth stems, roughening of the stem surface results in an increase in
debond strength.l'llv24 However, it appears that the debond strength can also depend to a
great extent on the fabrication method.18 Gap and pore formation is more likely to occur at
the stem-cement interface when using grit-blasted stems when compared with satin finished
stems.20 These gaps could serve as initiation sites for debonding; the torsion experiment
presented here was designed to simulate this effect. Of concern in the present study was the
wide variability in debond rates with these carefully fabricated and controlled experimental
specimens. This suggests that, in a clinical environment where cementing procedures are highly
variable, there may be wide variability in the integrity of the stem-cement interface when a
grit-blasted stem is used. From a clinical perspective, loss of fixation between a roughened
stem and cement may be particularly problematic because rough stems are thought to
potentially generate particulate debris that could induce an osteolytic effect resulting in bone
loss and loosening of the implant from the bone.2®

There are conflicting results in the current literature regarding the clinical effectiveness using
roughened stems in total hip arthroplasty. Several studies point to poor clinical outcomes when
grit-blasted stems were used with failure often described to include stem—-cement debonding,
bone-cement Iooseniné:], and focal osteolysis possibly due to debris generation from the
debonded rough stem. —8 However, there are several other studies in which failure rates were
the same for roughened and smooth stems where difference in surface finish was the only
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variable.910 These contradictions are most likely due to the fact that the failure process is
multifactorial and that the condition of the cement mantle including mantle thickness and
porosity, patient weight, stem geomety, and other surgical factors may all contribute to
whether an implant system fails. 292
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Top and side views of the in vivo simulated mold (A). The half-rounds are removed by careful
machining of the cement, resulting in a clamped cantilever beam specimen (B). All dimensions

are in millimeters.
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Experimental apparatus illustrating loading and crack length measurement for stem— cement
torsion model. The stem/cement specimens are created in a separate mold and epoxied into an
aluminum support ring. All dimensions are in millimeters.
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Figure 3.
Finite element mesh of stem— cement cross-sectional model. Inset shows crack tip rosette.
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Figure 4.

Void formation for heated and room temperature stems indicates that pores form near or on
the stem surface with a room temperature stem (right), while pores form near the mold body
for the heated stems (left).
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Debond extension rates for 16 and 60 grit surfaces using heated and room temperature stems
as determined from the clamp cantilever beam experiments.

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2007 October 22.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Damron et al.

Page 14

0.72
0.2 054 091

w

Debond Length (mm)

9
gt 0.98

0 T d
0 50000 150000 250000 350000 450000 550000 650000 750000

Number of Loading Cycles (N)

Figure 6.

Debond behavior from the stem— cement torsion experiment illustrating wide variability in
response. Data are shown here for the 16 grit case with warm stem. Numbers above lines
indicate linear regression fit (r?) values.
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Figure 7.
Cyclic energy release rates determined from the finite element analysis of the stem— cement
torsion experiment.
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Figure 8.

SEM images of room temperature and heated stem specimens, with the stem at the bottom and
cement at the top of the image. Small gaps (10-50 um in length) are evident at the stem—cement
interface in both cases (indicated by arrows).
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TABLE |

Paris Law Parameters (m and c) for the Clamped Cantilever Beam Fatigue Debond Experiment
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Stem Condition®

Paris Law Parameters Grit 16/ Grit 16/ Grit 60/ Grit 60/ Grouped
Heated Room Temperature Heated Room Temperature
m
Phase | 40.4 (17.6) 38.1(12.5) 48.3 (58.8) 37.7 (28.8) 41.1 (31.1)
Phase 11 4.65 (2.00) 6.35 (5.29) 3.40 (1.38) 4.40 (3.56) 4.70 (3.25)
Phase | ~74.0 (27.7) ~78.8 (25.2) —83.4 (92.9) —62.6 (33.5) ~74.7 (47.9)
Phase Il 107140 (237) 107191 (207) 107115 (2.25) 10°132(479) 1014562

Data are derived using (AG) (J/mz) and da/dN (m/cycle).

a\/alues in parentheses indicate standard deviation.
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TABLE Il
Cyclic Debond Rate (da/dN, m/cycle) as Functions of Surface Roughness and Stem Temperature for the Stem—
Cement Torsion Experiment

Heated Stem Cooled Stem
16 grit (~7.48 +1.29) 0(-6:87+0.95)
60 grit 10(679%111) 10(593£137)
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