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Abstract A computational approach for studies on the biomechanical compatibility of hip implants based on
detailed three-dimensional finite element models is presented. With the anticipation for a meaningful compu-
tational prediction of bone behavior under endoprosthetic treatment a general modeling approach taking into
account the model generation from radiological data and the recovery of statically equivalent joint loads and
muscle forces from a best fit between simulated and measured bone mass density distribution was developed.
Computational results for three different endoprostheses systems are presented and compared with clinical
studies. The potential for aiding the development process of new prosthesis designs regarding their biome-
chanical compatibility is demonstrated.

Keywords Stress adaptive bone remodeling · Hip-joint endoprosthetics · Finite element method

1 Introduction

Artificial joint replacement is one standard surgery for joint diseases. With more than 100,000 implantations
per year hip-joint endoprosthetics is the most frequent treatment in Germany. A typical complication is aseptic
loosening of the implant-bone integration with the indication for revision. Stress shielding caused by unphys-
iological load transfer due to the stiff implant is discussed as one major source for these failure scenario.
Besides the requirement on the biocompatibility of the implanted materials, investigations on optimized pros-
thesis designs with better biomechanical compatibility are performed. Computational mechanics can assist to
accelerate these developments.

Since Wolff [1] stated his law of bone-transformation in the late nineteenth century the relation between
bone formation and mechanical demand is well accepted. Pioneering work in this field has also been done
by Pauwels [2]. Starting with the late 1980s going along with increased computer performance and related
development of computational mechanics first theories on stress adaptive bone remodeling have been devel-
oped [3–7], which have been refined for more and more sophisticated analysis in the following years; among
many others here it is referred to [8] for early computational aspects and to [9–12] for recent constitutive
approaches within a continuum mechanics framework. Nowadays a couple of advanced theories for the con-
stitutive modeling of stress driven bone remodeling phenomena are available, considering anisotropic behavior
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as well as large deformation response [9,10,12] or two-phase approaches considering the liquid phase of bone
tissue [13].

Current developments mainly focus on the improvement of rather specific issues, like more sophisticated
constitutive formulations. But so far, a strong link between the mechanical stimulation of bone remodeling
as long temporal term response at the continuum level and the responsible cells activity is an open field of
research. While the signaling process between the sensor cells (osteocytes) and bone remodeling cells (osteo-
clasts and osteoblasts) appears to be understood [14], the physiological environment for the stimulation of cell
activities remains under controversy discussions [15–17]. Thus the mechanical stimulus assumptions provided
within a continuum mechanics description have a strong heuristic character. In contrast, but closely related to
the former statement, there is only a limited knowledge about the individual mechanical loading conditions of
the bone due to muscle forces and joint loads at all. Besides the fact, that this issue has already been addressed
in the early publications on stress adaptive bone remodeling, e.g. [3,6], only limited improvement has been
recognized by the authors. Data from experiments [18] regarding resultant hip joint forces and theoretical
investigations for related muscle activities [19,20] are available. However, these knowledge is not processable
for bone remodeling simulations directly, because an accumulation of a long motion history has to be taken
into account.

Besides the mentioned uncertainties it appears hard to evaluate the constitutive parameters from related
laboratory tests and it is almost impossible to validate these models from in vivo studies with current radio-
logic diagnostic tools. Till now it is only possible to explain the models plausibility based on clinical studies.
Under these circumstances a hierarchical modeling approach appears to be suitable, starting with quite simple
approaches regarding the constitutive description to study effects of predominant meaning. Once first order
effects and dependencies are well understood, model refinements can start goal oriented for the most sensitive
parameters.

A balanced modeling scheme will be presented in Sect. 2, where we restrict ourself to a quite simple
mechanical approach (linear elasticity, isotropic material behavior, etc.). The geometry is reconstructed from
CT-data from which also the initial bone mass density distribution is assigned to the finite element model.
Based on this initial configuration statically equivalent loads set for joint forces and muscle loads are computed
by an inverse approach ending up in a biomechanically equilibrated model for the physiological bone. For
studies on the bone remodeling behavior of different hip-joint endoprosthesis designs a CAD model is recon-
structed from the triangularized surface model which enables the intersection with the prosthesis geometries.
The capability of the suggested modeling approach will be demonstrated for three different types of hip-joint
endoprosthesis. A clear correspondence with clinical results will be shown. As a first step for model refinement
a bioactive contact layer between prosthesis and bone will be introduced for simulation of the osseointegration
of the non-cemented implants.

2 Modeling approach

The overall modeling approach for studies on the biomechanical compatibility of artificial hip joint replace-
ments consists of different modeling steps. In the following the mathematical model for internal stress adaptive
bone remodeling based on continuum mechanics is briefly outlined, followed by the geometrical modeling
approach and an recovery technique for the computation of statically equivalent joint loads and muscle forces.
As a first step for model refinement a bioactive contact layer will be introduced in between prosthesis shaft
and bone for the simulation of osseointegration of implants.

2.1 Mathematical model for stress adaptive bone remodeling

For the computation of the mechanical stress distribution the local equilibrium condition

div σ = 0 (1)

for vanishing body forces (b = 0) is solved. The Cauchy stress tensor σ is associated to a free energy density
function such that

σ = �
ψ

∂ε
(2)
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with the linear strain tensor ε = sym(grad u), while u describes the displacement field. The free energy density
function itself depends on the strain tensor and a set of internal variables α which describe the load history of
the material,

ψ = ψ(ε,α). (3)

By this first order approach isotropic and linear elastic constitutive behavior of bone tissue is assumed (see
discussions below), and therefore a scalar valued internal variable associated to the macroscopic observable
bone mass density (BMD) α ∼ � is introduced. With these assumptions the free energy density function takes
the form

ψ = 1

2�
ε · ·C(�) · ·ε (4)

with the linear elastic fourth order constitutive tensor C , which depends on the BMD only. Within the outlined
model framework the constitutive tensor can expressed as

C = E(�)

E0
C0 (5)

where E(�) describes the Youngs modulus of bone tissue in dependence of BMD, E0 is a corresponding
reference value, e.g. for cortical bone, and correspondingly C0 is a constant isotropic linear elastic constitutive
tensor. Within a consistent framework of constitutive theory of materials, regarding which it is referred to
monographs like [21] and related computation aspects to [22,23], a physiological target function is stated,

f = ψ − ψphy = 0 (6)

where ψphy describes a physiological target value, i.e. a long-time averaged strain energy state assumed to
be comfortable for the living bone tissue from the macroscopic point of view. In close analogy to continuum
damage mechanics from the postulate of extreme values of internal dissipation an evolution rule for the internal
variables is derived,

�̇ = λ̇
∂ f

∂�
. (7)

The numerical treatment within this generalized framework is well investigated, i.e. the equilibrium conditions
are solved with finite element methods while the evolution equations for the internal variables are integrated
locally with implicit Euler-schemes.

An open question remains on the constitutive relationship discussed for Eq. 5. Often cited is the empirical
equation after Carter and Hayes [24],

E(�) = 3790 ε̇0.06�3, (8)

who found from experiments with cortical human and bovine bone a cubic relationship between Youngs-mod-
ulus and apparent bone mass density. Besides these findings a lot of experimental investigations for cortical
as well as trabecular bone for different anatomical locations are reported in literature, e.g. [25–30], linear
regression as well as power laws like Eq. 8 are presented, while the exponent varies between n = 1 and
n = 3.3. A systematic study comparing finite element results from six different relationships with experiments
has been published in [31], who showed that by the Carter Hayes equation (n = 3) the computed strains appear
overestimated while for example the approach after Morgan et al. (n = 1.83) appears to stiff.

From a theoretical analysis based on a thermodynamic consistent continuum mechanics constitutive theory
Krstin et al. [10] argued a value for the exponent of n = 2. This is also in agreement with statistical analysis
published in [32]. We found that the constitutive relation

E = E0

(
�

�0

)2

(9)

with E0 = 6250 MPa and �0 = 1 g/cm3 provides a good fit to the findings of [31].
Remark on the constitutive approach. More sophisticated constitutive models for stress adaptive bone remod-
eling have been reported in literature including anisotropic or large deformation assumptions, here it is referred



506 A. Lutz, U. Nackenhorst

to [9–12] for example. We decided for the outlined first order approach because of a lot of additional model
uncertainties discussed below, and in this context the problem of model parameter identification. A setting
within a large deformation continuum framework appears not suitable in bone mechanics (fracture stretch of
about 1%) as far as no growth associated with anatomical shape changes is considered. Among others, e.g.
[33,34], we made the experience that anisotropic effects appear of second order importance at least for the
proximal femur region.
Remark on computational stability. In the early literature the phenomenon of checkerboarding has been dis-
cussed, e.g. [6,8], which appears with low order finite elements. For linear tetrahedral elements used for this
investigations this problem is circumvented by smoothing the internal variable field using superconvergent
patch recovery techniques described in [35] for example.

An other issue is on the often cited dead zone for the evolution of the bone mass rate equations, see e.g.
[4,36]. From continuum constitutive theory there are no arguments for such non-smooth approaches, and from
computational point of view sophisticated techniques have to be involved for the development of robust and
stable algorithms.

2.2 Geometrical modeling and finite element discretization

The anatomical shape of the femur is reconstructed from computer tomography data available from the visible
human project [37]. In a first step the outer geometry is reconstructed by using the segmentation techniques pro-
vided by Matlab-software, see Fig. 1a. For the purpose of virtual implantation of artificial joint endoprosthesis
a CAD-reconstruction based on a smoothed triangularized surface model shown in Fig. 1b is performed. Using
automated Delauny techniques the geometry is discretized with linear tetrahedral finite elements (Fig. 1c). The
total mesh consists of about 15,000 linear tetrahedral elements resulting into approximately 3,500 unknown
nodal displacements. Finally, as shown in Fig. 1d, the Hounsfield units identified from the CT-data are trans-
lated into BMD-values, for details it is referred to [38] for example, and mapped to the finite elements as initial
values for the distribution of Youngs-moduli using Eq. 9.

Fig. 1 Model generation process. From CT data (a) over a triangle surface model (b) to a tetrahedral finite element model (c)
with mapped bone mass densities (d)
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Once a biomechanical equilibrated model is obtained as discussed in the next subsection, a prosthesis
model is easily integrated using CAD-techniques. This enables for studies of bone remodeling caused from
different prosthesis design for assessing the biomechanical compatibility, see Sect. 3.

2.3 Boundary conditions and loads

For the computation of the equilibrium equations boundary conditions have to be defined. To suppress rigid
body motions the femur model is kinematically restrained at its distal part. The shaft is modeled about 25-cm
long, which is approximately 60% of the whole femur, so that local disturbances from Dirichlet conditions are
dyed out. The femur is loaded by joint forces and nine muscle groups as depicted in Fig. 2. An inverse opti-
mization approach is applied to compute a static equivalent load set: Based on the BMD-distribution obtained
from the CT-data the joint forces and muscle loads are computed such that the remodeling algorithm leads to
a BMD-distribution which fits best to the measured one. A similar technique has been already mentioned in
[39]. The computed statically equivalent load set is collected in Fig. 2, from which it is observed that at least
five muscle groups have to be considered for the proximal part of the femur.

Once the statical equivalent load set is found, a biomechanically equilibrated model of the femur is obtained
which is the basis for studies on the stress adaptive bone remodeling caused by artificial joint implants, as
discussed below.

2.4 Model refinement: bioactive contact interface

The modeling approach described before assumes a perfect bonding between bone and endoprosthesis because
matching meshes with the same interface nodes are used. The surface of modern prosthesis shafts are func-
tionally graded, where the osseointegration shall be enhanced by structured surfaces or bioactive coating for
specific parts, while for other parts an ingrowths is avoided by polished surfaces. For that purpose a bioactive
interface layer has been implemented. In a first step the contact interface nodes are doubled and an offset of
0.5 mm is generated. The obtained gap is filled with addition triangular wedge elements with contact specific
constitutive properties (only normal pressure and related limited tangential shear is supported), see Fig. 3a.
This is valid for all parts of the prosthesis, and for the textured and bioactive coated parts an ingrowth sce-
nario depending on the mechanical environment is modeled. An outline of details is beyond the scope of this
presentation, the basic features are that:

– large relative tangential displacements caused from dynamic short term loads prevent osseointegration
locally

– ingrowth appears only at regions with predominant contact pressure
– the osseointegration occurs at much shorter time scales as bone remodeling (because of other cell activities)

and therefore, appears finished before the overall bone remodeling simulation starts.

Fig. 2 Primary muscle forces after [40]
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Fig. 3 Mayo FE-Model with loads and wedge contact layer magnified (a), Gruen zones (b), X-ray emulation of 3D bone apparent
density distribution in postoperative state (c) and in longterm state without (d) and with contact elements (e)

3 A comparison of three hip-joint endoprosthesis

As first device the Mayo prostheses (Zimmer, Germany) has been analyzed. It is a short stem titanium implant
with conical shaped rhombic cross section developed in the early 1980s and implanted since 1985. With
this special design multi-point anchoring has been intended. The proximal part has a structured surface for
osseointegration, while the distal tip is polished. The goal of this implant was to create a non-cemented short
stem providing minimal bone loss, immediate fixation, long-term compatibility regarding good remodeling
properties and the possibility of easy revision.

The finite element model depicted in Fig. 3a consists of about 4,300 nodes and nearly 20,000 linear tet-
rahedral elements. The model is fixed at its distal end and the joint force as well as the muscle forces are
distributed as depicted in Fig. 3a for more physiologic loading by avoiding stress singularities. For compari-
son, this model has been simulated with both approaches, perfect bonding of the bone implant interface and
the bioactive contact interface layer using 3-D wedge contact elements. The material properties of titanium,
which are applied for this and the following implants are E = 105.000 MPa and ν = 0.31.

Results of the finite element simulation are depicted in Fig. 3c–e for the postoperative state and for the long
term state without and with contact elements in a X-ray emulation of the 3-D BMD distribution. The model
with perfect bonding in the bone implant interface predicts massive stress shielding in Gruen zones (see Fig. 3b)
2, 3 and 7 and moderate atrophy in zone 1. This approach appears not suitable for this device, as the distal part
of the implant is not fixed, but swinging freely. The model with contact elements provides much better results,
as considerable atrophy is only predicted in zones 2 and 7, which is in good agreement with clinical studies.
For example, Roth et al. [41] published a study with 8 patients in a mean age of 54.4 years. They performed
DEXA measurements and got a mean BMD loss of ≈15% in zone 7 twelve months postoperatively. In zones 1,
2 and 3 the change in BMD was ≈−5%, ≈+3% and ≈−2%. In zones 4, 5 and 6 there was almost no change in
BMD. The computation clearly underline these tendencies, while only in Gruen zone 2 the resorption appears
overestimated.

Another study based on radiological follow-ups of 159 hips at a mean of 6.2 years postoperatively has
been reported by Morrey et al. [42]. They recorded visible neocortex (divergent from the implant) in 27.5%
of the patients in zone 1 and 2 and radiolucent lines in 13.8% of the patients again in zone 1 and 2. Neocortex
visibility occurs 3.3 times more often in zone 1 compared to zone 2 and lucent lines are two times more often
in zone 1. This is a indicator for atrophy in these zones. In the other zones these effects occurred only isolated.
These clinical results are also in good agreement with the computational remodeling prediction.

Unfortunately, no quantitative data regarding the total loss of bone mass, e.g. from DEXA measurements,
are available so far. With reference to discretized finite element volume a loss of bone mass of about 20% is
predicted from the computed results for this device when the advanced contact theory has been considered.
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As a second implant analyzed is the famous Zweymüller prosthesis has been analyzed. This titanium
prosthesis has been introduced in 1979 and appears to be the most frequently implanted non-cemented stem-
prosthesis in Europe. It was designed to provide primary rotation-safe stability due to press fit along the whole
length of the implant [43]. The finite element model used for these investigations consists of about 15,100
linear tetrahedral elements with 3,200 nodes. To match the original design goals of this implant a perfect
bonding along the whole stem has been modeled.

The computed results are depicted in Fig. 4b and c in postoperative and longterm state again as X-ray emu-
lation. The corresponding Gruen zones are plotted in Fig. 4a. Due to the simulated perfect press fit fixation,
stress shielding is evident in all Gruen zones except zone 4, whereas the accompanying bone loss decreases in
distal direction. These results correlate quite good with radiological investigations of Effenberger et al. [44]
for patients that encounter bone loss. Hanebeck [45] did a study with 95 patients and follow-ups after 2, 4
and 6 years. The radiologic follow-ups were attended by 29 (2 years), 29 (4 years) and 23 (6 years) patients.
Atrophy was reported in the Gruen zones as summarized in Table 1. Most often atrophy is reported in proximal
zones 1 and 7 and in moderate occurrence in zones 2 and 6. The study of Zwartele et al. [46] reveals similar
results. They found bone atrophy in the majority of the femora predominantly in zones 1 and 7 (no quantitative
information). In 22% of 142 femora bone atrophy was detected in three Gruen zones or more. So atrophy is
more frequent in proximal parts and getting less in distal direction.

These findings are in clear correspondence with our computational results, while the loss of bone mass in
Gruen zones 2 and 6 appears overestimated. This is the result of the perfect bonding assumption, the use of
bioactive contact elements as in the former example might lead to better agreement with radiological observa-
tions regarding the overestimation of bone-loss in zones 2 and 6. It is assumed that the perfect press fit as it is
simulated would not be achieved clinically and is, as the results show, not desirable. But as cases are described
in literature, in which this stress-shielding behavior is reported, these results can be interpreted as worst case
scenario.

The simulation predicts a total change of bone mass of 29%. So with ideal press fit fixation this implant
tends to have higher-than-average stress-shielding behavior. Due to its long stem, its diaphyseal fixation and the
accompanying diaphyseal load application to the bone this implant should be emphasized as revision implant
rather than as primary device, particularly regarding younger patients with a high risk of revision.

Fig. 4 Gruen zones (a) and X-Ray emulation of bone apparent density distribution in postoperative (b) and longterm state (c) of
the Zweymüller prosthesis model

Table 1 Atrophy in the Gruen zones for three stages of follow-up in % of appearance in patients [45]

Follow-up Gruen 1 (%) Gruen 2 (%) Gruen 3 (%) Gruen 4 (%) Gruen 5 (%) Gruen 6 (%) Gruen 7 (%)

2 years 55 21 0 0 0 14 41
4 years 55 17 7 0 0 7 34
6 years 52 30 9 0 0 14 39
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Especially for younger patients attempts on preservative treatment are under investigation to ensure a rather
good remaining bone stock in the proximal femoral region for revisions. A method for rather low resections
is the resurfacing technique. A CAD model for a resurfacing cap prosthesis with femur is depicted in Fig. 5a,
the corresponding finite element model consists of 45,000 linear tetrahedra with about 9,000 nodes.

The results of postoperative (Fig. 5b) and longterm state (Fig. 5c) are again compared in emulated X-ray
graphics. There are almost no changes visible. Bone-loss only occurs directly under the cap, as the comparison
of postoperative (Fig. 5d) and longterm (Fig. 5e) frontal cuts in the density distribution reveal. As the load
is transferred from the cap to the cortical regions in the femur neck, no bone-loss occurs and the proximal
bone stock remains. Quite good survival rates are reported in clinical studies (e.g. [47]), but in a significant
number of cases complications like femoral neck fractures or loosening of the implant are reported. Falez
et al. [48] report that there were neither clinical nor radiographic signs that indicated the fractures in their
study. Examination of three failed specimens revealed necrosis in the epiphysis that extended to the femoral
neck and caused one fracture and two times loosening of the implant. Another specimen showed extensive
resorption of the femoral epiphysis. These diagnoses have been associated with massive cement penetration
into the epiphyseal bone and polar cement concentration under the cap. Accompanying an interruption of the
blood supply could lead to avascular necrosis followed by loosening of the implant [49]. Little et al. [50]
found histological signs of avascular necrosis in 92% of cases, which were revised due to aseptic loosening or
femoral neck fracture.

From pure mechanical point of view this kind of treatment appears preferable, but additional biomedical
aspects have to be considered. With a loss of bone mass of only 6.2%, the hip joint resurfacing treatment is
best regarding the remodeling abilities and the conservation of bone stock.

4 Conclusions

A first order computational approach for preclinical analysis of the biomechanical compatibility of hip-joint
endoprosthesis has been outlined. The biological reaction of bones due to changes in mechanical demand has
been described by a quite simple phenomenological model within a thermodynamically consistent constitutive
framework. For these studies the model assumptions have been chosen as simple as possible, i.e. isotropic
linear elastic constitutive behavior of bone tissue and a scalar valued internal variable for the evolution of the
bone mass density in close analogy to continuum damage mechanics. The simplicity of this approach is argued
as follows: Besides the constitutive relations there are a lot of other uncertainties, where the definition of the
loading conditions are assumed to be predominantly. It appears to be impossible to obtain reliable constitutive
parameters even for this simple model, the prognosis capability of the model can only be underlined by clinical
studies. In addition, efficient numerical techniques for the stable and reliable solution of related problems are
well established. The main focus of the current presentation is led onto a consistent overall modeling approach
where the geometry and initial bone mass density distribution is recovered from CT-images. This initial model
serves for the computation of statically equivalent load sets using an inverse simulation approach. As a first
step for model refinement a bioactive contact layer for the prediction of the osseointegration of the implants
has been introduced.

Based on this biomechanical equilibrated model of the human femur studies on the bone loss caused from
three different hip-joint endoprostheses systems have been performed. The computational results have been
compared with clinical data reported in literature. The computational prediction is in good agreement with
radiological observation.

The studies presented here demonstrate illustratively, that even with this quite simple, but numerical effi-
cient remodeling approach, the prior effects of stress adaptive bone remodeling are well described. From the

Fig. 5 CAD model of resurfacing implant and femur (a). X-ray emulation of density distribution in Mayo model in postoperative
(b) and longterm state (c). Density distribution in frontal cuts in postoperative (d) and longterm state (e)
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experience of the authors the results are much more sensitive on the loading conditions than on second order
effects like anisotropy, etc. It has been outlined that a qualitative judgment of the biomechanical compatibility
of bone implants is possible jet now, which might assist in the design of better prosthesis as well as patient
individual therapy.
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