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Internal Fixation of Femoral Bone Comminuted Fracture - FE Analysis
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Abstract

This paper presents finite element analysis of the mechanical stability of some fixation solution
often used in treatment of the femoral bone comminuted fractures. In this study we consider
two, most popular, fixation devices: neutralization plate and intramedullary nail. Fixation
devices were assumed to be made of stainless steel — modelled as elastic material, and bone
tissue is modelled using nonlinear viscoelastic material model proposed by Carter and Hayes
[1]. This study reveals advantages and disadvantages of analysed fixation devices regarding the
stress distribution within the material and hence mechanical stability.

1. Introduction

A fracture means that the continuity of bone is disrupted. Force transmission through the bone
is no longer possible in any direction. A fracture results in loss of the structural integrity of
bone, and a loss of its weight carrying capacity. A fractured bone becomes mechanically
functionless.

The fracture treatment means a clinical procedure in order to provide good reposition of the
bone and stable fixation (immobilization) of the fractured fragments. The main aim of fracture
treatment is to obtain final function as close as possible to the pre-fracture conditions and as
soon as possible. Regarding the fracture type, the surgeon needs to choose appropriate fixation
device. The fixation stability depends on the fixation device choice and quality of the fixation
procedure. The stability of fracture fixation is in the direct correlation with stress distribution in
the fixation device and bone tissue under the conditions when fractured bone is subjected to the
load with typical magnitude.

2. Bone mechanical properties

Under general physiological loading conditions the bone material can be considered linear
elastic. The constitutive stress-strain relationship shows that bone material behaves in a manner
similar to that of other engineering materials [2]. Stress-strain curves in tension and
compression consist of an initial elastic region, which is nearly linear. This region is followed
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by yielding, with considerable, inelastic, “plastic” deformation before the failure. The inelastic
region of the stress-strain curve for the longitudinally oriented specimen reflects the diffuse,
irreversible microdamage created throughout the bone structure.

The bone tissue is two-phase material consisting of collagen and bone mineral, organized
in a matrix form. Bone mineral (hydroxyapatite) is very rigid and has larger compression than
tensile stiffness. On the other hand, the bone collagen has only tensile stiffness. Generally, the
bone mineral influence on the mechanical properties of bone tissue is predominant. Hence, the
bone tissue has larger compression than tensile stiffness and strength. Also, the bone tissue has
anisotropic behavior caused by specific micro-structural organization. Investigations showed
that the bone tissue is stronger and stiffer in axial direction than in the transversal direction.
Because of that, bone stability depends, not only on the load value, but also on the load
direction.

The bone tissue is viscoelastic material. Studies in which bone specimens were exposed to
loads producing different strain rate showed that increases of the strain rate caused increases of
the elastic modulus. The elastic modulus of bone tissue is approximately proportional to the
strain rate raised to the 0.06 power. Using this relation it can be shown that over very wide
range of strain rates elastic modulus increases by about the factor of two. Experimental analysis
revealed that the bone density is important for elastic modulus estimation and the following
relationship was proposed by Carter and Hayes [1]

3
Eaxial = ECéO'O() [ﬁj (1)

where E_,, is the elastic modulus of bone of the apparent density p , tested at strain rate of
o,; and o elastic  modulus of bone with an  apparent density

W= gl:exp (a]E]2 +a,E; +2a,EE, ) - 1] tested at strain rate of 1.0
c(dimension of stress),and g, ,a,,a,(dimensionless) .

Bone density can be defined as the bone mass per total volume of bone including any holes.
The bone density calculated in this way represents the mean density of the apparent material
specimen and is also known as the ‘apparent density’. Note that the bone apparent density is not
equal to the bone tissue density. Let introduce the bone volume fraction ¥, representing ratio

of bone volume over total volume,
V=V / Vr 2

where V, and V. are the bone volume and total volume, respectively. Assuming that the bone
tissue is homogeneous with density p, ., the relationship between apparent density and bone
tissue density can be written as

puppurent = VV pti.s‘sue (3)

Experimental investigations showed approximately linear dependence of the apparent
density of bone tissue on bone porosity.

Finite Element Modeling. General principles of the FE modeling of structures is applicable
here. The bone structure is usually modeled by 3D finite elements in order to capture the bone
geometry, and we here write the dynamic equation of motion for a 3D finite element [3]:
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M n+]U + nKU — n+le’xt (4)

where M and 4, , 4, are the element mass and stiffness matrices, C;, =00, /0e; and e, are the

nodal acceleration and displacement vectors, and "*'F*is the external nodal force which
includes structural external forces and action from the surrounding elements. The equation of
motion corresponds to time step ‘n’, where the left upper indices ‘n’ and ‘n+1’ indicate,
respectively, start and end of time step. The stiffness matrix "K can be written as:

"K = j B’ "CBdV )
14

where B is the strain-displacement matrix and "C is the constitutive matrix. The left upper

index ‘n’ is used to show that the axial modulus (1) corresponding to the strain rate "é may be
used when the rate effects are important.

3. Fracture treatment

Different means of fracture treatment exist which result in different degrees of immobilization.
The choice of method depends on type of fracture, local conditions of soft tissue, patient
expectations and requirements, prognostic criteria etc.

All methods of fracture fixation must provide adequate stability in order to maintain length
and correct joint alignment. Whatever the type of fixation is implemented, the implants must be
sufficiently strong to withstand the early functional forces, and not fail due to mechanical
overload. The repair must also be resilient enough to last until bone wound heals.

Internal Fixation of Fractures. Here we present two of the solutions of internal fracture
fixation using: neutralization plate and intramedullary nail.

Neutralization plate. The plate which conducts all the forces from one fragment to the other
and protects the fracture from all kinds of forces is called the neutralization plate. It is often
used in the cases of comminuted fractures where it is very difficult to achieve a stable fixation
of the bone fragments (Fig. 1.a).
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Fig. 1. Solutions for fractures of long bones. a) Neutralization plate.; b) Intramedullary nail.

Intramedullary Nail. In the long tubular bone very effective fracture stabilization can be
achieved by some of intramedullary devices, such is intramedullary nail (Fig 1.b).

The stability of fracture fixation by nailing mainly depends on the mechanical properties of
the nail, the nail’s fit in the medullary space, and the mechanical properties of the locking

screws or bolts. The bending and torsional stiffness of the nailed bone mainly depends on the
diameter of the nail.

4. FE modeling of femur comminuted fracture

During walk human alternately stands on each leg with the whole weight. Hence, at the moment
of standing on one leg, the axial force in the leg is equal to the human weight. In this study we

consider a patient with body mass of 70 [kg], having diaphysial comminuted fracture. Assumed
body mass of 70 [kg] induces the axial force of 70 [daN] in the material of femoral bone.

4.1. Fixation by the neutralization plate

In the finite element model the 3D isoparametric finite elements are used for the bone tissue,
neutralization plate and screws (Fig. 2.a). The axial force of 70 [daN] is applied at the bone top
cross section (Fig. 2.b). Nodes lying at the bone bottom cross section are restrained in all

directions. Also, it is considered that there is no slip between the screws and plate or bone
tissue. For the finite element analysis we used software PAK [4].
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Fig. 2. a) Finite element model of femur comminuted fracture fixed by neutralization plate. b)
Boundary condition and load. The load is transferred from the upper bone fragment to the upper
set of screws, then by the plate to the lower set of screws and the lower bone fragment.

The bone tissue is modeled using the material model defined by the relation (1). The
solution is obtained using the following data for the bone tissue:

E =22.1:10MPa, p=2.110"g/mm’, p, =1.8-10"g/mm’, é=0.1s"

where it is assumed that the strain rate is the same within the tissue. For the neutralization plate
and screw materials the stainless steel is used, with Young's modulus £ =2.1-10° [MPa] and

Poisson's ratio v =0.3 .
The field of effective stress in the screws, neutralization plate and bone is shown in Fig. 3.

Also, distribution of the effective stress within the neutralization plate along the line AB is
shown in the Fig. 4.
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Fig. 3. FE solution for the femur comminuted fracture. Effective stress field within: a) Screws;

b) Neutralization plate; ¢) Bone tissue.
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Fig. 4. Distribution of the effective stress within the neutralization plate along the line AB.

4.2. Fixation by the intramedullary nail

The femoral shaft fracture fixed by an interlocking nail is modeled. In this particular case we
assume comminuted type of fracture. Also, it is taken that the intramedullary nail is locked by

two screws proximally and two screws distally.

In order to compare the values and stress distribution in femur diaphysial comminuted
fracture fixed by intramedullary nail and neutralization plate, the finite element model is
generated using the same geometric and material parameters, FE type (3D isoparametric
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elements) and loading as is in the previous example. For the intramedullary nail material the
stainless steel is taken, with the characteristics as for neutralization plate and screw. The finite
element model is shown Fig. 5.
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Fig. 5. a) Finite element model of the femur comminuted fracture fixed by intramedullary nail.
b) Boundary condition and load. The load is transferred from the upper bone fragment to the
upper screw, then by the intramedullary nail to the lower set of screws and the lower bone
fragment.

The field of effective stress in the screws, intramedullary nail and bone is shown in Fig. 6.
Also, distribution of the effective stress within the intramedullary nail along the line AB is
shown in the Fig. 7.
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Fig. 6. Effective stress field within: a) Screws; b) Intramedullary nail; ¢) Bone tissue.
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Fig. 7. Distribution of the effective stress within the intramedullary nail along the line AB.

4.3. Discussion

It can be noted from Figs. 3 and 4 that a significant stress elevation (stress concentration)
appears within the neutralization plate in the region between second and third screw. The
extreme values of effective stress are below the critical values for stainless steel. However, the
neutralization plate is subjected to the cycling loading during the walk which leads to the
material fatigue. The region between the second and third screw is critical (locus minoris
resistentiae) for the fatigue failure, which is frequently observed in clinical practice [5].

On the other hand, in the case of intramedullary nail application, notable stress
concentration occurs within the intramedullary nail in the region of the screw holes (Figs. 6 and
7). But these values are appreciably lower than the effective stress generated in the
neutralization plate for the same loading conditions. Hence, the risk of intramedullary nail
failure is significantly lower than it is in when using the neutralization plate, which also is
clinically approved [5].

Presented results explicitly indicate advantages of application of intramedullary nail
compared to neutralization plate regarding to fixation stability. Solutions for other bone
fractures and modeling of these solutions are given in [6].
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