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Influence of glenoid implant
depth on the
bone–polymethylmethacrylate
interface

The treatment of musculoskeletal disor-
ders throughatotal shoulderarthroplasty
(TSA) continues to be a challenging is-
sue that still exhibits higher failure and
revision rates than hip or knee arthro-
plasty [1–4]. Preparationof the glenoidal
surface to ensure adequate seating of the
implantandaccurate implantpositioning
is a complex task. Incorrect or impre-
cise placement of the implant can lead
to pain, functional limitations, and ei-
ther instability or early glenoid implant
loosening [5].

In recent years, numerical models
have been used to address different
problems with glenoid implants. How-
ever, the implant position with respect
to the degree of glenoid reaming and
implant depth has not yet been analysed.
To the best of the authors’ knowledge,
no studies, with the exception of a finite
element analysis (FEA) using a cement-
less implant [6], have addressed this
issue. The analysis of only two positions
(neutral and 3.0mm) demonstrated that
the implant depth has a significant in-
fluence on the interface micromotions.
Consequently, although the influence of
implant depth on bone ingrowth was
noted, the effect was found to be unre-
lated to the surrounding bone density.

The stress within the cement mantle
has been shown to be essential for pri-
mary stability of a glenoid implant [7].
Using a three-dimensional (3D) model,
various cement thicknesses were inves-

tigated by evaluating the stress within
the cement mantle and the micromo-
tions at the bone–cement interface. The
results showed that the optimal cement
thickness is between 1.0 and 1.5mm [8].
A load-bearing function of subchondral
bone has been suggested and was con-
firmed in a cadaveric study using pristine
andcancellous-free specimens that found
a strength decrease under the subchon-
dral bone plate of 25%at 1.0mmand 70%
at 2.0mm [9]. Although a commonly
known surgical guideline is to preserve
as much subchondral bone as possible
[10, 11], the biomechanical mechanisms
that regulate the interactionbetweensub-
chondral bone and a cemented glenoid
implant are not well elucidated.

The present study focused on the
impact of excessive reaming on a ce-
mented glenoid component using FEA.
An anatomically precise 3D model of
a scapula was developed, and the bone
density distribution was integrated ac-
cordingly. A cemented all-polyethylene
glenoid implant was inserted at increas-
ing implant depths to simulate different
degrees of reaming. The resultant von
Mises stresses and micromotions were
analysedatthebone–cementinterfaceac-
cording to their contribution to implant
stability, fatigue and bone formation.
It is hypothesised that the degree of
reaming has a considerable influence on
the mechanical behaviour of the implant
and its fixation. The gained insights

might contribute to a surgeon’s optimal
decision regarding glenoid preparation
and implant position and thus influence
the subsequent longevity of the glenoid
implant.

Methods

Three-dimensional modelling

The first step in an FEA study is develop-
mentofanaccurate3Dmodel. ACTscan
of a shoulder complex (male, 71 years,
1mm slice thickness) that shows no ev-
idence of pathological changes was pro-
vided by the Salzburg County Hospital.
The inclination and version angles (10.1
and3.4°, respectively) of the glenoidwere
within normal ranges. Image segmenta-
tion techniqueswere applied usingMim-
ics 13.0 (Materialise, Leuven, Belgium)
to separate the cortical and trabecular
bone structures from the surrounding
soft tissue. Most of this separation was
performed automatically, althoughman-
ual refinement of the model was neces-
sary in some regions of the scapula due
to insufficient imaging of very thin sec-
tions of the scapula. After the refinement
step, a 3D surface model was computed
and imported into Solidworks (Dassault
Systems, Vélizy-Villacoublay, France) to
generateasolidmodelandperformangu-
lar measurements (e. g., inclination and
version) and implant placement. Assess-
ment of the glenoid is important for pre-
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Fig. 19 Repre-
sentation of the as-
sembly of the fi-
nal three-dimen-
sional finite element
model showing the
scapula, the bone
cement and the im-
plant. The non-con-
forming humeral
head component,
which acts as a force
transmitter, is also
shown

operative planning in shoulder surgery
and for establishment of the 3D shoulder
model. Therefore, Saller’s line, which is
defined by the supraglenoid and infra-
glenoid tubercle, was used as a reference
for accurate angular measurements and
implant placement [12].

A computer-aided design (CAD)
model of a keeled glenoid implant Uni-
verseTM (Arthrex, München, Germany)
was used, and full seating of the implant
back was considered a major concern.
The resulting implant positions were
confirmed through surgical expertise.
The implant depthwas varied along a line
orthogonal to Saller’s line. Four differ-
ent implant positions were considered:
0.5, 1.0, 1.5 and 2.0mm with respect to
the optimal implant position (0.0mm),
which serves as a reference model.

Bone cement in the form of poly-
methylmethacrylate (PMMA) is com-
monly used for primary fixation of the
glenoid component. Therefore, a cement
template with a 1.0mm thickness [8] was
constructed and used for the subsequent
virtual surgery. Additionally, a humeral
head component with a radial mismatch
of 6mm was constructed; this compo-
nent acts as a force transmitter onto the
implant surface [13]. The established
shoulder model was imported into the
ANSYS 14.0 finite element (FE) software
(Ansys Inc., Canonsburg, PA, USA), and
all of the necessary Boolean operations
were performed. . Fig. 1 shows the final
FE model.

Bone density

Consideration of bone density is an im-
portant aspect during FEAof bone struc-
tures due to the varying distributions of
bone density. Although various numeri-
cal models have been developed [14–17],
the subsequently described approach de-
veloped by Gupta and Prosenjit [18] was
used inthis study, because it is theonlyex-
istingmodel deriveddirectly fromscapu-
lar bone. A linear relationship between
Hounsfield units (HU) derived from the
CT scan and the bone density was es-
tablished through calibration via linear
regression, which resulted in the deriva-
tion of Eq. 1:

ρ = 1.1187 ⋅ 10−3 ⋅HU (1)

In the next step, the computed bone
density was transformed into Young’s
modulusbyaddressingonly the openand
closed cell structures of the trabecular
bone according to Eqs. 2 and 3:

E = 1049.45 ⋅ 10−6 ⋅ ρ2

for ρ ≤ 0.35 g/cm3 (2)

E = 3 ⋅ 10−6 ⋅ ρ3

for 0.35 ≤ ρ ≤ 1.80 g/cm3 (3)

To ensure cortical stability, Gupta
and Prosenjit [18] recommend the def-
inition of a 2× 0.5mm homogenously
layered shell of compact bone with
a Young’s modulus of E= 17.500MPa

(=1.8g/cm3). Because compact bone is
not distributed homogeneously over the
entire scapula, a modified cortical shell
approach was used in this study. All HU
values for the entire scapula were set to
the maximum value, which corresponds
to ρ= 1.8g/cm3. Subsequently, only the
HUs obtained from the previously seg-
mented trabecular part were used. The
HU values of compact bone were sub-
stituted with the values of the trabecular
segmentation at the corresponding voxel
coordinates using a customised search-
and-replace routine. ThederivedYoung’s
moduli were then introduced into the
Ansys software, and the bone density
was therefore incorporated into the FE
model.

Finite element model and
boundary conditions

Development of an accurate FE mesh is
a delicate part of FE simulations, because
the accuracy of the result strongly de-
pends on the quality of the FE mesh. All
the models were meshed with quadratic
tetrahedral elements (SOLID187, Ansys)
using the meshing size control methods
in Ansys to achieve a finer mesh resolu-
tion at important areas, such as bone ce-
mentand theglenoid region(see. Fig. 2).
The interfaces weremeshedwith 3D con-
tact surface elements (CONTA714 and
TARGET170, Ansys).

A convergence study was performed
using the h-method and a centric load
[19]. Although total convergence was
not achieved for the scapula (devia-
tion <3.5%) and bone cement (deviation
<3.5%) due to computational limitations,
a total of ~280,000 nodes was consid-
ered sufficient with respect to the degree
of convergence, accuracy and solution
time. Fixed supports were attached at
the insertion points of the main par-
ticipating muscles: trapezius muscle,
rhomboid muscle, deltoid muscle, and
serratus muscle anterior and inferior to
the scapula [20]. Additionally, the model
was fixed at a point near the inferior
angle on the dorsal side of the scapula to
represent contact with the thorax. These
points of fixation are a sufficient distance
apart to avoid any significant mechanical
influence at the glenoid area.
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The amount of force applied to the
humeral head was defined by analysing
the data provided by Bergmann et al.
[21], who measured forces using an in-
strumented implant. This resulted in
a mean of 650N for flexion and abduc-
tion of 90°. According to the measured
data, a shear force of one third of the
mean force vector was used to initiate
humeral head translation and therefore
change the point of force application ec-
centricallyonthe implantsurface. Anon-
linear frictional contact with a coeffi-
cient of μ= 0.07 was chosen between the
humeral head and the implant surface
[22]. The interface between the implant
and thebonecementwasconsidered fully
bonded. A coefficient of μ= 0.6 was
assumed for the interface between the
bone and the bone cement [23, 24]. The
peak penetration of both contacts (aug-
mented Lagrange theory) was smaller
than 2.7× 10–3mmanddetermined auto-
matically by the FE software based on the
geometry and the meshing at the contact
surfaces.

The elasticity modulus of the ul-
tra-high-molecular-weight polyethylene
(UHMWPE) implant was E= 500MPa
(v= 0.4) [25]. Bone cement in the
form of PMMA is considered elastic
(E= 2000MPa, v= 0.3) [25], similar to
the humeral head component (CrCoMo,
E= 230.000MPa, v= 0.3) [26]. The elas-
ticity modulus of the bone was related to
the bone density, as described previously
[18].

To quantify the extent of the differ-
ences between FEAs, the relative per-
centages of the corresponding mean von
Mises stress values with respect to the
reference model (0.0mm) are shown.
To evaluate the fatigue behaviour of
bone cement, the tensile and compres-
sive stresses, which play an important
role and are commonly used as failure
criteria (ASTM F451), are shown as the
corresponding yield strengths.

Results

Reaming of the glenoid is necessary to
ensure adequate seating and corresponds
directly to the implant depth. To inves-
tigate the influence of implant position
(implant depth), simulations with vary-
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bone–polymethylmethacrylate interface

Abstract
Purpose. Preservation of glenoid bone
stock in shoulder arthroplasty is a general
surgical guideline. The objective of this study
was to investigate the influence of implant
depth on the mechanical behaviour of the
bone–cement interface, in order to confirm
the general assumption of maximum bone
stock preservation.
Materials andmethods. A three-dimensional
(3D) model of a scapula was derived from
CT scans. Various implant depths (from 0 to
2.0mm) were modelled using a 3D reaming
procedure. Through integration of bone
density into the simulationmodel, a finite
element analysis with best-possible patient
specificity was conducted.
Results. The results show that mostly
subchondral bone was removed during
the reaming procedure for implant depths

between 0.0 and 0.5mm, whereas mostly
cortical bone at the glenoid rim was removed
between 0.5 and 2.0mm. In all simulated load
cases, the mean and maximum von Mises
stresses as well as tensile and compressive
stress within bone cement increased steadily
with increasing implant depth.
Conclusion. Implant depth has a substantial
influence on stress distributions within bone
cement. The fatigue stress of bone cement
is more likely to be exceeded at higher
implant depths, and higher micromotions
could contribute to bone resorption and early
implant failure in the long term.

Keywords
Arthroplasty, shoulder · Finite element
analysis · Implant depth · Scapula · Glenoid

Einfluss der Implantatstiefe auf die Knochen-
Polymethylmethacrylat Fixierung amGlenoid

Zusammenfassung
Ziel der Arbeit. Der Erhalt von Knochen am
Glenoid ist eine allgemeine chirurgische
Empfehlung bei einer Schulterarthroplastik.
Ziel dieser Arbeit war es, den Einfluss der
Implantattiefe auf das mechanische Verhalten
an der Schnittstelle zwischen Knochen und
Zement zu untersuchen, um in weiterer
Folge die Empfehlung des maximalen
Knochenerhalts zu bestätigen.
Material und Methoden. Ein 3-D-Modell
eines Schulterkomplexeswurde basierend auf
Computertomographieaufnahmengeneriert;
im Fräsverfahren wurden verschiedene 3-D-
Modelle mit Implantattiefen von 0,0mm
bis 2,0mm erstellt. Durch Integration der
Knochendichte in das Simulationsmodell
wurde eine Finite-Elemente-Analyse
mit bestmöglicher Patientenspezifität
durchgeführt.
Ergebnisse. Der größte subchondrale Kno-
chenverlust tritt für den Fräsvorgang bei einer
Implantattiefe von 0,0–0,5mm auf, während

bei 0,5–2,0mm hauptsächlich kortikaler
Knochen am Glenoidrand entfernt wird. Bei
allen simulierten Lastfällen zeigte sich mit
zunehmender Implantattiefe ein deutlicher
Anstieg sowohl an mittleren und maximalen
von-Mises-Spannungen im Knochen als auch
von Zug- und Schubspannungen innerhalb
des Knochenzements.
Schlussfolgerung. Die Implantattiefe weist
einen substanziellen Zusammenhangmit der
Spannungsverteilung im Knochenzement
auf. Mit zunehmender Implantattiefe ergibt
sich ein höheres Risiko, die Ermüdungs-
beanspruchung des Knochenzements
zu überschreiten. Langfristig können die
höheren Mikrobewegungen am Knochen-
Zement-Interface zu einer Knochenresorption
und frühzeitigem Implantatversagen führen.

Schlüsselwörter
Arthroplastik, Schulter · Finite-Elemente-
Analyse · Implantatstiefe · Scapula · Glenoid
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Fig. 28 Resultsof themeshingprocedureusingSOLID187 (Ansys Inc., Canonsburg,PA,USA)elementsandsizecontrolmeth-
ods for a the glenoidal area,b the bone cement and c the glenoid implant

Fig. 39 Bone density
distribution at the reamed
glenoid surface of pa-
tient Ewithvarying implant
depths: a 0.0mm (refer-
encemodel),b 0.5mm,
c 1.0mm,d 1.5mmand
e 2.0mm

ing depths (0.5, 1.0, 1.5 and 2.0mm) and
centric and eccentric loading conditions
were conducted and the influence of a
particular implant depth investigated.

A keeled implant at the 0° version
and natural inclination was inserted at
the 0.0mm implant depth and served
as the reference model. According to
. Fig. 3a, it is clearly apparent that the
implant depth of 0.0mm preserved most
of the subchondral bone (and thus meets

the common surgical recommendations)
and is regarded as the reference in the
implant positioning process and virtual
surgery. . Fig. 3b through 3e show that
mostly subchondral bone was removed
if the implant was placed at depths in the
range of 0.0 to 0.5mm, whereas an im-
plant depth in the range of 0.5 to 2.0mm
results in mostly cortical bone at the
glenoid rim being removed. In contrast,
a slightly higher trabecular bone density

was present at the bottom of the resected
hole for the implant keel.

Centric loading

According to the mean von Mises stress
values, thescapula showsadecreasingbe-
haviour with increasing implant depth to
obtain a maximum difference of –17.2%
at 2.0mm. A similar trend was observed
with the maximum von Mises stress, al-
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Table 1 Relative difference between themeanvonMises stresses for the scapula andbone ce-
mentwithvarying implantdepth.Thevalues for the centric and theeccentric loadcasesare shown

Scapula Bone cement

Depth (mm) Centric (%) Eccentric (%) Centric (%) Eccentric (%)

0.0 vs. 0.5 –5.9 +2.2 +2.8 +6.2

0.0 vs. 1.0 –7.2 +3.0 +6.0 +7.3

0.0 vs. 1.5 –16.6 +6.5 +7.8 +8.9

0.0 vs. 2.0 –17.2 +7.2 +9.9 +9.5

Table 2 Relative difference between themaximumvonMises stresses for the scapula andbone
cementwith varying implant depth.The values for the centric and the eccentric load cases are
shown

Scapula Bone cement

Depth (mm) Centric (%) Eccentric (%) Centric (%) Eccentric (%)

0.0 vs. 0.5 –8.8 +7.0 +14.1 +29.3

0.0 vs. 1.0 –13.8 +12.6 +17.0 +27.1

0.0 vs. 1.5 –38.6 +19.5 +32.8 +34.7

0.0 vs. 2.0 –36.2 +17.2 +34.8 +35.1

though substantially higher values were
observed. Incontrast, themeanandmax-
imum stresses increase steadily within
the bone cement and achieve their max-
imum deviations at the same implant
depth (+9.9 and +34.8%, respectively).
The values of the differences between the
different implant depths with respect to
the reference model (0.0mm) are given
in . Tables 1 and 2.

To evaluate the fatigue behaviour of
bone cement, the values for tensile and
compressive stress are provided. The
maximum tensile stress was found to be
20.51MPa for the reference model, and
this value increases to 24.92MPa at the
2.0mm implant depth. For the reference
model, the value of the maximum com-
pressive stresswas found tobe18.76MPa,
and this value increases to 20.02MPa at
the 2.0mm implant depth. A remarkable
difference was also observed in the tan-
gential micromotions, with an increase
of 28.0% from the reference model to the
2.0mmimplantdepth. Thebarplotof the
mean tangential micromotions shown in
. Fig. 4a provides a distinctive illustra-
tion. Interestingly, the normal micro-
motions decreased by 18.6% from the
reference model to the 2.0mm implant
depth, and this effect is also noticeable
in . Fig. 4b.

Eccentric loading

Compared with the centric load case, the
mean stress values for the scapula rise
with increasing implant depth, whereas
a trend similar to that observed in the
centric load case (. Table 1)was obtained
within the bone cement. The maximum
difference hereby occurs at the 2.0mm
depth. If the maximum difference be-
tween the maximum von Mises stress
values is considered, which occurs at
the 2.0mm depth, +17.2% and 35.1%
of the total difference is accounted for
by the scapula and the bone cement,
respectively (. Table 2). The maximum
values for tensile strength within the
bone cement are 17.57MPa (reference
model) and 24.09MPa (2.0mm depth),
and the compressive stress exhibits max-
imum values of 20.29 and 24.33MPa,
respectively.

In general, the behaviour of the mi-
cromotions in the eccentric load case is
similar to that observed in the centric
load case. The tangential micromotions
increase steadily with increasing implant
depth. These exhibit a+25.5% difference
inthemeanvalueanda+14.2%difference
in the maximum value, but at a slightly
lowerlevel(see. Fig. 4a). Thenormalmi-
cromotions show the opposite behaviour
and decrease by a mean maximum of
–14.2% between the referencemodel and
the 2.0mm implant depth (. Fig. 4b).

The development ofmean stress in the
scapula and bone cement for both load
cases is illustrated in . Fig. 5a. In this il-
lustration, the increasing and decreasing
trends, as well as the higher stress values
for the eccentric load case, are clearly
apparent. In this context, the increase in
mean stress for bone cement in both load
cases is evident, as shown in . Fig. 5b.

Discussion

Loss of glenoid bone oftenoccurs in asso-
ciationwith glenohumeral osteoarthritis.
Therefore, the preservation of as much
subchondral bone as possible during the
surgical procedure of a TSA through the
minimal resection of subchondral bone
andadequate implantseating isanimpor-
tant surgical guideline [10, 11, 27–29].
The study conducted by Suárez et al. [6]
is the only study to date that has ad-
dressed the possibility of an optimal and
a deeper implant position. Other studies
that have investigated glenoid implants
and shoulder arthroplasty use a fixed im-
plant depth and ignored possible varia-
tions in implant depth.

It is difficult to methodically quan-
tify the amount of bone reaming that is
necessary for adequate implant seating
within a 3D model. Nevertheless, sam-
ple measurements at the region around
the glenoid centre of the reference model
showedanecessary resectiondepthofap-
proximately 1.7mm to ensure adequate
seating of the implant for the reference
model (0.0mm). It can be observed in
. Fig. 3a–c that an additional reaming of
1.0mm with respect to the implant posi-
tionat0.0mmresects the entire subchon-
dral bone. A study by Frich et al. [30]
investigated the subchondral bone thick-
nessandfoundanaveragevalueof1.9mm
(range of 1.2 to 2.9mm). This result is
analogous to the random examinations
of subchondral bone thickness at vari-
ous locations before the bone resection.
Thus, the subchondral bone thickness of
the3Dmodel is realistic andanatomically
correct. A detailed study on this issue
has not yet been conducted andmight be
the subject of future work using multi-
ple shoulder models. Furthermore, this
would support a generalisation of the re-
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Fig. 48 Bar plot exhibiting all implant depthswith the correspondingmean a tangential andb normalmicromotions.Both
load cases (centric and eccentric) are shown

Fig. 58 Barplot exhibiting the implantdepthswith the correspondingmeanvonMises stresses fora the scapulaandbbone
cement. Both load cases (centric and eccentric) are shown

sults in comparison to using just a single
shoulder model.

In the centric load case, the mean
Von Mises stress values at the scapula
clearly exhibit a decreasing behaviour
with increasing implant depth. Due to
the reaming procedure, the subchondral
bone in the reference model is thinned
and a mechanically fragile layer is ob-
tained at the glenoid centre. Although
this layer is still able to absorb a cer-
tain amount of stress, the layer obtained
when the implant depth reaches 1.5mm
is no longer able to absorb any stress.
At a depth of 1.5mm, all of the sub-
chondral bone is resected, and the bone
cement layer is mainly in contact with
the trabecular part of the glenoid. Only
some regions at the glenoid rim provide

contact with cortical bone. The analysis
of the von Mises stresses demonstrates
that a strength decrease, as reported by
a previous study, cannot be directly in-
ferred. Furthermore, the presented re-
sults are notdirectly comparable, because
mechanical testing of pristine specimens
was performed. However, a strength de-
crease of 25%, which can occur after re-
section of a bone depth of 1.0mm, has
been reported [9].

A clear increase in the stress values
within bone cement was observed, and
this increase is due to the lack of sta-
bility provided by the underlying bone.
Onlythebonecementcoincidingwiththe
glenoid rim has some contact with corti-
cal bone. The rest of the bone cement has
underlying trabecularbonewithaweaker

stability. The application of a centric load
forces the implant to bend, which causes
a higher stress within the implant and
the bone cement. This effect increases
with an eccentric load, which is repre-
sented by the higher stress difference that
was obtained within the bone cement in
comparison to the centric load. PMMA
shows a high compressive yield strength
of approximately 100MPa, but a rather
low tensile yield strength of 30MPa [31].
The maximum tensile stress increased
by 21.5% for the centric load and by
37.1% for the eccentric load. In each
case, the maximum tensile and compres-
sive strengths were not attained. Never-
theless, a higher load during daily ac-
tivities can easily exceed the maximum
tensile strength of bone cement, as has
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been reported [21]. Considering these
higher forces, it can be concluded that
bone cement is subject to a higher fatigue
crack probabilitywith increasing implant
depth, due to the increased resection of
subchondral bone. Subsequently, this ef-
fect results in an increased early fatigue
failure risk of the bone cement layer and
therefore potential implant loosening.

The interface between bone and ce-
ment is of major importance for load
transmission and thereby, friction an im-
portant parameter which represents sur-
face roughness. Ramaniraka et al. [24]
investigated the influence of the fric-
tion coefficient at the bone–cement in-
terface of a femur implant, showing that
peak stresses (compressive and shear) re-
mained almost constant for μ= 0.4 to
1.0. A natural conclusion is that chang-
ing the friction coefficient in our sim-
ulations would not alter the presented
results critically and the assumption of
μ= 0.6 is appropriate.

The observed micromotions at the in-
terface between the scapula and bone
cement indicate an adverse impact. The
tangential micromotions (slipping) in-
creased remarkably by 17.7 and 23.8%
at an implant depth of 1.0mm with re-
spect to the reference model for the cen-
tric and eccentric load cases, respectively.
In contrast, the normal micromotions
(debonding) exhibited a decreasing be-
haviour with little difference between the
centric and the eccentric load cases. An
increasing implant depth contributes to
a decrease in gap formation. This effect
has not been previously observed and
a further detailed investigation is neces-
sary in order to fully explain this specific
behaviour. Nevertheless, thedecreaseoc-
curs less distinctively than the increase in
tangentialmicromotions. Themaximum
increases reached in this study for the
mean micromotions and the maximum
micromotions were 28.0 and 30.2%, re-
spectively, at the 2.0mm implant depth.
These results are lower than the values
reported by Suárez et al. [6], who used
FEA and found a 50% increase in micro-
motions at an implant depth of 3.0mm
compared with the optimal implant po-
sition. However, there was no differenti-
ation between tangential and normal mi-
cromotions. The lower values obtained

in this study can be explained by the use
of a cemented implant instead of a ce-
mentless implant, as was used by Suárez
et al. [6].

It must be emphasised that there is
no coherency between the increases in
the von Mises stress at the scapula in the
different load cases and the tangential
micromotions, because these are slightly
lower for the eccentric load case. In con-
trast, the normal micromotions exhibit
only minor differences. It is obvious that
the friction coefficient influences the be-
haviour of the bone–PMMA interface.
The opposed behaviour of tangential and
normal micromotions seems peculiar at
first glance, but is confirmable by previ-
ous studies, where this phenomenon was
proposedasabiomechanicalprocesspro-
moting early failure of the bone–cement
interface [24].

The magnitude of micromotions de-
rived from the simulations in this study
is very low, with a chance of just being
numerical artefacts. Nevertheless, the
values are within the magnitude found
in the literature [6, 8]. Additionally, the
final FEmodels were solved several times
before the actual data analysis, to elim-
inate the possibility of numerical noise
and ensure value stability and repeata-
bility of the simulations.

To date, no study has directly quanti-
fied the relationship between micromo-
tions and bone formation or resorption
in humans. Bone formation has been
observed in dogs with micromotions of
less than 40 μm, whereas micromotions
higher than 100 μm lead to the genera-
tion of fibrous tissue only [31]. In fact,
the interfacemicromotionsmust bemin-
imised for proper osteogenesis and bone
ingrowth [32, 33].

Using a single patient’s FEA poses
a limitation to this study, as a higher
number of patients would substantially
increase validity and transferability of
the results. The abandonment of a full
muscular model, using instead a simple
centric and eccentric force application is
a further limitation, but due to the effort
and numerical stability, a necessary step
of simplification. Nevertheless, substan-
tial insight into themechanicalbehaviour
under considerationof implantdepthhas
been provided.

Conclusion

Thesubstantial increase inmicromotions
with progressive implant depth found in
this study leads to serious concerns re-
garding long-term stability of the inter-
facewithanimplantplacedafterexcessive
reaming. Furthermore, implant depth
has a substantial influence on the stress
distributions within bone cement. The
fatigue stress of bone cement is more
likely to be exceeded at higher implant
depths, and higher micromotions could
contribute to bone resorption and early
implant failure in the long term. This
study has clearly confirmed the general
surgical guideline of subchondral bone
preservation and found that minimisa-
tion of implant depth results in improved
long-term survival.
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