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Abstract

The cement-bone interface provides fixation for the cement mantle within the bone. The cement-
bone interface is affected by fatigue loading in terms of fatigue damage, or micro cracks, and
creep, both mostly in the cement. This study investigates how fatigue damage and cement creep
separately affect the mechanical response of the cement-bone interface at various load levels in
terms of plastic displacement and crack formation. Two FEA models were created, which were
based on micro-computed tomography data of two physical cement-bone interface specimens.
These models were subjected to tensile fatigue loads with four different magnitudes. Three
deformation modes of the cement were considered; ‘only creep’, ‘only damage’ or ‘creep and
damage’. The interfacial plastic deformation, the crack reduction as a result of creep and the
interfacial stresses in the bone were monitored. The results demonstrate that, although some
models failed early, the majority of plastic displacement was caused by fatigue damage, rather
than cement creep. However, cement creep does decrease the crack formation in the cement up to
20%. Finally, while cement creep hardly influences the stress levels in the bone, fatigue damage of
the cement considerably increases the stress levels in the bone. We conclude that at low load
levels the plastic displacement is mainly caused by creep. At moderate to high load levels,
however, the plastic displacement is dominated by fatigue damage and is hardly affected by creep,
although creep reduced the number of cracks in moderate to high load region.
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1. INTRODUCTION

The cement-bone interface provides fixation for cemented implants within bone. The
interface is formed during polymethymethacrylate (PMMA) cement injection, when the
cement is pressurized into the bone cavities. This results in a highly variable interlock
between the bone and cement with a complex morphology and mechanical properties (Wang
etal., 2010; Mann et al., 2008; Maher and McCormack, 1999). Experiments with cement-
bone interface specimens have shown that the interface degrades over time by fatigue
loading (Yang et al., 2010; Mann et al., 2009; Waanders et al., 2009; Kim et al., 2004a).
Under the influence of dynamic loading, creep and fatigue damage occurs in the cement and
bone, causing a reduced stiffness and increased motion at the interface. Furthermore,
experiments have shown that creep and fatigue cracking at the cement-bone interface occur
mainly in the cement, rather than in the bone (Yang et al., 2010; Mann et al., 2009;
Waanders et al., 2009; Kim et al., 2004b).

Studies on the creep behaviour of PMMA bulk cement have indicated that creep effectively
attenuates stress peaks in the cement mantle (Verdonschot and Huiskes, 1997; Lu and
McKellop, 1997; Norman et al., 2001), which reduces fatigue cracking of the cement. Since
it is experimentally impossible to delineate how creep and fatigue damage interact at the
cement-bone interface it is unknown which one affects the interface integrity the most.
Finite Element Analysis (FEA) make this possible, but numerical studies in which fatigue
failure of the cement-bone interface was investigated have not studied the relatively
contribution of creep and fatigue damage (Perez and Palacios, 2010; Waanders et al., 2009).

In the current study, we assessed the relative effect of creep and fatigue in micromechanical
FEA-models of cement-bone interface specimens and tried to answer the following
questions: (1) How do cement creep and cement fatigue damage independently affect the
micromechanical response of the cement-bone interface at various load levels, and how do
these two phenomena interact in a combined model?; (2) Does cement creep influence
fatigue crack formation in the cement? (3) How do cement creep, cement fatigue damage or
a combination of both affect the stress levels in the bone?

2. METHODS

Two rectangular-prism shaped FEA-models (~8x4x8mm?3) were created using micro-CT
scans (12um isotropic resolution) of two physical cement-bone interface specimens that
were sectioned from laboratory-prepared cemented total hip replacements (Waanders et al.,
2009). Each model comprised two components, bone and cement (Figure 1), and the two
models had substantial differences regarding bone morphology. The bone model comprised
the bony tissue of the cement-bone interface, the interfacial gaps and lacunar spaces. A
voxel mesh of the bone model was automatically created by segmentation of the micro-CT
data using MIMICS 11.0 (Materialise, Leuven, Belgium), based on the image grey scales,
which ranged from —1,000 to 3,071 (bone 1,000 to 3,071; gaps —1,000 to 100) (Janssen et
al., 2009). Grooves that were not selected during the first segmentation were segmented
manually. Next, a triangular surface mesh was generated from the voxel mesh using a 6x6x6
voxel reduction with smoothing (Leung et al., 2008). The smoothed meshes were assessed
on their accuracy in which deficiencies were solved manually. The surface mesh was
subsequently converted to a tetrahedral 3D solid mesh (PATRAN 2005r2, MSC Software
Corporation, Santa Ana, CA, USA) and mapped back into the micro-CT data, after which
the weighted average of the grey scale was calculated for each element. Subsequently, an
erosion algorithm was applied to the solid mesh to model the interfacial gaps between the
bone and the cement (Waanders et al., 2009). The morphology of the cement was based on
the non-eroded mesh of the bone.
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The contact interface between the bone and cement was assumed to be unbonded
(Lucksanasombool et al., 2003; Janssen et al., 2009; Goto et al., 2009). Frictional contact
between the bone and cement was modelled using a double-sided node-to-surface algorithm
(MSC Marc 2007r1, MSC Software Corporation, Santa Ana, CA, USA) with a friction
coefficient of 0.3 (Janssen et al., 2008). In total, specimen 1 consisted of 462,102 elements
and 109,568 nodes while specimen 2 consisted of 219,664 elements and 53,499 nodes.

The initial material properties of the bone and cement were considered to be linear elastic
(Leung et al., 2006). The averaged grey values of the bone elements were converted to HA-
density values using a calibration phantom. Although some large BaSO4 particles resulted in
local beam hardening artefacts in the cement, this did not affect the grey values in the bone.
The Young’s modulus (E) was assumed to be linearly dependent on the HA-density (Lotz et
al., 1991), resulting in Young’s moduli ranging from 0.1 to 20,000MPa. The cement was
assumed to have a constant Young’s modulus of 3,000MPa (Lewis, 1997). The Poisson’s
ratio was set to 0.3 for both the bone and the cement.

Both specimens were virtually loaded for a total of 50,000 cycles, with an assumed
frequency of 1Hz, at four different tensile fatigue load levels: 0.1, 0.5, 1.0 and 2.0MPa. By
means of a custom written FEA-algorithm that separately simulated fatigue damage and
creep to the cement (Stolk et al., 2004), we were able to simulate the time dependent
behaviour of the cement. The bone was assumed to remain unimpaired, since previous
studies have demonstrated that the majority of the damage occurs in the cement and not in
the bone (Waanders et al., 2009; Mann et al., 2009). For each load level, we simulated either
‘only fatigue damage’, ‘only creep’, or both “‘creep and fatigue damage’ occurring to the
cement (total of 24 simulations).

The utilized FEA-algorithm (Stolk et al., 2004) calculated the element deformation, {e}, as:
{e}=[SI{c} + {c°}. Fatigue damage was implemented in the compliance matrix [S] in which
for each of the three principal stress directions a damage parameter (D) indicated whether an
element was cracked (D = 1). A crack was simulated by locally reducing the stiffness to
0.1MPa perpendicular to the corresponding maximum principal stress direction. Damage
was calculated as:

D:('—’.)Sl92 where: 0<D<1

in which n and Nf were the number of loading cycles and the fatigue life, respectively. The
fatigue life (Nf) was determined based on the maximum principal stress (c):

o=—4.736 - log(N)+37.8

Creep was implemented in the creep strain tensor {¢°} which was dependent on the scalar °
defined as: £° = 7.982 - 1077 - n0-4113-0.116-log(c) . 51.9063 (\/erdonschot and Huiskes, 1995).

For each model the plastic displacement was determined to study the effect of creep and
damage in the interface deformation. The plastic displacement was defined as the difference
between the total displacement and elastic displacement. If the plastic displacement
exceeded 0.1mm the interface was assumed to be failed (Waanders et al., 2009).

During the simulations the total crack volume (V) of the cement was monitored. The total
crack volume was defined as the ratio between total volume of cracked elements and the
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Nute

cr= n;

- . Vi . o
total cement volume: 3- Vi & . In this definition Viq, nj, and V; were the total
volume of the bulk cement, the number of cracks in each element (0 < n; < 3) and the

element volume, respectively.

To assess whether cement creep influences fatigue crack formation in the cement, the total
crack volumes of the “‘only damage’ and “creep and damage’ were compared. For each load

‘/r ',
1— M). 100%

dam

the reduction of cracks by creep was determined by: (

The stress levels in the bone were determined for the 0.1 and 1.0MPa loads of specimen 1,

and the 0.1 and 0.5MPa loads for specimen 2. Different maximum stress levels for specimen

1 and 2 were chosen, since specimen 1 was approximately twice as stiff as specimen 2

(Waanders et al., 2009). At the beginning and at the end of the simulation, Von Mises

stresses were determined only for the group of elements that lied at the contact interface

(Figure 2). All the stresses were normalized for this group of elements by dividing by the
O—VM

applied apparent stress, a Subsequently, the normalized stresses were divided in 20

O-VM

O< O—\’M < 10[_]
= = and one group CTapp

>10[ -]
Tapp '

groups ranging from

3. RESULTS

There was a wide range of responses from the 24 tension fatigue simulations (Figure 3). Six
simulations led to early failure of the specimens (plastic displacement>0.1mm). With the
exception of the failed specimens, all the simulations showed the first two stages of the
classical three-phase creep response. All simulations in which “only creep’ was considered
as a plastic deformation mode did not result in failed specimens.

For the specimens that were subjected to a 0.1MPa apparent load, creep was over the long
term (N=50,000) the dominant factor in the time dependent plastic displacement (Figure 3,
4). At the higher load levels, damage contributed much more to interface deformation than
creep. Simulations that included ‘creep and fatigue damage’ always resulted in the greatest
plastic displacement.

Creep considerably reduced the formation of cracks in the cement (Figure 5). At N=50,000,
the crack volume was reduced up to 20% with respect to the situation in which damage was
considered to be the only deformation mode. Due to the low amount of cement damage, the
simulations at a 0.1MPa load showed a very inconsistent response.

There were distinct differences in Von Mises stresses in the bone. Directly after loading with
O-VM
an apparent stress of 0.1MPa, ~88% and ~80% of the total interface volume had a -, < 1,
for specimen 1 and 2, respectively (Figure 6). When loaded to higher load levels, the relative
stresses at the bony interface were much higher. When specimen 1 was loaded to 1.0MPa,
: T < Tw 510 :
~35% of the interface volume had a Capp and ~11%a Tapp - When specimen 2 was

SATAPS T 510
loaded to 0.5MPa, ~53% of the interface volume had a Capp and ~10% a app

When loaded to 0.1MPa, cement creep and or fatigue damage had limited influence on the
bone stress level for specimen 1 and specimen 2 after N=50,000 (Figure 7). However, when
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the specimens were subjected to higher loads there was a decrease in the volume with
} O-VM 1
relative low bone stresses, o, =~
pp
O.VM >l
stresses, o, (Figure 7). While the situations in which ‘only creep’ was considered
showed minor increases in bone stress level compared to the initial bone stress level (N=1),
fatigue damage resulted in a considerable increase in bone stress level. Comparison of the
‘creep and damage’ with the “‘only damage’ situations showed limited differences between
the two; this demonstrates the minor influence of creep on the bone stress level (Figure 8).

, and increase the volume with relative high bone

4. DISCUSSION

In the current study we sought to gain insight in the relative contributions of cement creep
and cement fatigue crack formation on the cement damage and micromechanical response of
the cement-bone interface. We used these two deformation modes to study the consequences
on the cement-bone interfacial plastic deformation, crack formation in the cement and
interfacial stress levels in the bone.

Our results show that at almost all load levels, the majority of the time dependent plastic
displacement found at the cement-bone interface was due to the formation of fatigue cracks
which arose at the contact interface and subsequently progressed further into the bulk
cement. When subjected to low stresses, however, the relative contribution of creep
increased. The combined models in which both creep and fatigue cracking were simulated
showed that creep had virtually no additional effect on the plastic response of the interface
compared to the case with simulated cement fatigue cracking only.

Although the effect on the deformation of the interface was minimal, creep did reduce
fatigue crack formation. The extent of this effect depended both on stress level and specimen
morphology, but was most effective at lower stress levels since high stresses resulted in
early failure of the specimen not giving creep the opportunity to decrease the crack
formation effectively. This suggests that at higher external stresses, creep is not capable of
relieving peak cement stresses to such an extent that fatigue crack formation is attenuated.

Fatigue cracking of the cement increased the stresses in the bone at the interface, while
cement creep did not appear to have a considerable effect on bone stresses. Most likely the
load transfer was altered due to cement cracking, enabling loads to be transferred over a
different contact area, thereby increasing local bone stresses. Regardless, the increase of
high stresses in the bone, the cracking of the cement will also reduce the global stiffness of
the cement-bone interface (Mann et al., 2009; Waanders et al., 2009). This, subsequently,
results in large motions at the cement-bone interface (Figure 3) and of the complete cement
mantle within the femur (Mann et al., 2010).

While cement creep was able to reduce the number of fatigue cracks in the cement, it was
not capable of reducing the stresses near the cement-bone interface. In contrast, previous
studies have shown that creep does reduce the stresses at the stem-cement interface (Lu and
McKellop, 1997; Norman et al., 2001) and in the cement mantle (VVerdonschot and Huiskes,
1997). Several phenomena might explain this discrepancy. First of all, the bone stresses
might remain rather high due to the morphology of the cement-bone interface which is much
more convoluted than the stem-cement interface in terms of more interfacial gaps (Miller et
al., 2010), less relative contact area (Mann et al., 2008) and higher interdigitation (Janssen et
al., 2009). This might subsequently result in much higher peak stresses in the cement which
is more sensitive to cracking than creeping (Stolk et al., 2004). Cement cracking as a
dominant failure type can also be seen at other convoluted interfaces such as the stem-
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cement interface where there is much more wear debris after debonding for rough stems
than for polished stems (Scheerlinck and Casteleyn, 2006). Besides the physical
morphology, the applied boundary conditions might also be responsible for the fact that the
bone stresses did not reduce as a consequence of creep. In the current study, a constant
apparent stress was applied which remained constant during the whole situation, basically
not giving the local stresses the opportunity to decrease to zero. If initially a fixed
displacement would have been applied, which would have been remained constant during
the whole simulation, stresses would be able to spread and level out in time. Moreover, in
the studies of Lu and McKellop (1997) and Verdonschot and Huiskes (1997) the stresses
were analyzed utilizing models of complete cemented hip reconstructions. In contrast to the
current micro models of the cement-bone interface, complete models of cemented hip
reconstructions have restrictions in deformation of the interface. This makes stresses able to
redistribute in time (Moreo et al., 2006), due to for example creep.

Our study was limited with respect to material property assumptions, external loads, and
interface morphology. The utilized FEA-models were idealized and focussed on the in-vitro
failure of the cement-bone interface, hence biological responses were not considered, what
is in conflict to what happens in-vivo (Mann et al., 2010; Miller et al., 2010; Gardiner and
Hozack, 1994). The creep and fatigue properties were used for a single type of PMMA
cement only, while the creep and fatigue damage response may vary over the different types
of bone cements that are currently available on the orthopaedic market. Trabecular bone that
is subjected to cyclic loads also shows fatigue damage (Dendorfer et al., 2009; Cotton et al.,
2005). However, since previous experiments have demonstrated that bone fatigue cracking
was much lower in magnitude compared to cement damage (Mann et al., 2009; Waanders et
al., 2009), this was not simulated. How fatigue damage in the bone could affect the
simulated plastic deformation in the cement bone interface is unknown. The plastic
deformation could simply increase, but on the other hand, the stresses at the contact
interface could also be distributed more evenly, resulting in less fatigue damage. In addition,
although the effect of different load levels was analyzed, the models were loaded in the
tensile direction only. Whether in shear the same quantitative findings would be obtained is
unknown. Previous studies have shown that different loading directions can result in
different mechanical responses, such as crack patterns (Mann et al., 2009; Waanders et al.,
2009; Moreo et al., 2006; Mann et al., 2001; Yang et al., 2010). Finally, only two interface
morphologies were included in the current study. However, as previous studies have
indicated that the micromechanical response depends on interface morphology (e.g. contact
area, cement penetration depth) (Waanders et al., 2010; Mann et al., 2008), we chose two
specimens with substantial morphological differences. In-vivo phenomena that would
influence the morphology of the cement-bone interface were also accounted for, since
during the generation of the cement-bone interface specimens in-vivo conditions, like
endosteal bleeding, were reproduced (Mann et al., 2008). The thickness of the cement
mantle adjacent to the cement-bone interface was modelled by a 1.0mm thick layer of
cement at the bottom of the FEA-models. However, the adjacent layer of cement has
negligible effects on the mechanical fatigue response of the cement-bone interface (Mann et
al., 2009; Waanders et al., 2009).

The current study is unique in the sense that cement creep and fatigue damage were
separated to study their relative contributions to the micromechanical response of the
cement-bone interface subjected to repetitive loads. The current results may be useful in the
synthesis of new bone cement formulations. For instance, our finding that fatigue crack
formation is responsible for the majority of the plastic deformation of the cement-bone
interface indicates that, if one is interested in improving the dynamic response of the
interface, the fatigue properties of cement should be improved upon, rather than modifying
the creep properties. Moreover, improved fatigue resistance of the cement may confine the
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increase of interfacial stresses. If the goal is to reduce the quantity of fatigue cracks in the
cement, one could consider modifying the cement to allow more creep.

Based on the findings in the current study we conclude that: (1) When the cement-bone
interface is subjected to low stresses, the plastic interface displacement is mostly caused by

ce

ment creep, while at higher loads cement fatigue cracking is unambiguously the dominant

factor; (2) cement creep is able to decrease the crack formation in the cement up to 20%; and
(3) cement creep is not capable of decreasing the stress levels in the bone with respect to the
initial state and cement fatigue damage only results in an increase in bone stresses.
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Figure 1.

The two cement-bone specimens were created from micro-CT data sets of laboratory-
prepared cemented proximal femurs. Cement penetration into the bone varied over the two
models; 2.2mm and 1.7mm for model 1 and model 2, respectively (Waanders et al., 2010)A
tensile fatigue load was applied to one of the nodes in the top plane of the bone. All the
other nodes in that particular plane were tied to that node to prevent the plane from tilting.
The bottom of the cement was fixed.
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C.

Figure 2.

Approach used to determine the stress level in the bone: From the bone model (a) all the
nodes at the bone-cement contact interface were identified and the elements that shared one
of the selected nodes was selected (b). The Von Mises stresses in those elements (c) were
subsequently normalized by dividing them by the applied apparent stress, CTapp
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Figure 3.

Tensile fatigue responses of all 24 simulations. With the exception of the failed specimens
(plastic displacement > 0.1mm) all simulations showed a logarithmic behaviour in which the
simulations with ‘creep and damage’ always resulted in the highest plastic displacement.
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0.1

1 10

Load [MPa]

Plastic displacement at N=50,000 load cycles. Red markers indicate that the specimen failed
before reaching N=50,000 load cycles. While specimen 1 only failed with a 2.0MPa
apparent load, specimen 2 failed as well at 1.0 as at 2.0MPa. The simulations in which ‘only

creep’ was considered remained intact.
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The progression of decrease in cement crack volume due to cement creep in time (number of
loading cycles) for both specimens. When ‘creep and damage’ were considered as
deformation modes, the crack volume was reduced up to 20% with respect to ‘only damage’
situation. The unsteady response of the 0.1MPa simulations can be explained by the very
low crack volume that occurred in the ‘only damage’ and “‘creep and damage’ response. For
this stress level, a small change in crack volume resulted in relatively large decreases in
crack volume. When specimen 2 was loaded to 2.0MPa, there was a very small effect of
cement creep. However, at this load the specimen also failed in less than 200 loading cycles

(Figure 3).
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Figure 6.
Cumulative frequency distribution for - in the bone directly after loading (N=1) with

. : P :
different apparent stresses for specimen 1 and specimen 2. An apparent stress of 0.1 MPa

O-VM
resulted in ~88% and ~80% interface volume with Tap = Lsor specimen 1 and specimen 2,
respectively. When the two specimens were loaded to ﬁigher load levels, more than 10% of

O'VM
the total interface volume had a normalized stress of Tapp >10
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VM
Cumulative frequency distribution for - in the bone. When specimen 1 and specimen 2

were loaded to 0.1 MPa, the bone stress level hardly changed after 50,000 load cycles as a
result of its deformation mode. When loaded to higher stress levels both specimens showed
. Tw o4 : :

a decrease in low bone stresses, -, o Furthermore, it shows that cement fatigue damage
results in higher stresses in the bone and that cement creep has limited effect on the stress
level.
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Figure 8.
Stress level patterns in the bone of specimen 2 loaded with 0.5 MPa.
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