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INTRODUCTION

Basic goal of fracture fixation is to enable 
fractured bone to be used as soon as possible. 
Mechanical and biomechanical characteristics of 
fixation devices have a big influence on the speed 
and quality of healing process [1]. During healing 
process all forces generated during bone move-
ment are transferred to the fixation device. Be-
havior of device is defined by its mechanical and 
biomechanical properties [2].

From the first fixation device up to today 
their types, methodology of selection, places of 
usage and types of application has changed dur-
ing time. They are improved significantly thought 
history [3]. With a goal to improve fixation, and 
to adjust fixation device to the individual fracture 
types more research is focused to the analysis of 
mechanical properties of this types of devices us-
ing standard theoretical and experimental research 
usually used in mechanical engineering.

In order to improve necessary tests and make 
improvements, researchers seek to develop theo-
retical background of the fixation thematic based 
on the principles of structural mechanics [4]. Stiff-
ness of the fixation device is defined according to 

specific type of load: axial load due to pressure 
force, bending and torsion [5]. Additionally, for 
the purposes of defining properties of these de-
vices, researchers rely on force transducers [6]. In 
the context of biomechanical research, great fo-
cus is put on analyzing the influential construction 
parameters on the fixation device stability. These 
parameters include stiffness, maximum Von Mis-
es stress for zones of interest as well as bearing 
capacity of the pin-bone connection, as shown in 
many experimental studies [7, 8, 9]. In recent pe-
riod, conducted researches are not only based on 
experimental investigations, but also on benefits 
of 3D modeling and numerical analysis. This way, 
a more complete image and understanding of fixa-
tion device behavior is obtained [10, 11, 12].

Main focus is on the stiffness of a device used 
for fixation [13], because stiffness has the big-
gest influence on the quality and speed of heal-
ing. Usually most of the research are focused on 
one type of load with a goal to simplify numerical 
analysis [14, 15].

All of the commercial fixation device, which 
are in use today, have undergone the biomechani-
cal tests before usage. Biomechanical investi-
gation of the Orthofix fixation device was not 
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conducted by the means of the exact estimation 
of it’s stability under the loads. Main goal of this 
research is to quantify the mechanical behavior of 
the standard Orthofix device under the impact of 
the anterior-posterior (AP) bending. Device is ap-
plied to the lower leg for the case of unstable frac-
ture. Design parameters which are taken in con-
sideration for analysis are: device stiffness, values 
of maximal von Misses and principal stresses and 
values of displacements at selected points. 

DEVELOPMENT OF CAD/FEM MODEL 

External fixation device Orthofix was devel-
oped after long research and development process 
carried out by professor Giovanni de Bastiani. He 
was researcher and professor at University of Ve-
rona (Italia) [16]. External fixation device Orthofix 
have a frame, coupling with spherical joint, four 
Schanz half pins and dynamic lever. This device is 
usually called Dynamic axial fixator (DAF). This 
name is connected to the dynamic lever. Using this 
lever, it is possible to adjust distance between bro-
ken fragments of bone (Figure 1).

For Orthofix device, two types of materi-
als are used, stainless steel and aluminum alloy. 
Black parts from Figure 1 are manufactured using 
T6-7075 aluminum alloy. Aluminum is non-tox-
ic, non-magnetic and it does not have corrosion. 

Also it is much lighter and cheaper in compari-
son to the other non-ferrous metals. Parts of the 
device in grey color (Figure 1) are manufactured 
using AISI 304 austenite stainless steel. Main ad-
vantage of this stainless steel is their resistance 
to the intercrystalline corrosion. Main disadvan-
tages of this stainless steel is lower value of yield 
strength due to the lower amount of carbon in-
side. Mechanical properties of Orthofix device 
parts are shown in Table 1 [17].

For development of CAD/FEM model of Or-
tofix device software package CATIA V5 is used. 
First step is to create CAD models of all parts of 
the device and then to create assembly. Parts are 
developed using Part design module of the same 
software. All parts are connected and assembled 
using Assembly design module. 

Using developed CAD model next step is to 
create FEM model for all components and for as-
sembly. First step in FEM model development is 
to create mesh by selecting appropriate finite ele-
ment. Finite elements of linear and parabolic tet-
rahedron are used. Linear tetrahedron is used for 
couplings, spherical joints and screws. Parabolic 
tetrahedron is used for frame, bone and half pins.

After discretization, next step is to create con-
nections between device parts. Fastened constrains 
are applied to the places where half pins are con-
nected to the bone (Figure 2a) and contact connec-
tions are applied between device parts (Figure 2b).

Fig. 1. External fixation device Orthofix

Table 1. Mechanical properties of Orthofix device parts

Part name Standard marks Standard marks 
(EN)

Modulus of 
elasticity E (GPa)

Poisson
coefficient u

Density
r (kg/m3)

Yield strength
s

V 
(MPa)

Frame 7075-T6 AlZn5MgCu 71.7 0.33 2810 460

Couplings 7075-T6 AlZn5MgCu 71.7 0.33 2810 460

Spherical joints AISI 304 EN 58E 193 0.29 7900 205

Couplings screws AISI 304 EN 58E 193 0.29 7900 205

Half pins 1.4441 X2CrNiMo18 196.4 0.3 8000 800
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After connection definition, next step is to 
create supports. Supports are constrains in the 
same time (Figure 3). 

Next step in the development process of 
FEM model is to apply loads. For the case of 
anterior-posterior bending surface force load is 
applied at the place of fracture. Force load have 
a value of 500 N. Two supports are added at the 
two ends of the bones. Using this arrangement 

a) b)

Fig. 2. Connection definition for FEM model, a) fastened connection, b) contact connection

Fig. 3. Ortofix model with defined constrains

Table 2. Mechanical properties of bone segment
Property Value

Longitudinal modulus of elasticity 22900 MPa

Tangential modulus of elasticity 10500MPa

Normal modulus of elasticity 14200 MPa

Poisson coefficient in XY plane 0.29

Poisson coefficient in XZ plane 0.19

Poisson coefficient in YZ plane 0.31

Sliding modulus in XY plane 6480 MPa

Sliding modulus in XZ plane 6000 MPa

Sliding modulus in YZ plane 3700 MPa

Density 1850 kg/m3

Fig. 4. Loads and support definition
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bending moment is created in the plane which 
correspond with the Orthofix and bone axis’s. 
Supports are connected to the virtual contact 
parts and to the small flat surfaces created at the 
bones (Figure 4).

With the load applied, FEM model is finished 
and it is ready for numerical structural analysis. 
Final step in FEM model development is to define 
materials. Materials for Orthofix are defined us-
ing data from Table 1. In the case of bone, ortho-
tropic material, needs to be defined. Properties of 
bone segment are given in Table 2 [18].

DETERMINATION OF STRESS, 
DISPLACEMENT, AND STIFFNESS

Numerical structural analysis gives values 
of displacements, principal stress and von Mises 
stress. Value of equivalent von Mises stress is 
used very often in solid body mechanics. It can be 
calculated using following equation [19]:

𝜎𝜎𝜎𝜎𝑒𝑒𝑒𝑒 = 𝜎𝜎𝜎𝜎𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = �3𝐽𝐽𝐽𝐽2 = 

= �1
2
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(1)

Displacements are measured at the place of 
applied load. This values of displacement are 
used for stiffness calculation. Stiffness is rela-
tion between displacements and loads at the place 
where load is applied. 

Stiffness of device according to the AP 
bending (Cs) can be calculated using following 
equation [20]: 
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where: Fs – bending force (N), δs – displacement 
at the place of load (mm).

Stiffness of fracture can be calculated as rela-
tion between loads and relative displacement for 
selected points [21]:
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Relative displacements of pair (rD(x), rD(y), 
rD(z)) selected points at the end of proximal (up-
per) and distal (lower) bone segment in x, y, and 
z direction are defined as: [22]: 
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RESULTS

Figure 6 shows displacement vectors for se-
lected points in the case of maximal loads. Direc-
tion and intensity of displacement vector can be 

Fig. 5. Vectors of displacement for maximal loads in the case of AP bending
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clearly seen. In addition, it is possible to determine 
components of displacement vectors (Table 3).

For stiffness analysis in the case of AP bend-
ing, middle point at the place of load in the di-
rection of y axis is selected. Using relations (4) 
relative displacements are calculated for selected 
points of proximal and distal bone segment for 
which vector of relative displacement at the place 
of fracture gives maximal values.

Values of displacements for the case of maxi-
mal value of load Fp = 500N are given in Table 3.

In the case of maximal load, maximal displace-
ment is at the place of fracture in lower segment of 
bone model. Its value is 2.53 mm. Maximal value 
of displacement on the fixation device is at the 
ends of half pins. Its value is 1.26 mm (Figure 5). 

Stress intensity are depending on the shape of 
the design (shape of the parts and its placement in-
side the design). Most critical places on the fixa-
tion device are place of contact between screw and 
spherical joint, between sphere neck and coupling 
and between sphere and metal shell (Figure 6).

Intensity and direction of principal stresses 
are analyzed at three critical places for the case of 
maximal AP bending load (Figure 7). Results are 
shown using Table 4.

DISCUSSION

Structural analysis is showed that in the case 
of maximal load, maximal displacement is at the 
place of fracture in lower segment of bone model. 
Its value is 2.53 mm. Maximal value of displace-
ment on the fixation device is at the ends of half 
pins. Its value is 1.26 mm. This values are in the 
range of allowed values for this type of device. 
Studies [10, 13] also showed similar displacement 
values for a similar configuration of the external 
fixation device loaded with the same load case.

Using values of displacement at the place of 
fracture, stiffness of the fracture is calculated and 
its value is 283.28 N/mm. Stiffness of the device 
is calculated using values of displacements at the 

Table 3. Values of displacements for the case of maximal load (AP bending)

Displacement of proximal segment (mm) Displacement of distal segment (mm)
Stiffness of 

fracture  
(N/mm)

Stiffness of 
fixation device

(N/mm)

Place of load Place of fracture Place of load Place of fracture Cpp Cp
x y z Dp(x) Dp(y) Dp(z) x y z Dd(x) Dd(y) Dd(z)

283.28 235.84
-0.35 2.1 0.01 -0.26 2.51 0.028 1.23 1.44 0.009 1.23 1.57 -0.08

Fig. 6. Von Mises stress for the case of AP bending

Table 4. Values of stresses for the case of maximal AP bending load
Place on the device Principal stresses at critical places (MPa) Von Mises stresses at critical places (MPa)

MM MM+ MM- MM+ MM-

s1 s2 s3 s1 s2 s3 svm svm

1 136.41 66.97 43.34 -4.6 -14.09 -92.09 83.79 83.15

2 84.3 12.9 -24.7 2.16 -0.77 -22 95.89 22.6

3 423.05 208.83 205.81 257.81 141.17 122.58 216.12 126.95
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place of load, its value is 235.84 N/mm. Values 
of stiffness are also in the range of allowed val-
ues for this type of design. Studies [10, 20] also 
showed similar stiffness values for a similar con-
figuration of the external fixation device loaded 
with the same load case.

During structural analysis for AP bending load 
it can be noticed that lower bone segment has big-
ger displacements in comparison to the upper seg-
ment of bone. Difference between displacement of 
upper and lower bone segment is around 1 mm. 
This is happening because of long screws and bone 
asymmetry which results with the supports which 
lies in different level. Lower bone segment is much 
thinner in comparison to upper bone segment, be-
cause of that screw length is shorter in lower bone 
segment. This have effect on design stiffness and 
values of displacements. This needs to be tested in 
future research. It will be good to test is it possible 
to reduce difference in displacements using differ-
ent half pins placements or using more half pins.

Intensity and direction of principal stresses are 
analyzed at three critical places for the case of maxi-
mal AP bending load. Selected critical places on the 
fixation device are place of contact between screw 
and spherical joint, between sphere neck and cou-
pling and between sphere and metal shell. Bigger 

value of stress (216.12 MPa) is at the place number 
3 (MM3). This value is lower than value of allowed 
stress for materials of coupling and half pins.

CONCLUSIONS

With a goal to reduce number of errors dur-
ing development and design of external fixation 
device and to reduce number of problems associ-
ated with healing process it is necessary to collect 
all data and important parameters which can have 
influence on that errors and problems. Important 
parameters are displacements at the place of frac-
ture and on the device, stiffness of the device, 
stresses at the critical places, loads of device after 
its application on the patient. In some cases, other 
parameters can be taken in consideration also.

In this paper, mechanical stability analysis of 
external fixation device Orthofix is carried out for 
the case of anterior-posterior bending. In the first 
step CAD model of the device is created. Devel-
oped CAD model is used to create FEM model. 
FEM model is used for analysis of the movement 
of bone at the place of fracture, to analyze me-
chanical properties of the device and to calculate 
stiffness of the device. 

Fig. 7. Principal stress at the critical places on the design
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Taking in consideration all data it can be 
concluded that external fixation device Orthofix 
have good mechanical stability for the case of AP 
bending load. Also there is a possibility to im-
prove device using new advance materials or by 
device redesign.
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