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INTRODUCTION

Purpose of external fixation devices is to en-
able basic function of broken bone as soon as pos-
sible by adding necessary strength and stiffness to 
the bone, and to give the bone its normal shape. 
Stability of bone fracture is especially important 
in the early stage of healing process. Mechanical 
properties of fixation device have a big influence 
on biomechanical properties of fracture. Also it 
effects osteotomies or pseudarthrosis during the 
healing process. In the case of biomechanical re-
search of external fixation devices important fac-
tor is to define influence of design parameters on 
the device stability [1, 2]. Design parameters are 
dimensions and places and shape of device com-
ponents. A lot of research about design parameters 
of different fixation devices are done in the past. 

In addition, a lot of experimental research 
about mechanical properties of different fixation 
devices are carried out in the past. Vossoughi, et 
al. [3] carried out research about the influence of 

number of pins, number of trees and places of 
couplings on stiffness for Hofmann unilateral and 
uniplanar fixation device. Moroz, et all. [4] done 
comparison analysis of the stability for two dif-
ferent external fixation devices, Hofmann device 
and AO tubular fixation device for four different 
designs. Paley, et all. [5] also carried out experi-
mental comparison analysis of biomechanical 
properties of Ilizar fixation device in comparison 
to other most common fixation devices. Simp-
son, et all. [6] carried out research about maximal 
values of axial forces between broken bone seg-
ments at the place of fracture for different patients 
and different fracture cases. 

In the last decade, except experimental re-
search, researchers start to use CAD modeling 
and numerical analysis for the analysis of me-
chanical properties of external fixation devices. 
Researchers like Radke, et all. [7], Meleddu, et 
all. [8], Oh, et all [9], and a lot of others devel-
oped numerical modes using FEM methods for 
biomechanical analysis of fixation devices. Using 

Analysis of Mechanical Properties of External Unilateral 
Fixation Device in the Case of Torque Load

Nedim Pervan1*, Adis J. Muminović1, Elmedin Mešić1, Muamer Delić1, Enis Muratović1

1 University of Sarajevo, Faculty of Mechanical Engineering, Vilsonovo šetalište 9, Sarajevo, Bosnia and 
Herzegovina

* Corresponding author’s e-mail: pervan@mef.unsa.ba

ABSTRACT
Analysis of mechanical properties of external unilateral fixation device „Ultra X“, in the case of torque load, is 
presented in this paper. Fixation device is applied on lower leg in the case of unstable fracture. Computer aided 
design (CAD) model and finite element model (FEM) are developed according to the dimensions and material 
properties of real fixation device. In the next step principal stress and deformation analysis is performed in CATIA 
V5 software. During numerical analysis values of stresses at critical places are monitored and analyzed. In addi-
tion, values of displacements are measured on important places on fixation device and bone fracture. Using values 
of displacements at the place of bone fracture, stiffness of the fracture is calculated. The same methodology is 
used to calculate stiffness of the fixation device. Using obtained results, several conclusions about the mechanical 
properties of the fixation device “Ultra X” are formulated at the end of the paper. 

Keywords: unilateral external fixation device, stiffness analysis, interfragmentary displacements, principal stresses.

Advances in Science and Technology Research Journal 2023, 17(3), 31–39
https://doi.org/10.12913/22998624/162998
ISSN 2299-8624, License CC-BY 4.0

Advances in Science and Technology 
Research Journal

Received: 2023.03.07
Accepted: 2023.05.10
Published: 2023.06.01



Advances in Science and Technology Research Journal 2023, 17(3), 31–39

32

numerical analysis, it is possible to obtain values 
of displacements at the critical places and then to 
calculate stiffness of the device and stiffness of 
bone segments at the place of fracture. Watson, et 
all. [10] used FEM model and experimental test-
ing to analyze influence of tightening force on the 
stiffness of Ilizar external fixation device. 

Except mechanical properties, biomechani-
cal research can give answers to the lot of ques-
tions regarding the success of the healing process 
and possible complications. It is well known that 
mechanical properties of external fixation device 
and bone fracture have an effect on the quality 
of callus formations, especially in the early stage 
of healing process. If the specific load is known, 
stiffness of the fixation device can be adjusted to 
allow necessary interfragmentary displacements 
during bone consolidation [11]. Influence of in-
terfragmentary displacements on the healing pro-
cess of bone can be better understood if places 
and directions of load and stiffness of external 
fixation device is well known. [12].

Goal of this paper is to analyze mechanical 
properties of external unilateral fixation device 
„Ultra X“ applied on the lower leg in the case of 
unstable fracture and in the case torque load. De-
sign parameters which are taken in consideration 
are stiffness of the device, values of maximal von 
Mises stresses and displacements at critical places.

DEVELOPMENT OF CAD/FEM MODEL 

During war periods more injured patients ar-
rive in hospitals. These patients usually overreach 
hospital capacity and they need immediate medi-
cal care. This medical care is usually performed 
by young surgeons with little or no experience in 

the conditions which are less than ideal. In this 
ceases the question is which fixation technique 
needs to be used. External fixation is much sim-
pler to implement because it has smaller amount 
of parts and it requires less surgeons work. One of 
the external fixation devices which was used by 
military during the gulf war (beginning of 1991) is 
“Ultra X” external unilateral fixation device man-
ufactured by Howmedica company (Figure 1).

Parts of fixation devices are mostly manu-
factured using different types of metal materials 
(steel, aluminum, alloys, etc.), plastic materials, 
polymers or carbon fiber materials. Carbon fiber 
especially gain popularity in last few years. In the 
case of “Ultra X” fixation device, according to 
the data from the manufacturing company, tree of 
the device is manufactured using austenitic stain-
less steel X2CrNiMo17-12-2. Couplings and big 
and small spheres are manufactured using poly-
mer material which have low values of strength, 
Young Modulus of elasticity, and density, but in 
the same time it has low value of specific weight 
and great shaping properties. Upper part of the 
coupling and head for screw tightening are man-
ufactured using Polyvinyl chloride (popularly 
called PVC) which have high value of hardness 
and good mechanical properties in comparison to 
other polymers. Mechanical properties of PVC 
can be drastically reduced in the case of high 
temperatures. Big and small spheres are manufac-
tured using Polybutylene (PB) polymer. PB poly-
mer have similar properties as PVC, both of them 
can be manufactured using any type of thermal 
manufacturing process which gives endless pos-
sibilities for production of different shapes and 
sizes. Mechanical properties of basic parts of uni-
lateral fixation device Ultra X are given in Table 
1 [13]. For CAD and FEM model development of 

Figure 1. “Ultra X” external unilateral fixation device
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unilateral fixation device “Ultra X”, software pack-
age CATIA V5 was used. In the process of devel-
opment of 3D CAD models of a device, first step 
is to develop all individual parts. In Part Design 
module of CATIA V5 software all individual parts 
are developed (tree, spheres, couplings, half pins 
and two parts of the bone, upper and lower part). 
In Assemble Design module of the same software 
all parts are assembled in one assembly and CAD 
model of fixation device is developed.

After development of CAD model of fixation 
device, in the next step FEM models of all com-
ponents needs to be done in CATIA V5 software. 
Before FEM modeling in Generative Structural 
Analysis module, materials for all components 
must be applied. Materials for fixation device 
parts are applied according to Table 1 and materi-
als for bone models are simulated as orthotropic 
material according to Table 2 [14, 15].

After material definition, next step is to make 
a discretization and chose type and size of finite 
elements. Finite elements are chosen in a form 
of linear (TE4) and parabolic (TE 10) tetrahe-
dron. Linear tetrahedron is used for modeling of 
small and big spheres and parabolic tetrahedron 
is used for the rest of the parts. Next step is to de-
fine connections between components of fixation 

device. During assembly design process connec-
tion between all parts are defined. Fixed connec-
tion are defined between bone segment and half 
pins (Figure 2a). Contact constrains are defined 
between all other parts of fixation device (Figure 
2b).  After connection definition constrains must 
be applied to the model. Constrains are applied 
according to the Figure 3.

Final step, before analysis can be started, is to 
define loads. Tongue load is defined at the upper 
bone segment at the top flat surface. Axis of the 
torque is the axis of the bone segments. Except 

Table 1. Mechanical properties of “Ultra X” fixation parts

Part name Standard marks 
(EN)

Modulus of elasticity 
E (GPa)

Poisson coefficient
u

Density
r(kg/m3)

Yield strength
sv(MPa)

Tree X2CrNiMo17-12-2 230 0.29 8000 620

Spheres >PB< 2.9 0.4 1290 -

Couplings >PVC< 3.3 0.38 1380 0.2
Screws for 
couplings X5CrNi18-10 193 0.29 7900 205

Half pins X2CrNiMo18-14-3 196.4 0.3 8000 800

Table 2. Mechanical properties of bone models
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

Figure 2. Definition of connections between components, (a) fix connection, (b) contact connection
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torque definition, it is important to define cylin-
drical joint connection at the same place where 
torque is applied. Cylindrical joint connection en-
ables only one rotation around bone axis (z-axis). 
At the bottom of the lower bone segment fix con-
strain is applied. At this place all translations and 
all rotations are constrained (Figure 4). According 
to the orthopedic suggestions from clinical prac-
tice and according to the other similar research, 
from other authors, value of torque is selected in 
the interval from 0 to 10 Nm [2, 16].

After definition of materials, connections, con-
strains and loads, numerical structural analysis using 
CATIA can be initiated. During structural analysis, 
values of generated principal and von Mises stresses 
are monitored. Values of equivalent one axis stress, 
also known as von Mises stress is usually used in 
solid mechanics. It is defined as [17, 18]:
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In addition to stress monitoring, displace-
ments of point at the place of load are also moni-
tored in x and y direction (Figure 5). Using values 
of this displacements stiffness of the device can 
be calculated as [19]:
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where: Mu – value of torque (Nm), R – vector of 
resulted relative displacement at the place 
of load (mm).

It is well known that stiffness of the device is 
important but value of stiffness does not give direct 
information about movement in the area of bone 
fracture. It is important to observe values of relative 
displacements at the end of bone segments in the 
area of fracture. With a goal to calculate stiffness of 
the fracture, value of displacements in the x, y and 
z direction of two selected points at separate side of 
bone segments in the area of fracture are taken. Vec-
tor of resulted displacement (R) for these points have 
maximal values. Relative displacements (rD(x),  rD(y), 
rD(z)) of observed points at end planes of proximal 
(upper) and distal (lower) segment of bone model in 
x, y, and z direction are defined as: [20, 21]: 
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Stiffness of the fracture is defined as relation 
between value of load and resulted relative dis-
placement for observed points (Figure 6, detail A):
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Figure 3. Constraints definition Figure 4. Loads definition
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Figure 5. Vectors of displacements at the place of load for maximal torque value

Table 3. Values of displacements for maximal torque load (Mt=10Nm)

Displacements of proximal bone segment [mm] Displacement of distal bone 
segment [mm]

Stiffness of the 
fracture

[Nm/mm]

Stiffness of the 
fixation device 

[Nm/mm]Place of loads Place of fracture Place of fracture

x y z Dp(x) Dp(y) Dp(z) Dd(x) Dd(y) Dd(z) Cpu Cu

0.788 -6.93 0 0.457 -6.178 -0.004 0.001 -0.032 0.0001 1.6226 1.4327

Figure 6. Displacement vectors of observed points for maximal torque load
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RESULTS

Figure 5 shows vectors of points displace-
ments for maximal torque load. Direction and 
intensity of displacement vector can be clearly 
seen. In addition, it is possible to determine com-
ponents of displacement vectors (Table 3). Val-
ues of displacements for maximal torque load 
(Mt=10Nm) are given in Table 3.

Stress intensities are variable throughout the 
entire fixation device. They are mostly influenced 
by the shape and place of device components. 
From the aspect of von Mises stress critical plac-
es of the fixation device are Schanz screws and 
tree of the fixation device (Figure 7). Looking to 
the whole design it can be noticed that maximal 
von Mises stress are at first Schanz screw with 
the values of (Figure 8). In the case of fixation de-
vice tree, maximal von Mises stress is the middle 
of the tree (on the outside surface of the tree). It 
have value of (Figure 9). Intensity and direction 
of principal stresses are monitored at 4 critical 
places in the case of maximal torque load (Figure 
10). Results are shown in Table 4.

DISCUSSION

Looking to the results of the numerical FEM 
analysis of Ultra X external fixation device, it can 
be noticed that maximal displacement is at the end 
of first Schanz screw and its value is 8,47 mm. (Fig-
ure 6). For the place of fracture maximal displace-
ment is at the edge of proximal and distal segment 
of the bone (Figure 6, detail A), values of these 
displacements are given in Table 3. In the case of 
comparison of these results with the results from 
other research, for other fixation devices, it can be 

noticed that Ultra X fixation device have signifi-
cantly bigger values of displacements, even 80% 
bigger displacements in comparison to the similar 
fixation devices for the same value of load [22].

Using values of displacements at the place of 
load, stiffness of the fixation device is calculated, 
in this case its value is 1.43 N/mm. In comparison 
to the other similar fixation devices stiffness is 
significantly smaller, even 9 do 10 times smaller 
in comparison to other fixation devices for the 
same load conditions. Same case is with the stiff-
ness at the place of fracture, its value is 1.62 N/

Figure 7. Distribution of von Mises 
stress in the case of torque load

Figure 8. Schanz screw, distribution of von Mises stress
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Figure 9. Fixation device tree, distribution of von Mises stress

Figure 10. Principal stresses at critical places of the design
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mm, which is from 2,5 up to 12 times smaller in 
comparison to the similar devices for the same 
load conditions [22].

In the case of principal stresses, critical places 
are Schanz screws and tree of the device (Fig-
ure 10). Value of main positive principal stress, 
looking to the whole design, is , which represent 
global maximum. Maximal value of main prin-
cipal negative stress (global minimum) is . Both 
of these stresses accrue at Schanz screws, more 
precisely at the place of connection between first 
Shanz screw and upper bone part. Value of both 
of these stresses are up to 25% bigger in compari-
son to the similar fixation devices for the same 
load conditions [22]. It is important to notice that 
values of all stresses which accrue on the design 
are lower than allowed stress for the material of 
the fixation device parts. 

CONCLUSION

Mechanical properties of external fixation de-
vice have significant impact to the healing process 
of broken bone, especially in the area of fracture. 
To test mechanical properties of unilateral exter-
nal fixation device FEM model was developed. 
Developed FEM model can be used for simula-
tion of displacements in the area of fracture, for 
calculation of fracture and device stiffness and to 
test stresses at the critical places of the device. 

Taking in consideration obtained results it can 
be concluded that Ultra X fixation device have 
worst mechanical properties in comparison to the 
rest of the similar external fixation devices for the 
same load conditions.

However, it should be taken into account that 
this system is designed and manufactured in the 
90s of the last century, so it is not surprise that new 
fixation device have better mechanical properties. 
Most of the new fixation devices have more com-
pact design and bigger value of stiffness which 

is achieved using new better materials, especially 
using composite materials which have great rela-
tion between stiffness, strength and weight. 
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