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DEVELOPMENT AND INVESTIGATION OF THE MECHANICAL
BEHAVIOUR OF CIRCULAR EXTERNAL FIXATORS DURING THE
GAIT CYCLE

Summary

In a study based on a tibia bone fractured in the diaphyseal region, a Circular External
Fixator (CEF) was implanted in this region and its effects were investigated during gait. The
CEF mounted on the adult human tibial fracture line is constructed from four standard rings.
The six most effective states were selected in terms of force and moment values on the tibia
during the human gait cycle. According to the results, it was determined that the stresses are at
a maximum in the Kirschner wires in the lower segment. Hence, it was ascertained that the wire
and bone junction regions are important and that the geometric and mechanical properties of
the wires close to the fracture line should be improved.
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1. Introduction

External fixators are systems that provide the stabilization of damaged limbs, the
correction of skeletal deformities, the treatment of bone and joint injuries, and the elongation
and alignment of bone limbs. A wide range of external fixator systems are available for surgical
applications [1-3]. It has been observed that since each external fixator has its own
morphological structure and mechanical characteristics, its stability and rigidity are different
[1,4,5]. Considering all existing external fixator systems, CEF systems are the most important
among them.

The CEF system is a modular system that can be easily modified before, during, and after
the operation. A simple CEF system for osteosynthesis consists of parts such as rings, Kirschner
wires, Schanz screws, connecting rods, wire holders, hinges, screws, and nuts. In CEF systems
created by a certain hierarchical combination of these components, there are many factors that
affect the biomechanical characteristics of the system. Some of these factors are the ring
diameter, the material composition of the ring, the configuration of the ring structure, the
number of wires, and the wire angle, wire diameter, wire pretension, and wire type [6-9].

In finite element studies performed on lower extremity fixator pairs, a point of the stance
phase of the gait cycle is generally taken into consideration [10,11]. In fact, the variable loading
type occurs as the reaction force on the bones in the gait cycle (stance phase—swing phase) [12-
14]. In addition, finite element studies conducted on bone fixator pairs often take into account
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certain muscle forces that are effective as boundary conditions [ 15-18]. Although the differences
in boundary conditions are not considered in comparative studies, they are important in studies
related to the strength of the part. Boundary conditions on the bone are obtained from software
such as the AnyBody Modeling System (AMS) as well as experimental studies [14,19-21]. A
lack of knowledge about which Kirschner wires are more important than others in a standard
CEF system and which should be strengthened based on this information appears to be a
deficiency in terms of understanding the CEF system. In this context, the main purpose of this
study was to determine the stress distributions on Kirschner wires in a standard CEF system and
to find out which are more meaningful for the system. In this study, the gait cycle created by the
AMS software was divided into six parts according to the maximum reaction force and resultant
moment values on the tibia bone. The mechanical characteristics of the parts in the CEF—tibia
bone pair were examined according to the boundary conditions in each case.

2. Materials and methods
2.1 Use of the musculoskeletal model

The muscles and reaction force values of the tibial limb on the lower extremity of the
human body used in the study were estimated by means of AMS software. This software can
predict muscle and joint forces using the inverse dynamic method which is based on an analysis
of kinematically indeterminate systems that use optimization methods [22,23]. The system,
used to estimate how measurable motion states can be performed with defined mechanical
systems, is used particularly in the fields of biomechanics, ergonomics, and orthopaedics [24].
For gait analysis in this study, the MOCAP-Driven Gait Models file in AnyBody software was
simulated considering a complete cycle of the normal gait. The human model in the file takes
into account the normal gait of a person with a mass of ~62 kg and a height of 162 cm.

2.2 Mounting of the CEF apparatus on the tibia bone

The standard CEF apparatus used for the treatment of the transverse fracture line formed
in the diaphyseal region of the tibia bone consists of four rings and eight Kirschner wires. In
the literature, ring diameters range from 150 to 180 mm [25-29]. In our study, the ring diameter
used was 160 mm. Each ring was fixed on the tibia bone with stainless steel Kirschner wires of
1.8 mm diameter and 160 mm length. Two Kirschner wires were used to fix each ring. The CEF
system was mounted on the tibia with the help of 8 Kirschner wires in total. The Kirschner
wires on each ring were mounted onto the ring so that they were at a 90° angle to each other

(Fig. 1).
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Fig. 1 Mounting and geometric measurements of parts on CEF apparatus on Tibia
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A defect with a 2 mm gap occurred transversally in the tibial diaphyseal region [28]. The
distance between the rings close to the fracture site and the distance between the two rings in
the same direction were taken as 60 mm.

2.3 Muscle forces and boundary conditions applied to the finite element model

During the gait analysis, the right stance phase (60%), right swing phase (40%), and left
stance phase (10%) were taken into account (Fig. 2a). Gait analysis within AnyBody software
corresponds to 110% of a full cycle and 196 steps. During the analysis, when the reaction forces
and moments arising from the body’s centre of gravity and acting on the proximal tibia were
examined, elevations were observed at certain points shown in Fig. 2c. These elevations were
designated as steps 12, 59, 64, 76, 123, and 180 (Fig. 2b).
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Fig. 2 The Phases of human gait analysis (a, b), resultant force and moment values acting on the knee cap (c)
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In order to simplify the finite element model, inertial effects were ignored, and static
analyses of the system were carried out. Considering a full cycle of the normal human gait, the
finite element analysis was performed for six important points of the kneecap reaction forces
(Fig. 2). The resultant reaction force and moment values on the left kneecap (Fig. 2b) were
investigated separately and were converted into graphs (Fig. 2c).

In the gait analysis, the force values of the active muscles were determined in detail for
each position (Fig. 3). The most active muscle groups were the soleus medialis (%3), soleus
lateralis (x3), and rectus femoris (%2) in position 5 (step 123).
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Fig. 3 Activity values of the muscles at the determined step values

This position (position 5) is seen as the last phase of the gait analysis, and in this case, the
heel region of the foot is up and the toes touch the ground. Groups of many muscles are active
and passive at different points in the gait analysis (196 steps). The activity and passivity values
of the muscle groups according to the six selected positions are shown in Fig. 3.
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2.4 Three-dimensional modelling and finite element analysis of a CEF—tibia bone pair

For three-dimensional modelling of the tibia bone, computed tomography images of the
bone were first processed in Mimics software (Materialise, Belgium), and STL
(Stereolithography) data of the cortical, trabecular, and marrow regions of the bone were
obtained. The data were then transformed into a three-dimensional model with the surface form
of NURBS (non-uniform rational B-spline) [30] using Geomagic Design X (3D Systems)
reverse engineering software. A fracture was created on the tibia bone using SolidWorks 2018
(Dassault Systeémes) parametric modelling software and then the CEF apparatus was mounted
on the tibia bone. The design was transferred to Ansys Workbench 18.2 finite element software
(Ansys Inc.) where strength analysis of the CEF—tibia bone system was performed under the
physical boundary conditions obtained from the AMS software (Fig. 4).
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Fig. 4 Location of the CEF apparatus on the tibia and abbreviations of the names of Kirschner wire (a) Physical
boundary conditions of the tibia obtained from AMS software (b) Equivalent von Mises stresses in the CEF-tibia
system (c)

In the context of this study, bones and CEF apparatus were accepted as isotropic, linear
elastic, and homogeneous. The mesh model of the CEF—tibia bone system consists of a total of
393,695 nodes and 195,468 elements. The tibia and fibula bone models consist of tetrahedral
elements, while rings, Kirschner wires, and vertical bar holding rings together consist of
hexahedral elements. The contact relationship in the Kirschner wire—ring and Kirschner wire—
tibia bone connections was defined as “no separation contact”. The contact relationships of all
other parts were determined as “bonded contact”. Since the general structure of the study was
based on a comparative analysis, a linear solution method was chosen for the analysis. Material
types and characterization of the parts in the CEF—tibia bone system are shown in Table 1.

Table 1 Mechanical characterization of parts in the IEF-tibia system

Tensile Young

Part Material Strength  Modulus P(I){l:::n Literature
(MPa) (GPa)

Cortical -- 200 (Comp.) 17 0.3 [31, 32]
Trabecular -- 9.86 0.7 0.3 [33]
Marrow -- -- 0.3 0.45 [11]
Fibula -- -- 5 0.3 [32]
Ring Stainless Steel 700 200 0.3 [6]
Rod Stainless Steel 700 200 0.3 [6]
Kirschner Wire Stainless Steel 700 200 0.3 [6]
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The measured force and moment values that affect the kneecap joint during normal gait
are presented in Fig. 5a-5b. These values were obtained from the AMS software using reverse
dynamic analysis. The values were expressed in terms of spatial environment and body weight
(BW). Force and moment values are given proportionally to body weight. Force values are
given as BW and moment values as BW.m. The coordinates of the force and moment on the
tibia bone are shown in Fig. 5¢c. When the muscular and joint forces are considered, the right
and left tibial limbs exhibit symmetrical behaviour.
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Fig. 5 Knee joint forces and moments on the tibia plateau during normal gait analysis

3. Results and discussion

According to the results of the finite element analysis of the six positions considered
important during normal gait analysis of the tibia bone under the given boundary conditions,
the maximum von Mises equivalent stress values were generally formed at the junction of the
Kirschner wire and cortical bone (Fig. 6) [6].
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Fig. 6 The maximum von Mises equivalent stress values in the CEF-tibia system at specified step values

When the finite element analysis was examined, it was observed that the maximum von
Mises equivalent stress values were, listed from highest to lowest, at step 123 (446.39 MPa),
step 76 (131.68 MPa), step 64 (66.47 MPa), step 59 (28.62 MPa), step 180 (27.29 MPa), and
step 12 (22.33 MPa), respectively. The stress values shown in Fig. 6 are approximately
proportional to the resultant force and moment values that correspond to the step values
determined in Fig. 2c. It was found that the stress values of the wires in the CEF—tibia bone
system were more important than those of the other parts. In Table 2 and Fig. 4a, all wires in
the CEF—tibia bone system are named according to their position (e.g., LWNF1 — lower wire
near fracture 1, UWFF2 — upper wire far from fracture 2).

Table 2 The maximum von Mises equivalent stress values of wires in the CEF-tibia system (MPa)

Name of Wire Step 12 Step 59 Step 64 Step 76 Step 123  Step 180

UWFF1 11.2 7.59 15.3 37.64 230.7 6.92
UWFF2 13 18.8 51.2 117 263.1 19.9
UWNF1 4.8 6.21 15.3 20.12 88.9 6.02
UWNEF2 7.89 9.18 25.6 69.19 161.4 9.94
LWNF1 14 11.6 26.3 24.97 281.5 10.5
LWNF2 8.42 24.23 66.47 97.04 135.69 24.7
LWFF1 9.48 7.71 19.06 17.72 183.39 7.29
LWFF2 13.77 24.01 64.49  131.68  281.18 2.5

As shown in Table 2, the maximum stress values on the wires occurred in step 123. It was
found that the stress values of the wires that had 2 at the end of their names were generally
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higher than those of the wires that had 1 at the end of their names. Considering the stress values
at each step of the wires, it was found that the most important wires were LWFF2 and UWFF2.
The wire with the lowest stress values was UWNF1.

As a result of the study, it was observed that the maximum von Mises equivalent stress
occurred at the junction of the bone and wires (Figs. 4 and 6) [6]. In this case, it was seen that
the bone and Kirschner wires were under intense stress. However, stress values at the junction
of the wire and bone did not reach the level of stress that would damage the cortical bone [10,
31, 32]. Donaldson et al. [10] examined the factors affecting loosening between the bone and
wire in circular external fixators. In their studies, they observed that stress concentrations
occurred in areas where the wire and bone joined the periosteum and endosteum. Mitousoudis
et al. [6] reported a study on the biomechanical analysis of CEF. They observed that the
maximum stress values occurred at the junction of the wire and bone. In addition, they saw that
the stress values decreased as one goes to the middle parts of the wire. As different boundary
conditions affected the CEF—tibia bone system in each gait phase, it was observed that the
regions where the stress values were concentrated at each position were different (Fig. 6). In
some steps where the boundary conditions are intense, the high stress values can be related to
both the resultant force and moment values in the knee joint and the optimization of the mesh
structure of the CEF—tibia bone system. Diffo Kaze et al. [12] examined the muscle forces and
bone structures of the human lower extremity in detail, aiming to model the numerical analysis
of implants placed in the human body more accurately. The main skeleton of our study overlaps
with this study. With the gains obtained from our study, numerical studies of internal and
external fixators suitable for every purpose added to the human body can be performed.

The sudden rising stress values occurring in steps 59, 123, and 180 are due to the irregular
mesh structures at those points. The stress distributions in other regions were found to be at
expected and normal levels (Fig. 6). Detailed mesh optimization of the CEF—tibia bone system
can be performed in future studies due to the complexity of the bone structure [33]. Based on
the stress values occurring in the CEF—tibia bone system, some improvements can be made to
the CEF apparatus. In this context, the geometric and mechanical properties of the Kirschner
wires in which the stress values are important in each phase state can be improved. In addition,
the standard CEF apparatus can be arranged as a patient-specific hybrid apparatus [34].

The reason for the high resultant force and moment values occurring in step 123 is that
the rectus femoris, peroneus longus, peroneus brevis, and most importantly the soleus lateralis
and soleus medialis muscle groups are most active. The soleus lateralis and soleus medialis
control the forward rotation of the tibia bone on the talus. If the soleus muscle group is weak,
plantar flexion movement becomes difficult and the push phase of walking is impaired. When
the study was examined in detail, it was found that the stress values of the wires that had 2 at
the end of their names were generally higher than the stress values of the wires that had 1 at the
end of their names (Table 2). Considering the muscle activities during gait, the reason for this
is the higher efficiency values in the medial-lateral line than the activity values in the anterior—
posterior line. The muscle groups on the tibia bone are concentrated in the posterior and lateral
regions. The force and momentum values created by the line between the starting and ending
points of the muscles can cause this effect.

4. Conclusions

When our study was evaluated in general, it was seen that gait phases were important in
the general design of internal and external fixators, and it was revealed that analyses should be
made according to these phases. In addition, according to the results of the study, it was
determined that the wire and bone junction regions are important and that the geometric and
mechanical properties of the wires close to the fracture line should be improved. In the future,
CEF systems with the desired mechanical and geometric properties specific to the regions can
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be designed by taking into account the stress values on the wires. Based on this, internal and
external fixator designs and analysis can be performed during all kinds of activities (sitting,
getting up, cycling, bodybuilding, etc.) with the help of the gains obtained from this study.
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