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ABSTRACT 
 

 Sternal closure is the last step of median sternotomy in an open heart surgery. Different techniques of sternal closure 
have been described. The objective of this study was to analyze the structural response of the wires and separated 
sternum during this procedure using finite element methods. Two-dimensional thoracic computer tomography scans were 
segmented and analyzed by image processing techniques and transferred into a three-dimensional finite element model of 
a complete chest. Linear elastic law models were used for several regions. Then, the sternal closure process on the 
sternum was modeled and a basic model of the lungs was used for applying intrathoracic loads. Nonlinear contact 
conditions were applied .The structural response of this model was investigated under normal breathing and a severe 
cough by means of lung model. The results show that the lower regions of the sternum and also lateral sides of sternum in 
contact with wires are the regions which have maximum stress values therefor the risk of failure or damage in these areas 
is high. The maximum stress for a severe cough load case is 243 N/mm2 for the wires and 65.6 N/mm2 for sternum bone 
that can lead to failure in this region for more severe cases. 
KEYWORDS: sternal closure, finite element, chest model, biomechanics sternotomy, wire.  
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INTRODUCTION  

 
Median sternotomy has been extensively used by cardiothoracic surgeons since 1957 in order to gain access to the 

heart since it provides an excellent exposure. The last stage of this operation is sternal closure. The complications of this 
operation is reported between 0.3% and 5% but is associated with high mortality rate (14% - 47%)[1] .This complications 
consist of infection, wire failure and separation of the sternal segments due to bone cutting[2]. Many studies have been 
conducted to introduce new techniques and devices for decreasing the failure rate [3-9].  

The first biomechanical study in this field measured the suitable applied forces for closing fixation wires, according 
to the maximum load on the chest which is because of a severe cough [1]. Most of the studies have compared different 
techniques (single loop, figure of eight, peristernal and etc.) and devices (titanium plates, steel cables, sterna-band, talons 
and etc.) [3-8]. One of the latest studies is about the effect of using bone glue on the stability of the sternal closure [6].  

The application of numerical discretization techniques, especially finite element method (FEM), enables us to 
investigate stress and displacement distribution on the separated sternum. There is only one research which has studied the 
sternotomy closure for a chest with numerical methods. In this study, structural response of the FEM model of chest 
(consist of sternum halves, cartilages and the ribs) was investigated under normal breathing and dorsal bending [9].  

The objective of our study was to analyze a FEM model of a complete human chest during a sternotomy closure 
procedure with 5-row simple technique, to find the stress and displacement distribution in two load cases: breathing and a 
severe cough. Pre-stressing forces were considered and for applying the load cases we used an approximated lungs model 
in the ribcage. The results were compared with available results of previous studies to ensure that results are accurate. As a 
result of such numerical studies we are able to find the regions which have the greatest risk for failure so we can design 
new techniques and devices to prevent complications. 

 
MATERIALS AND METHODS 

 
For calculating structural response of a sternum closed by wires, we must have the finite element model of the 

whole chest .For this reason, two dimensional thoracic computer tomographic scans (CT scans), which were grabbed in 
1.5-mm slices for a 37-year man, were segmented and analyzed by image processing techniques. We distinguished 
various areas consist of  Sternum bone, ribs, cartilages and spinal column by a manual procedure in each scan slice. This 
step is important because the mechanical properties of these regions are different and it is possible to assign different 
material properties to them with separating the regions. An automated procedure transferred these 2-D areas into a three-
dimensional computer aided design model (CAD).These steps were done in MIMICS software [10]. By using this 
procedure we have the regions with real geometries in addition to varying thickness of the ribs and sternum which are 
tubular in reality. Fig1 shows the final CAD model with different regions. 
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The second step is transferring this CAD model to a finite element (FEM) model .With an automated meshing 
procedure we transferred this geometrical information into the FEM model. All the imported sub regions were modeled 
by solid elements and were rigidity connected to their neighbor parts to form the whole chest model. We used linear 
elastic material law for the sub regions with properties taken from previous studies [11, 12].  

These parameters are shown in Table 1 Using the spinal column in this model is for considering the influence of the 
backbone flexibility in results and also as a support for other parts. And because it has not a large effect in the stress 
distribution on the sternum, we confined to an approximate model (without considering discs). The lower and upper free 
ends of the backbone were taken completely fixed. 
 

 
Fig 1. Computer aided design (CAD) model of the chest with different sub regions. 

 
For the sternotomy closure simulation, we separated the sternum bone from the middle. There are many different 

techniques for the sternal closure process and we chose one of the most common techniques which is 5-row single loop 
technique. 

In this technique, sternum segments are kept together by fixation stainless-steel wires in 5 specific places (the areas 
between each pair of the ribs) .These wires with diameters of 1mm and linear elastic law parameters with Young modulus 
of 52 10 N/mm2 and Poisson ratio of 0.3 were considered[13]. 

It has been estimated that total load across a sternotomy, during a large cough, is 1500 N (<150 kg) [13].Therefor 
for 5 rows of wires, each fixation wire must sustain approximately 300 N. So we applied 300 N for closing each wire. In 
the contact zones, between two sternum segments and also between the fixation wires and sternum, nonlinear contact 
conditions were chosen. These conditions consist of a hard normal contact condition and a tangential contact with 
Coulomb friction coefficient of 0.2, which describe stiff contact under pressure and zero cohesive forces under tension 
contact. 

Table 1. Linear elastic material parameters for different regions of chest [11, 12] 
 

 
 
 
 
 
 
 

In this study, two different load cases were applied to analyze the structural response of the model .First load case 
was the normal breathing which cause a permanent cyclic force on the chest. And the second one was a severe cough 
which generates the maximum load on the sternum. There are several mechanisms to simulate these load cases .In some 
experimental studies, direct forces were applied on the sternum segments for finding the maximum sustainable force for 
wires and other devices [3-8]. In the numerical study, load cases were described by prescribed rotations at the spinal ends 
of the ribs [9].For a more accurate simulation, we used a basic model of lungs in the ribcage for applying the load cases 
.Using this model enables us to have a more realistic distribution of loads from the lungs on the whole chest regions 
(sternum, cartilages and ribs). This basic model was based on human lung dimensions and due to the complexity of the 
lung shape, was integrated. Different load cases can be simulate by applying a suitable internal pressure. For mentione0d 
load cases, the internal region of lung model with wall thickness of 10mm was applied to two pressure loads proportional 
to the load cases. The suitable internal pressure for breathing load case is 10-3 N/mm2 [14]. 

And according to previous studies we could consider an average pressure of 
35 10  N/mm2 for large cough load 

case. The elements of this model were considered solid and mesh elements were triangular. The properties which we used 
for lung model were according to study and consisted of 10 N/mm2 for Young’s modulus and 0.47 for Poisson ratio [15]. 

For simulating the cough load, we must consider its impact .However, all our calculations were static and we 
considered an average internal pressure for cough load case. According to lungs anatomy, their costal surface have 

Density 
(Kg/M3) 

Poisson 
ratio 

(-) 

Young's 
modulus 
(N/MM2) 

 

2000 0.3 11500 sternum 
2000 0.3 5000 ribs 
1500 0.45 24.5 cartilages 
1900 0.3 1500 spinal column 
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contact with most of the ribs and all cartilages but there is not any contact between them and sternum and also spinal 
column .so we restricted lung model motions in these regions (sternum and backbone) in addition to some areas in the 
lower and upper model sections .The contact conditions were similar to wires and sternum contact conditions. The 
meshing and FEM calculations were done in ABAQUS/standard FEM software [16]. 

 

 
 

Fig 2. Meshed parts of FEM model of chest and fixation wires and the lung model (unmeshed region). 
 

RESULTS AND DISCUSSION 
 

Fig3 demonstrates the stress distribution for the sternum bone segments after the wire closure and without any load 
application. It can be seen that the fixation techniques lead to stress concentrations along the contact zones between 
sternum and wires. In this condition the maximum amount of the vos-Mises stress on the bone is 24.7 N/mm2 .This 
maximum Occurs in the lateral region of the bone so these regions have the greatest risk of failure .However; this amount 
is less than the acceptable maximum stress for sternum bone which is 150 N/mm2 . Furthermore the maximum stress for 
steel wires in this case is 103 N/mm2 while the yield stress for wires are 360 N/mm2 so there is not any plastic 
deformations in wires. 

 For the breathing load case, Fig4 illustrates stress distribution on the sternum segments .In this case, stress 
distribution on the sternum segments is due to two types of load .First, the loads from wires which are bigger than the 
non-load condition, and second, the load which is applied by the cartilage parts as a result of movements of the ribcage 
different parts in breathing mechanism. The regions with high values of von-Mises stress are on the lower regions of the 
sternum segments, because in this regions 4 ribs joint together to the sternum through  cartilages .therefor, the applied 
tensile forces from cartilage increases in these regions. For the severe cough load case, the forces from cartilages are 
more; therefore the distribution is different with the breathing.  

 
 

Fig3. Illustration of von-Mises stress distribution for 5 rows of wires without load, in front and side views. 
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In Fig5 we can see the areas with maximum stresses near the cartilage zones which show that maximum stress is because 
of the tensile load .The maximum stress on the bone is 65.5 N/mm2 which shows that the failure risk in the bone is still 
low. 

 
 

Fig4. Illustration of Von-Mises stress distribution of the sternum for load case breathing in front and side views. 
 

However the stresses in steel wires are high . This maximum value is 243 N/mm2 in the regions which are in contact 
with side regions of sternum segments. Although this value in compare with steel yield stress (360 N/mm2) is still low, in 
more severe cough conditions can cause damage and even failure in the wires. 

So we must use the wires that have bigger contact surfaces with the sternum. There are some polymer wires thar their 
cross sections is rectangle and so they have more contact regions with the bone. This can lead to less stress both in bone 
and wire and increase the failure risk in these regions. 

 

 
 

Fig5.Illustration of Von-Mises stress distribution of the sternum for severe cough the load case, in front and side views. 
 

DISCUSSION 
 

In this study we simulated the sternotomy closure procedure which is done in open heart surgeries. For this purpose, 
we created a numerical mechanical model based on FEM and investigated the structural response of this model to 
important load cases. As a result, digital 2D information of the chest (CT scan) was converted into a 3D model (CAD 
volume model) with the final transformation of the geometrical information into a FEM of the complete chest. We also 
provided a basic model of lungs for applying the breathing and cough loads. The suitable elements and material were 
chosen for the different regions and contacts between them were considered. 
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As a first quantitative outcome of the proposed approach, it was shown that the lower region of the sternum 
(xiphoed) is the region which has high values of stress .The lateral sides of sternum segments in contact zones also have 
more values of stress.  Therefor the risks of failure or damage in these regions are high. This result can lead to making 
special devises or techniques for closing these regions. The results also demonstrate that a severe cough load as the 
biggest load on chest, leads to a maximum stress in steel wires model equal to 243 N/mm2 that is a risky value and can 
reach the yield stress in larger coughs.  

Due to different objectives, it was not possible to compare our own results with reported in vitro results 
quantitatively. But in compare with the numerical study, it seems that the results are nearer to realistic conditions because 
of considering the pre-stress forces in the wires an also applying load cases with the lung model.  In the future studies, 
the results can be better with choosing better material properties for different parts and also considering the muscles and 
tendons effects. 
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