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1. Introduction

Based on the evolution of today’s personal computers and workstations, numerical
simulation gained an important significance in biomechanical research. A common tool in
numerical simulation is the finite element method (FEM), which can be applied in various
ways, e.g. in structure mechanics, thermodynamics or acoustics. The field of orthopaedic
biomechanics utilises two major numerical approaches: musculo-skeletal research is based
on multi-body-dynamics, dealing with kinematics of the skeletal systems and muscle
activity. The second, structure-mechanical point-of-view deals with stress and strain
analysis of bone, joints (natural and artificial) and load-bearing implants. Finite-element-
analysis (FEA) is the preferred method for this second group of numerical problems
occurring in orthopaedic biomechanics.

Due to the resolution of the calculated mechanical parameters, e.g. stress and strain, the
results get more accurate the more elements the analysed structure is divided into. Taking a
closer look at literature reveals how the development of faster and also affordable
computers accelerated the finer mesh density of FE-models over the past years. A FE-model
of the pelvis, published in 1995 by Dalstra et al. (Dalstra, Huiskes et al. 1995) and frequently
cited, consisted of 2,602 elements. Five years later, Garcia et al. (Garcia, Doblare et al. 2000)
reported results gained from a FE-model of the pelvis consisting of 6,425 elements. In 2006,
in conjunction with the development of higher-performance workstations, Manley et al.
(Manley, Ong et al. 2006) presented their pelvis model using almost 300,000 finite elements.
However, even the finest mesh density and accuracy of results is useless if the orthopaedic
researchers fail to draw clinical relevance out of their analyses. Naturally, despite very few
exceptions, the FE analysts are engineers, who need to make their results understandable to
a clinician not familiar with numerical simulation.

What is the key to a fruitful communication between engineers and clinicians? What
enlivens the circle between clinical input and provision of analytical results? At first, both
the clinician and the engineer have to get used to the other one’s subject-specific language.
Each should be familiar with fundamental terms in order to enable a successful
communication. Further, the clinician needs to know the potentials of numerical analysis. It
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152 Finite Element Analysis

unquestionably is beneficial if the clinician can also question the engineer’s results, which
necessitates the clinician’s basic understanding of the pitfalls in numerical analysis.

On the other hand, the engineer needs the clinician’s input in terms of e.g. boundary
conditions, geometry and material. By following these guidelines, a curriculum of the ‘input
of relevant clinical questions” and “provision of solutions with analytical background’, as
depicted in Fig. 1, can be achieved.
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Fig. 1. Communication and knowledge scheme in numerical orthopaedic biomechanics
between clinician and engineer

In orthopaedic biomechanics, as well as in related areas of expertise, such as traumatology
research or dental biomechanics, modelling of the problem necessitates consideration of
bone, implants and both combined, called the implant-bone-compound. As it is the most
common implant in orthopaedic surgery, we want to take a closer look at the total hip
replacement (THR).

There are about 500,000 THR surgeries in Europe (150,000 in Germany) each year (Aldinger,
Jung et al. 2005), with growing numbers throughout the world. Implantation of an artificial
hip joint has become a standard procedure in the past decades and the enhanced
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performance of today’s implants draws attention to younger and more active patients. The
major indication for THR is arthrosis, a degenerative disease of the hip joint, which is caused
by destruction of the hip joint cartilage.

The modern THR consists of the acetabular component and the femoral component (Fig. 2).
The acetabular component usually is a metal shell which holds an insert, mainly made of
polyethylene or ceramics. The metal shell is either impacted (press-fit) or screwed
(threaded) in the prepared acetabulum. The femoral component consists of the stem and the
ball-head. The prosthetic head can be made of either ceramics or cobalt-chromium. The
prosthetic stem is, in the majority of THR, made of titanium alloy (Ti-6Al-4V). The mainly
used bearings are ceramic-on-ceramic, ceramic-on-polyethylene and metal-on-polyethylene.

Despite the good results achieved with THR, there is still a number of serious complications
that require further research on implant design, implant material, bearing material, coating
and many more.

Fig. 2. Total hip replacement (THR) displayed in the surrounding bone with cut view of the
proximal femur

The finite-element-method is used frequently in implant development, helping to answer
unresolved questions related to clinical complications. Presently, various approaches to
generate models of the implant-bone-compound in THR are published (Spears, Pfleiderer et
al. 2001; Thompson, Northmore-Ball et al. 2002; Kaku, Tsumura et al. 2004; Oki, Ando et al.
2004; Manley, Ong et al. 2006). However, these models each have its issues in being
reproducible by the reader. In any case, these issues occur because it was not the publisher’s
focus to describe the methodology in detail, but to present their results.
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In the following chapter of this paper, we firstly want to present a convenient modus
operandi of generating FE-models of the implant-bone-compound which can be reproduced
by other scientists. We developed an approach starting from computed tomograms of the
patient and corresponding CAD-models of the implant. The algorithm is aimed at
predicting the stress and strain states in the surrounding bone stock and in the implant itself
and has the potential to predict relative micromotion.

Furthermore, we show an example of how this modelling approach can be applied.
Therefore, a finite-element study of a newly developed implant for acetabular cup revision
(exchange of the acetabular component after implant loosening) is demonstrated.

2. How to generate finite-element-models of the implant-bone-compound

Opposed to other scientific displicines in engineering and design, the analyzed structures in
Orthopaedic Biomechanics are not man-made, but of biological origin. Hence, when bone is
analyzed, there are no exactly defined angles, curves and distances, but patient-specific
morphology which is highly inhomogeneous and which changes over lifetime, depending
on physiological loads, health, age and nutrition. Bone morphology is mainly determined by
genetic factors, but also by mechanics, as discovered by the German orthopaedic surgeon
Julius Wolff (Wolff 1892). Wolff’s law states that bone has the ability to adapt to mechanical
loads, i.e. the external and internal structure of bone is transformed depending on the load
occuring in the bone. Especially with regard to implant technology and arthroplasty, bone
transformation plays an important role. If the biomechanical distribution of forces in and
around the treated joint is reconstructed inappropriately during surgery, or if the design of
the implant is improper, so-called ‘stress shielding’ can occur. If the forces are mainly
transferred by the implant, adjacent bony regions get minimally loaded and are
subsequently degraded. This is another problem that can be solved by stress and strain
analysis of the implant-bone-compound.

Modern imaging methods like computed tomography (CT) and magnetic resonance
tomography (MRT) allow reconstruction of biological structures for computational finite-
element-analysis, whereby CT is the method of choice for bone. The three-dimensional
reconstruction is the basis for the presented approach.

On the other hand, the implants to be analyzed in the finite-element-model can be designed
using CAD-software, imported from the manufacturer’s data or can also be three-
dimensionally reconstructed from scan data, e.g. laser-scanning point clouds.

Starting from CT-data of bone and CAD-data of the implant, our approach to model the
implant-bone-compound is demonstrated in Fig. 3. A stepwise description of the single
modules follows.

The algorithm is based on a number of software packages used (Table 1). The mentioned
software modules are not mandatory; however, during development of this algorithm, we
found no relevant issues in interfaces and data transfer using these packages.

In the following subchapters, a detailed description of the single steps included in the
algorithm is given.
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Fig. 3. Approach to analyze the implant-bone-compound via finite-element-methods

Purpose Software Manufacturer / Distributor
. Mercury Computer Systems Inc.,

Segmentation AMIRA MA, USA
CAD-reconstruction | 14 cre STUDIO Raindrop Geomagic, NC, USA
of faceted surfaces
CAD SOLIDWORKS Dassault Systemes, RI, USA

. Self-developed program, University
Mapping AMAB of Rostock, Germany
Pre-processor MSC/PATRAN Marc Schwendler Corp., CA, USA
Solver Simulia/ ABAQUS Dassault Systemes, RI, USA
Post-processor Simulia/ ABAQUS Viewer | Dassault Systemes, RI, USA

Table 1. Software used for generating the presented finite-element-models (not mandatory,
other software packages, e.g. CAD-software, are considered equivalent)
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2.1 Three-dimensional reconstruction of bone morphology

The reconstruction of bone morphology is based on a stack of CT-slices showing the
designated bone. In our approach, we make use of the correlation of bone stiffness and
attenuation (Snyder and Schneider 1991; Rho, Hobatho et al. 1995). The level of attenuation
is measured in Hounsfield Units (HU), which are typically used in the DICOM-files of the
CT-scans. HU are normalized in the way that air has a value of -1,000 and water has a value
of 0. Bone usually has HU of 250-3,000. The DICOM-files which include all of the sectional
slices calculated by the CT scanner are imported into the software AMIRA. After the bony
structures are labeled in all slices of the CT-scans, an automatic three-dimensional
reconstruction of the bone is performed creating triangulated surfaces (Fig. 4).

2.2 Virtual implantation and CAD-transformation of faceted surfaces

After the bone is imported in the software GEOMAGIC, the virtual implantation can be
undertaken. It might be necessary to adjust the position of the bone in order to achieve a
definite implant position There are recommendations for placing coordinate systems at
bones and joints given by the International Society of Biomechanics (Wu, Siegler et al. 2002;
Baker 2003; Wu, van der Helm et al. 2005). At this point it is very important to record the 4*4
transformation matrix, so the adjustment can be undone at a later stage using the inverse of
the transformation matrix..

When the bone is adjusted properly, the CAD-file of the implant can be imported in
GEOMAGIC using the IGES interface. The bone stock can be prepared for virtual
implantation by subtracting the implant geometry from the bone morphology. Additionally,
press-fit cavities can be created by downscaling the implant before subtraction. Since the
bone is existent in GEOMAGIC’s polygon phase, the implant also has to be transformed to a
polygon model before the Boolean subtraction is performed. Implant placement plays a
major role in order to generate an adequate model of the implant-bone-compound. In
clinical application, implant placement is determined via the surgery manual, the
instruments (e.g. cutting guide) as well as accurately defined angles. For example, the
acetabular cup in total hip replacement is placed according to lateral abduction, also known
as inclination, as well as anteversion. Nevertheless, an orthopaedic surgeon should be
consulted in order to verify an adequate virtual implantation.

After the cavity is created in the bone, the next important step is to convert the faceted
polygon surfaces to analytical non-uniform rational b-spline surfaces (NURBS). NURBS are
analytically defined surfaces which are based on control points. The calculation and
definition of NURBS is a major advantage compared to discrete tessellated surfaces. On the
one hand, this allows a better performance of CAD modelling, on the other hand, the
analytical surfaces can be distributed such that an automatic hexahedral meshing operation
can be facilitated (Fig. 5).

When the faceted surfaces are converted into NURBS properly, the bone can be transferred
to a pre-processor using the IGES interface. Provided the surfaces form a waterproof body,
PATRAN is able to convert these surfaces to one solid. Then the solid can be meshed
automatically with tetrahedral finite elements.
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Fig. 4. Three-dimensional reconstruction of bone from CT-scan data using AMIRA. Bone
morphology is exported as a tesselated surface.

Fig. 5. Distribution of NURBS-surfaces such that quadrilateral surfaces are oppositely
located enables generation of solids with five or six faces. Such solids can be meshed with
hexahedral elements automatically.

2.3 Mapping of material data on the finite-element-mesh
Mapping of material data from the CT slices onto the finite-element-mesh is a common
procedure in finite-element-analysis nowadays (Thompson, Northmore-Ball et al. 2002;
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Anderson, Peters et al. 2005; Manley, Ong et al. 2006; Schultze, Kluess et al. 2007). The most
common technique is to map the HUs onto the elements and to assign a high number of
different material definitions corresponding to equivalent ranges of HU. However, our
approach is to handle the HU as temperatures and to assign a temperature-dependent
material model (Zacharias 2001; Schultze, Kluess et al. 2007). Hence, the mapping is not
proceeded element-wise, but node-wise. Instead of defining several material models for the
different ranges of HU, only one material definition depending on the assigned
temperatures is needed, resulting in a cost-effective and time-saving calculation. This also
enables consideration of cortical bone with a constant Young’s modulus as well as
consideration of trabecular bone with a HU-dependent modulus using the same
temperature-dependent material definition.

There are both material models for trabecular bone which depend directly on the HU
(Snyder and Schneider 1991; Rho, Hobatho et al. 1995) and material models which depend
on the apparent density respectively the Calcium equivalence (Snyder and Schneider 1991;
Dalstra, Huiskes et al. 1993; Keller 1994). To correlate the HU from the CT scans with
apparent density and Calcium equivalence, a bone mineral density phantom must be CT-
scanned together with the relevant bone.

Using a Toshiba tomograph (Aquilion 32, TOSHIBA Medical Systems GmbH, Germany) at
120 kV and 300 mAs, we found a linear correlation between HU and Calcium density

(Fig. 6).
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Fig. 6. Top: Custom made bone mineral density phantom. Bottom: Correlation between HU
and Calcium mineral density determined by using the bone mineral density phantom.

With our custom-made mapping algorithm (AMAB, University of Rostock), each nodal

coordinate of the FE-mesh is retrieved in the stack of CT-slices by detecting firstly the
coronal height (axis z) and secondly the location in the coronal plane (axis x and y). The HU
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in the corresponding location in the CT slices are averaged within a definite zone
surrounding the nodal coordinates. The software allows adjustment of the averaging zone
by means of height and width. A weighting algorithm is included which increases the
weight of the HU in closer proximity to the FE-node’s location during averaging. Besides the
density distribution in cancellous bone, the varying thickness of pelvic cortical bone can be
represented with high accuracy.

2.4 Applying boundary conditions

The application of boundary conditions in biomechanical FEA is based on assumptions
including forces and pressures acting in the human body, as well as displacements and
symmetry boundary conditions based on simplifications in the model. The major source of
acting loads in the musculoskeletal system for orthopaedic biomechanics is the telemetric in-
vivo measurement using instrumented implants (Bergmann, Graichen et al. 1993;
Bergmann, Deuretzbacher et al. 2001; D'Lima, Patil et al. 2006). Some of the data gathered by
Bergmann et al. is now available online at http:/ /www.orthoload.com.

Furthermore, the calculation of acting muscle forces by means of inverse dynamics as a
numerical approach yields growing potential in musculoskeletal biomechanics (Rasmussen,
Damsgaard et al. 2003). Future steps in musculoskeletal biomechanics will have as their goal
the implementation of inverse dynamics with regard to kinematics into finite-element-
methods in a combined model.

3. Application of the finite-element-method for preclinical analysis of an
endoprosthetic implant

Following the presentation of how to generate finite-element-models of the implant-bone-
compound, an example of the application of this algorithm is given. Therefore, we take a
closer look at the clinical problem first.

3.1 Clinical background and objective

Despite the technical advances in THR the number of revisions (exchange of a failed
implant) in the United States doubled from 1990 till 2002 (Kurtz, Mowat et al. 2005). The
major indication for revision of approx. 75 % of failed THR is aseptic loosening (Malchau,
Herberts et al. 2002). The reasons why, in turn, revisions fail are instability (35%) and again,
aseptic loosening (30%) (Springer, Fehring et al. 2009). The occurrence of failed THRs
displaying massive deficiencies in acetabular bone stock is enhanced by the increasing
number of total hip arthroplasties.

Numerous implant systems with different fixation principles, specially designed for
acetabular cup revision, have been developed so far and have revealed fair to good clinical
results. The cemented systems include acetabular roof rings (Siebenrock, Trochsler et al.
2001; Gerber, Pisan et al. 2003; Yoon, Rowe et al. 2003) and antiprotrusio cages (Peters,
Curtain et al. 1995; Wachtl, Jung et al. 2000; Perka and Ludwig 2001; Weise and Winter 2003;
Gallo, Rozkydal et al. 2006), which are usually implanted in combination with autografts.
Cementless acetabular revision systems include bilobed components (DeBoer and Christie
1998; Chen, Engh et al. 2000), oval shaped cups (Gotze, Sippel et al. 2003; Haury, Raeder et
al. 2004; Civinini, Capone et al. 2007), pedestal cups (Perka, Schneider et al. 2002; Schoellner
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2004) and oversized acetabular components (Dearborn and Harris 2000; Whaley, Berry et al.
2001). Most of the non-cemented acetabular revision systems are designed for a small range
of defects and do not provide the modularity necessary to adapt to the wide range of
patient-individual bone morphology and defect sizes seen at reoperation.

The presented example of a finite-element-study in Orthopaedic Biomechanics forms the
basis in the development of a new acetabular cup revision system capable of providing a
cementless solution. The development is aimed at patient individual situations for enhanced
fixation of the cup by additional polyaxial and angular stable fixation pegs as well as a
modular adaptable lateral flap. The body of the revision cup is oblong shaped to fit the
acetabular defect without sacrificing too much bone in the anterior and posterior column.
The lateral flap is available in different angles to fit the patient’s pelvic morphology
individually. An outstanding feature of the fixation pegs is the ability to apply the pegs right
after the cup is impacted into the bone. Consequently, the orthopaedic surgeon can decide
whether to use one, two or no fixation pegs based on the objective primary stability
established by press-fit of the cup and the optional additional fixation using the flap.
Moreover, the fixation pegs provide angular stable fixation with the cup within a rotation
angle of 16°.

The objective using the finite-element-method is to predict the biomechanical performance
of the new implant system in terms of micromotion and stress states in the bone. The
biomechanical analysis is carried out by modeling different combinations of fixation pegs
and the lateral flap used with the implanted revision cup system and applying loads
corresponding to the gait cycle and stair climbing. The calculated micromotion in the
implant-bone-compound gives a prediction of how the primary stability of the newly
developed acetabular cup revision system can be enhanced using additional fixation.

3.2 Methods

The CAD prototype of the newly developed acetabular cup revision system is shown in
Fig. 7. The lateral flap is attached using a dove-tail in combination with two securing screws
and locking rings. The implant system contains three different flaps with ascending blade
angles to account for the patient-individual pelvic morphology. The flaps are anatomically
shaped to provide optimum fit onto the underlying bone. Each lateral flap is manufactured
with three drill holes for the application of bone screws.

In order to analyze the biomechanical performance of the additional fixation elements, a FE-
model of the pelvis with the implanted revision cup system was modelled using our
methodology from the previous chapter. Peak loads from walking and from stair climbing
were applied. The morphology of a hemi-pelvis was reconstructed from high resolution
computed-tomography (CT) (slice distance 0.3 mm). The hemi-pelvis was oriented in a
Cartesian coordinate system, with the x-axis connecting the right and left spinae iliacae
anterior superior (SIAS), the y-axis touching the pubic symphysis and pointing cranially and
the z-axis pointing anteriorly.

An acetabular bone defect of D’ Antonio Type III (D'Antonio, Capello et al. 1989) was created
in the computer model of the hemi-pelvis. Afterwards, the osteolysis-modified bone
structure was imported into the software GEOMAGIC (Raindrop Geomagic, NC, USA) for
virtual implantation of the revision system. For that purpose, the CAD-model of the revision
cup system was oriented at the pelvic coordinate system and placed in 45° lateral abduction
and 20° anteversion.
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Fig. 7. CAD-prototype of the newly developed acetabular cup revision system with modular
adaptable lateral flap and fixation pegs

Subsequently, the acetabular bone stock was prepared by Boolean subtraction of the implant
volume from the pelvic volume. The hemi-pelvis was meshed with 10-node tetrahedral
finite elements, the acetabular revision system as well as the liner were meshed with 8-node
hexahedral finite elements and the prosthetic head was modeled as an analytical rigid
surface (Preprocessor: Patran, MSC, CA, USA). A stick-slip contact formulation with a
friction coefficient of u = 0.6 was assigned between implant and bone. The assembled FE-
mesh is shown in Fig. 8. Constraints were applied at the sacroiliac joint (fully constrained)
and the pubic symphysis (symmetry boundary conditions).
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Fig. 8. Assembled finite-element-mesh of the acetabular cup revision system and the surrounding
bone. Instead of meshing, the prosthetic head was modeled as an analytical rigid surface.
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The material model of the bone was based upon the bone mineral distribution derived from
the CT-scans. Our custom-made bone mineral density phantom was CT-scanned together
with the analyzed pelvis. The Hounsfield Units (HU) in 100 voxels of each of these chambers
in the CT scans were measured in order to gain the analytical relationship between the
attenuation, measured in HU, and the bone mineral density, measured in Calcium-
Equivalence (pocs-k):

HU =14997p¢, s, (1)

Using equation (1), the material model for pelvic trabecular bone from Dalstra et al.(Dalstra,
Huiskes et al. 1993) could be applied. Calcium-Equivalence pc,.r; was converted to Apparent
Density ogp:

_ IO Ca—eq

Pa = 0,626

(2)

This conversion is followed by the correlation of Young's modulus of trabecular bone Ej
and Apparent Density p, (Dalstra, Huiskes et al. 1993):

E_, =20173p>% 3)

trab app

In the FE-model, Apparent Density p,;, was mapped from the CT scans onto each node and
treated mathematically as temperatures. Using a temperature-dependent material model,
the distribution of stiffness in trabecular and subchondral bone was calculated as a function
of Apparent Density py, respectively Calcium-Equivalence pc.r;. Areas with pcigs > 700
were assigned a constant Young’s modulus of E. = 8.5 GPa and treated as cortical bone
(Kluess, Souffrant et al. 2009).
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Fig. 9. Attachment areas of simulated muscle forces in the FE-model acting at the hip joint.

The muscle forces acting at the hip joint as well as the hip force resultant during normal gait and
during stair climbing were extracted from telemetric measurements (Bergmann, Graichen et al.

www.intechopen.com



Finite Element Analysis in Orthopaedic Biomechanics 163

1993; Bergmann, Deuretzbacher et al. 2001) and corresponding calculations (Heller, Bergmann et
al. 2001). The acting muscles were concentrated into separate groups according to Fig. 9.

The amounts of the distributed force vectors in the FE-model are summarized in Tab. 2,
given in percentage of the patient’s bodyweight (80.0 kg respectively 748.4 N). The hip force
resultant was applied in the reference node of the analytical rigid surface located in the

center of the reconstructed hip joint.

Normal gait Stair climbing
Muscles F. F, F, F. F, F,
(%BW) (%BW) (%BW) (%BW) (%BW) (%BW)
Abductors
(Mm. glutei maximus, | -58.0 -86.5 4.3 -70.1 -84.9 -28.8
medius, minimus)
M. biceps femoris -0.6 -4.1 0.5 - - -
Tensor fasciae latae 7.2 -13.2 -11.6 3.1 2.9 -4.9
M. semimembranosus -17.6 -57.4 -0.8 - - -
Tractus iliotibialis - - - -10.5 -12.8 3
Hip force resultant Fr 54 229.2 -32.8 59.3 236.3 -60.6

Table 2. Applied muscle forces and hip force resultant during normal gait and during stair
climbing. The amounts are given in percentage of the patient’s bodyweight (%BW) (Bergmann,
Graichen et al. 1993; Bergmann, Deuretzbacher et al. 2001; Heller, Bergmann et al. 2001)

V6: Cup with twogs and
lateral flap

V4: Cup with posterior
peg and lateral flap

Fig. 10. Variations of the acetabular cup revision system concerning application of the lateral flap
and the anterior end posterior fixation pegs. Each variant was virtually implanted into the
hemipelvis and meshed with hexahedral elements.

V5: Cup with two pegs
(anterior and posterior)
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In order to evaluate the influence of the fixation elements, six FE-models of the implant-
bone-compound were generated with different variants of the modular acetabular cup
revision system. Therefore, different combinations of the lateral flap and the anterior and
posterior fixation pegs were virtually implanted, according to Fig. 10.

The structural response of the implant-bone compound to the applied forces was calculated
nonlinearly using the solver Simulia/ABAQUS V 6.7 (Dassault Systemes, RI, USA). The
micromotion, being defined as the relative motion between implant and adjacent bone, was
evaluated element-wise at the cup-bone interface.

3.3 Results

The micromotion of the cup revision system in the surrounding bone stock was evaluated using
the relative tangential node displacements in the contact surface. The postprocessor ABAQUS
enables the prediction of tangential displacements (CSLIP) in the two perpendicular directions t;
und ¢, throughout the whole surface of the implant bed. The maximum amounts of micromotion
Uumic were calculated in each finite element n by equation (4):

u,, (n) = [CSLIP(t,, ) +[CSLIP2(t,,n)] @

The results of the FE-analyses were plotted as a greyscale-figure for visualization. The
micromotion under maximum loads during gait considering different combinations of
fixation elements applied to the acetabular revision system are shown in Fig. 11.

V1: Micromotion without V2: Micromotion with application || V3: Micrometion with application
additional fixation of the lateral flap of the posterior fixation peg
A

il

Micromotion [mm] 0.000 0025 0050 0075 0100 0125 0150 0175 0.200 0.250

V4: Micromotion with application || V5: Micromotion with application || V6: Micromotion with application
of lateral flap and posterior peg of both fixation pegs of lateral flap and both pegs
A7)

" "
Fig. 11. Greyscale plot of the micromotion in the acetabular bone stock with a D’ Antonio
defect type III under the maximum loads and muscle forces during gait. Simulating the
application of additional fixation elements, the micromotion was reduced significantly.
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The interpretation of the results included firstly the maximum micromotion in the implant-
bone interface, secondly the percentage of the contact surface with less than 50 pum
micromotion.

The calculation of the revision cup without additional fixation (V1) showed high motion of
the implant amounting up to 264 um. Allowable micromotion of < 50 uym was found in the
caudal acetabulum only within 5.7 % and 6.1 % of the whole contact surface during gait and
during stair climbing. The application of the lateral flap (V2) resulted in a significant
reduction of micromotion, especially in the cranial acetabulum. However, the caudal bone
bed showed motion of up to 200 pm. Using the posterior fixation peg instead of the flap (V3)
decreased the maximum micromotion to values below 100 um. The areas of micromotion
<50 pm amounted 79 % of the whole contact area during gait and 84 % during stair
climbing. When the posterior peg and the flap were used (V4), these areas increased up to
87 % and 98 %. The highest reduction of micromotion was reached using both fixation pegs
(V5). In this case, the calculation showed no micromotion higher than 50 pm during gait and
only 1 % of the contact area with micromotion higher than 50 um during stair climbing.
When the lateral flap was attached in addition to both pegs (V6), the amount of
micromotion slightly increased.

Besides the evaluation of micromotion, the FE-analysis gives information about the expected
stress states in the periprosthetic bone during load. Hence, bone regions with sparse
amounts of stress which are subject to bone resorption can be identified. An adequate force
transmission from the implant to the surrounding bone should enhance bone ongrowth as a
result of reconstructed hip biomechanics. In the undesirable case of stress shielding, bone
resorption could induce implant loosening. The present analysis was interpreted especially
with regard to the bony region around the fixation pegs.

The greyscale plots in Fig. 12 show the stress states within the bone stock of the posterior
fixation peg before and after implementation. The stress state without the peg clearly shows
the cortical load transmission according to the sandwich-architecture of flat bones. If the
fixation peg is inserted, the von-Mises stresses in the trabecular bone between the cortical
walls increase up to 5.0 MPa. These stresses are an indicator for possible bone formation in
the cranial part of the acetabulum as a result of stress-induced remodeling.

von Mises stress
[MPa)

Stress in bone stock with
fixation pegs

Fig. 12. Cross-sectional view of the von Mises stresses in the posterior ilium under
maximum loads during gait. Stress plot with fixation pegs (right) shows higher internal

stress in the trabecular bone than calculated without pegs (left).

Stress in bone stock
without additional fixation
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4. Conclusion

Finite-element-analyses of the implant-bone-compound gained growing accuracy with the
fast-paced development of computer workstations. There are a number of reasons why a
biomechanical problem should be adressed and solved numerically using FEA:
1. The problem cannot be analyzed clinically:
o Preclinical stage of implant development
o Variation of a parameter which does not yet exist in implants on the
market
o  Clinical study might not be sufficient to answer specific questions
o Ethical reasons (e.g. dislocation modes of endoprostheses cannot be
conducted in vivo)
2. The problem cannot be analyzed experimentally:
o Analyzing many different parameters necessitates manufacturing of many
prototypes and might be very cost-intensive
o Boundary conditions such as muscle forces cannot be realized in an
experimental setup
o Experiments on human specimen may not be reproducible due to
variations of biologic properties
3. Results from a clinical or experimental study cannot be interpreted
o A numerical model can help interpreting clinical and experimental results
We presented an approach of how finite-element-models of the implant-bone-compound
can be generated, and we gave an example of an FE-analysis of a new implant specifically
designed to withstand loads and micromotion in large bone defects due to revision surgery.
There is a variety of specifications made for modeling e.g. the pelvis in numerical analyses.
The inhomogeneous material properties of trabecular bone as well as the varying thickness
of the pelvic compacta should be considered (Anderson, Peters et al. 2005). For economic
reasons, a hemipelvis can be modeled under symmetrical boundary conditions (Dalstra,
Huiskes et al. 1995; Spears, Pfleiderer et al. 2001; Kaku, Tsumura et al. 2004; Oki, Ando et al.
2004; Anderson, Peters et al. 2005; Bachtar, Chen et al. 2006). The mapping of trabecular
bone material data based on computed tomography scans is widely accepted (Dalstra,
Huiskes et al. 1993; Dalstra, Huiskes et al. 1995; Anderson, Peters et al. 2005; Manley, Ong et
al. 2006). Nevertheless, a dependency of compact bone stiffness and mineral content has not
been proved yet.
Our approach to apply a temperature-dependent material model in combination with
Hounsfield-Units treated mathematically as temperatures resulted in a good agreement of
numerically and experimentally analyzed principal strains. The requirements for
consideration of varying cortical thickness and inhomogeneous trabecular bone stiffness
were satisfied. By assigning temperatures, the duration of the calculation was significantly
decreased compared to assigning different Young’s moduli to discrete trabecular volumes.
The finite-element-mesh of bone, if meshed with tetrahedral elements, should consist of
tetrahedral elements with quadratic interpolation, i.e. at least 10 nodes per element. Besides
the considerable increase in accuracy of such elements, the mapping of HU is realized on a
higher node density.
It must be noted that development of finite-element-models in Orthopaedic Biomechanics
goes far beyond the examples given in this article. Of course, different anatomical regions
are being analyzed apart from the hip joint. There are numerous models of the knee joint,
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spine, shoulder and many joints and bony regions in the human body (Fig. 13).
Additionally, other disciplines close to orthopaedics deal with similar numerical approaches
and models, e.g. traumatology and dental implantology.
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Fig. 13. Finite-element-models of a knee replacement with proximal femur (left) and an
osteosyntheses with a segmental femoral bone defect (right)

But also the techniques in numerical simulation are varying. While the models presented in
this section are all calculated statically, one also uses dynamic models for special questions.
As an example, the impaction of implant components during surgery is in the focus of
biomechanical modeling, thereby considering velocity-dependent damping forces as well as
acceleration-dependent inertial forces.

Beyond that, more research groups concentrate on predicting biological effects in bone, e.g.
the above mentioned bone remodeling initially described by Wolff’s law.

In conclusion, finite-element-analysis yields a large potential to help in the development of
sophisticated implants, surgery techniques and materials. But as depicted before (Fig. 1), a
lively circle between clinical input and provision of analytical results conducted by the
clinicians and the engineers is the basic requirement for fruitful research.
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