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Figure 3.1. Solid model of the locking plate system.
Figure 3.2. Four views of the finite element model
Figure 3.3. 10-nodes tetrahedral element (ANSYS SOLID 92)

Figure 3.4. Axial loading to the proximal end. The Load applied to the nodes

on the proximal end is coloured red.

Figure 3.5 Range of fracture translations used in the FE analysis from -9 to

9mm in the X-axis post plate fixation.

Figure 3.6 Range of fracture angles used in the FE analysis from 6 ° to -6'°

angle at the fracture site post plate fixation.
Figure 4.1 Load versus displacement graph
Figure 4.2 Axial stiffness of the implant construct at increasing loads. The
graph demonstrates that increasing load did no affect the stifiness of the

construct.

Figure 4.3 Displacement at the fracture site in FE models with different

fracture gaps.

Figure 4.4 Displacement at the fracture site in FE models with various

translations in the X-axis.
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Figure 4.15 Element of plate under bending, with compression and tension
side. The arrows represent the magnitude of stress at a given section of

plate.

Figure 4.16 (top) Maximum stress at junction of screw head and shaft with

two inner most screws removed, and (bottom) plate stress.

Figure 4.17 Implant stress contour when four of the inner most screws were

removed.

Figure 4.18 Implant stress contour when six of the inner most screws were

removed.

Figure 4.19 Maximum stresses in the screws and plate as the innermost sets T
of screws were removed one at a time 4 i
Figure 5.1 Clinical case of a tibial fracture stabilised with a 4.5mm LCP in a P

23 years:old patient. The preoperative (a), post operative (b&c) and follow- R
up radiographs six months post removal of the two inner-most screws (d) are

shown.

Figure 5.2 Finite element model of the locking plate system (Case study 1)

Figure 5.3 Position and number of screws in models (A) and (B).

Figure 5.4 Axial stiffness of the implant construct before (Model A) and after

{Model B) removing the two innermost screws.

Figure 5.5 Implant stress contour (Model B). Note: the maximum plate stress
was 235MPa.
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Figure 5.6 Max stress plate and screw stress before (Model A) and after
(Model B)

Figure 5.7 Piate stress (Mode! A), note the majority of stresses were below
the vield stress (235MPa).

Figure 5.8 Clinical case of a femoral ?’r'acture in a 74 yers old patient treated
with a LCP. The preoperative (a&b), post operative (¢&d), implant failure at
22weeks (e&f) and follow up radiographs one year after IM nailing are
shown.

Figure 5.9 Finite element mode! of the locking plate system (Case study 2).
Figure 5.10 Stresses experienced by the LCP plate. Note: the maximum
plate stresses were concentrated at the edges of the unoccupied screw-hole
where fatigue failure

Figure 5:11 Clinical case of a femoral fracture in a 91 years old patient
treated with a LCP. The pre-operative (a&b), post operative (c&d), and
follow-up radiographs at 6 months post-op are shown.

Figure 5.12 Finite element model of the locking plate system (case study 3).

- Figure 5.13 Stresses experienced by the LCP plate. Note: all stress

concentrations in this case were below yield strength of stainless stee!.
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When the stresses in the plate were isolated, the maximum von Mises
stresses were concentrated at the outer edges of the two outermost empty
screw holes. Maximum plate stresses also decreased with the removal of the
two innermost screws, a pair at a time. Reduction in stresses was more

pronounced when the first pair of innermost screws were removed.

Stress concentrations were localized to a point or a specific region of the
implant. The majority of stresses were below the yield stress and would not
have led to permanent deformation. Despite this, these stress concentrations

can indicate where fatigue failure might occur.
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results of a finite element analysis provide detailed information on the
stresses and strains in the model and enabie prediction of the factors which

may cause the bone-plate construct to fail.

Aims:

1. Finite Element modeling and validation of the structural mechanics of

a locking-plate and bone construct.

2. A parametric analysis of the factors that most influence the fixation

stiffness and implant stress.

3. To gain an understanding of the factors affecting stability of the
fracture fixation with a non-contact tocking plate using computationai

modeling.

4. Study the mechanical factors resulting in non-union with locking

plates.

5. Gain an understanding of the principles influencing the mechanical
conditions at the fracture site, the control of inter-fragmentary
movement and implant failure, namely: gap size, working length
(distance between the first two screws on each side of the fracture
site), number and position of the screws, distance between the plate

and the bone and the material properties.












applying torsion loads using_ a lever arm with hanging weights attached to
one end of the fixation construct. In this model, the distal end is fixed and a
lever arm attached to the proximal end and secured in a housed bearing
allowing only a single rotational degree of freedom (Fig. 2.1). Weights are
added to the lever arm to induce a torsion load. The torque, T, is calculated
from the distance, L, from the central axis of the bearing to the point on the
lever arm where the weights, W, are hung (T=L*W). A depth gauge is then
used to find the displacement of the lever arm which in turn is used to

calculate the angle of rotation.

Constrained
distal end

Lever-arm

Fracture gap

Figure 2.1. lllustration of torque testing ng for implants.

Four-point bending is a biomechanical test method used to assess the
flexural or bending stiffness of a fixation construct. Three main types of
supports can be used in a bending jig; roller, point or round edged supports.
Florin et al. [25] carried out a comparative analysis of four types of piating
devices on tubular synthetic bone samples, using four-point bending with
roller supports, to asses their biomechanical strength. The ends of the bone
substitutes were capped with steel cups with flattened edges to provide the
rollers with a path to travel along. Steel pins were located through the steel
caps and into bone to prevent rotations. The somewhat excessive measures
taken in this study were due to the unsymmetrical double-plated fixation
constructs that would inevitably cause rotations under loading. Heiner and
Brown [34] carried out a biomechanical study on sawbones composite femur
models using round edged supports with a clamp on the distal lower support

to prevent axial rotations under four-point bending. An alternative to round
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modelled, and the screw shafts were directly bonded to the bone. The main
difference between the studies was that Fergusson et al. analysed the affect
of using polymer inserts around the screws and plate, so that a more even
stress distribution could be transferred between the highly rigid implants and
the less rigid bone. The polymers were assigned stiffness and strengths
which were much lower than those of steel and would therefore theoretically
reduce stress shielding effects in the bone. Resuits from the study showed
that ihe‘in‘ciusi"on-o-f pbiyme} inserfsl reciuced éfréss él:iieldin'g; effects iﬁ .thé
bone by 14.5%.

Fracture
plane

Figure 2.9. Finite element model of bone plate, polymer inserts and screws
(Ferguson et al., 1996)

These finite element studies have revealed many possible methods of
simplifying models through quarter symmetry, point loads and constraints,
linear-elasticity and isotropy. The use of hexahedral (brick-shaped elements)
in 3D FE modelling was considered to provide more consistent stress
distributions in comparison with tetrahedral elements and with reduced
solution time. Frictional contact and pretension was used in compression
plating where interface slipping was modelled, however, in the present study,

these may be avoided.

Healing by callus formation has become increasingly popular in fracture
fixation. Recent FE studies have responded to this by including a fracture
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2.7.1 Patient specific FE modelling

‘Many investigations in biomechanics employ generic FE meshes based on
generic patient geometries {51, 56]. However, human anatomical structures
have significant variations in geometrical shape and tissue properties among
different individuals. Patient specificity is very important in practice for

surgical simulation and planning.

Patient specific FE modelling typically involves the conversion of radiographs
into CAD modeis which can be converted into a FE model [27]. There are
numerous studies involved with the automatic generation of patient-specific
models. Despite this, there has not yet been a breakthrough in patient-
specific modelling, whereby a clinician is able to input a CT scan or
radiographs and obtain (via the patient specific algorithm) a fully meshed 3D
FE model'.

' Key note speech by Prof. Marco Visconti, ‘Patient-specific zipplications of Finite Elements’, 2007
Summer Workshop of the European Society of Biomechanics, Trinity College, Dublin, 26-28™ August
2007.

18









3.2.1 The Locking Compression Plate Model

The finite element model (Fig. 3.2) was created as follows:

A hollow cylinder was created to represent the bone. It has an outer
diameter of 17.8mm, an even wall thickness of 4.15mm, and an inner
diameter of 9.5mm. The total length of the cylinder is 281mm;
however a 1mm section in the middle of the cylinder is removed to

represent the fracture, thus leaving two lengths of 140mm each.

A solid plate (length 138mm, height 4mm, width 10mm) is created
symmetrically on the bone with 10 Combi holes (diameter of holes
accommodating dynamic compression screws is 4.5mm and diameter

of holes accommodating locking screws is 3.5mm).

Four 19mm locking screws with a diameter of 3.5mm were created
through the two most proximal and the two most distal locking screw
holes. The screws are located 11.5mm and 24.5mm from either end
of the plate.

The volumes are then divided up into smaller more manageable
volumes in order to concentrate the mesh at areas of high stress
concentrations, and also to allow for bonded contact to be setup
between the different volumes. Bonded contacts can be created when

two volumes beside each other share similar keypoint positions.

Following bonding, the volumes must be assigned their respective
material properties. This bone implant complex is represented using
two materials, both of which are assumed to be linear-elastic and
isotropic. Labelled “Material 1" represents the bone and is assigned a
Young’s Modulus of 600 MPa and a Poisson Ration of 0.33. The plate

21















3.5. Patient specific modelling — (case studies 1-3).

The FE strategies in the previous section were demonstrated using simple
models, such as a tube to represent bone. However, patient specific finite
element analysis requires exact knowledge of the material properties as well
as the geometry of the bone and implant under investigation. This would
avoid inaccuracies with regards to loading, fracture geometry and implant-

bone geometric relationship.

For this part of the study three cases were selected, from a series of clinical
cases where locking plate fixation was used in fractures of long bones, for
finite element analysis. The three FE models were generated manually.
Patient specific geometric information was obtained from AP and lateral plain
radiographs.

A load equivalent to the weight of the patient was applied to each FE model.
This axial load was simulated by fixing the distal end of the model and

applying a force through the bone at the proximal end.

These three FE models were used to analyse and quantify the magnitude of
displacement at the fracture site and the stresses experienced by the
implant. The location of stresses experienced by tﬁe implant was also
determined. The results were logged and analysed using Microsoft Excel
spreadsheet.

3.6. Statistical analysis

Descriptive statistics were used to describe the basic features of the data in

this study. Simple graphics analysis formed the basis of the data analysis.

26














































































plating techniques [17]. Removal of further pairs of innermost screws further
increased flexibility but rather modestly.

It has been shown that axial stiffness is reduced when the same numbers of
screws are used in a longer plate than in a shorter plate [55]. Therefore
Stoffel et al. [55] suggests that long plates should be used to optimise axial
stability and that the plastic deformation of the plate is reduced when the
screws closest to the fracture site are removed. This results because when

the working length of the piate is increased, more flexibility is tolerated.

Gautier and Sommer [30] note that the absolute minimal arrangement of
screws is two monocortical screws placed in each main fragment of bone. If
the two monocortical screws are replaced with bicortical screws the bone-
screw interface improves, however, there is no improvement in fatigue life.
Therefore, the recommendation is that there are a minimum of three screws

in each main fragment [30, 55].

Increasing the distance between the plate and the bone significantly affected
construct stability. By increasing this distance from 1mm to S5mm, axial
stiffness decreased by 27% (7-9% for every 1mm) as the unsupported free
part of the screw between the plate and bone increases, it produces a
greater lever arm effect during compression testing and hence a weaker

construct.

A recent study by Ahmad et al. [1] showed that LCPs at 2mm and flush to
the bone responded in a similar manner and failed at significantly higher load
than the plates at 5mm in static loading. The plates at 5Smm also showed a
much higher displacement in cyclic axial and torsion testing. Therefore it is

recommended to place the plate at a distance less than or equal to 2mm.
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Chapter 7 - Conclusions

Patient specific modelling has become more prevalent as computer power
and knowledge of the influences of mechanical stimulus on tissue
differentiation has increased. The success of pre-operative patient specific
modelling, however, relies on automatic and efficient modelling of the
patient's anatomy, fast solution times and reliable results.

The results of this paper have shown that the finite element method can

provide an excellent prediction of the behaviour of a fracture fixation device.

Based on the present results, the following conclusions can be made for the

locking compression plate for fractures of the iower extremity:
- By increasing the working length the construct becomes more flexible.

- The fracture gap had no effect on the construct stability when no bone

contact occurred during loading.

- The axial stiffness of the construct decreased by increasing the distance
between the plate and the bone.

- Increasing the post-fixation fracture angle or the fracture transiation

reduced the stability of the construct.

-Maximum Von Mises stresses were found in the innermost screws at the

screw-head junction.

- Maximum plate stresses were found at the outermost empty screw holes.
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A significantly larger series of clinical cases must be retrieved for analysis
and other factors influencing the mechanical conditions at the fracture site

e.g. (plate length, piate thickness and position of screws) should also be
investigated.

A series of biomechanical in vitro experiments using cadaveric bone to
investigate the extent to which a locking plate could provide satisfactory
stability will help validate our results.
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