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Numerical analysis of the biomechanical
complications accompanying the total hip
replacement with NANOS-Prosthetic: bone
remodelling and prosthesis migration
Abstract: Aseptic loosening of the prosthesis is still a
problem in arti�cial joint implants. The ýloosening can
be caused by the resorption of the bone surrounding
ýthe prosthesis according to stress shielding. A numerical
model was developed and validated by means of DEXA-
studies in order to ýanalyse the bone remodelling process
in the periprosthetic bone. A total loss of about 3.7% of
the bone density in the periprosthetic Femur with NANOS
is computed. The bone remodelling calculation was val-
idated by means of a DEXA-study with a 3-years-follow-
up. The model was further developed in order to be able
to calculate and consider the migration of the implants.
This method was applied on the ýNANOS-implant with a
computed total migration of about 0.43 mm. These calcu-
lations showed good results in comparison with a 2-year-
follow-up clinical study, whereby a RSA-method was used
to determine the stem migration in the bone. In order to
ýstudy the mutual in�uence between the implant migra-
tion and the hip contact forces ý, a software is developed
by our scienti�c group to couple a multi body simulation
(MBS) of human lower limps with the FEA of the peripros-
thetic Femur.
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1 Introduction

The implantation of arti�cial joints has been developed
over the last decades into a routine procedure. More than
150,000 primary hip replacements are performed each
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year in Germany alone [1]. Despite all the technological
and medical advances, the lifetime of the implants is still
limited [2]. The most common reasons for implant failure
are the aseptic loosening and the migration due to stress
shielding [3], which leads to unstable anchoring of the
prosthesis in the bone tissue [4]. In addition and due to
the changes in the boundary conditions of the replaced
hip joint the gait of the patient and thus the load on the
hip joint varies [5]. The optimization of the prosthetic de-
sign has largely been based on the practical experience of
manufacturers [8]. Extending this knowledge and experi-
ence with numerical methods can realize a time-saving,
cost-e�ective and patient-friendly developmentmethodol-
ogy [7]. The �nite element method (FEM) has been widely
used in this �eld [6]. The aim of this study is to calculate
the bone remodelling around the NANOS prosthesis in the
femur and to numerically map the migration of this im-
plant using the numerical model developed at IFUM. Fur-
thermore, the FEA formapping theNANOS shaftmigration
was coupled with a MBS of human lower limbs, which is
supplied with a hip prosthesis to determine themutual in-
�uence between the shaft migration and the hip contact
forces.

2 Methods

Based on the Wol�’s law [8], di�erent mathematical theo-
ries have been proposedwith respect to bone remodelling.
One of them is the model of Behrens et al., which is devel-
oped at IFUM in Hanover [9]. According to this model, the
changes of thebonedensity dependona stimulus ξ ,which
results from the time-varying strain energy density in the
bone tissue. A detailed derivation of the stimulus ξ can be
found in [10]. The model presented has already been used
and validated for the numerical description of bone re-
modelling in the periprosthetic femur with di�erent types
of implants such as METHA®, Bicontact®prostheses [11].
Bymeans of this model, the bone remodelling was numer-
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ically investigated around the NANOS prosthesis in the fe-
mur. The FE-model of the periprosthetic femur was cre-
ated using HyperMesh® software (Altair, USA) with the
NANOS prosthesis virtually implanted in a femur. Based
on a CT data set of human patients, the femur geome-
try was created. In this case, an image analysis program
(Yadiv®, Welfenlab, Hanover) was used to generate the
3D mesh model of the femur. Based on the HU values of
CT images the calculated bone density is automatically
assigned to the voxels of the �nite element model. The
FE model was implemented into the simulation system of
MSC.Marc® (MSC.Software, Santa Ana, California, United
States) to simulate the bone remodelling. The elastic mod-
ulus Eof thebone is calculatedbyan integrated subroutine
in the simulation using the following equation 1 [12]:

E = 3790ρ3 (1)

The NANOS-prosthesis was modelled with a tita-
nium alloy Ti6Al4V, which is characterized by a homoge-
neous and isotropic material behaviour. The physiological
boundary conditions were assumed according to Speris et
al. [13]. Furthermore, a reduced muscular system is added
to the femurmodel suggested byHeller et al. [14]. Themus-
cular system consists of the abductors, the tensor fascia
lata, the vastus medialis and the vastus lateralis muscles.
The resulting hip contact force was taken from a validated
multi-body-simulation carried out at the IFUM in coop-
eration with the clinic of small animals at the University
of Veterinary Medicine Hannover, Foundation [ý15]. The
multi-body-model is generated using gait analysis data at
the speed of 0.8 m/s.

To calculate the density of the bone in di�erent re-
gions of interest (ROIs), the elements were stored in indi-
vidual sets, corresponding to the distribution of the ROIs
(see Figure 1). The contact between the NANOS-prosthesis
and the bone tissuewasmodelledwith a no-slip condition
at the coated areas of the prosthesis. In uncoated areas, a
frictionless contact is assumed.

So far, the bone remodelling in theperiprosthetic bone
tissues is calculated without changing the bone geometry.
Thus, an aim of this study is to model the prosthetic mi-
gration by means of updating the bone geometry in con-
tact with the prosthetic as a function of the density val-
ues of the bone tissue. However, no study or equation con-
nects the dismantling of the tissue around the implants
with the reduction of bone density. Based on the equa-
tion 1, the changes in the bone density can be translated
into changes in its E modulus and thus into changes in
the elastic strains ε of the bone tissue as a reaction to the
hip contact forces. The change in the strain can be calcu-
lated from the simulation with an appropriate subroutine,

which stores the changes in the element positions and con-
siders these changes to create new sets of elements using
a remeshing function before starting the new simulation
increment. Using this method it is now possible to model
the changes of bone geometries numerically considering
only the mechanical factors that lead to the prosthetic mi-
gration and ignoring biological in�uences.

Figure 1: The NANOS-Prosthesis and the distribution of the ROIs in
the Femur.

The in�uence of the prosthetic migration on the hip
contact forces has already been investigated and con-
�rmed at the IFUM using the MBS model of the human
lower extremities [15]. Thus, it is very important to model
the implant migration considering the changes in the hip
contact forces caused by the migration itself. For this pur-
pose, online coupling software is created between the
multibody simulation software LifeMOD, in which the hip
contact forces will be determined, and the FE-software
MSC.Marc, where the prosthesis migration can be calcu-
lated. The coupling is realized through a software written
in the programming language Python. The coupling ends
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when the FE-calculation of bone remodelling converges
and the change in position of the prosthesis is too small.

3 Results

3.1 The bone remodelling

Thenumerical calculation of the bone remodelling needed
48 increments to reach the state of convergence. The loss
of bone density in the entire femur is about 3.7 % (see Fig-
ure 2). The FE analysis shows that the bone density in R7
is signi�cantly reduced, where the loss is about 42.6%.
Figure 3 shows the changes in the calculated bone den-
sity and the following Table 1 summarizes the calculated
changes in the bone density in the individual ROIs accord-
ing to the �nite element analysis.

Figure 2: Calculation of the bone remodelling convergences in 48
increments.

Figure 3: Bone remodelling a) at the initial state and b) in the �nal
state with the largest bone density loss area highlighted in red.

Table 1: Calculated changes in bone density in percent.

ROIs 1 2 3 4 5 6 7
Density [%] 12.8 12.2 2.64 −0.04 0.08 1.18 42.6

3.2 Implant migration

The numerical simulation of migration of the NANOS stem
revealed that the remeshing function a�ects the density of
the elastic strain energy in the elements of the FE model.
This leads to a delayed convergence of the calculations,
since the calculation of bone remodelling is based on the
change in the strain energy density. The calculation con-
verges after 52 increments. Here, the bone density of the
femur decreases by 3.82%. The simulation results show a
caudal (distal) shaft migration of 0.366 mm, a lateral mi-
gration of 0.17 mm and a posterior migration of 0.02 mm.
The FE-calculations of the NANOS migration, taking into
account the changes in hip contact forces induced by this
migration, shows di�erences in the migration patterns to
the ones calculated without the coupling with the MB-
simulation. Under these circumstances, the calculated im-
plant migration in distal direction is 0.39 mm, while it is
0.2 mm in lateral direction and 0.04 in posterior direc-
tion. Figure 4 shows the overall NANOS-migration with
and without coupling with the MBS.

Figure 4: The progression of the NANOS-migration in the Femur
bone tissue.

4 Discussion

In order to validate the bone remodelling calculations,
the numerical results of the changes in the bone density
were compared to those measured by the 3-Years follow-
up DEXA investigations of Zeh et al. [16] on patients with
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Table 2: Calculated and measured changes in bone density in percent.

ROIs 1 2 3 4 5 6 7
Density-FEM [%] 12.8 12.2 2.64 -0.04 0.08 1.18 42.6
Density-DEXA [%] 15.3 5.03 1.77 1.41 0.47 -12.0 11.8
Deviation 2.5 7.17 0.87 1.45 0.39 13.18 30.8
Avg. 8.05

NANOS hip prosthesis. The following Table 2 summarizes
the results of this validation.

FromTable 2 it can be seen that the numerical calcula-
tion shows a slight deviation from the results of the DEXA
study in the regions R1, R2, R3, R4 and R5. In this case,
the di�erence between the measured and the calculated
BMD is about 2.5% in average. This increases to about
13 % in R6. Remarkably the deviation is about 30% in R7.
According to the FE-calculations, the hip contact stress is
induced through the prosthesis in R7 area, which leads to
a high stress shielding e�ect and thus to bone resorption.
The reason of the high deviation could be the changes
in the R7 scanned area during the DEXA-investigations,
which is detected by Lerch et al. with his DEXA-Study [11].
This decrease in the R7 area leads to misread the BMD
value of R7 and makes it higher than it really is. However,
no information about the scanned area of R7 are provided
in the paper of Zeh et al. The average deviation in all re-
gions is about 8 %, which con�rms the validation of the
numerical simulation of the periprosthetic femur bone
remodelling with the NANOS-prosthesis. To validate the
numerical investigation of shaft migration, the study of
Budde et al. [17] were used. In this clinical study, the X-ray
stereo photogrammetric analysis (RSA) was used to deter-
mine the NANOS-shaft migration in the femur within the
�rst 2 years postoperative. In this study a totalmigration of
0.49 +/- 0.31 mm has been detected, while the numerical
investigation has determined a total migration of 0.4 mm
without coupling with MBS and 0.43 with coupling with
MBS. This comparison con�rms the validity of this numer-
ical modelling of the NANOS-shaft migration in the femur
bone tissue and emphasizes the importance of the mutual
in�uence between the implant migration and the hip con-
tact forces.
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