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Abstract

Background: The risk of displaced and comminuted midshaft clavicle fractures is increased in high-energy traumas such as sp}
injuries and traffic accidents. Open reduction and plate fixation have been widely used for midshaft clavicle fractures. Among various
plates for clavicle shaft fractures, superior locking compression plates (LCPs) have been mostly used. In plate fixation, nonunion
caused by implant failure is the most difficult complication. The most common reasons for metal plate failure are excessive stress
and stress concentration caused by cantilever bending. These causes were easily addressed using a locking screw cap (LSC).

Methods: The clavicle 3-dimensional image was made from a computed tomography scan, and the clavicle midshaft fracture
model was generated with a 10-mm interval. The fracture model was fixed with a superior LCP, and finite element analysis was
conducted between the presence (with LSC model) and absence (without LSC model) of an LSC on the site of the fracture. The
stresses of screw holes in models with and without LSCs were measured under 3 forces: 100N cantilever bending force, 100N
axial compression force, and 1 N-m axial torsion force. After the finite element analysis, a validation test was conducted on the
cantilever bending force known as the greatest force applied to superior locking plates.

Results: The mean greatest stress under the cantilever bending force was significantly greater than other loading forces. The
highest stress site was the screw hole edge on the fracture site in both models under the cantilever bending and axial compression
forces. Under the axial torsional force, the maximum stress point was the lateral first screw hole edge. The ultimate plate stress of
the with LSC model is completely lower than that of the without LSC model. According to the validation test, the stiffness, ultimate
load, and yield load of the with LSC model were higher than those of the without LSC model.

Conclusions: Therefore, inserting an LSC into an empty screw hole in the fracture area reduces the maximum stress on an
LCP and improves biomechanical stability.

Abbreviations: CT = computerized tomography, FEA = finite element analysis, FZ = fracture zone, L = lateral, LCP = locking

compression plate, LSC = locking screw cap, M = medial, MCF = midshaft clavicle fracture, 3D = 3 dimension.
Keywords: bone plate, clavicle, finite element analysis, fracture fixation, locking screw cap

1. Introduction

Midshaft clavicle fractures (MCFs) are common lesions of the
scapular girdle and account for 81% of the total cases of clavi-
cle fractures, including displaced cases (48 %) and comminuted
cases (19%).1'-31 Traditionally, nondisplaced and substantially
displaced MCFs were managed conservatively, showing excel-
lent results.! In the past, MCFs occurred in small external
forces such as falls in older people, but recently, they have
often been caused by high-energy traumas such as traffic
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accidents and sports injuries in younger people. Therefore,
displaced MCFs account for approximately 48% of the total
clavicle fractures, and comminuted patterns gradually increase
to 19%.5! Recently, some studies have shown a higher risk
for malunion and nonunion for large displacement, which are
treated nonsurgically, requiring the use of open reduction and
plate fixation that show improved outcomes.l~!

Between an intramedullary nail and plate fixation, plate fixa-
tion (either superior or anteroinferior placement) has exhibited an
excellent biomechanical strength for early exercise and provides
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satisfactory clinical outcomes.!">!!l However, its major handicap is
nonunion due to implant failure, which may require revision sur-
geries. The causes of plate failure are plate breakage or deforma-
tion and excessive stress concentration. Several studies suggested 2
risk factors for plate breakage: reconstruction plate usage!'? and
surgical technique called bridging plate.'>'¥ Moreover, a finite ele-
ment analysis (FEA) on clavicle fracture plate fixation showed that
the maximum stress and uneven stress concentration occur around
the empty screw holes on top of the fracture area in the contoured

Medicine

superior reconstruction plate.l') Another study found that the most
vulnerable point of the superior clavicle locking compression plate
(LCP) used for comminuted MCFs was the free screw hole above
the fracture zone (FZ)."*l When lifting the arm, cantilever bending
is applied, and at this time, the greatest stress is applied. Therefore,
to prevent breakage, a new design consisting of superior LCPs with
no screw holes on top of the FZ was proposed.'”! Nevertheless, it
is virtually impossible to omit the screw holes on the fracture site
during the mass production of metal plates.
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Figure 1. Conversion of axial images of clavicle CT into 3D images through the InVesalius® program. CT = computerized tomography, 3D = 3 dimension.

A

Figure 2. There was a 7-hole superior titanium alloy LCP and double thread lag screw. (A) Separated locking screw. (B) Fastened locking screw. LCP = locking

compression plate.
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Figure 3. There were schematics of 2 simulation models. (A) Without LSC model. (B) With LSC model. LSC = locking screw cap.

Material properties of cortical bone, cancellous bone, and
titanium alloy.

Young’s Bulk modulus Shear modulus
Materials modulus (MPa) (MPa) (MPa)
Cortical bone 17,000 14,167 6539
Cancellous bone 1000 833 385
Titanium alloy 114,000 95,000 43,846

The authors believed that a metal plate without screw holes
on the fracture site and that with locking screw caps (LSCs)
inserted into the screw holes in the fracture might not have the
same effect, although it might be similar. We hypothesize that
the plate can be strengthened by inserting LSCs into the empty
screw holes on top of the FZ in displaced MCFs. We studied the
stress concentration phenomenon on the empty screw hole of
an LCP above the fracture position with an FEA. In addition,
we theoretically verified a decentralized Von Mises stress on the
LCP above the clavicle fracture using FEA.

150 4500

Figure 4. Three loading conditions with boundary conditions were applied to the acromial end. (A) Cantilever bending load. (B) Axial compression load. (C) Axial

torsion load with count clockwise.
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2. Materials and Methods
2.1. Bone modeling

The acquired images from the computerized tomography scan of
the normal left clavicle to constitute the 3-dimensional (3D) clavic-
ular model are axial images with a 1.0-mm slice thickness. These
images were from a 55-year-old female volunteer, who provided
written informed consent for the publication of clinical details and
images. The 3D model was generated using a freeware, InVesalius
(Center for Information Technology Renato Archer, Campinas,
Brazil). After postprocessing, unnecessary shapes were reduced
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using Meshmixer (Fig. 1). We imported the 3D model into ANSYS
simulation program (ANSYS, Inc., Canonsburg, PA) for FEA.

2.2. FEA model

The FE meshes were created as a tetrahedral with a 0.5-mm size for
bones, screws, and plates. The orthogonal quality was 0.85907,
and the average mesh element quality was 0.83861. The total
elements were 1,258,688 and the mesh nodes were 1,843,793.
There was a 10-mm fracture interval between the medial and lat-
eral fragments, indicating the presence of a comminuted MCE

Stress analysis results by FEA.

Cantilever bending load (MPa)

Axial compression load (MPa)

Axial torsion load (MPa)

Points Without LSC With LSC Without LSC With LSC Without LSC With LSC
M1 15.40 15.54 0.78 0.78 3.60 3.81
M2 36.71 36.28 5.32 5.34 10.10 10.60
M3 91.01 90.17 21.91 21.94 24.43 24.95
FZ 874.11 412.66 24451 116.88 46.90 61.03
L1 82.13 80.01 24.99 24.33 33.47 33.57
L2 39.88 40.22 11.50 11.56 24.71 25.34
L3 16.17 15.79 3.99 3.82 5.20 4.43
Avg. M 47.71 47.33 9.34 9.35 12.71 13.12
Avg. L 46.06 45.34 13.49 13.23 21.13 21.11
Avg. ratio (M/L) 1.04 1.04 0.69 0.71 0.60 0.62
Max 874.11 494.26 252.22 11415 86.03 83.23
FZ reduce (%) 52.79 52.20 -30.11

Max reduce (%) 43.46 54.74 3.25

Avg. = average, FZ = fracture zone, L = lateral, LSC = locking screw cap, M = medial.
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Figure 5. FEA simulation showed Von Mises stress distribution of the LCP under cantilever bending force. Stress concentration was evenly distributed in with
LSC model. (A) Without LSC model. (B) With LSC model. LCP = locking compression plate, LSC = locking screw cap.
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Figure 6. There was an FEA simulation of Von Mises stress distribution under axial compression conditions. Also, stress concentration was evenly distributed
in with LSC model. (A) Without LSC model. (B) With LSC model. FEA = finite element analysis, LSC = locking screw cap.

This fracture model was secured with a 2.5-mm 7-hole superior
titanium alloy LCP and modeled using an LCP superior clavicle
plate (AO Synthes, Solothurn, Switzerland; Fig. 2). To simplify the
simulation, the combi-holes were replaced by single locking holes.
Two models were used in this study: the fracture model, which
was secured with 6 locking screws on the medial and lateral sides
without an LSC (without LSC model), and the other model pres-
ents the design in which an LSC was inserted into an empty screw
hole above the fracture (with LSC model; Fig. 3).

2.3. Boundary condition and loads

According to the property of the locking plate, the screw is
strongly combined with the plate owing to the screw ten-
sion between the screw and LCP as shown in Figure 2. In
addition, the screws penetrate the cortical bone and are then
combined with it by the screw tension. This study aims to
determine whether the magnitude of stress transmitted to the
LCP because of the generated external force can be relieved
in the patient’s daily activities. Therefore, we studied the
dispersion characteristics of the stress concentration in the
LCP with the external force under a condition that does not
cause additional crushing of the clavicle because of the screw
tension. In the case of the application of the screw structure
with the LCP, the geometrical complexity is greatly increased,
and the structural variable with the screw thread can also
affect the observation of the stress distribution at the fracture
area. Therefore, we simply defined the screw coupling area in
the form of a column. In addition, the pattern of the stress

distribution was analyzed by defining the screw and the clav-
icle to be in complete contact because it is assumed that the
range in which the crushing of the clavicle does not occur.
The contact interface between the bone—plate, plate-screws,
and bone-screws was set as a fully bonded condition. The
material properties of the cortical bone, cancellous bone, and
titanium alloy were applied per the references (Table 1).!1618]
The types of fractures that occurred in the clinical setting
and the shape of the clavicle were different. To proceed with
simulations for the different types of fractures, we applied the
cortical alignment fracture type with the simplest geometric
structure in this study.?!

As in the previous studies, 3 loading modes were applied at
the acromial end: 100N for the cantilever bending, 100N for
the axial compression, and 1 N-m for anticlockwise axial tor-
sion for the case of the raised arm (Fig. 4).115-17:1%]

The distribution of stress in the plate was measured using
simulation. The stresses on 7 points representing the 7 locking
holes of the superior LCP, that is, the medial (M) M1, M2, and
M3; FZ; lateral (L) L1, L2, and L3 and ultimate stress of both
models for all 3 forces were analyzed as the Von Mises stress
(Fig. 3).

2.4. Validation test

To validate the results, the confirmation was performed under the
cantilever bending force, which was the greatest difference in the
maximal plate stress between model A and model B. To measure
mechanical properties, metal plates were inserted into a prepared
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Figure 7. Clavicle LCP FEA simulation showed Von Mises stress distribution under axial torsion loading. The stress distribution was similar, but the magnitude
was shown to be smaller in with LSC model. (A) Without LSC model. (B) With LSC model. FEA = finite element analysis, LCP = locking compression plate, LSC

= locking screw cap.

jig, and a force was applied at a maximum speed of 10 mm/min.
The stiffness, field load, and ultimate load were obtained.

3. Result

3.1. FEA result

The Von Mises stresses for both models are listed in Table 2. In
the cantilever bending force, the stress of M1, M2, M3, L1, L2,
and L3 in both models are alike with an average ratio (M/L) of
1.04. However, the stress of the FZ was significantly reduced
after inserting an LSC, from 874.11MPa in the without LSC
model to 412.66 MPa in the with LSC model. This means that
the cantilever bending force applied to the fracture model is not
concentrated entirely on the LCP combined with the clavicle but
mostly on the FZ point. In addition, it shows that the stress is
uniformly concentrated on both sides of the fracture area.

The maximum stress point in the without LSC model was
the FZ point, and the maximum stress of the without LSC
model (874.11MPa) was larger than that of the with LSC
model (494.26 MPa) under the cantilever bending force (Fig. 5).
Similar trends were observed under the axial compression load-
ing. Under axial compression loads, the stress of the FZ was sig-
nificantly reduced from 244.51 MPa in the without LSC model
to 116.88 MPa in the with LSC model (Fig. 6), and the maxi-
mum stress of the without LSC model (252.22 MPa) was larger
than that of the with LSC model (114.15 MPa; Table 2).

However, for the FZ stress, this relationship was not observed
in the anticlockwise torsion force (Fig. 7). The highest stress

of the with LSC model (83.23 MPa) was slightly lesser than
that of the without LSC model (86.03 MPa) although the Von
Mises stress of the FZ point increased even when an LSC was
inserted (without LSC model: 46.90 MPa and with LSC model:
61.03 MPa).

3.2. Validation result

The average stiffness of the without LSC model is 18.05 N/mm,
which is 1.47N/mm lower than that of the with LSC model of
19.52N/mm (Table 3). The yield load, which is the load elastic
deformation change to plastic deformation, was 111.81N for
the without LSC model and 128.03 N for the with LSC model.
The ultimate load, which is the load at the time of destruction,
was 122.28N in the without LSC model and 141.00N in the
with LSC model improving the mechanical properties of the
metal plate against cantilever bending. The result of the valida-
tion test confirms the FEA result and our hypothesis.

4. Discussion

Managing displaced MCFs remains a challenge. A meta-analysis
study recently revealed that surgery for displaced MCFs increases
the possibility of union after 12 months of follow-up.”! More
than 10% of patients who are reluctant to undergo surgery for
acute displaced MCFs may be more likely to encounter nonunion.
Therefore, undergoing surgery for acute displaced fractures is
recommended to lower the chance of nonunion and malunion.!"]
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The result of validation test.

Specimens Stiffness (\/mm)  Yield load (N)  Ultimate load (N)
Without LSC model
1 18.03 112.96 123.14
2 18.08 111.56 123.87
3 18.05 110.92 119.83
Avg 18.05 111.81 122.28
SD 0.02 1.04 2.15
With LSC model
1 19.84 131.59 142.45
2 19.26 123.57 139.37
3 19.46 128.94 141.18
Avg 19.52 128.03 141.00
SD 0.30 4,09 1.55

LSC = locking screw cap, SD = standard deviation.

Plate fixation has been the gold-standard treatment for dis-
placed MCFs. Between the plate and intramedullar nail, plate
fixation biomechanically provides a more stable strength for
an early range-of-motion exercise. However, implant failure is
one of its limiting factors. A risk factor for plate breakage or
bending was the increased stress in the free hole around the FZ.
Therefore, some finite element studies recommend different
types of plates, such as anterior plates, spiral plates, and supe-
rior plates with no screw holes above the fracture area.!'”-1$20.21]

www.md-journal.com

A comminuted MCF model was secured with a 7-hole tita-
nium superior LCP, and FEA was performed between the with
LSC model and without LSC model on top of the fracture site.
The 7 stress measurement points represent the stress geometri-
cally generated at the same point on the edge of the LCP hole.
Hence, the measurement point and the maximum stress concen-
tration point of the LCP could be different, and the magnitude
of the stress generated at the same location was analyzed to
determine the effectiveness of this model. In addition, the mag-
nitude of the maximum stress applied to the entire LCP was
separately indicated to analyze the variation of the magnitude
of the concentrated maximum stress. In the case of the canti-
lever bending load, the values of the FZ point and the maxi-
mum stress point are the same in the without LSC model. This
means that the maximum stress concentration point is the same
as the FZ point. However, the values of the FZ point and the
maximum stress point of the with LSC model are 412.66 and
494.26 MPa, respectively. It indicates that the locations of the
maximum stress concentration point and the FZ point are dif-
ferent in the with LSC model.

The FZ stress of the without LSC model from the cantilever
bending force (874.110 MPa) was much higher than the maxi-
mal stress from the axial compression (244.510 MPa) and the
axial torsion force (46.904 MPa; Table 2). This means that the
cantilever loading force is the biggest load on an implant and
can be the main cause of implant failure.

Compared to the without LSC model, the with LSC model
reduced the stress on the FZ point by 52.8% in the cantile-
ver bending force and 52.2% in the axial compression force.

B

Figure 8. Under the axial torsional load, the maximum stress point was not the FZ point like the other 2 conditions. The peak stress point moved to the L1 point
of the rear side plate in both models. (A) Without LSC model. (B) Enlarge without LSC model. (C) With LSC model. (D) Enlarge with LSC model. FZ = fracture

zone, LSC = locking screw cap.
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However, the highest stress on the FZ point in the with LSC
model (61.03MPa) was approximately 1.3 times higher than
that in the without LSC model (46.90 MPa) in the counterclock-
wise torsion force. Nonetheless, the maximal stress of the LCP
was low in the with LSC model under the 3 loading conditions,
and the most important difference was observed in the cantilever
bending force.

In addition, no significant difference occurred between the
FZ point and the maximum stress point under the cantilever
bending and axial compression loads. However, unlike the sit-
uations under the other stress conditions, in torsion, the max-
imum stress point moved to another position (Fig. 8). At the
FZ point, the stress level increased by 30.11%, showing poor
results, but the absolute value of the stress was twice as low
as the other 2 stress conditions. This indicates that the result
with torsion could not significantly affect the structural proper-
ties of the LCP. In addition, the maximum stress concentration
point shifted, but its value decreased by 3.25%. The maximum
stress point was changed because the counterclockwise moment
moved the force vector in a different direction. It can be inferred
that the peak stress point moved to the L1 direction of the rear
side plate, showing the same result for both models. Therefore,
it could be analyzed as an increase in stiffness, considering the
overall structural characteristics of the LCP.

As reported in previous studies, the screw hole above the
FZ was confirmed to be a delicate point in the superior clavi-
cle LCP, particularly in terms of the cantilever bending force.
The with LSC model showed better biomechanical proper-
ties than the without LSC model in all the loads. Therefore,
we can easily lower the maximal stress and make the stress
concentration uniform by inserting LSCs into the free screw
holes around the FZ. There are some limitations to this
study. First, the fracture is complex and very complicated
in the real world, and the actual number of fracture cases
varies widely. Second, there are several considerations that
could not be embodied in simulation. Some of the imple-
mentable difficulties include changes in clavicle anatomy,
micromotion between bones and plates, stress-raising effects
of screws, and bone quality. To simplify the simulation,
these considerations were excluded. Third, the strength of
the applied forces was not reflected in the magnitude of the
force acting on the body but rather as a relative characteris-
tic of the force direction. Further studies will require analysis
of various bone anatomy and fracture patterns. Moreover,
studies on the screw size, number, and location should also
be conducted.

In conclusion, inserting the LSCs relieves the stress concen-
tration, confirming that the stress concentrated at the FZ point
in the same distribution condition is rapidly reduced. Hence,
the biomechanical stability of the superior LCP could be easily
improved by inserting LSCs into the empty screw holes in the
fracture area.
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