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Abstract
In this study, an improved �nite element model is applied to compare the biomechanical stability of
plates with three different options in the treatment of distal �bula fractures. A CT scan of the knee to
ankle segment of a volunteer was performed. A three-dimensional �nite element model of the �bula was
reconstructed based on the CT data. Three different loads (uni-pedal standing, torsion, and twisting) were
applied, the same as in the experiments in the literature. The stresses and strains of the three options
were compared under the same loads, using a 4-hole locking plate (Option A), a 5-hole locking plate
(Option B), and a 6-hole locking plate (Option C) in a standard plate for lateral internal �xation. The
simulation results show that all three options showed a stress masking effect. Option C had the best
overall biomechanical performance and could effectively distribute the transferred weight. This is
because option C has greater torsional stiffness and better biomechanical stability than options A and B,
and therefore, option C is the recommended internal �xation method for distal �bula fractures. The �nite
element analysis method developed in this work is applicable to the stress analysis of fracture treatment
options in other body parts.

1 Introduction
Distal �bular fractures account for approximately 3.92% of all fractures in the human body(Ju et al.
2019). Most distal �bula fractures require internal �xation, with plate internal �xation techniques being
the most common. In the previous study (Fan et al. 2019), the use of a 4-hole angle stabilization plate
and screws, in the clinical treatment of distal �bular fractures, improved the time of bone healing for eight
weeks. In another study (Rozbruch et al. 1998), the 4-hole locking plate, 5-hole locking plate, and 6-hole
locking plate internal �xation protocols were chosen. Another study (Fang et al. 2018) showed that the
use of two to three screws would be su�cient for each major fracture block.

In parallel to experiments, the �nite element model has been used to stimulate the bone healing process,
with different screw layouts of the joint plate (Hess and Sommer 2011) (Cao et al. 2019). The relationship
between the effective length of the plate on the stability of the tibio�bular was studied. Although the
above efforts, there is still lacking how the stress and deformation occur in a realistic shaped distal �bula
fracture.

In this study, an improved �nite element model is proposed, which uses the reconstructed CT images. The
developed model is �rstly validated with experimental data in the literature. Then, in order to compare the
biomechanical effectiveness and stability of different protocols in the treatment, three options with 4-
hole, 5-hole, or 6-hole lateral internal �xation plates under different external loads (uni-axial compression,
bending, and torsion) are considered. Their stress and displacement distributions are simulated. These
results will be used to select the best treatment protocol for distal �bula fractures and provide theoretical
understanding for clinical treatment.

2 Methods
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2.1 CT scan data and geometry reconstruction
CT scan was conducted on the lower limb of a male volunteer patient (height 175 cm, weight 75 kg, age
29 years, and healthy lower limb bones). The 64-row spiral CT uses a scanning layer thickness of 0.5
mm. The CT data were converted to DICOM format and then imported into Mimics 20.0 software
(Materialise, Belgium) to reconstruct the skin and cancellous bone into a 3D geometrical model in STL
format. The �bula surface was processed by constructing grids and �tting surfaces in Geomagic Studio
13.0 software (Raindrop, USA), and then the solid model was created and exported into STEP format �le.

2.2 Finite element modeling of internal �xation
The STEP format �le was imported into Solidworks 20.0 (Dassault Systemes S.A, USA) for the assembly
of the skin and cancellous bone. The models were imported into Anasys workbench 19.0 (ANSYS, USA)
software for the �nite element analysis.

Following the AO (Arbeitsgemeinschaft für Osteosynthesefragen) or the Association of the Study of
Internal Fixation (ASIF) standard, the clavicle plate was assembled with the �bula fracture model
according to the simulated surgery, thus completing the lateral internal �xation options of the distal �bula
fracture.

The 4-hole lateral internal �xation plate model was de�ned as "Option A", the 5-hole lateral internal
�xation plate model was de�ned as "Option B", and the 6-hole lateral internal �xation plate model was
de�ned as "Option C ". The 4-hole, 5-hole, 6-hole locking plates, and screws were created. The threads of
the screws were ignored in the model to simplify the computational time. As an example, the components
and assembly of Option A are shown in Fig. 1a, which resemble the experimental setup in the literature
(Knutsen et al. 2016). The screw and plate dimensions of the model are given in Table 1.

Table 1
Dimensions of three options of plates and screw

  Diameter (mm) Length (mm) Width (mm) Height (mm)

(OptionA) 4-hole with bone plate 0 48 10 3

(Option B) 5-hole with bone plate 0 60 10 3

(Option C) 6-hole with bone plate 0 72 10 3

Screw 3.5 15 0 0

2.3 Material model
The cortical bone at the proximal and distal ends of the �bula is very thin, ~ 2 mm.

Therefore, the material properties of the outermost layer of the model were set to the cortical bone in the
model. The material properties of the remaining parts were set to the cancellous bone, screw, and locking
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plates, which are summarized in Table 2(Yang et al. 2021) (Shuangpeng et al. 2014).

Table 2
Material properties of the components in the �nite element model (Yang et al. 2021) (Shuangpeng et al.

2014)
Material Elastic modulus

(MPa)
Poisson’s
ratio

Bone density
(g/cm3)

Yield strength
(MPa)

Tensile strength
(MPa)

Cortical
bone

17,000 0.36 2.1 142 71

Cancellous
bone

300 0.30 1.5 50 3.5

Locking
plates

113,000 0.33 4.5 850 900

Screw 113,000 0.33 4.5 850 900

2.4 Mechanical load boundary conditions
In this study, three different mechanical boundary conditions are applied similar to the reference (Knutsen
et al. 2016). Three types of loads were applied to the �bula model: (1) normal uni-pedal standing posture:
a uniaxial compressive force of F = 200 N was applied to the �bular tuberosity with the full constraint of
the external �bular ankle (Fig. 2 − 1). (2) Simulated bending motion: a moment of M = 1 N-m was applied
at the �bular ankle, with the �bular head fully restrained (Fig. <link rid="�g2">2</link>–2). (3) Simulated
torsional motion: a torsion moment of T = 1 N-m at the �bular tuberosity was used, and full constraint at
the �bular external ankle (Fig. 2–3). The contact of steel plate, screw, skin, and cancellous bone were set
as bound; the fracture surface was set as frictional contact with a friction coe�cient of 0.2 (Galloway et
al. 2013). It is noted that the �bula fracture has an exponential decrease in �bula model stiffness during
prior simulation analyses (Cao et al. 2019), therefore, in this work no arti�cial cut was made at the outer
ankle of the �bula to simulate a distal �bula fracture.

2.5 Validation test
To validate our model, the structural stiffnesses of options A, B, and C under torsional loading are
calculated compared against the experimental test in the literature (Knutsen et al. 2016).

3 Results

3.1 Validation test results
The comparison of this model with the experimental result (Knutsen et al. 2016) is shown in Fig. 3. The
comparisons suggest that the predictions are in reasonably good agreement with the experimental data.
The structural stiffness of option A is 102% of that of the �bula assembled 5-hole pressurized plate, the
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structural stiffness of option B is 116% of that of the �bula assembled 5-hole locking plate, and the
structural stiffness of option C is 195% of that of the �bula assembled 6-hole tabbed plate.

3.2 Stress distributions
The peak stresses for three different options for various loads (Fig. 2) are analyzed. The summarized
stress contours are given in Table 3.

 Table 3: Simulated stress contours of �bula under different loads, with the maximum stress, labeled



Page 6/15

In the �bula fracture model under uni-axial load, the maximum stresses for options A, B, and C all
occurred at the plate nail connection at the fractured joint, with 96.6 MPa, 98.4 MPa, and 91.2 MPa,
respectively. These peak stresses are much below the allowable failure strength. The maximum stresses
on the �bula were 50.0 MPa, 51.7 MPa, and 54.1 MPa for the three options. Again all of them were less
than the compressive strength of the cortical bone.
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In the �bula fracture model under torque loading, the maximum displacements of options A and B
occurred at the uppermost plate nail connection, which was 99.5 MPa and 97.3 MPa, respectively. In
comparison, the maximum displacement of option C occurred at the plate connection at the bone joint,
which was 71.4 MPa. The maximum stresses on the �bula were 17.3 MPa, 17.1 MPa, and 13.0 MPa,
respectively. During the stress analysis, the stresses on the clavicle plate, screws, skin, and cancellous
bone did not exceed the permissible strengths of their respective materials.

In the �bula fracture model under moment loading, the maximum displacements of options A, B, and C all
occurred at the plate nail connection at the fractured joint, which was 49.5 MPa, 56.1 MPa, and 50.0 MPa,
respectively. The maximum stresses on the �bula were 16.3 MPa, 15.3 MPa, and 14.6 MPa, respectively.
Throughout the stress analysis, the stresses on the clavicle plate and screw did not exceed their
strengths.

2.3 Comparison of the distribution of peak displacements
for the three options
The displacement contours are summarized in Table 4. For the �bula fracture model under axial load, the
maximum displacements of options A, B, and C all appeared at the �bular tuberosity, 8.79 mm, 8.40 mm,
and 7.62 mm, respectively. Under the torque load, the maximum displacements of options A, B, and C
appeared at the �bular tuberosity, which was 0.99 mm, 0.91 mm, and 0.88 mm, respectively. Under a
bending moment load, the maximum displacements of options A, B, and C all occurred in the external
ankle, which was 3.39 mm, 3.30 mm, and 3.10 mm, respectively.

Table 4: Displacement contours of the �bula under different loads, with maximum displacement values
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4 Discussion
Peak stress and displacement values of �bula and plate under different options are summarized in Fig. 4.
In this study, common �bula fractures and typical motions were analyzed using �nite elements and other
means. The results showed that the overall structural stiffness of Option C was the highest, and its
resistance to bending and deformation was the strongest. In the surgical model of �bula fracture under
axial load, the maximum stresses all appeared at the plate and nail connection near the fracture joint,
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which is likely that the elastic modulus of the plate and screw is much larger than that of the �bula, and
the stress masking phenomenon occurs near the fracture line.

For the approximate beam structure like the plate, the stresses are mainly concentrated near the fracture
line under the action of gravity. Option C has smaller peak stresses and displacements compared with
options A and B, indicating that the overall structural stiffness of the �bula is increasing with the increase
in plate length and screws, and the use of relatively longer plates is bene�cial to the recovery of the �bula,
reducing the occurrence of delayed healing or nonhealing of the �bula after surgery and improving the
structural stability of the distal �bular fracture. This is consistent with several clinical studies that have
concluded that the use of relatively long plates is an important factor in reducing the risk of surgery (Ricci
et al. 2014; Weber and Krause 2005).

In the surgical model of �bula fracture under torque loading, the peak stresses in the plates of options A
and B appear in the uppermost screw. This may be caused by the stress concentration phenomenon
between the plate and the �bula projection, which can be avoided by optimizing the shape of the plate.
Therefore, movements such as �exion should be avoided during the early rehabilitation of �bular
fractures, in order to avoid excessive stresses on the �bula and delay bone healing.

The maximum stresses on the �bula in options A, B, and C were all less than 20 MPa and the maximum
displacements were all less than 3.40 mm in the surgical model of �bula fracture under bending moment
loading, which was much less than the yield strengths of the plate and screw(Stoffel et al. 2003). Since
the distal lateral �bula plate is on the extruded side, it is subjected to relatively small stresses and
displacements. The results suggest that the choice of distal lateral �bula implantation plate is correct.

The stress contours of the �bula are shown in Fig. 5. It is noted that there is a stress masking
phenomenon that occurs in all fractures under different loads (SL et al. 2012), which is due to a large
difference between the elastic modulus of the titanium joint plate and that of the �bula. In this study, the
stress masking phenomenon in option A at different loads is shown in Fig. 5. The stress values at the
bone joints were lower than the stress stimulus required for normal bone growth, which is not helpful to
bone healing.

5 Conclusions
In this study, an improved �nite element modeling approach, based on reconstructed CT images, has
been successfully developed. The model can simulate the physiological loading of the �bula after
surgery, therefore exploring the best surgical solution for distal �bular fractures. The conclusions of the
study according to the distal �bula fracture options are as follows:

1. The use of a relatively long plate (option C) will increase the overall structural stiffness of its surgical
options, and improve its resistance to torsion and deformation.

2. With the use of metal plates, stress masking is inevitable at the fracture site. For non-load-bearing
bones like the �bula, materials with elastic modulus close to that of the �bula should be considered.
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This will reduce the stress masking effect, and the healing of the �bula can be facilitated.
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Figures

Figure 1
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(a) Finite element assembly of the �bula fracture model (Option A) in this work, (b) experimental
assembly (Knutsen et al. 2016).

Figure 2

Schematic mechanical boundary conditions applied on the distal �bula fracture model (1) uni-axial
compression force F, (2) bending moment M, and (3) torsion T.
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Figure 3

Structure stiffness comparison between the simulation in this study and experimental literature data
(Knutsen et al. 2016)
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Figure 4

Peak stress and displacement values of �bula and plate under different options. (a) peak stress for �bula
loading, (b) peak displacement for �bula loading, (c) peak stress for plate loading, and (d) peak
displacement for plate loading
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Figure 5

Stress contours of the �bula. (a) under uni-pedal stance, (b) torque loading, and (c) bending moment
loading


