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Abstract 
 

A fractured metacarpal joined with a poly L lactide acid device is studied analyzing its performance under different kinds 
of loads and studying them in a finite element analysis software. The metacarpal and polymer devices are designed in a 
computer aided design software. Relaxation and tensile performance of the polymer are determined. Then, we developed 
a rheological model. The rheological model is simulated and the chosen model with two Neo-Hookean networks in a 
parallel distribution lead to a fit of 98 %. Flexural and tensile performance of the assembly is depicted. The Von Mises 
stress is used as way to determine the correct performance of assembly. After the analysis, the holes in the bone is the main 
cause of failure in this fixation method because of the stress associated with accumulation of stress owing to change in 
geometry. Additionally, the use of finite element analysis reduces resources and destructive tests can be avoided. 
Furthermore, a mathematical model of the mechanical behavior of the poly-L-lactide acid is achieved using a Parallel 
Network Model. 
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1. Introduction 
 
Metacarpal fractures are common orthopedic injuries and one 
of the most challenging to handle owing to the loads that the 
bone borne, age of patient, fracture configuration and type of 
fixation [1]. There are many procedures, techniques and 
fixation methods to stabilize displaced bone fractures such as 
surgeries and implants [2]. Among fixation devices are those 
made of metals. Formerly, those kinds of devices generated 
many complications [3]. Hence, biopolymer devices have 
been developed owing to their no toxicity, no necessary extra 
incision to remove them, and their mechanical response [4]. 
This class of polymers include poly glycolic acid (PGA), poly 
caprolactone (PCL), poly dioxanone (PDO) and poly lactide 
acid (PLA) among others [5]. Poly-L-lactide acid (PLLA) is 
a popular stereoisomer used as material of bone fixation 
material [6]. Device geometry, body location, and mechanical 
requirements are challenges related to the use of PLLA 
devices because that polymer has exhibited premature failure 
due to its viscoplastic behavior [4]. The device performance 
depends on the nonlinear mechanical behavior of PLLA; 
however, there is a lack of information about the mechanical 
behavior under physiological conditions of PLLA devices and 
metacarpal fractured under different kind of loads [7]. This 
work focusses on mathematical models and finite element 
analysis (FEA) to describe the mechanical response under 
tensile and flexural loads of a repairing device made of PLLA 
to fix metacarpal fracture. Besides, this paper presents the 
study of convergence of mesh density and the analysis of 
critical zone of repair. 
 

2. Materials and Methods. 
 
2.1 Polymer features. 
PLLA has the same features used in former work [7] and was 
provided by CORBION.  
 
Mechanical performance of PLLA. 
Mechanical properties of PLLA were determined following 
ASTM D638-10. Polymer specimens were tested under 
different conditions and varying strain rates between 0.05 /s 
and 0.001 /s and a relaxation behavior was also carried out 
and Fig. 1 and Fig.  depict its stress strain behavior. The test 
followed previous reported protocol [7]. 
 Next, the mathematical model which described the 
rheological behavior was selected based on previous studies. 
A parallel network model for rheological behavior with two 
networks was chosen based on its accurate to predict 
nonlinear viscoplastic behavior. Fig.  depicts the 
configuration of the model. A Neo Hookean hyperlelastic 
behavior was described in the first network (Eq. 1) and a Neo 
Hookean hyperelastic behavior with a flow component, 
represented as a power flow with double exponential yield 
evolution (Eq. 2), was depicted in the second network. The 
values of shear modulus. The first step established stress 
strain relation from the experimental tests (Figure 1 and 2) 
and in the second step, the material model, taking into account 
hypereslastic behaviors and flow features were included. 
evolution (Eq. 3). 
 
2.2 Theory and Calculations 
The Nelder Mead Simplex algorithm method was used to 
obtain the material parameters. Two steps were followed for 
obtaining material parameters. The first step established stress 
strain relation from the experimental tests (Figure 1 and 2) 
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and in the second step, the material model, taking into account 
hypereslastic behaviors and flow features were included. The 
mean square error between experimental data and material 
model was used as the objective function.  
 

 
Fig. 1. Experimental tests varying strain rate and relaxing behavior. 
 

 
Fig. 2. Relaxing strain time behavior. 

 

 
Fig. 3. Rheological representation of Parallel Network model. 
 
 
𝜎 = 𝜇 |𝐹|⁄ 𝑑𝑒𝑣(|𝐹|+,/.𝐹𝐹/) + 𝜅(|𝐹| − 1)𝐼                    (1) 

 
Where: 
 
s: Cauchy stress.  
k: Bulk modulus.  
F: Force. 
µ: Shear Modulus.  
FT: Force transpose.  
I: Identical Matrix 

 
 
𝑓7 = 8𝜏 :𝑅<𝑓=𝑓/𝑓>?⁄ @

A	                                                    (2)  
 
Where: 
  

fr: Flow rate 
𝑅<: Shear flow resistance. 
t: Shear stress. 
m: Shear flow exponent. 

𝑓=: Pressure dependence factor =1. 
𝑓/: Temperature dependence factor=1. 
𝑓>: Flow evolution factor 
Eq                                                                       (3. 
 

 
 Internal body conditions do not have considerable 
variation with respect to environmental pressure and 
temperature [8]. 
 
𝑓> = 1/28:𝐴 + (1 − 𝐴)𝑒+EF >G⁄ ? + :𝐵 + (1 −
𝐵)𝑒+EF >I⁄ ?@                                                                      (3) 

 
Where: 
 

A: Final value of flow evolution factor for exponential 
1. 
𝜀K: Effective Mises plastic strain. 
𝐸M: Characteristic transition strain for exponential 1. 
B: Final value of flow evolution factor for exponential 
2. 
𝐸,: Characteristic transition strain for exponential 2. 

 
2.3 Mechanical behavior of phalanx and polymer device. 
The main goal of this work was to analyze the flexural and 
tensile behavior of a fractured metacarpal joined by a medical 
device and two screws through finite element software. The 
assembly compound of the metacarpal and biopolymer device 
is presented in Fig. , which depicts the join mechanism (Fig. 
.a) and the configuration of the loads (Fig. .b). All devices 
were set as PLLA. The biomedical device was a rectangular 
piece of 4 mm width, 16 mm length, and 1 mm thickness, and 
rounded edges with a 2 mm radius. It had two holes of 1.6 mm 
diameter and 12 mm distance between centers. Screws had 
1.6 mm diameter, 4.5 mm length and 0.3 mm pitch. The head 
had 9.4 mm diameter and 1.2 mm length. The phalanx and the 
biomedical device were modeled with a Computer Aided 
Design software named Autodesk Inventor and the final result 
is shown in Fig. . The phalanx model developed by Holzbaur 
et al. (2005) [9] on the OpenSim platform was used [10]. After 
modeling, the assembly was exported to AnsysÒ Workbench 
software and the finite element analysis was carried out.  

 
a. 

 
b. 

Fig. 4. Metacarpal and PLLA device assembly. a. Cutting view of 
assembly and b. Forces applied under the assembly 
 
2.4 Finite element analysis  
Finite element analyses of a tensile and flexural performance 
were developed. The metacarpal modulus was 16 GPa, with a 
Poisson´s ratio of 0.3, tensile yield strength of 80 MPa, and 
compressive yield strength of 117 MPa [11]. Flexural 

0

10

20

30

40

50

60

70

0 0.02 0.04 0.06

En
gi

ne
er

in
g 

St
re

ss
 (M

Pa
)

Engineering Strain 

0.001/s

0.05/s

Relaxing

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0 100 200 300 400

En
gi

ne
er

in
g 

St
ra

in

Time (s)



D.A. Nunez, A.K.N Vargas, O.F. Avile and M.F. Mauledoux/Journal of Engineering Science and Technology Review 13 (1) (2020)26 - 30 

 28 

performance simulation was implemented fixing the two ends 
of the metacarpal and applied a force aligned with the 
fracture. On the other hand, tensile performance was 
developed applying two loads with the same magnitude and 
opposite directions (Fig. .b). The applied loads are depicted in 
Table 1. Once the parameters were obtained, mechanical 
performance of fractured metacarpal joined with the PLLA 
device were determined. Former studies have demonstrated 
the relevance of the mesh density on the response of the finite 
element analysis [12]. Thus, the appropriate element size was 
determined and all simulations were carried out modifying the 
element size searching for response convergence. The mesh 
density was varied four times and were named as Types in  
Table 2. Thread surfaces, contact surface between device and 
bone and fractured surface were defined as Refinement 
surfaces in  
Table 2 and the rest of the surfaces were defined as Regular 
surfaces ( 
Table ). Both groups of surfaces (Refinement surfaces and 
Regular surfaces) had a different size of elements. 
 
Table 1. Load configurations for flexural and tensile analysis. 

 Flexural Analysis Tensile Analysis 
Time 

(s) 
Load 
(N) 

Load 
(N) 

0 0 0 0 0 0 0 0 0 
0.3 20 30 60 100 3 4.5 9 15 
1 20 30 60 100 10 15 30 50 

 
Table 2. Types of mesh densities 

Type 
Refinement surfaces Regular surfaces 
Mean element size 

(mm) 
Mean element size 

(mm) 
I 0.6 0.3 
II 0.3 0.15 
III 0.15 0.08 
IV 0.12 0.06 

 
 Von Mises stress was analyzed in all simulations looking 
for elastic limits of assembly. All simulations were carried out 
taking into consideration large deflections owing the 
variances in stiffness due to changes in shape of the assembly 
parts. 
 
 
3. Results and Discussion 
 
The RMSE served to evaluate the difference between 
predicted and the observed value, the chosen rheological 
model had 98% accuracy, the parameter values were defined 
as presented in Table  and agreed with a previous work [7]. 
Once the parameters of two networks were defined, a 
comparison between experimental behavior and the 
mathematical model was carried out and depicted in Fig. .   
 The rheological model based on Parallel Network 
demonstrated a correct prediction (Fig. ). The accuracy 
depended on the Neo-Hookean hyperelasticity Network (first 
Network) parallel with a Neo-Hookean hyperelasticity with a 
power law flow (second Network). Based on these results, the 
first Network exposed the hyperelasticy related with 
intermolecular forces and the second Network described the 
intramolecular resistance and its performance taking into 
account the flow. Accordingly, this model decomposed total 
stress into an elastic and history dependent component in 
good agreement with prior studies [4,13]. These results are in 
concordance with the theory [7.13-14]. 

 

 
Fig. 5. PLLA Tensile behavior varying strain rate and relaxation. 
Comparison between experimental data and prediction data 

 
 The mathematical model evidenced that intramolecular 
flow resistance related to shear modulus is almost 15 times 
higher than the intermolecular resistance related to shear 
stress. This relation demonstrated that Van der Waals forces 
are not effective to maintain the polymeric chains joined 
under a load, besides the covalent bonds are responsible for 
the main strength [14]. 
 Figure 5 demonstrated that prediction of the mechanical 
behavior can accurately determine the ultimate stress. 
Moreover, the elastic modulus was correctly predicted as well 
as the fracture stress defined. 
 In tensile test with strain rate of 0.001/s there is a gap 
between ultimate stress and stress at 0.049 mm/mm. This 
difference between predicted and experimental behavior is 
owing to the flow evolution factor, which related the plastic 
strain with flow response. 
 Relaxation behavior also exhibited this difference at stress 
related to 0.031 mm/mm [15]. The relation between useful 
stress and the strength depended only upon the slope of the 
load; it depended on the combination between the load time 
and slope instead. Although some loads have similar slopes, 
the bearing of assembly was lesser when the load was applied 
during a longer period of time because of the intramolecular 
strength [16]. 
 Since mesh density has a direct influence in the accuracy 
of response, a relation between element size and convergence 
was accomplished. All simulations were developed with the 
four types of meshing size ( 
Table 3). For instance, Fig 6 depicted the flexural response at 
100 N with different meshing types. 
 

 
Fig 6. Flexural response at 100 N varying the element size 

 
 The response difference between Type III and Type IV 
was less than 1% in all simulations. Decrease of element size 
generated a response convergence but sacrificed computing 
resources and time [12]. 
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 The response analysis and comparison varying the load in 
flexural and tensile behavior studies were carried out. Fig.  
depicts Von Mises stress generated in all assembly under 
flexural loads. Due to the type of loads, the assembly does not 
reach the yield point. Nevertheless, there exists the possibility 
that a constant increase of load throughout time forces the 
assembly to reach the plastic stress. Considering this, the 
tensile response with different loads with constant slope was 
analyzed.  
Fig. 8. illustrates the tensile response. Von Mises stress was 
depicted until 80 MPa owing to this is the yield stress of bone. 
Yield stress of bone was chosen as a limit because the 
maximum stress is located in bone holes. Von Mises stress is 
almost proportional to load. The higher the load, the shorter 
the strength time. 

 
Fig. 7. Assembly flexural response with Type IV element size 
configuration.  
 

In tensile behavior as well as in flexural behavior 
maximum stresses were around the holes in the metacarpal. 
These results agreed with literature [17,18] which suggested 
that defects on structures such as geometry changes, cracks 
and holes increment stress and generate failure. Nevertheless, 
the Von Mises stresses of polymer devices were below that 
yield stress in all simulations and highest loads were borne by 
bone , which complied with prior studies which described the 
mechanical performance advantages of PLLA devices under 
regular hand loads [5] and suggest that stress concentration in 
the main cause of failure in this kind of fixation method. This 
concurs with prior work [7] in which pines were used instead 

of screws and similar stress concentrations were obtained. 
Nevertheless, the use of screws incremented the strength of 
fixation. 
 

 
Fig. 8. Assembly tensile response with Type IV element size 
configuration. 

 
 

  
Fig. 9. Equivalent Von Mises stress in phalanx. 
 

 
Fig. 20. Equivalent Von Mises stress of threaded hole 

 
Table 3. Obtained Parameters of PLLA based on Parallel Network Model. 

Network 1 Network 2 
µ k µ k 𝑹𝝉 m 𝒇𝒑 𝒇𝑻 A 𝑬𝟏 B 𝑬𝟐 

(MPa) (MPa) (MPa) (MPa) (MPa) - - - - - - - 
60.251 5191.040 1009.470 5920.130 69.316 13.825 1.000 1.000 0.016 0.032 -0.016 9.580 
Where: - = dimensionless. 

 
4. Conclusions 
 
Intramolecular and intermolecular incidence on mechanical 
behavior of PLLA were described accurately with a Parallel 
Network Model. The inference of flow response, strain rate, 
hyperelasticity, temperature, and relaxation response were 
included in the viscoplastic model. Furthermore, flow 
response at plastic strains is influenced for flow evolution 
factor. The mesh density factor is related with simulation 
response convergence. In addition, internal conditions of the 
limb do not have suitable effects on mechanical behavior of 
PLLA device compared to its behavior in environmental 
conditions. The load, load rate, and the time are related to the 
strength of the device. Once the analysis was accomplished, 
in order to use a biopolymer plate and screws as a method to 

repair fracture phalanx, it is necessary to focus on some 
conditions. The use of this kind of configuration has to 
consider stress concentration owing to thread holes in the 
bones. PLLA has adequate strength to bear tensional and 
flexural loads related to daily activities. Mathematical models 
which describes mechanical behavior of polymers, if applied 
properly, can provide great insight into the performance 
devices [4]. Future analysis should include reinforced fiber 
inside polymer, anisotropic response, and degradation of 
materials. 
 
This is an Open Access article distributed under the terms of the Creative 
Commons Attribution License  
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