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1. Introduction

Femoral shaft fractures have an incidence of between 10 
and 37 per 100,00 patients each year. Some of the main 
causes of this type of fracture are high-energy impacts 
as a result of car accidents or falls (K.J. Wu et al., 2019). 
The treatment usually requires a surgical intervention to 
introduce a fixation device to ensure stability during the 
healing process (C. Wu et al., 2020).

The addition of a fixation device acts as a bridge in the 
fracture, so the loads are transferred by the fixation 
plate (Heimbach et al., 2017). As a result, the bone 
surrounding the fixation plate is underloaded compared 
to its natural state, which leads to a stress shielding 
process (Arabnejad et al., 2017). Bones are a living tissue 
and consequently they will adapt to new loads through a 
process called remodelling (George et al., 2017), which 
leads to the reduction of its density (Ridzwan et al., 
2006). As a result of the loss of density in the bone, the 
mechanical properties will deteriorate resulting in a future 
fracture (Heimbach et al., 2017; X. Wu et al., 2019).

The most common materials used for the manufacture of 
fixation plates are pure titanium or titanium alloys such 
as Ti-6Al-A4. These types of materials show a higher 
modulus of elasticity than human bone, resulting in a 
stress shielding process (Guastaldi et al., 2019; Junlei 
Li et al., 2020). Stainless steel is another material widely 
used for bone fixation but with less biocompatibility and 
corrosion resistance (Geetha et al., 2009). In recent 
years, the possibility of using biopolymers in biomedicine 
has been investigated with excellent results (Alizadeh-
Osgouei et al., 2019). One of the most interesting 
biopolymers is PLA, some of the properties that make it 
a suitable material are excellent biocompatibility, easy to 
manufacture or hydrophobic in nature (Jiafeng Li et al., 
2017; Narayanan et al., 2016).The ability to degrade 

within the human body is an interesting property as it 
avoids a second surgical intervention to remove the 
fixation plate, the device degrades by body fluids and is 
reabsorbed by the body (Kanno et al., 2018).

The use of biopolymers such as PLA is closely related to 
additive manufacturing techniques (AM) such as fussed 
deposition modelling (FDM). These techniques allow 
the manufacture of different geometries without using 
complex equipment (Parthasarathy et al., 2015), thus 
reducing costs (Singh et al., 2018). Another advantage of 
AM is the possibility of producing a custom fixation device 
for the patient (Murr et al., 2016; X. Wang et al., 2016), for 
which Computerized Tomography (CT) helps to create a 
solid 3D model of a bone that can be used as the basis for 
designing the fixation plate (Liu et al., 2019).

The main objective of this work is to evaluate the viability 
of the PLA resorbable bone fixation plate made by fusion 
deposition modelling. For this purpose, the PLA bone 
fixation plate is compared with titanium by using finite 
element analysis (FEA). This is done by analysing the 
pressure and displacement applied in the fracture area, 
as well as the resulting stress on the fixation plate.

2. Materials and methods

2.1. Finite element modelling

The two proposed models consist of a fracture of the 
femoral shaft with two types of fixation plates, a standard 
titanium and another 3D printed PLA (Figure 1). The 
dimensions of the titanium plates were 17.5 mm wide, 
5 mm thick, 178 mm long and 10 holes of 4.5 mm 
according to the specifications proposed by the TIPSAN 
catalogue (TIPSAN, Bornova, Turkey). A thickness of 
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5 mm is also considered for the modelling of the PLA 
plate. Simplified screws (Figure 3) (of the same material 
as the plate) are used for placement in the bone. For 
the idealization of the femur, a cylinder is considered as 
cancellous bone and a tube as cortical bone (Figure 2). 
The dimensions considered in the model were for an 
average man of 50 years old (Table 1). The solid parts had 
different linear isotropic properties and are represented in 
Table 2.

In order to ensure the correct stability of the fracture 
during the recuperation, the mechanical properties along 
the time were tested. To this propose, the properties of 
degraded PLA after 30 days inside human body had been 
considered. Spiridon et al. proposed that PLA immersed 
in simulated body fluid (SBF) during one month, will lose 
about 22.8% of its Young modulus and 32.9% of its tensile 
strength (Spiridon et al., 2018).

The geometry was meshed using Siemens NX 12.0, 
(Siemens, Munich, Germany) with 3D elements 
CTETRA(10) with 10 nodes for each element. The 
number of elements in each part was 160,320 for cortical 
bone, 102,201 for cancellous bone, 21,547 for each 
screw, 437,149 for PLA and 152,687 for titanium.

Figure 1: 3D model of femur shaft fracture with fixation plate, 
titanium (green), PLA (blue).

Figure 2: Femur section with fixation plate, titanium (green), 
PLA (blue).

Figure 3: Fixation plates with screws, titanium (green), PLA 
(blue).

Table 1: Dimensions for femur model.

Dimension Value Reference
Length 450 mm (Klein et al., 2015)
Total bone section 650 mm2 (Klein et al., 2015)
Cortical bone section 500 mm2 (Klein et al., 2015)
Head femur offset 42.2 mm (Sariali et al., 2009)

Table 2: Isotropic properties of materials.

Material
Elastic 

Modulus 
(MPa)

Tensile 
strength 
(MPa)

Poisson’s 
ratio Reference

Cortical bone 16350 - 0.26 (Jia Li, et al., 
2019)

Cancellous 
bone 137 - 0.30 (Jia Li, et al., 

2019)

Titanium 110000 920 0.34
(Nurettin et al., 

2018; Zhao 
et al., 2012)

PLA 3368 56.6 0.30 (Tymrak et al., 
2014)

PLA-30 days 2702 37.9 0.30
(Spiridon et al., 
2018; Tymrak 
et al., 2014)

2.2. Contact surfaces

The contacts between the different bodies ensure 
the correct transfer of load between them. In order to 
reduce the computational cost, frictionless contacts were 
established between the bone plate and the plate screw. 
Only the contact in the fractured area was modelled with 
a friction coefficient of 0.46 as proposed by Wang et al. 
(Wang et al., 2020), so that the displacement on the 
contact surfaces can be stablished. Finally, the screws 
were attached to the cortical bone because the focus of 
the study was on the fixation plate.

2.3. Boundary and loading conditions

For the simulation, a fixed support was applied at the base 
(0 degree of freedom) and a 1400 N compression force 
was applied at the top. The load represents a single-leg 
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standing position as Wang et al. and McClellan et al. 
proposed (McClellan et al., 2013; Wang et al., 2006). 
This load should be applied on the femur head (Figure 4), 
since the model was simplified and the femur head was 
not modelled, the force was applied on one node (where 
femoral head should be) and connected with bone by a 
rigid region RBE2.

Figure 4: Load application on the rigid region.

3. Results and discussion

3.1. Fracture surface contact results

Ensuring the fracture healing process is the most important 
parameter of this study. For this purpose, the mobility and 
the pressure applied on the fracture surface are the main 
factors. While the longitudinal strain applied to fractures 
was shown to promote the healing process (Elkins et al., 
2016), mobility at the fracture site disturbs callus formation 
(Jahagirdar et al., 2009). For this purpose, a friction 
contact between the bone fragments was established and 
the resulting pressure and displacement after the force 
was applied was analysed.

The femur undergoes at flexural tensile state by the loads 
applied, in this case the compressive area corresponds 
to right part and the traction area corresponds to the 
left. The fixation plate was placed on the left (traction) to 
avoid bone separation. Titanium fixation plate acts as a 
point of reference, this kind of plates are widely applied 
in traumatology surgeries (Hayes et al., 2010; Junlei 
Li et al., 2020). The pressure distribution in titanium 
model (Figure 5 up-right) shows a maximum pressure of 
34.0 MPa and progressively decreases until 0 MPa.

The results when using PLA are quite similar, but in this 
case the maximum pressure is 28.8 MPa. An interesting 
result is in the cancellous bone, in this case the pressure 
is close to 0 MPa due to the difference between the 
elastic modulus of both types of bones (the cortical bone 
is approximately 120 times stiffer than cancellous bone). 
In order to achieve these results, the 3D printed PLA 
section was modelled with a higher section.

The force applied to the top generates a shear stress 
on the contact surfaces that promotes de displacement. 
Since the contact was modelled as frictional, the area 

where more pressure is applied, displacement is avoided. 
The area where pressure tends to 0, the frictional forces 
cannot prevent the displacement and therefore a small 
displacement appears. However, in both cases the 
displacements are quite close to 0 mm (about 10-5 mm).

Figure 5: Pressure in MPa (up) and displacement in mm 
(down), 3D printed PLA (left) and Titanium (right).

Kim et al. (Kim et al., 2012) predicted the healing process 
for different fixation plates. In all cases the bone formation 
started from the site where more pressure was applied 
during the loading.

3.2. Von Mises stress
Another important parameter to avoid the failure of the 
medical device is the distribution of stress. The results 
of the FEM (Figure 6) indicated that in both cases the 
maximum tensile strengths was located around the holes 
due to the contact between the screw and the fixation 
plate. In those cases, the screws acted as a transmission 
element between the bone and the fixation plate.

For the titanium fixation plate, the maximum Von Misses 
stress was 739.6 MPa (under tensile strength) in the top 
hole while most of the elements were below 47 MPa. In 
the case of the screw, the maximum stress appears near 
where the contact changes from screw/bone for screw/
fixation plate. In addition, another area of maximum stress 
was induced by the screw head stress concentrator.

Different results were obtained for PLA, where the 
maximum Von Misses stress was 51.9 MPa. For this, the 
design of the fixation plate introduced some modifications 
with respect to the standard of titanium, although the 
number of screws is the same, they were distributed 
throughout the area. The modification allowed a better 
stability in the fractured area and a reduction of the Von 
Misses stress.

Tang et al. (Tang et al., 2013) obtained a Von Mises 
stress 130.2 MPa with 250 N load. In a linear model, if 
the same load was applied, the resulting stress would be 
about 730 MPa.
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Figure 6: Von Mises stress (MPa) distribution for titanium (up) 
and 3D printed PLA (down).

3.3. Effect of the degradation on PLA
The previous model has been re-simulated with the PLA 
properties after 30 day in SBF. The main assumption 
is that the only difference between a new PLA-fixation 
plate and a degraded one is the effect on the mechanical 
properties proposed in Table 2.

Figure 7: Von Mises stress distribution for 30 days 
degradation PLA.

The proposed results in Figure 7 showed an increase in 
Von Mises stress due to the decease on Young modu-
lus. In this situation the maximum Von Mises stress was 
53.9 MPa, a 3.9% increase in stress compared to the new 
PLA fixation plate. Under these conditions, the device 
would break due to the tensile strength after 30 day in 
SBF is about 37.9 MPa.

A problem without no-linear effects, the increase of stress 
would be equivalent to the reduction of Young modulus. 
In this case, the contact pressure between the ends of 
the bone produced a no-linear effect. As can be seen in 
Figure 8, the pressure contact increased from 28.84 MPa 
with a nondegraded devices to 29.88 MPa after 30 day 
implantation.

Figure 8: Pressure contact distribution for 30 days degradation 
PLA.

4. Conclusions
In this work, the main objective was to study the feasibility 
of the 3D printed PLA femoral fixation plate. In comparison 
with a titanium fixation plate, similar results were obtained 
in the contact of the fracture surface, making possible the 
bone regeneration process.

PLA properties over the time take an important role on the 
correct functionality of the fixation plate. Even the stress 
results on a new fixation plate were positive, after 30 day 
of degradation the fixation plate would brake under the 
proposed load. To this effect, the utilization of additives 
could help to control the loss of properties inside the 
human body.

One important aspect is that the patient activity would not 
be recovered during the recuperation. This means that 
the patient should not be on a single standing leg over 
this period. Nevertheless, the results, suggest that other 
bones with less load could be treated with this kind of 
fixation plate.
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