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ABSTRACT: Modular endoprostheses are often used in bone tumor management. However, the
conical coupling that connects the various modules has several shortcomings. As an alternative, four
new couplings have been developed. To find out if they have sufficient strength and show no
movement during loading, each coupling was analysed using the finite element method. Bolt force
and friction coefficient was varied to examine their influence.

From the analysis it was concluded that coupling B, a dovetail coupling, meets all requirements and
is the best alternative to the conical coupling. Sensitivity to bolt force and friction coefficient is very
limited. (Int J Artif Organs 2001; 24: 304-10)
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INTRODUCTION

Patients with a bone tumor can be treated by resecting
the affected bone and implanting a metal endoprosthesis
to bridge the defect (1, 2). Depending on the size and
location of the tumor the proximal tibia and/or the distal
femur and/or the total femur must be replaced.

When children have to undergo bone replacement the
other, normal leg grows more than the resected leg, which
could result in an unacceptable leg length difference.
Therefore, endoprostheses have been developed that
contain a lengthening element to match the growth of the
other leg (3-8). Modularity of the femoral component
started with the desire to be able to control prosthetic
length during tumor surgery. The main advantage of a
modular prostheses is that it can cope with individual
circumstances during surgery (9-12). A modular prosthetic
system provides the surgeon with the possibility of
determining the adequate amount of resection

intraoperatively. A growing endoprosthesis modularity
makes it possible to replace the lengthening element by a
solid part when the patient stops growing without replacing
the entire prosthesis.

Currently, only one type of modular coupling is applied
in all modular endoprosthetic systems, the conical
coupling (11, 13, 14). The coupling system of the Endo-
Modell® modular endoprosthetic system (Waldemar Link,
Libeck, Germany) is different (15), but is only modular
during assembly. Once the system is implanted,
modification or exchange is not possible. The reason for
the success of the conical coupling is the fact that this
mechanism contains a self-clamping effect that keeps the
components always very well connected to each other.
The tightness of the coupling will increase more when the
patient starts to load the prosthesis. Another advantage of
the conical coupling is that the components are always
well centered. An additional bolt or lip is used to prevent
rotation.
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However, the conical coupling has some disadvantages.
Due to the conical shape, high stresses are created which
could lead to crack formation (10). Also, it is difficult to
detach the coupling when parts have to be exchanged. A
third disadvantage is that connecting and disconnecting
requires extension of the prosthesis by 25 - 60 mm. This
extension may lead to damage of the surrounding soft
tissue (muscles, nerves, blood vessels). A last
disadvantage is that the coupling is long. This makes it
impossible to use short modules.

The general risk of modular prostheses is that each
coupling is a new site for fretting, disassociation,
corrosion, and wear (10, 16, 17).

To overcome the disadvantages of the existing
couplings, four new couplings were developed, all based
upon a design of Verkerke et al (7), see Figure 1. The
spacial feature of this type of coupling is that it is coupled
by a lateral movement. After connecting the two parts with
a bolt, it most likely will not show any relative movement of
the two connecting parts during loading and unloading of
the prosthesis, especially when the coupling is made from
Ti-6Al-4V which has a high friction coefficient of 0.8, and
so most likely there is no risk of wear as a consequence of
movement. Because this coupling requires no elongation
for assembly and disassembly, damage to the surrounding
soft tissue structures (muscles, nerves, blood vessels) will
be prevented. Assembling and disassembling is easier to
perform, because the load does not act in the direction of
translation. Due to the compact design, small modules are
feasible.

Although this type of coupling seems to fulfill most
requirements, strength and wear rate could not be judged.
Therefore two-dimensional numerical models of all four
designs were developed using the finite element method
to determine strength and movements during loading.

The numerical models and the results of the simulations
are presented in this paper.

METHODS

To investigate the mechanical behavior of each
coupling the finite element program ANSYS was used.
The original coupling of Verkerke (further specified as
coupling A) is represented in a two-dimensional model
for modelling radial and axial loading and presented in
Figure 2. For reasons of symmetry only half of the
coupling was modelled. Symmetrical boundary

Fig. 1 - Schematic drawing of coupling A. The horizontal dotted line
represents the working line of the bolt, which pulls the two parts
together.

conditions are present at the right side of parts | and II.
Part Il also has boundary conditions at the bottom to
give the model a fixed position in the coordinate system
of ANSYS. In case of an eccentric axial force, a different
model is used (Fig. 2), because this loading type is not
symmetrical.

Machining tolerances are taken into account by
assuming a gap of 0.05 mm between parts | and Il. Part
| is connected to part Il by a bolt which is represented
by force F.

Considering the working direction of the loads, a two-
dimensional model approximates the three-dimensional
reality sufficiently accurately. Two-dimensional solid
triangular elements with a quadratic displacement and
plane strain behavior are used (PLANE 2). Point-to-
surface contact elements are used (CONTACA48) to model
the contact between part | and Il. To simulate friction
behavior, elastic coulomb friction is assumed. Finite
element distribution is more dense in those areas where
there are great stresses and thus large stress variations
are to be expected. (Fig. 3).

The first variation of coupling A is shown in Figure 4. In
this coupling B, a dovetail coupling, contact is forced to
occur at the flat surfaces. Stress concentrations in the
corners cannot occur because the inside radius is less
than the outside radius. The wedge shape will eliminate
play more effectively when the bolt is tightened.

305



Endoprosthetic coupling

To improve equal stress distribution a third coupling,
coupling C (Fig. 5), was designed. To realise a contact
area over the total radius the gap at the bottom right was
enlarged to 0.1 mm and the bottom line of part Il was
given an angle of 1° making the gap on the left bigger than
on the right. In this model the bolt force was applied at a
different location than in the previous models.

To investigate if peak stresses can be decreased by
applying an elastic layer on the contact surface of one of
the two parts, coupling B was provided with a 0.4 mm thick
inlay of PE, resulting in coupling D (Fig. 6). Characteristics
of the four couplings are summarised in Table I.

All four models were loaded with axial centric and
eccentric forces. Both normal loads and peak loads were
considered. All models were investigated for strength and
relative movement during loading. First a radial load of
1251 N was applied, caused by the bolt that connects the
two parts together and eliminates play. Then a normal
axial force of 3 kN was applied, a peak axial force of 10.6
kN, a normal eccentric axial force of 0.8 kN, and a peak
eccentric axial force of 6.4 kN (eccentricity 50 mm), the
maximum expected loads (6). All loads were applied as a
single point force and were corrected for the different
geometry of the two-dimensional models.

To judge strength and relative movement, material
properties were implemented. Fatigue strength of Ti-6Al-
4V, the preferred material, is 617 MPa, peak strength is
750 MPa, Young’'s modulus is 115.000 MPa, friction
coefficient 0.8 (6). For the fourth coupling, PE-properties
have to be considered as well: peak strength is 27 MPa,
Young's modulus is 1300 MPa, friction coefficient between
PE and Ti-6Al-4V is 0.3. All four models were judged
according to the following criteria:

« To prevent plastic deformation that could lead to failure
of the coupling, Von Mises stresses should not exceed
the fatigue strength when a coupling is loaded with the
normal axial or eccentric axial load;

« Von Mises stresses should not exceed the peak strength
when loaded with the peak axial or eccentric axial load;

« To prevent wear, no relative movement should occur at
the contact surface between the two parts of the
coupling when it is subjected to normal loads. The
accuracy of the locations of the nodes is + 0.5 pm, so
displacements up to 0.5 um are considered to be 0.

A sensitivity analysis was performed for the centric load
situations to determine the influence of bolt force and
friction coefficient. This analysis should provide
information on the functioning of the coupling when the
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Fig. 2 - Finite element models applied for axial loading (left) and
eccentric loading (right).

bolt force differs from the assumed 1251 N and when
friction coefficient differs from the assumed 0.8, for
instance due to the presence of blood on the titanium
surfaces. In all situations, first the bolt force was changed
from 1251 to 1000 and 1500 N, then the friction coefficient
from 0.8 to 0.4 and 0.6.

RESULTS

The locations of the maximum stresses are marked with
‘H’in Figures 2, 4, 5, and 6.

In Figure 7 the maximum stresses caused by axial loads
are displayed. Only coupling C shows stresses above the
fatigue stress, A and B show stresses below 617 MPa.
Coupling A shows the lowest stresses. Stresses in
coupling D exceed those in coupling B. So instead of
improving, PE-inserts worsen coupling B.

The maximum relative displacement at the contact
surface when the models are loaded with a radial load of
1251 N and a normal axial load of 3 kN is 15.3, 0.4, 0.8,
and 0.8 um for coupling A, B, C, and D, respectively.
Coupling A shows large displacements, while the
displacement of the other couplings is very limited (C and
D) or even O (B).

Because coupling D does not improve the results of
coupling B, coupling D is no longer considered.

Figure 8 shows the maximum stresses when an eccentric
axial force is applied. Again coupling A appears to have the
lowest stresses. Stresses in coupling B remain below the
limits; stresses in coupling C exceed the limit when normal
loaded. The maximum displacement under an eccentric
axial force is 8.6, 0.8 and 11.0 um for coupling A, B and C,
respectively. So coupling B shows hardly any displacement,
while in coupling A and C large displacements occur.
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Fig. 3 - Representation of coupling A for numerical simulation: symmetrical model (left) for analysis of radial and axial loading and a non-

symmetrical model (right) for analysis of an eccentric axial force.
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Fig. 4 - Representation of coupling B for numerical simulation.
Fig. 5 - Representation of coupling C for numerical simulation.
Fig. 6 - Representation of coupling D for numerical simulation.

TABLE | - CHARACTERISTICS OF THE FOUR COUPLINGS

Results from the sensitivity analysis are presented in
Figures 9-12. Figures 9 - 11 show the maximum stresses
in couplings A, B and C, respectively, when a radial, a
radial and normal axial, and a radial and peak axial load is
applied and the radial load is varied from 1000 via 1251 to
1500 N. When a radial, a radial and normal axial, and a
radial and peak axial load is applied and the friction
coefficient is varied from 0.4 via 0.6 to 0.8, maximum
stresses do not change. The maximum displacements in
coupling A under a radial and normal axial load is
presented in Figure 12 for the three different radial loads
and the three different friction coefficients. Displacements
of coupling B and C did not change when radial load and
friction coefficient was varied.

coupling shape length (mm) Contacting materials Advantage Disadvantage
A | 34 Ti-6Al-4V on Ti-6Al-4V Limited peak stresses
B z 34 Ti-6Al-4V on Ti-6Al-4V Less play
C (e} 40 Ti-6Al-4V on Ti-6Al-4V Equal stress distribution
D 4 34 Ti-6Al-4V on PE Limited peak stresses, less play PE-particle release
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Fig. 7 - Peak stresses (MPa) in all four couplings under three
different centric loading conditions.

Fig. 8 - Peak stresses (MPa) in coupling A, B and C under three
different eccentric loading conditions.
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Fig. 9 - Peak stresses (MPa) in coupling A under three different
centric loading conditions and three different radial loads.

Fig. 10 - Peak stresses (MPa) in coupling B under three different
loading conditions and three different radial loads.
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Fig. 11 - Peak stresses (MPa) in coupling C under three different
loading conditions and three different radial loads.

Fig. 12 - Displacements (um) in coupling A under three different
radial loads and three different friction coefficients.
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DISCUSSION

The use of the conical coupling is widespread. Besides
coupling the various modules of an endoprosthetic
system for tumor management, it is frequently used for
coupling the ball head of a hip joint prosthesis to the
neck of the prosthesis (16).

The four designs of a coupling system presented
intended to offer an improved coupling system. However,
proving which of the four systems is superior to the others
should require extensive and long-lasting in-vitro tests.
Numerical modelling, is a good alternative of which the
Finite Element Method is applied on a routine base for
analysis of the mechanical behavior of complex structures.

When the Finite Element Method is applied on the four
coupling systems presented, a clear distinction becomes
apparent.

The intended improvement of coupling D versus
coupling B cannot be maintained. Instead of smoothing
peak stresses, increased peak stresses are found. Also,
the relative displacement is larger, most probably as a
result of PE-deformation. This introduces an extra
disadvantage, because PE-particles cause more tissue
reaction than particles of Ti-6Al-4V. Another disadvantage
of this coupling is the higher production costs. The reason
for this unexpected behavior of coupling D is that the PE-
deformation allows more bending of the two lips of part |
and thus introduces higher bending stresses in the top left
corner of the coupling (marked with ‘H" in Fig. 6). Coupling
D was therefore rejected.

When the couplings are loaded axially, Von Mises
stresses remain below the safety limits. When the
couplings are loaded eccentrically, normal stresses in
coupling C exceed the fatigue limit.

When considering relative displacements, coupling A
and C clearly show displacements of 8.6 up to 15.3 um,
whereas coupling B show no displacement.

From the four couplings presented it is obvious, that
coupling B is the best.

Coupling B meets the requirements in most conditions,
with only the displacement under normal eccentric loading
slightly too high. The element stresses in coupling A are
the lowest of all couplings, but the displacements when
the normal axial load and a normal eccentric load is
applied are not equal to zero. Coupling C does show peak
stresses in some elements above the fatigue stress. Also,
the displacements in this coupling are not equal to zero.

When considering axial loading, stresses in couplings A

and B increase when the load increases. In coupling C the
opposite occurs. The reason for this phenomenon is that
in couplings A and B peak stresses occur in the top left
corner of the coupling (marked with ‘H’ in Figs. 3 and 4),
whereas in coupling C peak stresses occur in the region of
the radial load (marked with ‘H’ in Fig. 5), which is less
sensitive to changes in axial loads.

When considering relative displacements, coupling A is
the only one with high values and the only one without a
wedge shape. This shape ensures that the bolt pulls the
two parts (I and Il) together in a vertical direction.

When considering eccentric loading, stresses in
coupling A increase more than in the other couplings.
Again, this is caused by the fact that play in a vertical
direction is not eliminated by the bolt. In this load situation,
coupling C shows an increase of peak stresses, which is
in contrast with the previous (symmetrical) loading
situation. Peak stresses now occur because the eccentric
force introduces a bending moment.

When considering changes in radial (bolt) force and
friction coefficient, coupling B appears to be insensitive.
Relative displacements remain unchanged. Its wedge shape
gives it good clamping properties. Because stresses never
rise above the fatigue stress, coupling B is very stable.

Coupling C is also not sensitive to changes in radial force
and friction coefficient. Relative displacements hardly
change. However, coupling C does show stresses above the
fatigue stress when the radial force is increased to 1500 N.

Coupling A is less stable and shows extra movement
when the friction coefficient or the radial force decreases.
When the radial force increases the displacements are
still far from zero so changing this parameter does not
improve the coupling.

Each model is an abstraction of reality. Assumptions and
simplifications are necessary to be able to create a model.
The assumption that a finite number of elements is sufficient
for an accurate prediction of stresses, and displacements
can be checked by considering the stress changes within
one element. If these changes are limited, enough elements
have been used. In all four models, the elements were
chosen small enough to fulfill this requirement, except for
some elements with stresses that could clearly be identified
as extreme values. Another possibility to check the
accuracy of the models is to compare stresses under radial
loading as has been calculated with the symmetrical and
the complete model (first series of columns in Figs. 7 and 8,
respectively). Stresses in the symmetrical model are
somewhat higher than in the complete model, but the
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differences are limited (0.2 - 4.9%).

A major simplification is the two-dimensional nature of
the model. However, considering the working direction of
the loads, the model will approximate the three-
dimensional reality accurately enough. Although the
modelling of external forces and bolt forces as single point
force is a simplification, at the critical parts of the coupling,
the contact region between parts | and Il, the single point
force already is distributed over a large number of
elements, thus resembling reality to a large extent.

In spite of the necessary simplifications and assumptions,
the numerical model according to the Finite Element
Method has proved to be an accurate tool in predicting the
mechanical behavior of the four couplings considered.
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CONCLUSIONS

Coupling B is a good alternative to a conical coupling.
Relative displacements are zero, stresses remain within
the safety limits. The lateral assembling enables short
modules and prevents soft tissue damage.
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