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Abstract
After total hip replacement, the primary and secondary implant stability is critical to ensure long-term success. Excessive 
migration of the femoral stem can cause implant loosening. In this work, a novel approach for the simulation of the femoral 
stem migration using the finite element method is presented.  Currently, only a few mostly contact-based models exist for this 
purpose. Instead, a bio-active interface model is used for the bone-stem interface which transforms from the Drucker–Prager 
to the von Mises plasticity criterion during the osseointegration process. As the position of the implant generally stabilises 
within one week after the implantation, the migration and osseointegration simulations are decoupled. To understand the 
effects on the migration, various parameter combinations are examined and a sensitivity analysis is performed. The results 
indicate that the joint force and the adhesion parameter have the most substantial influence on the migration. Furthermore, 
the influence of the migration on the subsequent osseointegration process is explored for a numerical example. The pro-
posed model is able to depict the femoral stem migration with values up to 0.27 mm, which are in the order of magnitude 
of clinically observed values. Further, the model is provided as an open-source Abaqus user material subroutine. Numerical 
simulation of the stem migration could assist in clinical decision-making by identifying optimal parameter combinations to 
improve implant stability.
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1  Introduction

Total hip replacement is a widely successful surgical treat-
ment of osteoarthritis (Learmonth et al. 2007; Ferguson 
et al. 2018). Hip implants are divided into cemented and 
cementless implants. Whereas cemented implants rely 
on bone cement to achieve immediate primary stability, 
cementless implants depend on the natural development 
of the biomechanical properties in the bone-implant inter-
face surrounding the femoral stem (Gao et al. 2019). Today, 
cementless hip implants are preferred by surgeons, and in 
recent years, there has been a shift from long-stem to short-
stem hip implants to achieve more physiological loading and 
a better force distribution in the femoral bone (Learmonth 
et al. 2007; Floerkemeier et al. 2017).

In cementless implants, the primary stability is achieved 
directly after the implantation by the surgical technique. 
Subsequently, the secondary stability develops over several 
weeks or months by the bony ingrowth into the implant, a 
process known as osseointegration. Finally, the long-term 
stability refers to the overall lasting stability of the implant. 
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Of course, the primary and secondary stability influence the 
long-term stability (Learmonth et al. 2007).

In general, the implant stability of cementless implants 
depends on several factors including the implant size, shape, 
coating, and position as well as the implantation procedure, 
e.g., the amount of press-fit and the bone quality (Floerke-
meier 2021; Dittrich et al. 2019; Gao et al. 2019). Addition-
ally, micromotions in the bone-stem interface and the size of 
this interface are essential for the osseointegration. However, 
excessive micromotions can prevent the ingrowth and may 
ultimately lead to the loss of the secondary stability (Gao 
et al. 2019).

After the implantation, every hip implant experiences 
some degree of stem migration. However, excessive migra-
tion can eventually lead to loosening (Krismer et al. 1999). 
To measure the migration, radiostereometric analysis (RSA) 
is often used and various RSA studies have been performed 
on different implant types (Floerkemeier et al. 2020; Budde 
et al. 2024, 2016).

Computational models can be used to assess the implant 
stability. The finite element method (FEM) is well estab-
lished for the evaluation of the long-term stability. Thereby 
the bone remodelling process is simulated, a process gov-
erned by Wolff’s law, which states that bones adapt their 
structure to altered loading conditions (Wolff 1892). Ini-
tially, purely phenomenological models were used to study 
bone remodelling (Carter et al. 1989; Beaupré et al. 1990; 
Huiskes et al. 1992; Weinans et al. 1992; Nackenhorst 1997). 
Afterwards, more advanced models have been developed, 
incorporating features such as anisotropic behaviour and 
multi-scale approaches (Doblaré and García 2002; Krstin 
et al. 2000; Webster and Müller 2011).

Furthermore, computational models can offer valuable 
insights into the osseointegration and migration of cement-
less implant stems. These simulations can be useful for eval-
uating the primary and secondary stability of hip implants, 
as many parameters associated with the bone-implant inter-
face cannot be directly observed (Taylor and Prendergast 
2015; Gao et al. 2019). A recent literature review on finite 
element models for predicting aseptic loosening considering 
the osseointegration in the interface was presented by Sun 
et al. (2024).

The existing computational models for simulating the 
processes in the bone-implant interface can be divided into 
direct and indirect contact models. Direct contact-based 
models represent bone ingrowth by changing parameter 
values of the contact elements (Viceconti et al. 2000; Fer-
nandes et al. 2002; Pettersen et al. 2009; Viceconti et al. 
2004; Sun et al. 2024). Raffa et al. (2019) suggested a multi-
scale approach to account for micromechanical features in 
the interface. In contrast, indirect contact models consider 
a separate layer of elements for the interface. For example, 
spring or interface elements have been used (Tarala et al. 

2013; Chanda et al. 2020; Ghosh et al. 2023; Lutz and Nack-
enhorst 2012; Lutz 2011). Both modelling types offer dis-
tinct advantages and disadvantages. Whereas direct models 
are computationally more efficient, indirect models include 
more advanced assumptions. However, in reality, the implant 
is in direct contact with the bone after the implantation (Sun 
et al. 2024).

Only a few computational models exist to simulate and 
analyse the femoral stem migration or subsidence (Ovesy 
and Zysset  2023; Tarala et al. 2013; Pettersen et al. 2009). 
Pettersen et al. (2009) used a contact algorithm for the bone-
stem interface and showed that the implant experiences an 
initial settling period. Comparably, Tarala et al. (2013) could 
show the initial subsidence of the implant stem using spring 
elements for the interface. After this initial settling period 
the bony ingrowth process is started. A more recent approach 
has been introduced by Ovesy and Zysset  (2023) who use an 
explicit FEM approach to analyse stem subsidence.

Scope of the current work
In this work, a novel approach to simulate the stem migra-

tion after total hip replacement is presented. Compared to 
the few existing approaches, which mostly rely on contact-
based formulations, the suggested indirect approach uses the 
bio-active interface model by Lutz (2011) for the bone-stem 
interface to analyse the stem migration. Thus, the influence 
of material parameters in the interface on the migration val-
ues can be studied. Lutz (2011) used the interface model 
only to simulate the osseointegration of the interface layer 
and plastic motions have not been considered in the previous 
studies, which in this work are assumed to model the stem 
migration. The simulations for the migration and osseoin-
tegration are decoupled based on the results of Budde et al. 
(2024), which suggest that the migration ends prior to the 
onset of the osseointegration. An extensive parameter study 
is performed and a user material subroutine for Abaqus is 
provided.

The remainder of the article is structured as follows: in 
Sect. 2, the material models for migration, osseointegration, 
and bone remodelling are explained. Next, the numerical 
implementation of the migration and osseointegration is 
described in Sect. 3. The results of a sensitivity analysis for 
the migration and numerical examples for the osseointegra-
tion are presented in Sect. 4 and discussed in Sect. 5. Lastly, 
conclusions are drawn in Sect. 6.

2 � Bone‑stem interface model

A pseudocode for the simulation of the stem migration and 
osseointegration is depicted in Algorithm 1. Once the model 
is initialised with an initial bone mass density (BMD) � dis-
tribution, the migration of the stem um is calculated using a 
bio-active interface model and a representative force from 
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the gait cycle as well as representative muscle forces. Fol-
lowing this, the interface model is employed to simulate the 
osseointegration. The stimulus in the interface �i is calculated 
over representative forces Fi from the gait cycle. If the initial 
micromotions ũinit at the interface in the first iteration remain 
below a predefined threshold ũmax , the BMD and the degree of 
osseointegration � are updated based on the bone remodelling 
material model. This process is continued until convergence 
is reached.

The migration and osseointegration material models are 
explained in Sects. 2.1 and 2.2. Further, the bone remodelling 
material model for updating the BMD during the osseointegra-
tion process is described in Sect. 2.3.

Algorithm 1   Pseudocode for the simulation of the migration and osseointegration in the bone-stem interface

2.1 � Migration model

Following the assumptions from Lutz (2011), the post-oper-
ative conditions in the bone-stem interface can be modelled 
with a Drucker-Prager (DP) plasticity model because initially 
only compressive forces can be transmitted due to the pres-
ence of blood and mushy bone in the interface. Small strain 
plasticity can be assumed for the interface because only small 
deformations can occur as the stem is surrounded by bone. 
Further, large strain plasticity is not used to avoid large ele-
ment distortion of the interface elements.

The Drucker-Prager yield criterion is formulated as

where �̃ is the deviatoric stress tensor, c is a material-
dependent adhesion parameter, � is a friction coefficient 

(1)fDP = ‖�̃‖ −
√
2c −

√
2𝛼𝜎m ≤ 0

(2)=
√
J2 − c − ��m ≤ 0

and �m is the mean stress. J2 is the second invariant of the 
deviatoric stress tensor. By setting � to zero, the von Mises 
yield criterion can be retrieved. The last term incorporates 
the pressure sensitivity as �m = −p , in analogy to regularised 
Coulomb friction. Compared to the Coulomb friction law, 
the model can incorporate interface adhesion. However, the 
adhesion parameter is set to a small value, allowing only a 
small tensile load transfer.

A non-associated flow rule, using the von Mises yield 
criterion as flow potential, is used for the evolution equa-
tion for the plastic deviatoric strains

where � is a plastic multiplier and n is the flow direction 
according to the von Mises model (Lutz 2011). ‖ ⋅ ‖ denotes 
the Euclidean norm.

2.2 � Osseointegration model

The osseointegration model proposed by Lutz (2011) is 
briefly explained in the following. For the calculation of 
the osseointegration, a normalised osseointegration degree 
depending on the local BMD is introduced as

�min and �max are the physiological limits of the minimum 
and maximum BMD. It is assumed that with an increasing 

(3)pl ̇̃� = 𝜆̇
𝜕f

𝜕�̃
= 𝜆̇n = 𝜆̇

𝜕‖�̃‖
𝜕�̃

,

(4)� =
� − �min

�max − �min

∈ [0, 1].
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osseointegration degree, the Drucker-Prager interface model 
from Eq. (2) turns into a von Mises interface model. Thus, 
with an increasing osseointegration degree, representing the 
bony ingrowth into the stem, more shear and tensile loads 
can be transmitted. Consequently, the Drucker-Prager von 
Mises (DPVM) yield function reads

where �F is the yield stress.
Directly after the implantation, a high Poisson’s ratio is 

present due to the mixture of blood and mushy bone in the 
interface which decreases with the increase in the osseoin-
tegration degree. Thus, the Poisson’s ratio is modelled as

where �max and �min are the maximum and minimum values.
The non-associated flow rule from Eq. (3) is applied 

here as well.

2.3 � Bone remodelling model

The bone remodelling material by Lutz and Nackenhorst 
(2010) is outlined in the following section. The model is 
based on the assumptions that the small strain theory is appli-
cable and that the process can be modelled as quasi-static and 
isothermal.

Further, it is assumed that the free energy density � and 
thus the strain energy density Ψ depend on two internal vari-
ables: the elastic strain � and the BMD � . This relationship 
is expressed as

Following the Clausius-Duhem inequality (Nackenhorst 
2018), the Cauchy stress � is derived from the strain energy 
density

The non-linear constitutive relation between the BMD and 
Young’s modulus E according to Lutz and Nackenhorst 
(2010) is used, defined by

where E0 and �0 are reference values. This relation is inserted 
into the generalised Hooke’s law

(5)
fDPVM = ‖�̃‖ −

√
2(c − 𝛼𝜎m)(1 − 𝜉)

+

�
2

3
𝜎F𝜉 ≤ 0,

(6)� = �max − �(�max − �min),

(7)Ψ(�, �) = ��(�, �).

(8)� =
�Ψ

��
.

(9)E = E0

(
�

�0

)2

,

(10)� = ℂ ∶ �,

with the linear elastic material tensor elℂ derived for a refer-
ence state �0 , which leads to the constitutive relation

From this relation, the mechanical free energy density � is 
concluded

where 𝜆̃ and � are the Lamé parameters and �el is the linear 
elastic reference free energy, respectively.

The evolution equation for the BMD, obtained from the 
balance of mass, is defined as

where t denotes the process time of the quasi-static simula-
tion. The mass source 𝜌̇ is defined according to the strain 
energy density driven bone remodelling formulation by 
Beaupré et al. (1990) using a first-order approach

Here, k is a model parameter that describes the speed of the 
remodelling process and Ψref is a physiological target value.

3 � Numerical implementation

For the evolution of Eq. (3), the radial return mapping algo-
rithm is used and will be briefly explained in the following 
(Lutz and Nackenhorst 2012; Lutz 2011).

First, the non-associated flow rule is discretised in time

where Δ� = n+1� − n� . By inserting this relation, the devia-
toric stresses are calculated as

For the computation, a predictor-corrector method is 
applied, where in a first step, a trial stress known as an elas-
tic predictor is calculated

(11)� =

(
�

�0

)2

el
ℂ ∶ �.

(12)
𝜓 =

(
𝜚

𝜚0

)2

𝜓el

=
1

𝜚

(
𝜚

𝜚0

)2[
𝜆̃

2
tr(�)2 + 𝜇tr(�2)

]
,

(13)𝜌̇ =
𝜕𝜚

𝜕t
,

(14)𝜌̇ = k

(
Ψ

Ψref

− 1

)
.

(15)pl

n+1
�̃ = pl

n
�̃ + Δ𝜆n+1n

(16)
n+1�̃ = 2𝜇 el

n+1
�̃

= 2𝜇(n+1�̃ −
pl

n+1
�̃)

= 2𝜇(n+1�̃ −
pl
n
�̃) − 2𝜇Δ𝜆n+1n
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and consequently the flow rule in Eq. (5) is evaluated

If trial
n+1

f ≤ 0 the assumption of the elastic predictor is correct. 
However, if trial

n+1
f > 0 , the stress needs to be projected onto 

the yield surface

where n+1n = trial
n+1

n because trial
n+1

�̃ and n+1�̃ are collinear. The 
plastic multiplier Δ� is calculated by rewriting the equation 
as

which is inserted in the yield function n+1f

and results in

The algorithmic consistent tangent operator is defined as

where the deviatoric projection tensor

and

ep

vM
ℂ̃ is the tangent of the von Mises plasticity model.
To retrieve the Drucker–Prager model used for the migra-

tion, � is set to zero. For � = 0 and if the trial stress is in the 
complementary cone, the stress has to be projected onto the 

(17)trial
n+1

�̃ = 2𝜇(n+1�̃ −
pl
n
�̃)

(18)

trial
n+1

f =‖trial
n+1

�̃‖ −
√
2(c − 𝛼𝜎m)(1 − 𝜉)

+

�
2

3
𝜎F𝜉 ≤ 0.

(19)n+1�̃ = trial
n+1

�̃ − 2𝜇Δ𝜆n+1n

(20)‖n+1�̃‖ = ‖trial
n+1

�̃‖ − 2𝜇Δ𝜆

(21)n+1f =
trial
n+1

f − 2�Δ� = 0

(22)Δ� =

trial
n+1

f

2�
.

(23)ep
ℂ = el

vol
ℂ + ep

ℂ̃ ∶ ℙ

(24)

= 𝜅I⊗ I

+ 2𝜇

⎛⎜⎜⎜⎜⎜⎜⎝

�
1 − Δ𝜆

2𝜇

‖trial
n+1

�̃‖

��
ℙ −trial

n+1
n⊗trial

n+1
n
�

�������������������������������������������������������
ep

vM
ℂ̃

− (1 − 𝜉)n̂⊗trial
n+1

n)

⎞⎟⎟⎟⎟⎟⎟⎠

(25)ℙ = 𝕀 −
1

3
I⊗ I

(26)n̂ =
1

3
√
2𝜇

𝛼I ∶ el
ℂ = const.

apex, where n+1�̃ = 0 . This relation is inserted into the yield 
function and thus results in

and with � = 0 leads to

Because of the vanishing deviatoric stress the plastic multi-
plier can be calculated as

which by substituting into Eq. (15) leads to

Further, the algorithmic consistent tangent operator vanishes

For a detailed explanation and derivation of the numerical 
treatment, it is referred to Lutz and Nackenhorst (2012) and 
Lutz (2011).

4 � Numerical results

First, the finite element model is explained in Sect. 4.1. The 
results of the migration simulation are presented in Sect. 4.2, 
followed by a numerical example illustrating the influence of 
the migration on the osseointegration in Sect. 4.3.

4.1 � Finite element model

The geometry of the human femur with an integrated non-
cemented Metha® stem (Aesculap, Tuttlingen, Germany), as 
described in Lutz (2011) and Bensel et al. (2023), is used. 
Further, a thin interface layer surrounding the implant stem 
is added. The migration values have been analysed for the 
reference parameters for different numbers of interface ele-
ments in Fig. 1. To avoid numerical instabilities, one ele-
ment layer is chosen as a suitable engineering approach. 
The stem is divided into a structured proximal part, where 

(27)apex

n+1
� =

c(1 − �) +
�f√
3
�

�(1 − �)
1

(28)
apex

n+1
� =

c

�
1.

(29)Δ𝜆 =
‖trial
n+1

�̃‖
2𝜇

(30)pl

n+1
�̃ = pl

n
�̃ + Δ𝜆

trial
n+1

�̃

‖trial
n+1

�̃‖

(31)= pl
n
�̃ +

trial
n+1

�̃

2𝜇

(32)= pl
n
�̃ + n+1�̃ −

pl
n
�̃.

(33)
apex

n+1
ℂ = 0.
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osseointegration is possible, and a smooth (polished) distal 
part.

To accurately represent the geometry, a fine mesh size 
similar to that used by Bensel et al. (2023) is uniformly 
applied. Both the stem and the surrounding bone are meshed 
with linear tetrahedral elements, while the interface is mod-
elled with a single layer of linear wedge interface elements. 

For the subsequent parameter study, the thickness of the 
interface d is varied. The number of elements for the dif-
ferent meshes is depicted in Table 1. Notably, the number 
of elements for the stem and the interface layer remain con-
stant for all meshes. Exemplary, the resulting FEM mesh for 
d = 0.75 mm is depicted in Fig. 2a, with a close-up view on 
the stem and the interface in Fig. 2b. In this detailed view, the 
active proximal and the inactive distal part are highlighted.

The initial and boundary conditions are adopted from 
Lutz (2011). To establish the initial BMD distribution of 
the femur, the biomechanically equilibrated BMD distribu-
tion for the complete femur (including the femur head) is 
projected onto the model with the femoral stem. The bound-
ary conditions represent a clamping at the bottom and load-
ing by the joint force as well as the six main muscle forces 
(see Fig. 2c). The muscle loads have been calculated as 
statically equivalent loads corresponding to the measured 
BMD distribution projected from CT data to the FEM model 
(Lutz 2011). The values for the muscle forces are depicted 
in Table 2. The muscle forces play a minor role as the joint 
force is directly acting on the stem (Lutz and Nackenhorst 
2012).

Fig. 1   Migration u
m
 in mm for reference parameters ( � = 0.6,

c = 0.5N∕mm2, k
F
= 1.0, d = 1.0mm, �init = 0.048 g∕cm3 ) for differ-

ent number of elements in the interface

Table 1   Number of elements 
for FEM models with different 
interface thickness d in mm 
(total number of elements N

all
 , 

number of tetrahedral elements 
N
tet

 , number of wedge elements 
N
wed

)

d N
all

N
tet

N
wed

0.1 108143 106306 1837
0.5 105288 103451 1837
0.75 103994 102157 1837
1.0 102469 100632 1837

Fig. 2   FEM model with a FEM 
mesh b FEM mesh of the stem 
with interface elements (proxi-
mal active and distal inactive 
interface elements) c bound-
ary conditions (joint load and 
muscle forces)

Table 2   Static equivalent muscle forces in N from Lutz (2011)

Force F
x

F
y

F
z

F
R

Gluteus medius / minimus −89.2 103.7 −222.4 261.1
Vastus lateralis 146.9 439.8 96.8 473.7
Iliopsoas 193.0 7.7 −16.4 193.8
Biceps femoris 18.7 −93.4 54.4 109.7
Gluteus maximus 266.2 143.4 −34.2 304.3
Vastus medialis 39.3 −397.0 150.8 426.5
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For the numerical solution, the commercial FEM soft-
ware Abaqus (Abaqus 2017, Dassault Systèmes, Vélizy-
Villacoublay, France) is used. The Young’s modulus of 
the femur elements is calculated according to Eq. (9) with 
E0 = 6500 N/mm2 and a Poisson’s ratio � = 0.31 using a lin-
ear elastic user material (UMAT) subroutine. For the stem, 
a linear elastic material of titanium with a Young’s modulus 
E = 105000 N/mm2 and a Poisson’s ratio � = 0.31 are used. 
The bio-active interface model has been implemented as a 
UMAT and the parameters used are mentioned in the fol-
lowing sections.

4.2 � Migration

For the simulation of the migration of the hip implant stem, 
a joint force of F = [−533.2 −344 2369] N is applied which 
corresponds to the largest resultant force in the gait cycle. 
In a first step, the load is applied, and in the second step, the 
load is removed to determine the stem migration um resulting 
from the plastic deformations.

In accordance with Budde et al. (2024), the migration 
um is calculated at the geometric centre of the femoral stem 
and is defined as

where plui are the plastic deformations in x-, y-, and 
z-direction.

Several migration simulations with different parameter 
combinations are performed for the global sensitivity analy-
sis. For this analysis, the adhesion coefficient c, the fric-
tion coefficient � of the active interface, the force factor kF , 
which is multiplied by the predefined joint load, the initial 
BMD in the interface �init , which corresponds to the initial 
Young’s modulus of the interface layer (interface stiffness) 
as well as the interface thickness d are varied. The param-
eters for the parameter study are depicted in Table 3 and are 

(34)um =

√
plux

2
+ pluy

2
+ pluz

2
,

varied around the parameters defined by Lutz (2011). For 
�init , the maximum, centre, and minimum value according 
to the parameter study by Lutz (2011) are chosen. Conse-
quently, 324 migration simulations are performed and the 
total migration at the geometric centre of the implant stem 
is calculated.

Table 3   Material parameters for the migration simulation

Parameter Value Unit

�active ∈ {0.25, 0.6, 1.0} [-]
�inactive 0.25 [-]
cactive ∈ {0.25, 0.5, 1.0} [N∕mm2]
cinactive 0.25 [N∕mm2]
k
F

∈ {0.5, 1.0, 2.0} [-]
�init ∈ {0.039, 0.048, 0.062} [g∕cm3]
d ∈ {0.1, 0.5, 0.75, 1.0} [mm]
�min 0.29 [-]
�max 0.45 [-]

Fig. 3   x-y view a and y-z view b of original stem position (grey) and 
deformed stem position (red). The deformation scale factor has been 
set to 20
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The maximum migration for the tested parameter combi-
nations is 0.27 mm for the parameter combination � = 0.25,

c = 0.25N∕mm2, k
F
= 2.0, d = 1.0 mm, �init = 0.039 g∕cm3 . 

In Fig. 3, the original and the migrated stem position consid-
ering the permanent displacements are shown. It can be seen 
that the stem moves downwards and performs a rotational 
movement.

The migration values according to Eq. (34) are depicted 
in Fig. 5. The total migration of the implant stem as well as 
the permanent displacements in x-, y-, and z-direction are 
depicted in Fig. 4. The largest total migration in Fig. 4a is 
present at the lateral face of the stem with around 0.3 mm, 
whereas the smallest values are present at the medial face. 
Regarding the contributions to the total migration, the dis-
placements in x- and y-direction show a minor contribution 
(see Figs. 4b and c). In contrast, the displacement in z-direc-
tion (see Fig. 4d) has the largest contribution with high val-
ues in the distal part and smaller values in the proximal part 

of the stem which is due to the rotation of the stem (see 
Fig. 3). This observation aligns with the frequently men-
tioned phenomenon of stem subsidence and can be explained 
by the large joint force in z-direction (Floerkemeier et al. 
2020).

In Fig. 5, the maximum simulated migration is sketched 
with data for the migration of A2 stems obtained by Budde 
et al. (2024). While different parameter combinations might 
result in an increased migration, the computed maximum 
migration is in the same magnitude as the migration values 
observed in clinical practice. For more details on the clini-
cal study design, it is referred to the aforementioned study.

For the sensitivity analysis, the "Spearman’s rank correla-
tion coefficient", which considers non-linear dependencies 
based on the rank of the sample output, is defined as

(35)� =
cov(R(Y),R(X))

�R(X)�R(Y)
,

Fig. 4   Migration of the implant 
stem in mm. a total migration 
and migration b in x-direction, 
c in y-direction and d in 
z-direction
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where cov(R(Y),R(X)) is the covariance of the rank vari-
ables and �R(X) and �R(Y) are the standard deviations of the 
rank variables.

The results of the sensitivity analysis are depicted in 
Fig. 6. The change in the loading factor has the largest 
influence on the migration. When the loading increases, 
the migration also increases. The adhesion parameter is the 
second most influential parameter. A lower adhesion coef-
ficient leads to more migration, as plastic flow occurs earlier 
(see Eq. (2)). The remaining parameters have a lesser impact 
on the total migration of the implant stem. Specifically, the 
friction coefficient and the initial BMD at the interface have 

inverse effects, while the interface thickness has a positive 
influence. Budde et al. (2024) demonstrated in their study 
that adding a calcium phosphate coating to the stem resulted 
in greater migration despite the coating being intended to 
enhance the bone ingrowth and thereby decrease the migra-
tion. The authors of the study proposed several explanations 
for the decreasing migration, including that the coating 
reduced friction, which aligns with the observed effects of 
the friction coefficient. The influence of the initial BMD 
in the interface is attributed to the initial stiffness of the 
interface. The thickness can be compared with the initial 

Fig. 5   Total migration for the clinical and numerical study. Black: 
migration in the first six months after baseline for all patients from 
A2 stem with titanium plasma spray coating from clinical study of 
Budde et  al. (2024). Red: maximum migration from the numerical 
simulation with the Metha stem

Fig. 6   Cross-correlation for parameters of the migration simulation

Fig. 7   Total migration u
m
 in mm for the adhesion parameter c and the 

loading factor kf

Table 4   Material parameters for 
the osseointegration simulation

Parameter Value Unit

�active 0.25 [-]
�inactive 0.25 [-]
cactive 0.25 [N∕mm2]
cinactive 0.25 [N∕mm2]
�init 0.039 [g∕cm3]
d 1.0 [mm]
�min 0.29 [-]
�max 0.45 [-]
�
F

20 [N∕mm2]
�min 0.039 [g∕cm3]
�max 2.0 [g∕cm3]
Ψref 0.0003 [N∕mm2]
k 0.3 [-]
ũmax 100 [�m]
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press-fit as the tighter the press-fit is, the smaller the migra-
tion should be.

In Fig. 7, the total migration is plotted for the two most 
influential parameters, the adhesion factor c, and the loading 
factor kf  . The remaining parameters were kept constant with 
�active = 0.25 , d = 1.0 mm and �init = 0.039 N∕mm2 . The 
depicted surface plot confirms the aforementioned influence 
of these parameters on the total migration. Further, a non-
linear relationship becomes visible.

4.3 � Osseointegration

To analyse the influence of the stem migration on the osse-
ointegration process, one simulation with the maximum 
migrated stem position and one simulation with the original 
stem position are performed. The material parameters for 
the osseointegration simulation are shown in Table 4. For a 
detailed study on the influence of the material parameters on 
the osseointegration, it is referred to Lutz (2011).

For the osseointegration simulation, two forces, repre-
senting the mean stimulus according to Lutz (2011), are 
successively applied ( F1 = [−447.2 −74.2 1717.8] N and 
F2 = [−181.8 35.6 365.3] N) as shown in Algorithm 1.

The micromotions in the interface are computed by 
considering the in-plane micromotions for the loaded and 
unloaded configuration and taking the average for both 
forces. The micromotions are only analysed in the active 
part of the interface and are an indicator of whether osse-
ointegration is possible.

The resulting micromotions are depicted in Fig. 8. In 
general, the micromotions depict a similar pattern for both 
positions. The largest micromotions are present at the lateral 
side of the stem and at the proximal medial and distal lateral 
sides. Further, higher micromotions are found at the anterior 
side of the stem. For the maximum values, a value of 100 
� m for the migrated and a value of 106 � m for the original 
position are found. As a result, it can be concluded that the 
micromotions decrease with the increasing migration of the 

Fig. 8   Micromotions in � m in 
the active bone-stem interface 
for original a and migrated b 
stem position

Fig. 9   BMD distribution in 
g∕cm3 after the osseointegration 
in active bone-stem interface for 
original a and migrated b stem 
position
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implant stem. This decrease in micromotions could lead to 
more osseointegration because no osseointegration is pos-
sible if the micromotions exceed a certain limit.

In Fig. 9, the BMD distribution after osseointegration in 
the active bone-stem interface is depicted for the original 
and migrated position. The micromotion limit has been set to 
100 � m. Similar osseointegration patterns are present with 
most of the osseointegration occurring at the lateral side 
of the stem. The osseointegration distribution is similar to 
the distribution of the micromotions (see Fig. 8), suggesting 
that micromotions below the limit promote osseointegration 
whereas no micromotions lead also to no osseointegration. 
The osseointegration is less pronounced for the original 
position which can be attributed to the micromotion limit.

5 � Discussion

Using the bio-active interface model for the bone-stem inter-
face, it is possible to depict the stem migration after total hip 
replacement. The computational model uses the bio-active 
interface model by Lutz (2011), who proposed a mixed 
Drucker–Prager von Mises plasticity model for the interface 
to model the osseointegration, where the interface model was 
only used to simulate the osseointegration of the interface 
layer and plastic motions have not been considered, which in 
this work are assumed to depict the stem migration. Compared 
to the existing approaches to model stem migration, parameter 
studies on the different parameters in the constitutive model 
can be performed. Further, the model has been implemented 
as an open-access UMAT subroutine in Abaqus.

The migration and osseointegration simulations have 
been decoupled based on the study by Budde et al. (2024). 
The study indicated that early migration ends before the 
completion of osseointegration, and therefore, these pro-
cesses can be regarded separately. It was observed that 65% 
of the femoral stems reached their final position and ceased 
migrating after just one week. Furthermore, by six weeks, 
87% reached their final positions. Only a few stems experi-
enced a more substantial migration afterwards, which justi-
fies the decoupling. The same decoupling approach has also 
been followed by Tarala et al. (2013).

The calculation of the migration is often defined differ-
ently. In this study, the migration was calculated using the 
magnitude of the permanent displacement in the geometric 
centre of the stem. Other studies only consider, e.g., the sub-
sidence of the stem which is the permanent displacement in 
the vertical direction. In the presented results, the subsidence 
also has the largest contribution to the total migration (see 
Fig. 4d).

The computed migration values are in the same magni-
tude as those presented in clinical and numerical studies 
(Budde et al. 2024; Tarala et al. 2013; Pettersen et al. 2009; 

Ovesy and Zysset  2023). The numerical studies reported 
migration values up to 0.4 mm which aligns well with our 
study. After six months, exemplary stems showed the fol-
lowing average subsidence values: Metha stem 0.83 mm, 
A2 stem 0.33 mm, or Optimys stem 0.21 mm (Budde et al. 
2024). Present differences can be attributed to different ini-
tial and boundary conditions. Further, most of the stems 
experience a small migration and only a few stems contrib-
ute to the larger average migration (Budde et al. 2024).

As only limited knowledge is available on the bone-
implant interface, i.e., the material parameters of the inter-
face, assumptions are required for the computational model. 
For example, a specific micromotion limit for the osseointe-
gration still needs to be determined (Sun et al. 2024). Moreo-
ver, an indirect model using an interface layer has been used 
for the bone-stem interface. However, Sun et al. (2024) states 
that, in reality, the implant is in direct contact with the sur-
rounding bone. In the current study, several interface thick-
nesses have been analysed and the influence on the migration 
has been found to be minor (see Fig. 6).

The advantage of the current indirect model compared 
to the existing approaches is that by using an interface layer 
a constitutive model can be chosen for the interface. Thus, 
the computational model offers the possibility of analysing 
the influence of different parameters, such as the influence 
of different coatings. A sensitivity analysis was conducted 
on different parameter combinations, revealing that the joint 
load and the adhesion parameter have the highest influence 
on the total migration. Due to the elastoplasticity model, 
the highest load is responsible for the maximum migration. 
In future analysis, a randomised input could be used for the 
parameter study. In addition to the elasto-plasticity of the 
interface, other factors, such as time-dependency, may influ-
ence the stem migration and could be included in future 
modelling approaches.

A brief analysis was conducted on the influence of the 
migration on the micromotions in the interface which influ-
ence the subsequent osseointegration. The numerical exam-
ple showed that the micromotions and the osseointegration 
decreased for the migrated position compared to the original 
position but only minor differences are present. The result 
shows that a limited migration poses no difficulty for hip 
implants as a small migration is present for all femoral stems.

The interest in patient-specific models is continuously 
growing and computational simulations of individual stem 
migration could be used to guide decision-making in clinical 
practice. Before the usage in the clinical practice, in silico 
models require a proper validation. However, no RSA data 
with the corresponding image data were available for the 
Metha implant to compare the simulation results with clini-
cal data. Furthermore, the validation of the osseointegration 
model remains a challenge because of the lack of clinical 
and experimental data (Sun et al. 2024).
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5.1 � Limitations

The presented model can be used to model small stem 
migration for hip implants. However, this study still bears 
some limitations:

•	 Despite the qualitative agreement with clinical data, the 
model lacks quantitive validation. For the model to have 
meaningful clinical impact, thorough validation against 
experimental or patient-specific data is essential.

•	 This study employs a generic stem and femur geometry. 
However, anatomical variability, the initial BMD distri-
bution, and implant positioning as well as the amount 
of press-fit can also influence the migration behaviour. 
Future work could incorporate patient-specific geome-
tries and loading conditions and could be combined with 
a thorough validation.

•	 The current interface model assumes small deformations, 
which limits its applicability to low migration scenarios. 
In clinical practice, high migration values, e.g., up to 
1 cm, occasionally occur for individual implants (Budde 
et al. 2024). To model large elasto-plastic deformations, 
other simulation methods are necessary (Bonet and Wood 
1997). Implementing these approaches, while computa-
tionally more demanding, would enable the application 
of the model in scenarios with high migration values.

6 � Conclusions

In conclusion, a new approach to simulate the migration 
of femoral stems after total hip replacement has been pre-
sented. Using a bio-active interface model, the computa-
tional model delivers migration predictions that align with 
clinical and numerical studies. The maximum predicted 
total migration is up to 0.27 mm within the examined 
parameter ranges. The indirect model bears the advan-
tage to analyse the effect of interface parameters on the 
migration compared to existing approaches. Further, the 
model has been implemented as an open-access UMAT 
subroutine in Abaqus. However, the applicability of the 
current model is limited to small deformations, indicating 
the need for alternative methods to depict larger deforma-
tions. Nonetheless, the computational model can be used 
to gain insights into the processes responsible for the stem 
migration and osseointegration which could potentially 
contribute to reducing the stem migration in the clinical 
practice.
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