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Abstract Dislocation is a serious complication in total hip

replacement (THR). An inadequate range of movement

(ROM) can lead to impingement of the prosthesis neck on

the acetabular cup; furthermore, the initiation of subluxa-

tion and dislocation may occur. The objective of this study

was to generate a parametric three-dimensional finite ele-

ment (FE) model capable of predicting the dislocation

stability for various positions of the prosthetic head, neck,

and cup under various activities. Three femoral head sizes

(28, 32, and 36 mm) were simulated. Nine acetabular

placement positions (abduction angles of 25�, 40� and 60�
combined with anteversion angles of 0�, 15� and 25�) were
analyzed. The ROM and maximum resisting moment (RM)

until dislocation were evaluated based on the stress distri-

bution in the acetabulum component. The analysis allowed

for the definition of a ‘‘safe zone’’ of movement for

impingement and dislocation avoidance in THR: an

abduction angle of 40�–60� and anteversion angle of 15�–
25�. It is especially critical that the anteversion angle does

not fall to 10�–15�. The sequence of the RM is a valid

parameter for describing dislocation stability in FE studies.

Keywords Safe zone � Impingement � Dislocation � Finite
element analysis � Resisting moment

1 Introduction

Dislocation is a severe complication in total hip replace-

ment (THR). Its probability ranges from 0.3 to 10% in

primary THR and up to 28% in cases of revision [1, 2].

The etiology of prosthetic dislocation is multifactorial

[3, 4]: the most common risk factors include surgical

approach, diagnosis that determines the arthroplasty, sur-

gical technique, arthroplasty life time, and patient’s general

condition.

Malpositioning of the implant component causes

approximately 30–40% of all dislocations [5]. The range of

movement (ROM) depends on the position and design of

the implant [6]. Excessive joint motion can lead to

impingement of the femoral neck on the acetabular cup and

can induce dislocation. Moreover, recurrent impingement

can cause material failure of the implant components, such

as excessive wear of polyethylene liners. These failures

occur as a result of high localized contact stress at the

impingement site [7, 8].

To evaluate the dislocation stability of different implant

designs, various experimental studies have been conducted

[9–12], along with studies based on the finite element

method (FEM) [8, 13–19]. In conventional-sized THR,

impingement typically occurs between the implant femoral

neck and acetabular cup. Therefore, the vast majority of

experimental/computational studies of THR impingement

and ROM have used THR components tested/simulated in

isolation.

Bader et al. [9] developed an experimental testing

device to analyze the ROM in THR as well as, the RM

during dislocation and stability against dislocation. Bur-

roughs et al. [10] performed an in vitro study to evaluate

the effect of larger head sizes on the type of impingement,

ROM and joint stability. The authors concluded that large
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femoral heads provide a greater ROM and eliminate

component-to-component impingement. Matsushita et al.

[11] quantified the effect of femoral offset and head size on

ROM, obtaining conclusions similar to those of Burroughs

et al. [10].

Scifert et al. [17] highlighted the relationship between

the RM and dislocation. The authors analyzed a large series

of implant designs with regard to posterior dislocation.

Nadzadi et al. [8] emphasized the importance of anterior

dislocation for different acetabular component orientations

but only for small-head-size THR. Pedersen et al. [16] also

used a small head size to examine the relationship between

impingement and dislocation for various motion chal-

lenges. Kluess et al. [15] demonstrated that an optimal

implant position and a larger head diameter can reduce the

risk of impingement-induced dislocation.

The increasing capability and versatility of finite ele-

ment (FE) modeling have opened up new possibilities for

studying mechanical interactions among component-re-

lated design factors and their influence on dislocation.

Previous computational studies have not considered the

versatility of developing a parameterized geometry of

THR. Additionally, only limited ranges of the anteversion

angle have been studied previously, and thus, any

impingement that occurs when the patient is in a seated

position has not been observed. Therefore, the objective

of the present study was to generate a simplified three-

dimensional (3D) parametric FE model capable of pre-

dicting the dislocation stability for various positions and

for various designs of the prosthetic head, neck and cup.

A ‘‘safe zone’’ for flexion and extension movements with

respect to impingement and dislocation was investigated

over a wide range of parameter values. It is hypothesized

that a simple parametric model may help to advise clin-

icians about the most adequate positions for avoiding

dislocation.

2 Methods

2.1 Geometric and Finite Element Models

The geometry and dimensions of the implant were obtained

from a standard 37.5- mm-offset Exeter� cemented pros-

thesis [20] with a collarless, smooth, polished, tapered stem

positioned in an anatomical neutral orientation of 0� ver-

sion. Any other implant model can be easily simulated.

Three femoral head sizes were simulated: 28, 32, and

36 mm in diameter. The outer acetabulum component

diameter was considered as 52 mm for all femoral head

sizes. The parametric geometrical model was developed in

Abaqus CAE v6.11 and consisted of two parts. The

acetabulum component was modeled as a deformable solid

from a surface of revolution. The femoral head and the

stem were modeled as a discrete rigid shell through a

surface of revolution and an extruded surface, respectively.

Additionally, a round edge was considered for the stem

(Fig. 1). The femoral head and stem were modeled as rigid

surfaces instead of being approximately modeled using a

deformable body due to the significant difference in

structural stiffness between the metal components (femoral

head and stem) and the polyethylene liner of the acetabu-

lum component. Thus, the deformation of the femoral head

and stem can be neglected. Bone and soft tissues were not

considered in the simulation. The FE mesh of the model

with a 28-mm head size consisted of 10164 hexahedral

elements (C3D8R) for the acetabulum component and

2900 triangular and quadrilateral elements (R3D3 and

R3D4, respectively) for the stem and head. A sensitivity

analysis was performed to choose the most adequate ele-

ment size for the FE mesh. We studied three element sizes

(1, 1.5, and 2 mm). The computation times were 120, 18,

and 5 min, respectively, for a computational cluster with

224 cores and 575 GB of RAM. The results for 1 and

1.5 mm were almost equal in terms of precision, whereas

those obtained using 2 mm were less precise. The selected

element size (approximately 1.5 mm) is within the

asymptotic region of convergence and is a good trade-off

between numerical accuracy and computational cost.

Fig. 1 3D prosthesis models with coordinate axes. a Simulated

positions (0�, 15� and 25� anteversion and 25�, 40�, and 60� tilt) and
rotations (internal, IR, and external, ER) under b extension and

c flexion
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Therefore, the remaining FE models contain similar num-

bers of nodes and elements.

For the three femoral head sizes, different positions of

the acetabulum component (cup orientation) with respect to

the femoral head were analyzed to study component

impingement and dislocation. Nine acetabular placement

positions (tilt or abduction angles of 25�, 40� and 60�
combined with anteversion angles of 0�, 15� and 25�) were
chosen (Fig. 1). These limits were studied because they are

widely accepted. A cup with a tilt of more than 60� is

considered vertical and is predisposed to instability [21].

An anteversion of[25� has a high probability of anterior

luxation [22]. These positions are based on the radio-

graphic definition of cup orientation [23–25].

2.2 Material Properties and Nonlinearity

of Simulated Problem

The analyses are highly nonlinear due to large displace-

ments, the nonlinear definition of the material, and the

contact between components. The acetabular component

was simulated with an ultra-high-molecular-weight poly-

ethylene (UHMWPE) material. An elastic modulus of

E = 940 MPa, Poisson’s ratio of m = 0.3, and yield

strength of 26.26 MPa were assumed for the acetabulum

component material, simulating the plastic properties of

polyethylene [15, 26, 27].

Regarding the contact properties, the femoral head and

neck were defined as master surfaces and the inner hemi-

sphere of the acetabulum component and outer ring were

defined as slave surfaces. Tangentially isotropic mechani-

cal behavior was introduced, with a friction coefficient of

0.038 [16, 18, 19].

2.3 Boundary Conditions and Simulated

Movements

Two types of movement (internal -40�- and external

-60�-rotation: physiological endpoints) [28, 29] from two

different positions (flexion -90�- and extension -0�-were
simulated until impingement and dislocation of the com-

ponents occurred (Fig. 1). These positions represent

standing (extension) and seated (flexion) maneuvers with

applied rotation. Abduction and adduction were not simu-

lated to avoid an excessively complicated model. The

origin of the Cartesian coordinate system used is in the

head center of the right leg, the x-axis points medially, the

y-axis points cranially and the z-axis points anteriorly

(Fig. 1). The nodes of the external acetabulum component

were fixed to simulate its complete fixation. All rotations

were applied with respect to the reference point in the

center of the head (Fig. 1).

2.4 Numerical Characteristics of Simulations

Numerical singularities in the FE model cause the analysis

to abort. Therefore, dislocation was defined by the onset of

numerical instability of the contact model.

3 Results

The ROM [30] and maximum RM until impingement and

dislocation were evaluated for all simulated cases, based on

the stress distribution in the acetabulum.

3.1 Implant Position: Abduction and Anteversion

Angles

The analysis revealed two opposite positions favoring

dislocation. For extension and external rotation, there was

an early anterior dislocation with the highly anteverted (b)
and abducted (a) cup position. In contrast, for flexion and

internal rotation, there was an early posterior dislocation

with the less anteverted (b) and less abducted (a) cup

position.

A cup position of 40�–60� abduction (a) and 15�–25�
anteversion (b) was the ideal position for a maximum

impingement-free ROM for both modes of dislocation

(Fig. 2).

It was observed that as the anteversion was increased,

progressively more flexion was achieved before impinge-

ment between components occurred. For example, for the

28-mm head, impingement occurred at 79� of flexion with

0� cup anteversion, at 86� of flexion with 15� cup antev-

ersion, and at 92� of flexion with 25� cup anteversion.

Thus, with 0�–15� cup anteversion, the hip functionality

will be very limited because the patient will not be able to

reach a seated position.

The RM analysis indicated an increase in RM with more

anteverted cups (Fig. 3) and the same result with abducted

cups (Fig. 4) for all head sizes. The smaller the developed

RM, the higher the risk of dislocation. Additionally, Fig. 3

shows that for the 28-mm head size with a cup position of

25� abduction under flexion movement, subluxation occurs

after impingement for the three anteversion cup positions.

However, in Fig. 4, it can be observed that for 32-mm head

size with 25� anteversion for the cup position in flexion

movement, subluxation occurs simultaneously with

impingement for the three different tilt cup positions.

3.2 Head Size

Increasing the femoral head size led to decreased

impingement and dislocation. Accordingly, for the 32- and
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36-mm head sizes, there was no posterior dislocation. The

maximum impingement-free ROM was higher for the

36-mm head size compared to those for the 32-and 28-mm

head sizes for a given cup position. For the case of

abduction (a) 40� and anteversion (b) 0� with internal

rotation, the ROM rose from 4� (28-mm head size) to 13�
(32-mm head size) (Fig. 5).

The RM also increased for larger femoral head diam-

eters, indicating a smaller risk of dislocation for larger

heads (Fig. 6). However, subluxation and impingement

occurred simultaneously as the head size increased

(Fig. 6).

In all cases during subluxation, the yield stress of

UHMW-PE (23.56 MPa) was greatly exceeded at the

Fig. 2 Maximum

impingement-free ROM for

both modes of dislocation for

28-mm head size

Fig. 3 Variation of RM for

28-mm head size under flexion

movement with cup position of

25� abduction and 0�, 15� and
25� anteversion
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impingement site. The plots in Fig. 7 present the von

Mises stress distribution on the inner surface of a small-

diameter liner (28 mm) and a large-diameter liner

(36 mm) at the moment of dislocation for a cup position

of 40� abduction and 15� anteversion. Stresses in the

impingement site area were high for both models;

however, for the larger head diameters, the stress

decreased at the egress site.

Fig. 4 Variation of RM for

32-mm head size under flexion

movement with cup position of

25� anteversion and 25�, 40�
and 60� abduction

Fig. 5 Maximum impingement-free ROM for 32 and 36-mm head sizes
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4 Discussion

Although it seems obvious that the orientation of the

implant affects dislocation risk, some authors argue that

that the opposite true [22, 31, 32]. Orientation is not the

only factor, of course, because dislocations can also occur

in properly oriented THRs; however, gross mal positioning

will surely have some effect. Biedermann et al. [22] found

that 93% of stable THRs in their series and, even more

noteworthy, 67% of unstable THRs were within a ‘‘safe

zone’’ for a cup placement of 15� ± 10� anteversion and

45� ± 10� abduction.
In their classic study, Lewinneck et al. [24] reported a

1.5% incidence of THR dislocation when the acetabulum

component is placed within a ‘‘safe zone’’ of 15� ± 10�
anteversion and 40� ± 10� abduction, while the incidence

is 6.1% when it is not placed within these limits.

In the present FE study, it was found that the cup should

be placed at 40�–60� abduction and 15�–25� anteversion.

These values are similar to those reported by Kluess et al.

[15], who recommend an abduction of 45� and an antev-

ersion of 15�–30�, and those reported by Pedersen et al.

[16] who recommend at least 40� abduction and 10�
anteversion. It seems that as we delve into the study of

THR instability, anteversion becomes more important, and

high values above 10�–15� are increasingly recommended.

The most important and novel finding in this study is the

recommendation of high anteversion angles and the finding

of a delimited ROM.

In relation to head size, several publications have indi-

cated the greater stability of larger heads [1, 33]. In the

experimental study of Bartz et al. [34], the primary

mechanism of dislocation in THR with a 22-mm head was

impingement between prosthetic components; however,

with a 32-mm head, the impingement occurred between

anatomical structures, namely the lesser trochanter and the

ischium. In our study, larger-diameter heads suffered

impingement-dislocation with greater ROMs for a given

cup position: they also exhibited a larger dislocation-free

ROM, therefore indicating more stability.

Fig. 6 Variation of RM for

three head sizes (28–36 mm)

with angle of flexion. Cup

position is 25� abduction and 0�
anteversion

Fig. 7 Von Mises stress (MPa)

plots of two implants with a

28-mm (left) and 36-mm (right)

head sizes. At egress site, stress

decreases for greater liner

diameter at the moment of

dislocation
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The improvement in stability with a larger femoral head

diameter is also observed when analyzing the RM, which,

as discussed above, increased as the diameter of the

femoral head increased. A high RM implies more stability

and more resistance to dislocation. These findings agree

closely with those published by other authors [15, 17].

The stress distribution on the inner surface during the

moment of impingement and dislocation was observed to

be high for all head sizes at the impingement site. How-

ever, for larger head diameters, the stress decreased at the

egress site. These findings suggest that larger heads can

result in less wear of the polyethylene. This factor has been

classically considered [35, 36] to be related with instability

because it is associated with increased penetration of the

femoral head into the acetabular component [6]. This fact

favors prosthetic neck impingement, and the appearance of

granulomas from polyethylene particles favors migration

and even loosening of the acetabular component. Although

wear was not analyzed in the present study, it could be

simulated by incorporating a formulation based on the

Archand wear law [37]. However, Wang et al. [38] found

that large femoral heads cause more polyethylene wear

than do smaller heads, when coupled with conventional

UHMW-PE liners. Nevertheless, the low wear rate of

newly developed cross-linked liners in combination with

larger heads is promising. In low-wear bearing couples

such as metal-on-metal and ceramic-on-ceramic couples,

the use of larger femoral heads is preferred due to small

contact stresses, which lead to a lower risk of mechanical

failure. This experimental finding has not been corrobo-

rated by clinical practice with metal-on-metal couples [39].

Elkins et al. [40] also reported a similar conclusion.

Manufacturing problems arise with larger heads, which

release large amounts of chromium and cobalt particles that

lead to failure of the implant: consequently, the use of

resurfacing arthroplasties is currently under debate, and the

use of some implants has been forbidden [41].

As stated previously, the etiology of prosthetic dislo-

cation is multifactorial, and thus several design-related

factors have been analyzed in this study (femoral head size,

andante version and abduction of the acetabulum compo-

nent position). Unfortunately, surgeon experience, patient

activity levels, soft tissue compromise, and other non-de-

sign-related factors are confounding variables for deter-

mining dislocation propensity. Therefore, the main

limitation of our study is the extrapolation of ours results.

However, because component-on-component impingement

is the most common factor and because the design and

position of the implant can be controlled by the surgeon,

we believe that these findings are relevant. The absence of

capsule representation may lead to underestimated in vivo

stability (and thus overestimated dislocation propensity)

[8].

An additional limitation of our study is that the model

did not incorporate bone-on-bone impingement, and hence,

some additional cases of dislocation that would have

occurred physically may have been overlooked. There is

some evidence that ROM with larger head sizes is limited

by bone-on-bone impingement, rather than that between

prosthetic components. Elkins et al. [42] developed a

dynamic FE model of total hip arthroplasty (THA) to

analyze bone-on-bone versus prosthetic component

impingement, concluding that prosthetic components are

more likely to dislocate and have a greater propensity for

causing damage to the implant compared to bone-on-bone

impingement.

In our study, the outer acetabulum component remained

constant at 52 mm for different femoral head sizes. This

gives three different thickness of polyethylene liner (8, 10,

and 12 mm) between the head and acetabulum component.

Kluess et al. [15] used a constant thickness of 7 mm.

Changing the acetabulum thickness did not affect the ROM

but slightly affected the stress distribution on the acetabular

component. In any case, as the FE model developed here is a

parametric model, incorporation of the patient’s bone

structure could clearly lead to improved results. In the

future, a parametrized bone structure should be incorporated

to achieve a patient-specific approach. Additionally, future

research should focus on the effect of the femoral offset,

which may improve flexion and internal rotation [11].

5 Conclusion

The ‘‘safe zone’’ of movement for impingement and dis-

location avoidance in THR predicted by the proposed FE

model is 40�–60� abduction and 15�–25� anteversion. It is
especially critical that the anteversion does not fall to 10�–
15�. Large heads have a greater stability and a lower

polyethylene wear rate in comparison to those of smaller

heads. The progression of the RM is valid for describing

dislocation stability in FE studies. Therefore, despite pre-

vious limitations, the proposed parametric 3D FE model

can be used to predict dislocation stability under a wide

range of conditions.
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