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Abstract In the cases, when clavicle fractures are treated
with a fixation plate, opinions are divided about the best
position of the plate, type of plate and type of screw units.
Results from biomechanical studies of clavicle fixation
devices are contradictory, probably partly because of sim-
plified and varying load cases used in different studies. The
anatomy of the shoulder region is complex, which makes
it difficult and expensive to perform realistic experimen-
tal tests; hence, reliable simulation is an important com-
plement to experimental tests. In this study, a method for
finite element simulations of stresses in the clavicle plate
and bone is used, in which muscle and ligament force data
are imported from a multibody musculoskeletal model.
The stress distribution in two different commercial plates,
superior and anterior plating position and fixation including
using a lag screw in the fracture gap or not, was compared.
Looking at the clavicle fixation from a mechanical point of
view, the results indicate that it is a major benefit to use a
lag screw to fixate the fracture. The anterior plating posi-
tion resulted in lower stresses in the plate, and the anatomi-
cally shaped plate is more stress resistant and stable than a
regular reconstruction plate.
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1 Introduction

Fractures to the clavicle accounts for about 4 % of all frac-
tures [1] and 44 % of all injuries to the shoulder girdle [2],
but there is very differing opinions about the optimal treat-
ment of clavicle fractures and there are great variations in
treatment methods between countries [1]. Opinions differ
on how often clavicle fractures should be operated on or
treated non-operatively and about what kind of fixation
device and technique to use when operating [3-5]. The
interaction of muscles and ligaments in the shoulder region
is complex. Consequently, it is difficult to perform experi-
mental studies with realistic physical loading of the clavi-
cle fixation. There are also inconsistencies in the results of
existing biomechanical studies. Simplified loading cases
such as axial compression, torsion, cantilever bending or
three-point bending have mainly been used in the previous
biomechanical studies, and it is likely that the inconsistency
of the results is mainly a consequence of the difference in
loading modes as also identified in [6] based on the liter-
ature review. Superior plate placement has been found to
better prevent bending failure (in cantilever and three-point
bending) than anteroinferior placement [7-9]. At the same
time, the anteroinferior placement provided better stability
in compression and torsion, in one of the studies [9]. In the
studies using four-point bending, the anteroinferior plate
placement also provided a more stable construct than the
superior plate placement [6, 10]. Different previous stud-
ies also show different result regarding plating with locked
or non-locked screws, and the results are dependent on the
loading case, the plate placement and the use of bicortical
or unicortical screws [5, 7, 9, 11]. More knowledge about
what type of loading the clavicle and the plate is exposed to
is needed, and one way of refining the load case and getting
a better understanding of the loading of the clavicle and the
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bone—plate interaction is simulation, which has proven to
be a useful tool in other parts of the body [12—16]. Previ-
ous FE models of clavicles mainly evaluate the response of
intact clavicles without implants, simulating injury predic-
tion in traffic accidents [17-21].

In [4], Favre used finite element (FE) modeling to com-
pare the superior and anteroinferior position of a clavicle
reconstruction plate under axial compression and can-
tilever bending with a simplified plate—bone interaction
where the plate is attached to the clavicle by gluing the
respective nodes in the contact interface. No screw holes
and screws are included in the model. In other FE stud-
ies, one on lumbar spine stresses and one on acetabular
implant stability, it has been found useful to include mus-
cle and ligament forces derived from multibody simula-
tion in the analysis [22, 23]. Taylor et al. [6] also obtained
results closer to reported clinical studies, while using
multibody simulation as basis for building their experi-
mental test rig. In a previous study, the author used a
similar musculoskeletal model to obtain a realistic load
case for input in the FE simulation of a clavicle with bone
plate [24].

While importing the loading from the multibody simula-
tion into the FE solver, in this case Abaqus (Dassault Sys-
temes, Vélizy-Villacoublay, France), the load case file has
to be combined, using a converter tool included in the Any-
Body suit (AnyBody Technology, Aalborg, Denmark), with
a mesh file of the bone. It results in an input file contain-
ing a mesh representation of the bone geometry, in Abaqus
so-called orphan mesh. Since new screw holes have to be
made in the mesh when changing plate design, an orphan
mesh model requires a lot of work including: creating a
new mesh, a new multibody simulation and rebuilding of
the model each time a new plate is to be analyzed. This
makes it very time-consuming to compare different fixa-
tion devices in this type of model. In the current study, the
previous FE model [24] was modified to be a solid model
of the bone to be more adapted for comparative fixation
device studies.

The morphology of the clavicle bone varies greatly in
shape and curvature [25] and even though there are many
types of anatomically shaped plates on the market, the sur-
geon usually has to use precious surgery time to reshape
the plate for a satisfying fit. The fit of the plate is impor-
tant since it is positioned in an exposed area right under the
skin, which can cause inconvenience to the patient. The FE
model in this study can, after further development, be an
important tool in future studies in the work with optimiza-
tion of the plate shape of customized plates (based on bone
CT data) and for analysis of the customized plate’s strength
compared to the current commercial plates.

The aims of this study were to:
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1. Modify the previous model to make it more useful for
comparison of different plates.

2. Perform sensitivity analysis to study the impact on
resulting stresses and displacements due to simplifica-
tions of the model.

3. Use the modified model to perform comparative stress
analyses between different clavicle fixation devices
and strategies.

(a) LCP reconstruction plate with the pre-contoured
LCP Sup—Ant clavicle plate.

(b) Anteroinferior versus superior plating position.

(c) Plating with and without a lag screw fixating the
fracture gap.

2 Methods
2.1 Background

This study is a continuation of the work in [24], in which
the method of combining the clavicle bone geometry with
the muscle and ligament force inputs are explained in
detail. In short, the bone model was created from a com-
puted tomography scan (CT) of a left clavicle. A STL
mesh representing the bone contour was created based on
the grayscale values of the CT images using Mimics 14.11
software (Materialise, Leuven, Belgium). An oblique frac-
ture with a 38° angle was then simulated on the mesh, for
more details, refer to [24]. Finally, the mesh was slightly
modified to fit in the musculoskeletal simulation model.
Later, the AnyBody Modeling System (AnyBody Tech-
nology, Aalborg, Denmark) was used to perform a multi-
body musculoskeletal analysis based on inverse dynamics
on the clavicle model. The musculoskeletal simulation
method is thoroughly described in Damsgaard et al. [26].
The output from the musculoskeletal analysis is an Exten-
sible Markup Language (xml) file which was later com-
bined with the STL mesh to form an input file contain-
ing bone geometry with muscle and ligament forces. The
input file was imported into the Abaqus FE solver as a so-
called orphan mesh model, which means that the geom-
etry is defined by a non-changeable mesh instead of a
changeable CAD-model which is later meshed inside the
FE solver.

2.2 Modeling of clavicle bone

In order to easily compare different plates without hav-
ing to perform new meshes and new multibody simula-
tions for each scenario, a solid model of the bone mesh
was created using RhinoResurf (Rhinoceros 4.0, McNeal
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Fig. 1 a Orphan mesh model with LCP Recon plate in anteroinferior
position and muscle and ligament attachments. For labels, A-F see
Fig. 2. The labels A, E and F are attachments not visible in current

Fig. 2 Arm position in the
multibody musculoskeletal

Muscle and ligament forces on the clavicle from the multibody
musculoskeletal simulation

view [24]. b The corresponding solid model of the bone with a pre-
contoured LCP Sup-Ant plate

:‘;glrzl?}:l:;;laliiéziilﬁln%zio]rces Muscle force components (N)
Muscle/ligament Fx Fy Fz
Lig. Conoid (F) -86.8 -84.8 -11,5
Lig. Trapezoid 0 0 0
M. Deltoid (E) 59,2 -46.8 -25.8
M. Pect. major 0 0 0
M. Sternocleidomastoid (B) -4,.2 14,2 -1.5
M. Trapezius (C) -2.8 224 30,5
Sternum contact force (A) 11,1 13.4 -10,1
Acromion contact force (D) 23.4 86.5 18.3

North America, USA), imported into the present FE model
and oriented in the same position as the orphan mesh. A
simulated fracture was created on the solid bone model
in the same position as the fracture of the orphan mesh.
The file with the solid bone, muscle attachment points and
ligament attachment points (including direction and ampli-
tude of the different reaction forces) was used as a starting
model for the different analyses. New plates and screws
were imported into that model. Then new screw holes were
made in the solid bone, which was then meshed inside
the FE solver. Finally, the muscle attachment points were
coupled to muscle attachment surfaces created on the new
mesh (Fig. 1).

In order to make the bone model as realistic as possi-
ble in the previous study, a representation of the trabecu-
lar bone was created based on the grayscale values in the
CT images and a corresponding hole was created in the
clavicle bone. It was later proven that the inner/trabecular
bone had small impact on the bending resistance and the
maximum stress in the plate was 483 and 481 MPa, respec-
tively, in a model with a trabecular hole in the bone and one
with cortical bone properties through all [24]. Therefore,
this model is simplified to a solid bone model with cortical
bone properties.

2.3 Input forces to the FE simulations

The musculoskeletal simulations were based on an early
rehabilitation motion representing the first period of the
healing process, when there is little or no healing in the
fracture. After surgery, the patient is supposed to restrict the
arm movements as much as possible. The position used in
the simulations is the static position when holding a weight
of 0.5 kg, in front of the mouth (Fig. 2) representing a plau-
sible loading case of a patient eating or drinking. In the FE
model input file, the muscle forces derived from the muscu-
loskeletal simulations were derived as concentrated forces
at points representing the muscle and ligament attachments.
Some muscles are divided into several parts, and each mus-
cle force part is described by x, y and z force components.
The point loads are projected on surfaces of the bone with
an Abaqus called coupling constraints, coupling the point to
the surface in all six degrees of freedom (dof). The surfaces
represent the muscle and ligament attachment areas and are
manually created in the FE model. In the previous study,
the definition of these surfaces was based on clavicle anat-
omy in the literature [27, 28]. Pictures of each surface were
then saved and used as guidelines in following models to
make sure that the deviations between the different models
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would be as small as possible. To confirm that small devia-
tions in the surface representation would not have consider-
able impact on the calculations, a sensitivity analysis was
performed where the only variable between the models
were changes in the muscle and ligament attachment areas.
Twelve analyses were performed in which the different
muscle surface representations were varied according to
size, position and with and without surfaces overlapping
each other. The arm position and the input forces to the FE
simulations coming from [24] are shown in Fig. 2. For cor-
responding muscle and ligament attachments, see Fig. 1.

2.4 Investigated fixation devices and fixation techniques

The plates analyzed in this study are the LCP Recon
Plate 3.5 straight, 6 holes (Synthes, West Chester, USA)
and the LCP Sup—Ant Clavicle Plate 3.5, 7 holes (Synthes).
The plates were scanned, and 3D reconstructions were cre-
ated. The LCP Recon plate was scanned and modeled as
a straight reconstruction plate which was later bent in the
SOLIDWORKS software (Dassault Systemes, Waltham,
USA) to follow the bone contour, corresponding to the con-
touring often made by the surgeon during operation. The
fit of the pre-contoured LCP Sup—Ant plate was considered
to be sufficiently good, based on the subjective opinion
of an experienced orthopedic surgeon, and was not modi-
fied after scanning. In all models, the screw holes were
simplified and modeled without threads and countersinks.
The material used for the plates and screws is a stainless
steel (316 L) material, E = 186.4 GPa and Poisson’s ratio
0.3 [29]. The 3D models of the plates were later imported
into the FE-starting model in the universal Initial Graph-
ics Exchange Specification (IGES) file format. The screws
were modeled without threads and countersinks using the
SOLIDWORKS software. In order to investigate different
plating strategies, the LCP Recon plate was bent in two dif-
ferent ways to fit an anterior and a superior plating position.
Finally, the three FE models including the different plates
were also modeled with lag screws fixating the fracture.
The superior-positioned LCP Recon plate was the only
plate in a position where it was possible to use one of the
screw holes in the plate for fixation of a lag screw through
the fracture. The LCP Sup—Ant and LCP Recon in anterior
position were therefore only modeled using separate lag
screws. For the same reason, one hole was left empty in the
middle of the plate while modeling the superior-positioned
LCP Recon plate without lag screw and with a separate lag
screw. The different analyses are presented in Table 1.

2.5 FE model details

The muscle and ligament forces were, as mentioned pre-
viously, modeled as concentrated forces at points. Large
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Table 1 Analyses in the study

Analysis Model Position  With or without lag

SCrew

Al LCP Recon Anterior Without
A2 LCP Recon Anterior With
A3 LCP Recon Superior Without
A4 LCP Recon Superior With
A5 LCP Recon Superior With lag screw through
plate
A6 LCP Sup—Ant (pre- Sup—Ant Without
contoured)
A7 LCP Sup—Ant (pre- Sup—-Ant With
contoured)

muscles were divided into several parts. The points were
coupled in all 6 dof to surfaces representing the muscle or
ligament attachment areas on the bone. The plates, plate
configurations and screws were imported as IGES files into
the starting model, see chapter 2.2, oriented in the correct
positions and used in Boolean operations to create appro-
priate screw holes in the solid bone model. After that,
the solid bone model was meshed with a general element
size of around 1.5 mm and with around 61,300 elements
(91,800 nodes). The LCP Recon plate and LCP Sup-Ant
plate were meshed with 39,692 and 45,944 elements, and
63,607 and 73,544 nodes, respectively. The bone, plates
and screws were all meshed with quadratic (10 nodes) tet-
rahedral elements of type C3D10 (Abaqus). The number
of elements in each screw was approximately 3000 (5000
nodes).

The surface of the plate screws was divided into two
sections. The upper sections were assigned tie con-
straints (Abaqus) to the inner surfaces of the plate holes,
simulating locked screws. The lower sections of the
plate screws were coupled to the surfaces of the screw
holes made in the bone model. In the models includ-
ing lag screws (Table 1; A2, A4, A5 A7), a new screw
hole was made in the bone model and tie constraints
were assigned between the upper and lower parts of the
screws and the holes surfaces in the two different bone
fractions. The fracture is modeled like a fresh fracture
without any healing between the two fractures edges.
Both the tie constraint and the coupling constraints are
rigid constraints.

The muscle and ligament forces (Fig. 2) almost cre-
ate equilibrium in the model but to counteract rigid body
motion, boundary conditions was assigned to small sur-
faces on the medial (sternal) and distal (acromial) ends of
the clavicle bone. The medial end was locked in all lin-
ear translations and the rotation around the long axis of
the clavicle bone. The distal end was locked in the trans-
verse directions of the linear translations. The reaction
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Significant max stress (Von Mises,

Max displacement (magnitude, mm)

Max Strain (Principal)

normalized) 0,8 0,0045
2 0,7 0,004
0,6 0,0035
1- g'g 0,002
2] 0,0015 -
0,5 - 0,2 4 0,001 -
0,1+ 0,0005 -
0 - 0 - 0-
A6 A3 Al A7 A4 A5 A2 A6 A3 Al A7 A4 A5 A2 A6 A3 Al A7 A4 A5 A2
(SA) (S) (A) (sA, (SL) (S, (AL) (SA) (S) (A) (sA, (sL) (s, (AL) (SA) () (A) (SA, (L) (S, (A,L)
L) LP) LP) L) LP)

Fig. 3 Maximum stress, displacement and strain in plate. S, superior (LCP Recon); A, anterior (LCP Recon); SA, superior—anterior (LPC Sup—

Ant); L, lag screw; LP, lag screw through plate

forces in the boundary conditions were around 2.5 N in all
seven models, demonstrating that the models are almost
in equilibrium and the boundary conditions do not affect
the results significantly. The previous orphan mesh model
with a LCP Recon plate in anterior position and solid
model with LCP Sup—Ant plate, both without lag screw,
are shown in Fig. 1.

2.6 Cortical bone material property

In the current model, it was not applicable to use mate-
rial data based on the CT density of the bone as in [30],
due to reorientation and small rescaling of the bone mesh
to suit the AnyBody model used in the musculoskeletal
simulation [24]. Different material properties are used
to define cortical bone in earlier FE studies [12, 15, 22,
23], and there is no easy way to assure what the correct
material property is in each specific case. It was also
assumed that the material property definition is not the
most crucial input in this study since the purpose of the
bone is to transfer forces from the muscles and ligaments
to the plate, and it is primarily the stresses in the plate
we are interested in. A sensitivity analysis was carried
out to see how much the displacement in the bone and
plate varies depending on the bone material used. Five
different definitions of the Young’s modulus (E) were
used in one model. One of the materials was orthotropic
with £ = 18 GPa in longitudinal direction and 8 GPa in
transversal direction of the bone [31], and the other four
were isotropic materials, £ = 13.7 GPa [15], E = 9 GPa
[32], E =11 GPa [33] and E = 15.7 GPa [34]. The mate-
rial used for the cortical bone in the rest of the analy-
ses is the orthotropic material with a Young’s modulus of
E = 18 GPa in the longitudinal direction of the bone and
E = 8 GPa in the transversal direction with a Poisson’s
ratio of 0.3 [31].

3 Results
3.1 Comparison of fixation devices and techniques

A comparison between the stress concentrations in the
different plates and plating methods is shown in Fig. 3.
The maximum displacements and strains are summarized
in the same figure. The resulting von Mises stress distri-
butions in the plates are shown in Fig. 4 and summarized
in Table 2. The most significant difference in stress distri-
bution is between the analyses with a lag screw through
the fracture gap (A2, A4, AS, A7) and the analyses with-
out such a screw (A1, A3, A6), see Fig. 3. The use of lag
screw resulted in much lower stresses in the plate and in
stresses spread more evenly on the plate. Furthermore, it
caused the screws to take more of the load but the maxi-
mum stress in the screws was still lower than the maxi-
mum stress in the plates without the use of lag screws.
The differences in plate stress while using one of the plate
screws to compress the fracture (A5) compared to using
a separate lag screw (A4) were negligible. The anteroin-
ferior plate position resulted in lower plate stresses (Al,
A2) compared to the superior position (A3-AS5), with a
significant difference in the case without the use of a lag
screw (A3 compared to Al) and a small difference in the
case including the use of a lag screw (A4 and A5 com-
pared to A2). Furthermore, the maximum stress in the pre-
contoured LCP Sup—Ant plate (A6—A7) was lower than
the LCP Recon plate (A1-AS5) both when the Recon plate
was placed in the superior and anteroinferior position and
with and without the use of a lag screw through the frac-
ture gap. This was expected since the pre-contoured plate
is thicker and has no notches close to the fracture gap.
The maximum stresses in the bone while using the dif-
ferent plates and plating strategies are presented in Table 2
and Fig. 5. The maximum stress in the bone was higher in
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S, Mises S, Mises
(Avg: 75%) (Avg: 75%)
+4.812e+08 +1.200e+08
+4.411e+08 +1.100e+08
+4.010e+08 +1.000e+08
+3.609e+08 +9.003e+07
+3.208e+08 +8.003e+07
+2.807e+08 +7.003e+07
+2.406e+08 +6.003e+07
+2.005e+08 +5.003e+07
+1.604e+08 +4.002e+07
+1.203e+08 +3.002e+07
+8.020e+07 +2.002e+07
+4.010e+07 +1.002e+07
+9.715e+03 +1.472e+04
Max Y
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x .
&
Al A2
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+5.348e+08 +1.424e+08 +1.371e+08
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+1.070e+08 +2.848e+07 +2.742e+07
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£ S, Mises S, Mises
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B oS gk +6.280e+07 +9.806e+07
133610408 +5.757e+07 +9.071e+07
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X
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Fig. 4 Von Mises stresses in the seven analyses. See Tables 1 or 2 for explanation of the definitions A1-A7
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Table 2 Von Mises stress concentrations in relevant areas, excluding sharp holes edges

LCP Recon anterior

LCP Recon superior LCP Sup—Ant (pre-contoured)

160-280 Al
Max: 481
Max in bone: 13.8

50-120 A2
Max: 120
Max in bone: 41.2

With lag screw through plate N/A

Without lag screw

With lag screw

215-370 A3 130-230 A6
Max: 642 Max: 391

Max in bone: 26 Max in bone: 20

70-140 A4 20-50 A7
Max: 171 Max: 63 (98 in screw)

Max in bone: 58 Max in bone: 25

60-140 A5 N/A

Max: 164

Max in bone: 60

Line two: maximum stress in plate. Line three: maximum stress in bone (MPa)

. (a) .

S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
+2.001e+07 +2.501e+07
+1.834e+07 +2.292e+07
+1.667e+07 +2.084e+07
+1.501e+07 +1.876e+07
+1.334e+07 +1.667e+07
+1.167e+07 +1.459e+07
+1.000e+07 Max +1.251e+07
+8.337e+06 +1.042e+07
+6.670e+06 +8.338e+06
+5.003e+06 +6.254e+06
+3.336e+06 +4.171e+06
+1.669e+06 +2.087e+06
+1.925e+03 +3.326e+03

S, Mises
(Avg: 75%)

+2.501e+07
+2.292e+07
+2.084e+07
+1.876e+07
+1.667e+07
+1.45%e+07
+1.251e+07
+1.042e+07
+8.338e+06
+6.254e+06
+4.171e+06
+2.087e+06
+3.326e+03

Fig. 5 Von Mises stresses in the bone when using a LCP Sup—Ant plate (plate hidden in picture). a The analysis A6 and b the analysis A7

the models with lag screw, but these are very local edge
stresses. The models without lag screw had the maximum
stress on the bones surface at the holes edge on the most
distal hole and the ones with lag screw had the maximum
inside the bone on one of the hole edges of the lag screw
hole, see Fig. 5.

3.2 Sensitivity analysis

The stress in one of the middle notches of the anteroinfe-
rior-positioned LCP Recon plate was 460 MPa in the origi-
nal orphan mesh model [24]. Corresponding stress in the
initial solid bone model was 440 MPa [35] and later, with
some small adjustments to the interaction definitions in the
model, the corresponding stress was 460 MPa in the same
notch. The stress pattern was the same in all three analyses.

This shows that the model works in approximately the
same way after the replacement of the orphan mesh.

The results from the sensitivity analyses of using
different material properties for the cortical bone are
shown in Fig. 6. The displacements in the bone and the
plate both vary within 0.04 mm using the different bone
materials.

The maximum resulting stresses and displacements
depending on variations of the muscle attachment surface
definitions are shown in Fig. 7. The stresses and displace-
ments were almost exactly the same in all analyses with the
exception of number eleven (Fig. 7), in which the muscle
attachment surfaces had great overlaps which led to failure
of the input forces and incorrect results. Also, in number
eight (Fig. 7), the stresses and displacements are slightly
higher due to overlapping surface definitions.
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Max displacement Cortical material

. (different bone mtrl) property:

0,5 1= current
2= 13,7GPa

0,4 3= 9GPa
0,3 4= 11GPa
0,2 5= 15,6GPa
0,1

0

m Displacement in
bone (mm)

0,44 | 0,45 | 0,48 | 0,47 | 0,45

M Displacement in

plate (mm) 0,38

0,39 0,39

0,42 ‘ 0,41

Fig. 6 Maximum displacements in bone and plate depending on the
bone material property

4 Discussion

Opinions are divided regarding the optimal treatment of
clavicle fractures but displaced mid-shaft fractures of
the clavicle gain more and more importance in the field
of orthopedic surgery [3]. When the clavicle fractures are
treated operatively, there is also varying opinions about
the best fixation device and strategy. A fixation plate
placed on a clavicle is in a subcutaneous area, (especially
when placed in a superior position), which makes the
contouring and fit of the plate important to avoid hard-
ware-induced discomfort [36]. It is quite common with
remaining symptoms (sequelae), both after conservative
treatment and operative treatment of clavicle fractures
[37-39]. Better understanding of the loads on the clavi-
cle and fixation devices is necessary to be able to develop
fixation devises and techniques optimized to the precon-
ditions and needs within clavicle fracture fixation. The
most relevant types of investigations are clinical studies,

but the drawbacks of these are that it is difficult to isolate
parameters while comparing other parameters and it is
difficult to carry out experimentation. Fabricating realistic
experimental test rigs for cadaver studies and other bio-
mechanical studies is time-consuming and also has some
limitations in the possibility to isolate important param-
eters. FE simulation techniques are constantly developing
and are able to quickly alter parameters in a controlled
manner to provide mechanical responses. It can also be
used in a more experimental way without any risks and
with small increases in time and cost. This makes simula-
tions a good complement to other types of investigations.
However, one must keep in mind that the definition of;
the load case, the material, and the interaction between
the different parts of the assembly in FE simulations are
simplifications of varying degrees and that the simulation
results should be locally and globally validated toward
appropriate biomechanical data obtained from experimen-
tal studies.

In summary, the main limitations in the study are as
follows: first, the results of this study are based on this
specific case, in the arm position presented, and should
be considered as indicative results. In future studies, the
simulations should be complemented with simulations in
other arm positions. Second, the model is not validated
toward experimental biomechanical studies. In this study,
the model is used for relative analyses between different
plates and plating strategies, and hence, the results are pre-
sented as the differences between the different strategies
and not as absolute values. In the future, before using it to
dimension, optimize or confirm the strength of a new plate
designs, the model has to be validated toward experimental
data. Further, the tie-constraints between bone and screws
are simplified as completely rigid and the screws are mod-
eled without threads and countersinks. Finally, there is no
trabecular cavity in the bone allowing for bicortical screw

Max stress and displacement in plate Muscle surfaces
1000 1,4 changed:
900
800 = current
700 = deltoid
600 = AC
500 = sC
400 = conoid . .
300 = stemoFleldomast01d
= trapeziusl
200 = trapezius2
100 = trapezius3
0

M Stresses (Mpa)

453,4|453,4|453,4|453,4|453,6|453,6|453,5|497,2|453,5|453,5| 859 |453,5

10 = trapezius 4
11= trapezius 5
12= trapezius 6

M Displacement (mm) 0,532(0,532|0,532/0,532|0,532(0,532

0,532|0,577

0,532|0,532| 1,15 |0,532

Fig. 7 Maximum stress and displacement in plate due to the definition of muscle and ligament attachment surfaces
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fixation but that simplification proved to have small impact
on the resulting stresses in the plates.

Regarding the experimental biomechanical studies of
anteroinferior contrasuperior plate positioning, previous
results are contradictory but several studies show superior
positioning to be advantageous, especially in bending tests.
Celestre et al. [7] found that for the bending failure test-
ing, the superior plate location had higher load to failure
and bending failure stiffness. Harnroongroj and Vanadu-
rongwans [40] reported that superior plating proved to pro-
vide more stability against bending moment than anterior
plating when applied on clavicle bones without cortical
defect, whereas on bones with cortical defect, the anterior
plate position was found to provide more stability. Robert-
son et al. [9] found that in compression and torsion, antero-
inferior plates were stiffer to superior (except for the non-
locked) and in cantilever bending, the superior plates had a
significantly higher bending failure load and stiffness. Tay-
lor et al. [6] focused on using a more realistic load case in
their biomechanical studies, and their results indicate that
inferior-medial (same as anteroinferior) plating provides
improved construct stiffness.

Based on clinical experiences, several studies advocate
anteroinferior plating [41-43] and one of them also empha-
sizes the use of lag screws [42]. Advantages of anteroin-
ferior positioning are stable fixation, protection of infra-
clavicular structures and minimal incidence of implant
prominence problems. Our results also indicate that it is
favorable to use a lag screw to compress the fracture and
to place the plate in an anteroinferior position. Though it is
not always possible to attach a lag screw to fixate the frac-
ture, for example, in the case of a comminuted fracture, it
can be complicated. Furthermore, the pre-contoured plate
without notches in the middle of the plate resulted in lower
maximum stresses than the reconstruction plate in which
the notches acted as stress raisers. The author has only
found one previous FE study including clavicle bone and
plate in the literature (loaded under axial compression and
cantilever bending), and the results of this study were that
anteroinferior positioning is advantageous and that special
attention should be paid to achieve good fixation around
the fracture and to avoid plate notches close to the frac-
ture, which agrees well with results obtained in this study
[4]. Present results also agree with the experimental stud-
ies using 4-point bending (which is the experimental load-
ing most similar to the load case in the present simulation),
which anteroinferior plate placement is biomechanically
advantageous over superior plate placement [6, 10].

Designing the plate without notches and holes above
the fracture and to use a lag screw to fixate the fracture
when possible, both seem to significantly reduce the stress
impact on the plate. While using customized plates, based
on the bone contour and actual fracture as in [44, 45], the

plate can be designed for the use of a lag screw and without
stress raisers close to the fracture. That way, the stresses in
the plate would be significantly lower and could probably
enable a leaner plate design with maintained strength. In
further work, customized plates designed based on these
guidelines will be compared to commercial plates regard-
ing mechanical response. Another interesting continuation
is to study the screw—bone interaction more in detail, as in
[46] and to find a way to include the risk of screw loos-
ening in the model. The purpose with plate osteosynthesis
is to achieve proper healing of the fracture, and hence, the
best plate is a plate that contributes to fracture healing with
minimized negative side effects. With better knowledge
of the stress pattern in the plate, the plate can be designed
with custom stiffness in different areas of the plate, enhanc-
ing the interfragmentary motion needed for secondary bone
healing. But, before using the model for such purposes, it
first has to be validated toward experimental studies.

In conclusion, the use of lag screw in the fracture gap
had the highest impact on lowering the plate stresses com-
pared to the plate position (anteroinferior compared to
superior) and plate design (LCP Recon compared to pre-
contoured LCP Sup—Ant). Using a lag screw in the fracture
gap is also the clinical recommendation, but it is not always
possible due to the type of fracture and the plate design.
If a lag screw in the fracture gap could be guaranteed, the
plate could have a leaner design. The anteroinferior plat-
ing position resulted in lower plate stresses in relation to
superior position. The anteroinferior position also has clini-
cal benefits such as a reduced risk of damaging vital struc-
tures when drilling and it entails less plate prominence. As
expected, the pre-contoured LCP Sup-Ant also resulted in
lower plate stresses than the LCP Recon plate, probably
due to a plate design without notches close to the fracture
and a greater plate thickness. The LCP Sup—Ant plate starts
medially in an anterior position (with the benefits of easier
drilling and less plate prominence problems) and ends in a
more superior position with the advantages of less need to
detach muscles than with anterolateral placement.
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