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Fixation of distal fibular fractures:
A biomechanical study of plate fixation techniques
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Ankle fractures are complex injuries with variable prognoses that depend upon many factors. The aim of the treatment is to restore the
ankle joint biomechanical stability with maximum range of motion. Most ankle fractures are fibular fractures, which have a typical oblique
fracture line in the distal fibula located in the area of the tibiofibular syndesmosis. The aim of this study was to simulate numerically several
fixation techniques of the distal fibular fractures, evaluate their stability, determine their impact on surrounding tissue load, and correlate the
results to clinical treatment experience. The following three models of fibular fracture fixation were used: (a) plate fixation with three screws
attached above/below and lag screws, (b) plate fixation with two screws attached above/below and lag screws, and (c) three lag screws only.
All three fracture fixation models were analyzed according to their use in both healthy physiological bone and osteoporotic bone tissue.
Based on the results of Finite Element Analysis for these simulations, we found that the most appropriate fixation method for Weber-B1
fibular fractures was an unlocked plate fixation using six screws and lag screws, both in patients with physiological and osteoporotic bone
tissue. Conversely, the least appropriate fixation method was an unlocked plate fixation with four screws and lag screws. Although this
fixation method reduces the stress on patients during surgery, it greatly increased loading on the bone and, thus, the risk of fixation failure.
The final fixation model with three lag screws only was found to be appropriate only for very limited indications.
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The aim of the treatment is to restore ankle joint
biomechanical stability with maximum range of mo-
tion. The Weber’s, AO, and Lauge-Hansen’s classifi-

1. Introduction

Ankle fractures are complex injuries with variable
prognosis that depends upon many factors such as frac-
ture type, bone tissue quality, character of ligamentous
lesions, treatment technique, biological status of the
patient, associated injuries, and complications [3], [4],
[19], [21]. According to statistics from the Depart-
ment of Orthopedics and Traumatology, ankle frac-
tures are ranked in third place after fractures of the
distal radius and proximal femur [13].

cations are most commonly used in clinical practice
[21], [22]. Ankle fractures in a group of patients sur-
gically treated at Department of Orthopedics and
Traumatology consisted of Weber-A (5%), Weber-B
(72%) and Weber-C (23%) types. Ankle joint stability
is a crucial factor when deciding upon conservative
or surgical treatment. Fibular fracture type (Weber-A,
-B, or -C) is a decisive treatment factor and exact
restoration of fibula length, shape, and position in the
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tibiofibular syndesmosis is a fundamental require-
ment. Exact treatment of all ankle joint structures [10]
is essential to ensure good results; however, our paper
will focus on the lateral part of the ankle and the im-
portant task of proper reconstruction of the fractured
distal fibula.

The most common cases include Weber-B1 frac-
tures that have a typical oblique fracture line in the
distal fibula located in the area of the tibiofibular syn-
desmosis. Most of them are stabilized with either
3.5 mm-long lag (compression) screws, or a one-third
neutralization plate (independently, or as a lag screw
supplement). Biomechanical stability of the structure
with lag screw only fixation must be accompanied
by immobilizing plaster fixation, because it is clini-
cally considered less stable. Use of one-third fixation
plates enables earlier treatment function of the struc-
ture. Advantages of the lag screw only method in-
clude reduced soft tissue dissection, reduced promi-
nence of osteosynthetic material under the skin,
reduced pain on the lateral side of the ankle, and
a reduced need to remove screws and plate. In the-
ory, a smaller incision with less metallic material
should result in less soft tissue irritation and reduced
risk of infection. In practice, plate osteosynthesis for
distal fibular fractures (one-third tubular plate) usu-
ally involves three screws inserted above and below
the fracture. When using locking compression plates
(LCP) (which have the advantage of being indicated
for osteoporotic bone and extensive comminuted
fragments), the literature describes the introduction
of two locked screws above and below the fracture
zone as adequate [13], [16].

When respecting the aforementioned rules in trau-
matology practice, the issue of selecting the appropriate
technique arises. On the one hand, it is a relatively less
stable structure (lag screws only) with the undisputed
advantages of a minimally invasive approach, reduced
prominence of metallic material under the skin, and an
expected reduction of wound healing complications
[5], [15]. On the other hand, an osteosynthesis plate is
a stable solution associated with potentially early
rehabilitation of the ankle joint without the need for
a plaster cast [1]. Stabilization of fibula fractures
without plaster cast using shorting time for full patient
recovery, decreases muscle atrophy and patient dis-
comfort. This led us to the experimental study de-
scribed below which examines the basic stability pa-
rameters of stress and stiffness in the area where
osteosynthetic material is introduced into bone. To
correlate clinical experience from treating distal fibu-
lar fractures in everyday practice with information
from literary sources, we wanted to obtain data and

conclusions pertaining to the stability of individual
types of osteosynthesis of the distal fibula in an ex-
perimental plane. The numerical simulations used
were optimal for comparison of the different fractures
fixation. Numerical simulations were more appropri-
ate than the experimental tests realized on cadavers or
synthetic bone models. Next reasons for using nu-
merical simulations were repeatability, time demands
and financial costs.

2. Materials and methods

Parametric FEM simulations of loading on fixed
fibular fractures were performed using the ABAQUS
program (Dassault Systémes, France). The finite ele-
ment method (FEM) was the optimum method for
performing these tasks [8], [9], [17], [20] and it has
a long tradition in biomechanics and clinical medi-
cine. The aim of these analyses was to determine the
response of the model system to external loading and
compare three fibular fracture fixation techniques that
are commonly used in clinical practice. The following
models of the Weber-B fibular fracture fixation [3],
[4] were evaluated: (a) plate fixation with three screws
inserted above and below and lag screws (Model A3);
(b) plate fixation with two screws inserted above and
below and lag screws (Model A2); and (c) three lag
screws only (Model B) (Fig. 1). All three models
analyzed were consistent with clinical practice and
only the posterior tibiofibular ligament was modeled;
the anterior tibiofibular ligament and the interosseous
tibiofibular ligament were regarded as having rup-
tured, and the interosseous membrane of the leg as
being intact.

The geometric 3D model of the ankle joint was
created from CT scans of healthy individuals with no
apparent injuries or degenerative changes on bone. The
images were formed at a resolution of 512 x 512 pixels,
with pixel size of 0.424 mm, and 0.75 mm spacing of
individual cuts. Geometric reconstruction of individ-
ual ankle joint components was performed using the
MIMICS program (Materialise, Belgium). The resul-
tant 3D geometric model was subsequently imported
into the Rhinoceros program (Robert McNeel & As-
sociates, Washington, USA) and a Weber-B1 fibular
fracture was created on the basis of a real clinical
case. The fracture was fixed in cooperation with clini-
cal experts and according to conventional clinical
practice.

All numerical FE analyses for plate and screw
fixation used an isotropic, homogeneous elasto-plastic
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Fig. 1. Analyzed models of ankle joints with fixed fibular fractures: (a) Model A3, (b) Model A2,
(c) Model B, and (d) model with boundary condition, applied forces and coordinate system

material model (£ =210 GPa, v= 0.3, o, = 690 MPa).
Plate and screws were made from titanium alloy which
has commonly been used for medical device for dec-
ades. Bone tissue was modeled as nonhomogeneous
isotropic elasto-plastic material, where its material
parameters were designated according to bone density
E = f(p) that was determined from CT scans. Meth-
odologies presented in several papers [7], [11], [12]
were used to determine material parameters. The
simulations involved bone tissue crack at the moment
its yield stress o, was exceeded. Density was deter-
mined based on shades-of-gray color in CT images of
the distal femur and were calculated according to the
ratio

p=1.54-pr +0.0784 (1)

where pcr [g/em’] is the density of calibration sample.
The moduli of elasticity £ [MPa] for both types of
bone tissue (compact and spongy) were determined
using ratios [11], [12]

E€=2065-p>; v*=0.3,

s 1.64 s (2)
E* =1904-p"%*; v =0.3.

The same method was used to determine the value
of the yield point o, [MPa] as a function related to the
value of bone tissue density according to [11], [12]

o< =5775-p""7 for p>0.945,

y
s 6.70 (3)
0, =76.50-p™" for p<0.945.

In computational analyses, the bone tissue was
also modeled as a material in which exceeding the
loading limit leads to degradation of its mechanical
properties. This property can, through transferred
meaning, be understood as “damage” to bone tissue.

These modeled properties are best illustrated in Fig. 2,
where a line graph shows the relationship between
stress and deformation.
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Fig. 2. Specification of material properties.
Ilustration of the relationship between stress
o [MPa] and strains &[] of bone tissue
with density p= 0.945 [g/cm’]

The individual values that unambiguously describe
the behavior of the material model, when exceeding
o,, were also determined in relation to the density of
bone tissue p according to

Opin =8.5-p°%; &, =0.258- p—0.04,
o, =~ O “4)
E,=-244.p% ¢, = yE T g,
p

All numerical tasks were modeled as nonlinear static
problems, which were performed in the ABAQUS pro-
gram. Fixation screws (Zimmer, cortical screws diameter
3.2 mm and cancellous screws diameter 4.0 mm) were
meshed by linear 8-node elements with a global size
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of 0.6 mm. The plate (Zimmer, one-third tubular
plate) was meshed by quadratic 4-node element with
global size of 0.75 mm. Bone tissue was meshed by
linear 4-node element with a global size of 1.5 mm;
at the point of contact with fixation screws, the mesh
was locally changed to a size of 0.9 mm.

General contact with the friction coefficient f'= 0.3
was modeled for all parts of the model [18]. Fixation
screw heads were inserted into the plate and allowed
free movement and the screws were preloaded with
axial force of Fy = 2.5 N. Fixation screws were in-
serted into bone tissue using coupling conditions that
fix all nodal displacements on the screw surface with
nodal displacements on the surface of the hole in the
bone tissue. The posterior tibiofibular ligament was
modeled using 1D Link-type connector elements that
only had one degree of freedom. Ligament stiffness
(k = 128.8 N.mm ') was determined experimentally.
The free ends of the tibia and fibula were fixed by con-
strained node displacements and rotations in global
coordinate system. The entire model was loaded with
a force that corresponded to the maximum force ap-
plied to the ankle joint during walking. The magnitude
of force corresponded to that of a 75 kg individual
walking slowly. This reaction force (F, = 2056 N and
F, = 288 N) was distributed to the articular surfaces
of the ankle joint using distributed coupling condition.
The same coupling condition was used to fix the pos-
terior tibiofibular ligament to bone tissue wherein the
insertion area size corresponded to the physiology of
healthy individuals.

3. Results

The parametric FE analysis results are summarized
in Table 1, Figs. 3 and 4. In order to evaluate indi-
vidually analyzed models, a stiffness parameter
[N.mm '] was introduced; it was defined as k = F/upay,
where F is the force acting on the ankle joint and .,
is the maximum displacement of the fibula during

loading with force F. When comparing the overall
stiffness of the ankle joint with a fixed fibular frac-
ture model system, the most rigid model for physio-
logical (subscript “f”) and osteoporotic (subscript
“p”) bone tissue was Model A3 (k; = 400.9 N.mm "
and k, = 212.3 N.mm ). In both types of bone tissue
(physiological and osteoporotic), Model A2 was found
to be 5.7% and 6.9% less rigid (ks=377.9 N.mm™' and
k, = 197.6 N.mm ). Model B was the least rigid in
both types of bone tissue (k; = 366.8 N.mm ' and
k, = 184.6 N.mm'"), which was 8.5% and 13.0% less
stable relative to Model A3.

The situation was different when fixation screw
loading was evaluated; yield stress o, limit values
were exceeded in all of the analyzed models, irre-
spective of bone tissue quality. Limit exceedance al-
ways occurred in a relatively small area; however, this
situation represents a risk in terms of the reliability of
fibular fracture fixation. The maximum values ob-
served for reduced stress o4 in the fixation screws for

Model A3 were o, = 645.0 MPa and ¢?, = 752.4

re red
f

MPa. In Model A2, the maximum values were o,y =
745.1 MPa and of; = 762.0 MPa. In Model B the

red
maximum values were arfcd = 667.7 MPa and o}, =

755.7 MPa. As expected, fixation screws experienced
more loading in osteoporotic bone, during which the
magnitude of the maximum reduced stress, relative to
physiological bone tissue values, increased by 16.6%
(Model A3), 2.2% (Model A2), and 13.2% (Model B).

During the evaluation of fibular tissue, the maxi-
mum reduced stress o,.q [MPa] value was monitored.
The FE simulation results clearly show that the least
degree of loading in bone tissue occurred in Model A3

(of, =77.5 MPa and o?, = 94.2 MPa). Bone tissue

red red
in Model B (o, = 93.4 MPa and o®, = 95.5 MPa)
was loaded 20.5% and 1.4% (respectively) more than
was observed in Model A3. The greatest degree of

loading in the fibula occurred in Model A2 (o, =

red
116.3 MPa and o}, = 122.1 MPa), which was 50.1%

Table 1. Resultant maximum reduced stress values o;oq [MPa] and overall stiffness [N.mm ']
in the ankle using a fixed fibular fracture model

o', [MPa] o?, [MPa] k
-1 -1
Fibula Screw Plate [N.mm ] Fibula Screw Plate [N.mm ]
Model A3 71.5 645.0 300.7 400.9 94.2 752.4 347.2 212.3
Model A2 116.3 745.1 259.5 377.9 122.1 762.0 321.2 197.6
Model B 93.4 667.7 N/A 366.8 95.5 755.7 N/A 184.6

Variants for physiological bone tissue are marked with a superscript f, and variants for osteoporotic bone tissue

are marked with a superscript p.
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and 29.6% (respectively) greater than was observed in
Model A3.

L

stiffness k [N.mm?]

B Model A3 physio Z Model A3 osteo B Model A2 physio
Model A2 osteo B Model B physic EModel B osteo

Fig. 3. Graph depicting the degree of stiffness [N.mm’l]
for the entire model of the ankle joint
with a fixed fibular fracture

reduced stress .4 [MPa]
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Fig. 4. Graph depicting the maximum degree
of reduced stress ;. [MPa] in the fibula
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Fig. 5. Distribution of the reduced stress o;.q [MPa] in the plate
for physiological bone: Model A3 (left) and Model A2 (right)
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Fig. 6. Distribution of the reduced stress o;q [MPa] in the plate
for osteoporotic bone: Model A3 (left) and Model A2 (right)

The fixation plates did not exceed, or even ap-
proach the limits of, their material values in any of the
analyzed models for either physiological or osteopo-
rotic bone tissue. The maximum values observed for
reduced stress ;¢4 in fixation plates in Model A3 were

ol =300.7 MPa and o, = 347.2 MPa, respectively
(see Figs. 5 and 6). In Model A2, the maximum values
were oL, = 259.5 MPa and o, = 321.2 MPa, re-

spectively. Based on the results obtained, it can be
said that the fixation plate is sufficiently dimensioned
with respect to its load and irrespective of the bone
tissue quality.

4. Discussion

This paper presents the FE analysis results for
three models of an ankle joint with a fixed fibular
fracture. We evaluated three models that used three
different fracture fixation techniques that are routinely
used in clinical practice. Model A3 used an unlocked
plate that was fixed to the bone in two locations
(above the fracture and below the fracture) with three
screws in each location and lag screws. Model A2
used an unlocked plate that was fixed to the bone in
two locations with two screws in each location and lag
screws. Model B used 3 lag screws only for fracture
fixation. The primary FE analysis results pertained to
the stiffness of the entire system and consequent stress
applied to individual parts of the model. Loading of the
model corresponded to a 75 kg patient walking slowly
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with an injured ankle. All models used Weber-B1 fibular
fractures, since it is one of the most common fractures
encountered in clinical practice. Our FE analyses simu-
lated both physiological and osteoporotic bone.

The resulting stiffness values of the modeled sys-
tems (Fig. 3) were consistent with study expectations
and experience from clinical practice. For both physio-
logical and osteoporotic bone tissue, the greatest stiff-
ness was observed in Model A3, followed by Model A2,
and the least stiffness was Model B; stiffness differ-
ences expressed as a percentage relative to Model A3
were 5.7% (Model A2) and 8.5% (Model B). Similar
results for fracture fixation were also found in osteo-
porotic bone; stiffness differences expressed as a per-
centage relative to Model 3 were 6.9% (Model A2)
and 13.0% (Model B). It is therefore evident that
fracture fixation using three lag screws only (Model B)
is only suitable in very limited patient indications (i.e.,
<55 years of age, very good bone tissue quality, and
a simple fracture line). Conversely, and from a biome-
chanical perspective, the differences between the stiff-
ness of Model A2 and Model A3 were relatively indis-
tinguishable. Thus, it should also be possible to
perform fixation with shorter, unlocked plates that have
been fixed with two screws above and two screws be-
low the fracture line, which could reduce surgical inter-
ventions and lead to faster patient recovery.

Nevertheless, when evaluating the stress on each
individual model component, it is necessary to reas-
sess the above results. Plate stress was almost the
same in all analyzed cases and was not dependent on
bone tissue quality. From this perspective, the struc-
ture appeared to be optimal and safe. However, the
situation differed when assessing fixation screw
loading; the yield stress o, = 690 MPa limit values
were exceeded in all analyzed models (to the greatest

extent in Model A2 at Ufed = 745.1 MPa and o}, =

762.0 MPa). This finding particularly demonstrates
the potential risk of fracture fixation failure in Model
A2 compared to the lowest failure risk in Model A3

o' =645.0 MPa and oP, = 752.4 MPa). Moreover,
red

red
it is necessary to consider that the obtained results
correspond to the situation immediately following
bone fixation, at which time healing has not yet be-
gun. During the course of bone tissue healing, a load
redistribution occurs that results in reduced fixation
screw stress. Nonetheless, from a biomechanical per-
spective, implementation of Model A2 in fibular
fracture fixation is relatively risky.

However, we considered the most fundamental as-
sessment to have been that of bone tissue loading due
to fracture fixation. From this perspective, the least

degree of loading in both types of bone was observed
in Model A3 (o\,=77.5 MPa and ¢”, = 94.2 MPa).

Conversely, the greatest degree of loading (irrespec-
tive of bone tissue quality) was observed in Model A2

(ol, = 116.3 MPa and o®, = 122.1 MPa). The in-

crease in bone tissue loading relative to Model A3 was
highly significant, with a 50.1% increase in physiologi-
cal bone tissue and a 29.6% increase in osteoporotic
bone tissue. An increase in bone tissue loading was
also observed in Model B relative to Model A3, but to
a lesser extent, with a 20.5% increase in physiological
bone, and 1.4% in osteoporotic bone. The maximum
reduced stress value o;.q at the point of fixation screw
insertion was found for all models (i.e., the risk of
screw loosening and failure of the fixation system).
From a biomechanical perspective, these findings
indicate that the least suitable fibular fracture fixation
technique is an unlocked plate fixed at two locations
with two fixation screws in each location.

The Finite Element Method has long been success-
fully used as a tool to assess the response of biological
tissues and fixation materials to external loading [6],
[2]. Nevertheless, it was necessary to use several sim-
plifications, such as the use of coupling conditions to
insert the fixation screws in bone tissue. This condi-
tion not only allowed the transmission of compressive
forces, but also that of tensile forces that did not cor-
respond to real situations in a threaded connection.
This simplification was chosen due to the conver-
gence and length of numerical simulations. In our
opinion, these conditions did not reduce the validity of
the results in any manner because the aim was to
compare three different models under the same condi-
tions (not to determine the absolute value of ankle
joint loading). In this context, the results presented
can be regarded as credible and objective.

We are aware that in some cases the fracture line
in Weber-B fractures may not be long enough to apply
one of the selected stabilization systems. The aim of
our study was biomechanical modeling of each type
of implant to find the most stable osteosynthesis for
a standardized case. The limits in indication are mar-
ginally mentioned, because it is not the core of solu-
tions of this study.

5. Conclusions

In closing, and from a biomechanical perspective,
it can be concluded that the most appropriate fixation
technique for Weber-B1 fibular fractures is the use of
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an unlocked plate, fixed at two locations with three
screws per location and lag screws. This conclusion
applies to both physiological and osteoporotic bone.
Conversely, the least suitable technique appears to be
the use of an unlocked plate fixed at two locations with
two screws per location and lag screws. Although this
fixation technique reduces the load on patients during
surgery, it increases the load on the bone and, thus,
the risk of fixation failure. In terms of biomechanical
properties, the final analyzed fracture fixation model
that used three lag screws only, was found suitable for
very limited indications.
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