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Abstract
Recently, experiments have been performed to determine the micromechanical behavior of the
cement-bone interface under tension-compression loading conditions. These experiments were
simulated using finite element analysis (FEA) to test whether the micromechanical response of the
cement-bone interface could be captured in micro-models. Cement-bone interface models were
created of experimental specimens based upon micro-computed tomography data, including the
complex interdigitated bone-cement morphology and simulated frictional contact at the interface.
The models were subjected to a fully reversible tension-compression load, mimicking the
experimental protocol. Similar to what was found experimentally, the simulated interface was stiffer
in compression than in tension and the majority of displacement localized to the cement-bone
interface. There was a weak correlation between the FEA predicted stiffness and the stiffness found
experimentally, with average errors of 8.3 and 29.8% in tension and compression, respectively. The
hysteresis behavior found experimentally was partially reproduced in the simulation by including
friction at the cement-bone interface. Furthermore, stress analysis suggested that cement was more
at risk of fatigue failure than bone, concurring with the experimental observation that more cracks
were formed in the cement than in the bone. The current study provides information that may help
to better understand the load transfer mechanisms taking place at the cement-bone interface.
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INTRODUCTION
Finite element analysis (FEA) is a valuable tool for investigation of the mechanical behavior
of total hip arthroplasty. One of its main advantages is the ability to isolate clinical variables
and study their effect on the mechanical behavior of reconstructions in a highly controlled
manner. In the past, FEA has been used to analyze various aspects of total hip arthroplasty,
such as implant migration,1,2 the effect of implant design and material on long-term mechanical
survival,3–5 debonding of the implant-cement interface6,7 and micro-motions at the implant-
bone interface.8,9
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The fidelity of FEA studies depends on the accuracy and completeness of the experimental and
clinical data that is used as input for the models. Much data is already available on the
mechanical properties and behavior of implants, bone cement,10,11 the implant-cement
interface12,13 and bone.14–16 Research on the cement-bone interface, however, has mainly
been focused on the strength of the interface at an apparent level,17–23 while relatively little is
known about the multifaceted micromechanical behavior of the interface.

The cement-bone interface consists of complex structures of cement penetrating into the
cortical bone structure and filling up inter-trabecular marrow spaces, thereby creating a highly
variable interlock between bulk cement and bone. The cement-bone interface provides the
fixation of the cement mantle in the femur. Hence, the stability of the cement mantle and the
implant is directly dependent on the mechanical behavior of the cement-bone interface.

Recently, experiments have been performed to determine the micromechanical behavior of the
cement-bone interface.24 Small laboratory cement-bone specimens containing that
interdigitated cement-bone interface were loaded in fully reversible tension-compression,
while monitoring the local micromotion of the cement, bone and the cement-bone interface.
The results showed that the majority of the displacement response localized at the cement-bone
interface region. The cement-bone interface had a relatively low stiffness compared to that of
the adjacent bone and cement, and the interface was more compliant in tension than in
compression. Substantial hysteresis occurred during one tension-compression cycle. Upon
failure loading, more cracks were found in the cement than in the bone, indicating that the
cement is the weaker material at the cement-bone interface.

The goal of the present study was to assess whether realistic FEA simulations of cement-bone
interface experiments could be performed in an effort to understand the micromechanics of
this interface more thoroughly. For this purpose, FEA models were created based on micro
computed tomography (μCT) data of the actual experimental specimens. These models
included the complex interdigitated bone-cement morphology, with simulated frictional
contact at the interface. We investigated the following hypotheses using μFEA models of the
cement-bone structures containing the interdigitated cement-bone interface: (1) μFEA models
can produce a cement-bone interface stiffness that is similar to experimental observations in
both tension and compression loading; (2) Deformations of μFEA models will localize to the
cement-bone interface while the cement and bone will have a limited contribution to global
deformation; (3) Including friction at the cement-bone interface will result in a hysteresis
behavior similar to the experimental findings; (4) The quantity of cement at risk of fatigue
failure is greater than that of bone.

METHODS
Experimental Methods

The experimental protocol will be briefly reviewed since it served as a basis for the FEA
simulations performed here. Ten cement-bone interface specimens were prepared from in vitro
cemented total hip arthroplasties in fresh-frozen proximal femurs (six femurs, mean age 74, 4
male).24 The reconstructions were prepared using third generation cementing techniques.
Following cement cure, specimens containing the cement-bone interface were sectioned from
the reconstructions (10x10x5 mm) and were scanned at an isotropic resolution of 12 µm
(Scanco μCT 40, Scanco Medical AG, Basserdorf, Switzerland). The specimens were cut from
various parts of the reconstruction (2 medial, 2 lateral, 3 anterior, 3 posterior), at different levels
of the reconstruction (ranging from 40 to 110 mm below resection level).

The specimens were loaded for 10 cycles of fully reversible tension and compression, with a
displacement amplitude of 10 µm based on grip-to-grip displacement. The applied stress and
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local deformations were measured during the tenth cycle. The local deformations were
measured using digital image correlation (DIC) techniques.24 For each specimen twelve
sampling points were taken: three columns of four sampling points located in the bone (two
points) and the cement (two points) (Figure 1a). The experimental sampling points were chosen
immediately adjacent to the interface and in the bulk of the cement and bone. Due to the large
intra- and inter-sample variability, it was not possible to use equidistant sampling points,
particularly in case of the contact interface. By tracking the displacements of these points, the
deformation of the bone, cement and the cement-bone interface could be calculated separately.
The results of the three columns were averaged to establish the 'global' deformations of the
bone, cement and interface.

Stress-displacement curves were generated from which the stiffness of the cement, bone and
cement-bone interface in tension and compression were calculated, as well as the relative
motion of the bone, cement and cement-bone interface. Finally, the hysteresis during one
tension-compression cycle was determined, expressed as the horizontal span of the stress-
displacement curve as it crossed the x-axis.

Finite Element Model
FEA models of the cement and bone were created based upon μCT data of the ten experimental
specimens (Figure 1b) using image processing and solid modeling software (Mimics 11.1,
Materialise, Leuven, Belgium). Segmentation of the μCT data was performed based on the
local grayscale, which ranged from −1,000 to 3,071 (cement −100 to 999, bone 1,000 to 3,071).
Gaps in the segmented data (due to high grayscale BaSO4 in the cement or cavities in the bone)
were filled manually. Region growing operations were performed on the cement and bone to
exclude small particles that were not connected to the bulk cement or bone. After a Boolean
subtraction operation between cement and bone to prevent initial mesh penetration, a one-voxel
(12 µm) erosion operation was performed on the cement to prevent mesh penetration during
the subsequent remeshing procedure. Triangular surface meshes were created for the bone and
cement objects using a 6×6×6 voxel interpolation (based on the original μCT data set) to limit
the number of elements to a reasonable level for analysis. This entailed that the triangular
surfaces were based on outer contours that were interpolated over six voxels in the transversal
and longitudinal direction. During surface meshing, one iteration of smoothing was applied
with a smooth factor of 0.5. The surface meshes were further remeshed to adjust elements with
poor aspect ratios and further reduce the number of triangular elements (split-based remeshing,
2 iterations, min. edge length 7.5 µm, max. edge length 1.0 mm, max. geometrical error 15
µm). The meshes were then exported to an FEA pre-processor for solid modeling (Patran
2005r2, MSC Software Corporation, Santa Ana, CA, USA). The resulting models (cement +
bone) consisted on average of approximately 300,000 tetrahedral elements and 71,000 nodal
points (Figure 1c). All models were aligned with the experimental orientation based on digital
images that were taken for the DIC-measurements during the experiments.

The bone and cement were considered to be linear elastic materials. The bone material
properties were assigned based upon the μCT grayscale values. The elements were mapped
back to the original μCT-data set, after which the weighted average of the grayscale was
calculated for each element (Mimics11.1, Materialise, Leuven, Belgium). The element
grayscale values were converted to equivalent HA-densities by means of a calibration phantom.
Subsequently, a linear relationship between the HA-density and the Young's modulus was
assumed,25 resulting in bone stiffness values ranging from 0.1 to 20,000 MPa (ν=0.3). The
cement was assumed to have constant material properties (E=3,000 MPa; ν=0.3).

Contact between the cement and bone was modeled using a double-sided node-to-surface
contact algorithm (MSC.Marc2007, MSC Software Corporation, Santa Ana, CA, USA).
Contact between the cement and bone was assumed to be debonded from the start of the
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simulation, meaning that tensile loads could only be transferred over the interface by means
of an interlock of the cement and bone, rather than by a gluing capacity of the cement. Friction
at the interface was modeled using a bilinear Coulomb friction model, assuming a friction
coefficient of 0.3.

Quantifying the Interface Gap and Assessment of Mesh Accuracy
The gap at the interface between the cement and bone was quantified for the original segmented
μCT data and the tetrahedral FEA models. A stereology approach was used in which the gap
between the cement and bone was measured at 32 equidistant (1.0 mm spacing) locations over
the surface of the interface for each specimen. The gap was measured using image processing
software (Mimics 11.1, Materialise, Leuven, Belgium) with a resolution of 10 microns. A
scatter plot was created for the μCT and FEA data to allow comparison between the nature of
the gap distributions measured and simulated at the interface. The difference between the μCT
and FEA gap measurements on a point-by-point basis was used to determine the error in the
mesh generation procedure.

Model Loading
The models were loaded for a cycle of fully reversible tension and compression, mimicking
the experimental protocol. During the simulation, the distal end of the cement was fixed in all
directions, while the proximal end of the bone was displaced in the longitudinal direction
(Figure 1c). The displacements were applied to a node rigidly linked to all nodes of the proximal
bone surface. This restricted tilting of the bone, while allowing for displacement in the
transversal directions. The experimental results indicated that during tension-compression
loading of the specimens slip had occurred at the grips. We therefore decided to load the
specimens based on the applied apparent stress levels, rather than to apply a displacement
amplitude of 10 µm. Thus, the proximal end of the bone was displaced with incremental steps
of 1.0 µm until the maximal levels of tension and compression measured during the experiment
were reached.

Stress-displacement curves were calculated by mimicking the experimental DIC-
measurements. The twelve sampling points (Figure 1a) were reproduced in the FEA models
to calculate the deformations of the bone, cement and the cement-bone interface. To allow for
settling of the contact algorithm, the first part of the loading curve (from zero to full tension)
was ignored. The subsequent full tension-compression cycle was used for analysis of the
results.

From the calculated stress-displacement curves, the stiffness of the cement-bone interface in
tension and compression were calculated, as well as the relative motion of the bone, cement
and cement-bone interface and the horizontal span of the curve. We furthermore investigated
whether there was a correlation between the contact area and the stiffness in tension and
compression. The contact area was calculated previously from μCT data of the specimens.24

The stress distributions in the bone and cement were calculated at maximum tension and
compression loading state. The stress distributions were normalized and expressed in terms of
the applied apparent stress level. Additionally, the volumes of bone and cement at risk for
fatigue failure were calculated. As a fatigue limit for bone and cement, the stress level was
taken at which failure would occur after 1.0 million loading cycles (10 and 60 MPa for cement
and bone, respectively).11,26

RESULTS
The correlation plot showed a similar pattern for the μCT and FEA mesh stereology
measurements of gap distribution at the cement-bone interface (Figure 2). The FEA mesh
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tended to underestimate the amount of the interface in direct contact (0 micron gap) when
compared to the μCT (7.1% vs. 27.8% of all measurements). However, both had similar
distributions (33.7% FEA mesh vs. 36.8% μCT) with gaps less than or equal to the scanner
resolution (12 microns). The difference between the FEA and μCT interfacial gap was not
normally distributed (Kolmogorov-Smirnov normality test). Results are therefore presented by
the median and first and third quartile values. The median error was zero microns with first
and third quartile errors of −10 microns and 20 microns, respectively. The range of errors was
from −60 to 110 microns, but these were outliers in the data. In point-by-point comparison,
61% of all measurements differed by less than 10 microns for the μCT when compared to the
FEA mesh.

The stress-displacement curves predicted by the FEA simulations were similar to those found
experimentally (Figure 3). In most cases there was a horizontal shift of the experimental and
computational curves with respect to the zero point, caused by settling of the contact algorithm
in the FEA models and by running-in phenomena during the first nine cycles of the
experimental specimens.

Consistent with the experimental findings, the predicted FEA stiffness of the interface was
higher in compression than in tension, although the FEA tension/compression ratio was
somewhat higher than found experimentally (Table 1). There was a weak positive correlation
between the stiffness in tension and compression predicted by the FEA simulations and the
experimental stiffness (r2 = 0.37, Table 2). The average error between the computational and
experimental stiffness was 8.3% and 29.8% in tension and compression, respectively. FEA
models in which the stiffness in compression did not correlate well with the experimental
stiffness did not automatically also have a weak correlation in tension, and vice versa. There
was a weak correlation between the FEA predicted stiffness in tension and compression and
the contact area of the specimens (r2 = 0.29 and r2 = 0.16, respectively; Table 2), which was
similar to the experimental findings (r2 = 0.21 and r2 = 0.21 for experimentally measured
tension and compression, respectively).

The experimental results showed that both in tension and compression the majority of the
deformation (more than 80%) took place at the cement-bone interface (Table 2). Similar
interface deformations were predicted by the FEA simulations (Table 2). In the experiments
the bone deformed more than the cement, both in compression and tension, while in the FEA
models the cement deformed more than the bone (Figure 4).

Similar to the experiment, the FEA models predicted a horizontal span in the stress-
displacement curve (Figure 3). The frictional phenomena simulated at the cement-bone
interface of the FEA models tended, however, to underestimate the horizontal span that was
found experimentally (Table 1).

Highly stressed areas of the cement and bone indicated regions at the interface where loads
were transferred between the cement and bone (Figure 5). At the maximum tension loading
state, the maximum principal stress was higher than the applied stress level in 70% of the bone
volume and in 63% of the cement volume (Figure 6). At maximum compression state, the
minimal principal stress was greater than the applied stress level in 71% of the bone and in
66% of the cement. On average, only 0.01% of the total bone was at risk of fatigue failure,
against 0.85% of the cement. Some parts of the models were loaded up to more than 10 times
the apparent stress level.

DISCUSSION
FEA models of the cement-bone interface using μCT-based morphology with a frictional
interface cement and bone led to a structural response that was similar to those found
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experimentally. Consistent with the experimental findings, the simulated interface stiffness
was higher in compression than in tension. There remains, however, room for improvement
relative to the correlation between the simulated and experimental stiffness values.

Since we assumed in our models that the cement-bone interface was unbonded, one could argue
that the weak correlation between the computational and experimental stiffness values is caused
by the fact that cement-bone adhesion was not included in the simulations. Results of a
preliminary study with multiple bone-cement interface models showed, however, that when
glued contact was assumed at the interface, the stiffness both in tension and compression are
overestimated by more than a factor of two.27 Furthermore, other authors previously reported
that PMMA has limited adhesive properties to bone.28,29 Considering the presence of fluids
in the bone (blood, fat, marrow) at the time of cement insertion, the assumption that cement
does not adhere to the bone is very plausible.

Friction at the interface was modeled with a coefficient of 0.3. In a separate parametric study
we varied the friction coefficient and investigated its effect on the stiffness and span predicted
by the models.27 The results of that study indicated that a lower coefficient led to a stiffness
reduction and an increased span. Increasing the friction coefficient had the opposite effect. The
friction coefficient chosen for the current study matched the experimental values the closest.

The results of the FEA simulations showed that the majority (more than 80%) of the
deformation took place at the interface between the cement and bone, both in tension and
compression, which was similar to the experimental findings. This implies that current
macroscopic FEA models of cemented total hip reconstructions with a fully bonded cement-
bone interface may substantially underestimate the actual local deformations and,
subsequently, the stability of the reconstruction. This could be corrected for by interpositioning
relatively flexible elements (more flexible in tension than under compression) at the cement-
bone interface.

In the current study we focused on the micromechanical behavior of the cement-bone interface
under tension-compression loads. The actual in vivo loading conditions are generally more
complicated than those studied here, consisting of combinations of tension/compression and
shear loads. Currently, experiments are being performed in which the shear behavior of the
interface is investigated, as well as the fatigue behavior of the interface. Data from such
experiments provide information that can be used to further develop micromechanical FEA
models such as presented in the current study.

The simulations predicted more deformation of the cement than bone, while opposite results
were found in the experiments. However, the experimental deformations of the cement and
bone were relatively small (majority smaller than 1.0 µm), compared to the accuracy of the
DIC system used for the measurements (0.395 µm).24 In addition, the cement was assumed to
be homogeneous in the FEA models, while in the experiments local artifacts such as the
presence of high-stiffness barium sulfate particles may have affected the DIC surface
measurements.

The μFEA models underestimated the hysteresis that was noticed in the experimental tension-
compression curves. Besides frictional phenomena at the sliding cement-bone interface, other
phenomena such as viscoelastic behavior or fluid flow at the interface may have been
responsible for this behavior in the experiments. Since in the current study linear elastic
isotropic material properties were assigned to the cement and bone, the FEA models were
unable to capture viscoelastic material behavior that may have occurred in the experiments,
which may explain the underestimation of the hysteresis in the current models.
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The additional value of FEA with respect to experimental testing is the ability to evaluate
internal stresses in the bone and cement. The current results showed that the stress levels in
the majority of the bone and cement adjacent to the interface were higher than the applied stress
level, both in tension and compression. This difference between the apparent and local stress
levels has previously been demonstrated in microstructural FEA models of trabecular bone.
30,31 Our results furthermore showed that more cement than bone was at risk of fatigue failure.
This is consistent with the experiments, in which after destructive testing of the interface
specimens more cracks were found in the cement than in the bone.24 This can be explained by
the fact that the differences between the bone and cement stresses was relatively small, while
bone has a higher fatigue strength and ultimate tensile and compressive strength than bone
cement.10,11,25,26

The FEA models were relatively successful in recreating the geometry of the interface between
cement and bone, but were ultimately limited by the resolution of the CT scanner and
geometrical errors generated by the remeshing process. The geometrical errors were generally
within one voxel error between the FEA meshes and the segmented μCT data. To assess the
relative contributions of interface contact, interlock morphology, and gap width at the cement-
bone interface to interface stiffness, a regression model of the original set of experimental
data24 was performed. Both contact fraction (p<0.0001) and interlock morphology (p=0.0003)
contributed to prediction of the interface tensile stiffness (r2=0.67, p=0.0003). The width of
the cement-bone gap did not contribute to the regression model (p=0.60). Also in our FEA
models the interfacial gaps correlated poorly with the calculated span (r2=0.0018, p=0.0010)
and tensile stiffness (r2=0.022, p=0.0008). This suggests that the magnitude of the gaps has a
negligible effect on the actual mechanical behavior of the interface. Thus, it appears the
interface micromechanics are dominated by the local morphology such as the interface contact
and interlock morphology. This is reasonable because the micromechanical behavior may be
more dependent on locations where no gaps (or only small gaps) are present, since at these
points load transfer occurs earlier in the loading history than at points that have yet to come in
contact.

In the current study we used a linear relationship between the bone density and the Young's
modulus.25 Other authors previously used power laws relating the bone density to a certain
Young's modulus in case of CT-data,32–34 or a constant tissue modulus in case of μCT data,
35,36 based upon the assumption that the μCT resolution is high enough to capture the trabecular
structures that would otherwise appear as lower grayscale on normal CT scans. We performed
initial analyses with models in which we varied the way of assigning bone material properties,
applying a constant bone modulus and various linear and power laws. The results of that study
showed that the applied material law had only a minor effect on the current outcome measures,
most likely due to the relatively high resolution of our CT-data and due to the relatively large
effect of the contact interface mechanics.

Previous FEA models of interfaces in total hip arthroplasty have been focused on debonding
processes of the stem-cement interface6,7 and their effects on implant micromotions and
cement failure.37,38 Furthermore, research has been conducted on the micromotions and
osseointegration of the implant-bone interface in case of uncemented implants.9,39,40 The
current study provides information that may help to better understand the load transfer
mechanisms taking place at the cement-bone interface.

In summary, the general micromechanical response of the cement-bone interface was
reproduced, using only a frictional contact at the interface. This suggests that the cement-bone
interface should be regarded as mechanically unbonded. It therefore seems that the initial, post-
surgery bond between cement and bone, is purely generated by the interlock rather than by a
gluing capacity of bone cement to bone. This emphasizes the importance of obtaining a good
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mechanical cement-bone interlock during total joint surgery, for instance by using pulse lavage
of the intramedullary canal prior to implantation, pressurization of the cement after stem
insertion, and possibly adding anchoring holes.

Returning to our original hypotheses, it was determined that (1) μFEA models of the cement-
bone interface were able to reproduce stiffness values similar to experimental observations,
although there is room for improvement, (2) the majority of the deformation took place at the
cement-bone interface while the cement and bone had a limited contribution to the global
deformation; (3) by including friction at the cement-bone interface, hysteresis behavior as seen
experimentally could partly be simulated; (4) more cement than bone was at risk of fatigue
failure.
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Figure 1.
a) Image of an experimental specimen in which 12 DIC sampling points are indicated b) μCT
slice and c) an FEA model of the cement-bone interface specimen. The boundary conditions
as indicated are simplified with respect to the actual applied conditions.
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Figure 2.
Bubble plot for measurement of gaps at the cement-bone interface from μCT scan data and
FEA mesh. Bubble size is proportional to the number of measurements. Data are based on 32
sampling points per specimen using a stereology approach.
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Figure 3.
Experimental and computational force-displacement at the contact interface of a single
specimen. The arrows indicate the loading direction. For illustrative purposes, the experimental
and computational curves have been shifted to make them pass the point of zero stress and
displacement.
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Figure 4.
Experimental versus FEA predicted deformation of the bulk cement and bone. The
deformations are expressed relative to the total deformation of the cement-bone interface
specimens.

Janssen et al. Page 14

J Orthop Res. Author manuscript; available in PMC 2010 January 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Maximal principal stress distribution in an FEA model with little (left) and a lot of
interdigitation (right), under maximal tension load. The enlargements show bone and cement
structures that experienced high stress levels, indicating that these structures contributed to
load transfer over the cement-bone interface.
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Figure 6.
Stress distribution in the bone and cement during maximum tension (top) and compression
(bottom). The error bars indicate the standard deviation of the data for each stress level.
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Table 1

Comparison of experimental and computational (FEA) compression/tension stiffness ratio, stress-displacement
span, and relative deformation of cement-bone contact as percentage of the total deformation. Mean and standard
deviation values are shown for the 10 specimens.

Test Parameter Experiments FEA

Compression/tension stiffness ratio [−] (S.D.) 1.35 (0.12) 1.66 (0.39)

Span [µm] (S.D.) 2.52 (1.36) 1.66 (1.44)

Relative deformation in Tension [% of total] (S.D.) 88.8 (8.7) 88.2 (12.2)

Relative deformation in Compression [% of total] (S.D.) 87.3 (10.3) 81.9 (14.9)
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