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Abstract

Introduction: Peripheral nerve injuries are a major cause of permanent disabilities and have a negative
impact on the quality of life of patients. The consequences of these injuries affect their daily living and work
activities. Approximately 3% of trauma patients worldwide are affected by these injuries which are
commonly attributed to direct mechanical trauma and to surgical resection. Although the knowledge about
the pathophysiology of these injuries has been progressing, they still present as a challenge to surgeons.
The most severe type of nerve injury is known as neurotmesis, which in the most extreme case results in a
completely transected nerve. This originates a nerve gap, with total interruption of the structural integrity
of the support structure of the nerve. There are different strategies that can be used to repair a peripheral
nerve injury, being that both surgical and non-surgical approaches can be implemented. Whenever
tensionless suture across the nerve gap is not possible, surgeons resort to the gold-standard technique
which is the use of autologous nerve grafts (autografts). To overcome the disadvantages associated to this
technique, nerve guidance channels (NGCs) made of biomaterials have been viewed as an alternative
approach. One of the biomaterials that has been considered as a preferable candidate for peripheral nerve
regeneration is chitosan. Methodology: In order to understand how these chitosan NGCs mechanically
behave after being implanted at an injury site, discrete models of the NGCs containing a segment of a
peripheral nerve were built using numerical methods to analyze them such as the finite element method
(FEM) and the radial point interpolation method (RPIM). The discrete models had variable geometrical
parameters: the length of the NGC and its wall thickness. The elastic constants considered were the
Poisson’s coefficient and the Young’s modulus. Results and Discussion: Stress and displacement fields were
obtained in order to comprehend the structural response of the NGCs when subjected to external forces.
With the obtained results concerning stress and displacement distributions, it was possible to understand
how the NGCs mechanically behave and which structural features are more indicated for their use.
Conclusions: Although many advances have been made in the past decades, there is still the need to evolve
and improve the different approaches to repair injuries in the peripheral nervous system. Numerical
methods such as FEM and RPIM can numerically simulate the mechanical behavior of the chitosan NGCs and
help to understand how they can be mechanically improved.
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INTRODUCTION

The repair of peripheral nerve injuries

Peripheral nerve injuries affect 3% of trauma patients worldwide and they frequently lead to
unsatisfactory functional recovery and life-long disabilities, which might prevent patients from
resuming their jobs (Chiono & Tonda-Turo, 2015; Faroni, Mobasseri, Kingham, & Reid, 2015).
Peripheral nerve injuries can occur after different traumatic events such as penetrating injury,
crush, stretch, and ischemia (Ma, Fu, Jiang, & Zhang, 2016). Other causes also include gunshot
wounds and vehicle accidents, being the latter considered by some studies as the main
etiological factor (Babaei-Ghazani, Eftekharsadat, Samadirad, Mamaghany, & Abdollahian,
2017). It is known that younger patients as well as patients with more distal injuries fare better
than older patients and more proximal injuries (Chhabra, Ahlawat, Belzberg, & Andreseik, 2014).
In cases where the injury occurs, for example, in a nerve of the hand the restoration of function
can increase the independence and the well-being of the patient (Magown, Shettar, Zhang, &
Rafuse, 2015). The Seddon and Sunderland classifications are typically used to define the
different types of injuries (Seddon, 1943; Sunderland, 1951). The most severe type of nerve
injury is known as neurotmesis, which can result in the complete transection of the nerve
originating a nerve gap. Consequently, the total interruption of the structural integrity of both
the support structure of the nerve and its surrounding support structure occurs. This prevents a
spontaneous recovery and leads to a complete motor, sensory and autonomic dysfunction
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(Chiono & Tonda-Turo, 2015; Hainline, 2014; Houdek & Shin, 2015). The repair of nerve injuries
has been attempted for several years, being that the first successful nerve tubulation was
performed in 1882. Since then, major advances have been made, both in the understanding of
the nerve regeneration process and the strategies implemented to treat each type of injury
(Adiglzel et al., 2016; Dalamagkas, Tsintou, & Seifalian, 2016). After correct diagnosis of an
injury, both surgical and non-surgical approaches can be implemented. The neurotmetic injuries
require surgical intervention while other types of injuries can be treated by conservative
methods (Lad, Nathan, Schubert, & Boakye, 2010). The surgical intervention to treat a nerve gap
can be an epineurial repair where both nerve ends are sutured together without tension
(Grinsell & Keating, 2014). Whenever tensionless suturing is not possible, surgeons resort to
autografts which are considered the gold standard technique (Gu, Ding, Yang, & Liu, 2011;
Nectow, Marra, & Kaplan, 2012). However, their use entails a series of drawbacks such as limited
availability, morbidity at donor site, mismatch of donated nerves, loss of healthy nerve function
and scar and neuroma formation (Ishikawa et al., 2009; Wu, Liu, Fang, Xiao, & Wan, 2017). One
of the alternatives is the use of NGCs made of biomaterials, either natural or synthetic (Chiono
& Tonda-Turo, 2015; Nectow et al.,, 2012; Zavan et al., 2008). Apart from the material, the
architecture of the NGC can also differ. Some of the clinically available ones can have either a
simple architecture or a more complex one, for they can be hollow tubes or they can have
topographic cues (Grinsell & Keating, 2014). Chitosan is a natural and hydrophilic copolymer of
D-glucosamine and N-acetyl-D-glucosamine units and it is obtained from full or partial N-
deacetylation of chitin, which is the second most abundant polysaccharide found in nature (Gu
et al., 2011). It has a set of biological properties that makes it an ideal biomaterial for a variety
of applications. It is biocompatible and biodegradable, it is easily fabricated and modified and it
has antibacterial properties (Li, Xiao, Zhang, Zhao, & Yang, 2017; Li et al., 2018).

Numerical analysis

FEM is an important technology in the modelling and simulation of advanced mechanical
engineering systems. As a numerical method, it seeks an approximated solution of the
distribution of field variables in the problem domain, which would be difficult to obtain
analytically (Fish & Belytschko, 2007; Liu & Quek, 2003). This analysis is obtained by dividing the
problem domain in several elements with simple geometry to which known physical laws are
applied (Liu & Quek, 2003). This numerical method can be used to create three-dimensional
models of the peripheral nerve and the chitosan NGC to calculate tension values and
deformations at specific points after applying loads (Behforootan, Chatzistergos, Naemi, &
Chockalingam, 2016; Piao, Yang, Li, & Luo, 2015). Considering peripheral nerves, tissue
mechanics and FEM analysis can be combined to explore their response when subjected to
different stimuli (Giannessi, Stornelli, & Sergi, 2017). As an alternative to the FEM, new
discretization methods called meshless methods have been developed. They allow to deal with
large distortions problems, occurring in soft materials, and they can be combined with scanning
techniques, which is an advantage comparing with FEM (Belinha, 2016; Wah, 2008; Yagawa &
Yamada, 1996). Therefore, the goal of this work was to study the mechanical behavior of the
chitosan NGCs with a segment of peripheral nerve inside of it. The models were analyzed
considering both FEM and RPIM.

METHODOLOGY

The first step of this work was to construct the discrete models of the NGCs using the FEMAP
software (student version). Two different geometric variables were considered: the length of
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the channel (LC) and the thickness of the wall (TW). In the first case, LC varied between 15 and
35 mm while TW was always 1 mm. In the second case TW varied between 1 and 2.5 mm and
LC was always 20 mm. In both cases the initial 10 mm of the channel were hollow. In all cases,
the section of the NGC that is not hollow is filled with a segment of a peripheral nerve, as
illustrated in Figure 1. The numerical analysis with FEM and RPIM was performed using FEMAS
software (cmech.webs.com). The mechanical properties for the elasto-static analyses
considered were the Young’s modulus and the Poisson’s coefficient. These constants were
obtained from studies in the literature regarding pure, hydrated chitosan samples. Under the
premise that the NGCs are subjected to external forces after implantation, a displacement of 1
mm was applied to one node of one of the NGC extremity while the opposite one was fixed. As
advanced discretization techniques, FEM and RPIM were used for the numerical analysis. Stress
fields were obtained to comprehend the structural response of the NGCs when subjected to
external forces.

m Chitosan
Peripheral nerve
m Chitosan

Figure 1. Representation of the discrete model of the chitosan NGC with the segment of nerve obtained from FEMAS software

RESULTS

From the numerical analysis of the chitosan NGCs with FEM and RPIM, it was possible to obtain
stress and displacement fields concerning both geometric variables. In Figures 2 and 3 are
represented the total displacement of the NGC when LC and TW vary, respectively. As for Figures
4 and 5, they represent the stress fields and the corresponding equivalent von Mises stresses
when LC and TW vary, respectively. The displacement fields represented in Figure 2 show that
the total displacement at the top of the channel, where the displacement was applied, the values
are higher and similar for both values of LC. However, when comparing FEM with RPIM, the
displacement values are lower in the latter. Considering Figure 3, the displacement values are
higher when TW is smaller, which is observed in both numerical models. Figure 4 shows that the
distribution of stresses is mainly concentrated in the lower part of the NGC, as well as in the
opposite part of the channel (not seen). On the contrary, the lowest values of stress are
concentrated in the section of the tube that contains the segment of nerve. In Figure 5, the
behavior is similar as in Figure 4. In both cases, the values of stress are higher when LC and TW
are 20 mm and 1.5 mm, respectively.
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Figure 2. Representation of the total displacement in the model which geometric variable was the length of the channel
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Figure 3. Representation of the total displacement in the model which geometric variable was the thickness of the wall
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Figure 4. Distribution of the equivalent von Mises stresses in the model which geometric variable was the length of the channel

TW =1.5mm

TW =2.5 mm

FEM

RPIM

Figure 5. Distribution of the equivalent von Mises stresses in the model which geometric variable was the thickness of the wall

DISCUSSION

In this study, discrete models of a chitosan NGC were constructed in order to understand how
they would behave when subjected to an external load. Stress and displacement fields were
obtained, and the numerical analysis was performed using FEM and RPIM. As it was mentioned
in the results section, the displacement values are higher when TW is smaller, which is true for
FEM and RPIM. This could mean that NGCs with a thicker would be are more stable structures
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and less susceptible to movement. In some extent, this is a desired feature of the NGCs since
they must maintain their physical structure while the nerve regeneration process occurs.
Concerning the distribution of stresses, the higher concentration in the lower part of the NGC is
due to stretching and compressing in opposite parts of the structure. This is related to the
direction in which the displacement is applied. Concerning the numerical methods, there are
visible differences in the range of values of displacement and stress. A refinement of the mesh
of the discrete models might be necessary in order to decrease these differences between both
methods.

CONCLUSIONS

Although many advances have been made in the past decades, there is still the need to evolve
and improve the different approaches to repair injuries in the peripheral nervous system.
Investigators have embarked in the mission of finding a strategy that allows surgeons to obtain
good functional results in a consistent way. A promising one is the NGC made of chitosan used
to bridge a nerve gap. With the help of numerical methods, such as FEM and RPIM, one can
numerically simulate the mechanical behavior of NGCs made of chitosan and understand in what
way they can be structurally improved. Ultimately this could lead to the development of a highly
reliable and effective NGC and consequent repair of a peripheral nerve injury.
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