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Abstract: Background: Ankle arthrodesis is the gold standard and most commonly used method for the treatment 
of post-traumatic ankle arthritis. Aims: This study is to investigate the biomechanical safety and stability of four 
ankle fusion models through three-dimensional finite element analysis. Methods: Four ankle fusion models were 
established, including anterior plate ankle fusion model, lateral plate ankle fusion model, anterior plate plus pos-
terolateral screw ankle fusion model and lateral plate plus posterolateral screw ankle fusion model. The four move-
ment modes of the ankle internal rotation, external rotation, dorsiflexion and neutral mode were respectively simu-
lated. The maximum displacement of the fusion surface and the stress of four movement modes were measured 
and analyzed. Results: The anterior plate plus posterolateral screw ankle fusion model had significantly decreased 
maximum surface displacement at all four movement modes than the anterior plate ankle fusion model (P<0.05). 
The maximum surface displacement of the lateral plate plus posterolateral screw plate ankle fusion model was sig-
nificantly reduced at all four movement modes than that of the lateral plate ankle fusion model (P<0.05). Similarly, 
the stress peak of bone, plate and screw in the anterior/lateral plate plus posterolateral screw ankle fusion model 
was significantly reduced than that in the anterior/lateral plate ankle fusion model at the internal rotation state, the 
external rotation state and the dorsiflexion state, respectively (P<0.05). There was no significant difference at the 
neural state. Conclusion: The anterior/lateral plate plus posterolateral screw ankle fusion models have better fusion 
safety and higher fusion stability.
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Introduction

Post-traumatic ankle arthritis often causes 
ankle pain and dysfunction if left untreated [1, 
2]. Surgery, including ankle arthrodesis and 
ankle arthroplasty, is the main therapeutic 
method for post-traumatic ankle arthritis [1, 3]. 
And, ankle arthrodesis is the gold standard and 
most commonly used method [4-6]. There are 
more than 40 types of ankle arthrodesis [7-12]. 
The internal fixation is the preferred choice for 
most patients [13]. However, the healing of 
ankle fusion is hard to achieve and is still the 
biggest problem for ankle arthrodesis. It is 
reported that the three screw fixation has 
achieved good fusion rates. For example, Holt 
et al. [14] found that the best fixation was 
achieved when the first screw was placed from 
the posterior malleolus into the neck. Ogilvie et 
al. [15] argued that one lateral screw should be 

first placed to achieve good fixation during three 
screw fixation. Thus, the posterior screw and 
the lateral screw are of great importance for 
three screw fixation.

Plate ankle fusion is another widely used meth-
od for ankle fusion and has shown good clinical 
efficacy [16]. At present, the type of steel plate 
used mainly includes the anterior steel plate, 
the lateral steel plate and the posterior steel 
plate. Kakarala et al. [17] suggested that cross 
screw fixation plus the anterior contoured plate 
could produce stable internal fixation for ankle 
arthrodesis. However, there is no report on the 
biomechanical analysis of this combined ankle 
fusion method. 

In the present study, we investigated the biome-
chanical properties of four different ankle 
fusion models by three-dimensional finite ele-
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ment analysis. Our findings may provide a bet-
ter solution for the optimization of ankle 
arthrodesis and lay a theoretical foundation for 
further clinical research.

Materials and methods

Subject

One male volunteer was enrolled in this study. 
This volunteer was healthy, with age of 30. 
Ankle trauma and other related medical history 
were ruled out. This volunteer had been 
informed about the details of the experiment. 
Prior written and informed consent were 
obtained from this volunteer and the study was 
approved by the ethics review board of Affiliated 
Hospital of Chengde Medical College.

CT scanning

CT scanning was performed with Philip To- 
moscans R7000 64 SCT. The right ankle joint 
was scanned. Data were saved and exported in 
DICOM format.

solid modeling function of the Abaqus 2016 
finite element analysis software, the screws 
were simplified. The threads were ignored and 
the screw trucks were replaced with 6.5 mm 
diameter cylinders. The length of the screws 
was adjusted according to the actual situation. 
The ankle fusion plate (Xiamen Dabo Yingjing 
Medical Devices Co., Ltd., Xiamen, China) was 
also simplified and reconstructed with this 
software.

Establishment of plate ankle fusion model and 
plate plus posterolateral screw ankle fusion 
model

The model establishment was performed as 
previously described [18, 19]. Briefly, the ante-
rior and the lateral plate ankle fusion models 
were established by fixing the plates on the 
anterior (Figure 1A) and the lateral sides 
(Figure 1B) by screws, respectively. Then, a 
posterolateral screw was placed from the distal 
end of the posterolateral tibia to the talus neck 
and talus head direction. The screw went 

Figure 1. The plate ankle fusion model and plate plus posterolateral screw 
ankle fusion model. A. The front and lateral views of the anterior plate ankle 
fusion model. B. The front and lateral views of the lateral plate ankle fusion 
model. C. The front and lateral views of the anterior plate plus posterolateral 
screw ankle fusion model. D. The front and lateral views of the lateral plus 
posterolateral screw plate ankle fusion model.

Establishment of the three-
dimensional finite element 
model of normal ankle joint

The Mimics 17.0 software 
(Materialise Co., Belgium) 
was used to read the DICOM 
format image data and 
establish the initial three-
dimensional structure of 
ankle joint. The data were 
exported as STL grid file. The 
STL grid file was then import-
ed into Ansa software (BETA, 
Greece), and geometrically 
reconstructed and cleaned. 
The parameters such as the 
grid, the material, the con-
tact, the constraint, and the 
load were adjusted to obtain 
the INP data. The INP data 
was submitted to the Abaqus 
2016 finite element analysis 
software (Dassault SIMULIA, 
France) to get the ODB file, 
which was finally treated with 
Abaqus/Viewer (Abaqus6.9, 
Dassault SIMULIA, France) to 
obtain the three-dimensional 
geometric model of the ankle 
joint. In addition, using the 
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through the longest diameter of talus [20]. 
Thus, the model of anterior plate with postero-
lateral screw ankle fusion (Figure 1C) and the 
model of lateral plate with posterolateral screw 
ankle fusion (Figure 1D) were established. 

Assignment of elements and material proper-
ties 

The modified second-order tetrahedral element 
(C3D10M) in the baqus/standard was used for 
bones. The reduced hexahedral element 
C3D8R was used for plates and screws. The 
specific grid statistics of the finite element 
model are shown in Table 1. The bone structure 
was defined as an isotropic linear elastic mate-
rial. The material properties of bone, plate and 
screws were determined by reference to the 
prior literature [21] and are shown in Table 2.

Contact boundary conditions and loads

In this study, the geometric model of the screw 
was simplified. Therefore, in order to simulate 
the pressing effect of the threaded part, the 
contact surface between the thread and the 
talus, and that between the upper of the screw 
and the tibia were set as tie constraints. Other 
contact parts were set as hard contact. The 
friction coefficient was set as 0.15. The friction 
coefficient between tibia and talus surface was 
set as 0.7. The remaining contact parts that 
had small effects on the results were defined 
as frictionless hard contact [22]. According to 
the actual activities of walking state, the four 
movement modes of the ankle internal rota-
tion, external rotation, dorsiflexion and neutral 

mode were respectively simulated [23] (Table 
3). 

Evaluation index

The fusion stability and safety of the four mod-
els in this study were evaluated. The fusion sta-
bility was evaluated by the maximum displace-
ment of the fusion surface. The fusion safety 
was assessed by the stress peak and stress 
distribution of bone, plate and screw.

Statistical analysis

Data was processed using SPSS 18.0 statisti-
cal software. Paired t-test was used to analyze 
the differences between two groups. P<0.05 
was considered statistically significant.

Results

The maximum surface displacement

To determine the fusion stability of the four 
fusion models, the maximum surface displace-
ment at four different movement modes was 
evaluated. As shown in Table 4, The maximum 
surface displacement of the anterior plate plus 
posterolateral screw ankle fusion model was 
decreased than that of the anterior plate ankle 
fusion model, with significant differences at all 
four movement modes (P<0.05). Similarly, com-
pared with the lateral plate ankle fusion model, 
the maximum surface displacement of the lat-
eral plate plus posterolateral screw plate ankle 
fusion model was significantly reduced at all 
four movement modes (P<0.05). This result 
indicates that the fusion stability of the anteri-
or/lateral plate plus posterolateral screw ankle 
fusion model is higher than that of the anterior/
lateral plate ankle fusion model, respectively.

The stress peak and stress distribution of 
bone, plate and screw

To analyze the fusion safety of four fusion mod-
els, the stress peak and stress distribution of 

Table 1. The finite element model statistics
Finite element model Total number of elements Total number of nodes
The anterior plate ankle fusion model 170163 279042
The lateral plate ankle fusion model 171184 279041
The anterior plate plus posterolateral screw ankle fusion model 178042 279041
The lateral plus posterolateral screw plate ankle fusion model 179063 279041

Table 2. Material properties of bone, plate 
and screw

Material Elastic modulus 
(MPa)

Poisson’s 
ratio

Bone 7300 0.3
Plate and screw 200000 0.3
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Table 3. The load parameters of four different movement modes 
Internal rotation 

(Torque)
External rotation 

(Torque)
Dorsiflexion (Bending 

moment)
Neural mode 

(Vertical)
Load amplitude (NM) 10 10 10 2100

Figure 2. The stress distribution of the anterior plate ankle fusion model at the internal rotation state, the external 
rotation state, the dorsiflexion state, and the neutral state. A. The stress distribution of the bone at four movement 
modes. B. The stress distribution of the plate at four movement modes. C. The stress distribution of the screw at 
four movement modes.

Table 4. The maximum surface displacement of four different movement modes in four fusion models 

The maximum surface displacement (mm) Internal rotation 
(Torque)

External  
rotation (Torque)

Dorsiflexion  
(Bending moment)

Neural mode 
(Vertical)

The anterior plate ankle fusion model 1.6 0.33 2.07 0.37

The anterior plate plus posterolateral screw ankle fusion model 0.18* 0.16* 0.17* 0.38*

The lateral plate ankle fusion model 0.24 1.4 0.45 0.48

The lateral plus posterolateral screw plate ankle fusion model 0.16# 0.16# 0.23# 0.49#

Note: The anterior plate ankle fusion model VS The anterior plate plus posterolateral screw ankle fusion model, *P<0.05. The lateral plate ankle fusion model VS The 
lateral plus posterolateral screw plate ankle fusion model, #P<0.05.
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bone, plate and screw were assessed. The 
stress distribution of bone, plate and screw in 
the anterior plate ankle fusion model was 
shown in Figure 2, that in the anterior plate 
plus posterolateral screw ankle fusion model 
was shown in Figure 3, that in the lateral plate 
ankle fusion model was shown in Figure 4, and 
that in the lateral plate plus posterolateral 
screw ankle fusion model was shown in Figure 
5.

The stress peak of bone, plate and screw in the 
anterior plate ankle fusion model and the ante-
rior plate plus posterolateral screw ankle fusion 
model was listed in Table 5. The stress peak of 
bone, plate and screw in the anterior plate plus 
posterolateral screw ankle fusion model was 
significantly decreased at the internal rotation 
state, the external rotation state and the dorsi-
flexion state (P<0.05), but not at the neural 
state. Similarly, as shown in Table 6, the stress 

Figure 3. The stress distribution of the anterior plate plus posterolateral screw ankle fusion model at the internal 
rotation state, the external rotation state, the dorsiflexion state, and the neutral state. A. The stress distribution of 
the bone at four movement modes. B. The stress distribution of the plate at four movement modes. C. The stress 
distribution of the screw at four movement modes.
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peak of bone, plate and screw in the lateral 
plate plus posterolateral screw ankle fusion 
model was significantly reduced than that in 
the lateral plate ankle fusion model at the inter-
nal rotation state, the external rotation state 
and the dorsiflexion state, respectively (P< 
0.05). No significant difference was found at 
the neural state. Together, these results sug-
gest that the anterior/lateral plate plus pos-
terolateral screw ankle fusion models have bet-
ter fusion safety.

Discussion

The finite element analysis technique was first 
used in the field of orthopedic surgery in 1972 
[24] and has been widely used in the field of 
orthopedics since. SpyrouLA established a 
three-dimensional finite element model of the 
normal ankle joint, which also included the dis-
tal tibia [25]. The finite element model has sta-
ble mechanical properties and can be used 
repeatedly to simulate the complex anatomical 

Figure 4. The stress distribution of the lateral plate ankle fusion model at the internal rotation state, the external 
rotation state, the dorsiflexion state, and the neutral state. A. The stress distribution of the bone at four movement 
modes. B. The stress distribution of the plate at four movement modes. C. The stress distribution of the screw at 
four movement modes.
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structures and material properties [26-28]. It 
can also simulate various working conditions 
that cannot be achieved by traditional biome-
chanical experiments [28]. In this study, the 
three-dimensional finite element model of nor-
mal human ankle joint was successfully estab-
lished by collecting the CT image data of nor-
mal human ankle joint. The ankle joint fusion 
operation was simulated on this model. Four 
different ankle fusion models were successful-
ly established, with good fusion stability and 
safety.

The internal fixation and the fusion surface are 
two key factors of the ankle fusion, and are also 
two artificial controllable factors during the 
fusion process [29]. The use of screws and 
intramedullary nails is to increase the fixation 
strength and pressure of the fusion surface as 
much as possible [30]. In recent years, with the 
development of steel plate technology, steel 
plate fixation is used in ankle fusion [31, 32]. In 
the clinical practice, we observe that the fixa-
tion effect of steel plate is better, with good sta-
bility. The joint stiffness of patients can be 

Figure 5. The stress distribution of the lateral plate plus posterolateral screw ankle fusion model at the internal 
rotation state, the external rotation state, the dorsiflexion state, and the neutral state. A. The stress distribution of 
the bone at four movement modes. B. The stress distribution of the plate at four movement modes. C. The stress 
distribution of the screw at four movement modes.
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decreased by plate fixation [33]. The external 
force may induce deformation in the ankle joint 
surface and the degree of the deformation will 
affect the effect of ankle fusion [32]. It is 
reported that plate plus screw fixation can sig-
nificantly increase fusion strength [34, 35]. In 
the present study, the internal rotation, exter-
nal rotation, dorsiflexion and neutral movement 
modes were used to simulate the external forc-
es. The maximum surface displacement of the 
anterior/lateral plate plus posterolateral screw 
ankle fusion model was significantly decreased. 
Consistent with previous reports [34, 35], our 
results indicate that by combining plate and 
screws, the strength and stability of the ankle 
joint fusion is greatly enhanced. Meanwhile, the 
stress peak of the anterior/lateral plate plus 
posterolateral screw ankle fusion model was 
significantly reduced. This suggests that the 
risks of broken nails, broken plate and even 
stress fractures may be effectively reduced 
and the safety of fixation may be greatly 
improved.

This study has some limitations. First, the fibula 
and surrounding soft tissue were removed in 
our models and their effects on the ankle move-
ment were omitted. Second, the screws and 

steel plate were simplified. Third, the effects of 
bone conditions on screw fixation were ignored. 
Thus, there is still a certain degree of differ-
ence between the finite element model and the 
real situation of the ankle joint. Further study is 
warranted to more realistically simulate the 
real situation of the ankle joint.

In conclusion, our findings demonstrate that 
the anterior/lateral plate plus posterolateral 
screw ankle fusion model is effective and fea-
sible in treatment of post-traumatic ankle 
arthritis.
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