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Abstract

In the repair of peripheral nerve injury using autologous or synthetic nerve grafting, the mag-
nitude of tensile forces at the anastomosis affects its response to physiological stress and the
ultimate success of the treatment. One-dimensional stretching is commonly used to measure
changes in tensile stress and strain; however, the accuracy of this simple method is limited. There-
fore, in the present study, we established three-dimensional finite element models of sciatic nerve
defects repaired by autologous nerve grafts. Using PRO E 5.0 finite element simulation software,
we calculated the maximum stress and displacement of an anastomosis under a 5 N load in 10-,
20-, 30-, 40-mm long autologous nerve grafts. We found that maximum displacement increased
with graft length, consistent with specimen force. These findings indicate that three-dimensional
finite element simulation is a feasible method for analyzing stress and displacement at the anas-
tomosis after autologous nerve grafting.
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Introduction

A number of studies have explored methods by which to
assess peripheral nerve injury repair and associated biome-
chanical properties (Taylor et al., 2008; Cheng et al., 2009;
Karabekmez et al., 2009; Alrashdan et al., 2010; di Summa
et al., 2010; Dong et al., 2010; Ishiguro et al., 2010; Kadam
et al., 2010; Szaro and Strong, 2010; Vinik, 2010; Bielle et al.,
2011; Chen et al., 2011; Dadon-Nachum et al., 2011; Korte et
al., 2011; Ngeow et al., 2011; Wolford and Rodrigues, 2011;
Unni et al., 2012). Wang et al. (2009) confirmed that cathe-
ters synthetized from polycaprolactone and dimethyl fuma-
rate were strong and showed good histocompatibility, and
successfully promoted differentiation and regeneration of
Schwann cells in rats with 10-mm sciatic nerve defects; good
growth was observed by 6 weeks after grafting. Regeneration
of the sciatic nerve was demonstrated 1 month after inser-
tion of an artificial catheter made from nanosilver and type
I collagen to repair a 10-mm sciatic nerve defect; retrograde
tracing showed regenerating neurons in the dorsal root gan-
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glion, and good electrophysiological function was observed
(Ding et al. 2010). In a 10-mm sciatic nerve injury in fresh
human tissue, Peng et al. (2012) showed that maximum
tensile load, displacement, stress and strain were lower after
repair using a multilayer curled amniotic tube than after au-
tologous nerve anastomosis. Ngeow et al. (2011) confirmed
that compound action potential was notably improved at 6
weeks, and recovery of gait function was good at 12 weeks,
in animals with sciatic nerve injury after epineurial suturing.

In the repair of peripheral nerve injury using autologous
or synthetic nerve grafts, the magnitude of tension at the
anastomosis is a crucial factor influencing the response
of the graft to physiological stress and the success of the
treatment. In previous studies, tension at the anastomosis
under physiological load has commonly been measured
using one-dimensional stretching (Wang et al., 2009; Peng
et al., 2012). However, such techniques measure the tension
across the whole specimen, rather than specifically at the
anastomosis. Computer simulation can be used to create
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Figure 1 Three-dimensional models of sciatic nerve injury repaired by autologous nerve grafting.
(A-D) Models of 10- (A), 20- (B), 30- (C), and 40-mm (D) long autologous nerve grafts. Yellow arrows represent tension; yellow line and point
represent node; black represents tetrahedral element made by node connection; N represents load.
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Figure 2 Grid graphs of three-dimensional finite element models of sciatic nerve injury repaired by autologous nerve grafting.
(A-D) Grid graphs of models of 10- (A), 20- (B), 30- (C) and 40-mm (D) long autologous nerve grafts. (E) Tetrahedral elements and grid amplifi-
cation. Displacements of the base was restricted. Yellow arrows represent tension; yellow point represents node; black lines represent node connec-

tion; N represents load.
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Figure 3 Positions of the measurement points in the three-
dimensional finite element simulation model of sciatic nerve injury
repaired by autologous nerve grafting.

Four equally-spaced measuring points were set along the circumference
at the upper and lower edges of the anastomosis at either end of the
model, i.e., 16 measurement points per model.

a three-dimensional (3D) model using the finite element
method. This can be used to calculate the tension and de-
formation at the edge of a simulated anastomosis under
physiological load, and to directly and precisely identify the
mechanical properties at its edge. Thus, the technique has
clinical value in sciatic nerve injury grafts.

We established 3D finite element models of sciatic nerve
defects repaired by different lengths of autologous nerve
grafts, and used them to calculate the stress and displace-
ment at the anastomosis. Here, we provide a simulated
modeling and calculation method for exploring grafting and
repair of sciatic nerve injury in the clinic.

Materials and Methods

Establishment of 3D finite element models of sciatic nerve
injury repaired by autologous nerve grafting

Small deformations of the sciatic nerve are elastic (Peng et
al., 2012). More precisely, the sciatic nerve is a viscoelastic
material, but at present it is difficult to model as such. There-
fore, to simplify the calculation process, we assume here that
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Table 1 Maximum stress (MPa) and maximum displacement (mm) in the three-dimensional finite element simulation model of sciatic nerve

injury repaired by autologous nerve grafts of various lengths

10-mm autologous nerve

20-mm autologous nerve

30-mm autologous nerve 40-mm autologous nerve

grafting group grafting group grafting group grafting group
Measuring point gl Y displacement o1 Y displacement o1 Y displacement o1 Y displacement
Upl 0.1388 0.5417 0.1339 0.5653 0.1247 0.5699 0.1432 0.5978
Up2 0.1252 0.7060 0.1257 0.6940 0.1280 0.7435 0.1251 0.7722
Up3 0.1049 0.7731 0.0852 0.7886 0.1208 0.8097 0.1096 0.8612
Up4 0.1365 0.6067 0.1672 0.6122 0.1471 0.6286 0.1625 0.6761
Mid1 0.1516 0.4388 0.1454 0.4611 0.1345 0.4789 0.1438 0.4996
Mid2 0.1020 0.4444 0.1240 0.4583 0.1311 0.4762 0.1092 0.5065
Mid3 0.1221 0.4444 0.1036 0.4661 0.0917 0.4857 0.0898 0.5210
Mid4 0.1463 0.4492 0.1260 0.4672 0.1557 0.4879 0.1544 0.5106
Mid5 0.1741 0.4236 0.1661 0.4076 0.1687 0.3861 0.1791 0.3675
Mid6 0.1270 0.4310 0.1269 0.4051 0.1259 0.3845 0.1392 0.3768
Mid7 0.2033 0.4427 0.1679 0.4091 0.1553 0.3907 0.1527 0.3878
Mid8 0.1264 0.4342 0.1371 0.4125 0.1263 0.3941 0.1530 0.3771
Downl 0.1618 0.2983 0.1686 0.2795 0.1697 0.2601 0.1612 0.2405
Down2 0.1191 0.2960 0.1027 0.2768 0.1136 0.2578 0.1376 0.2382
Down3 0.1501 0.2975 0.1577 0.2783 0.1416 0.2594 0.1243 0.2387
Down4 0.1005 0.2971 0.1321 0.2774 0.1099 0.2573 0.1319 0.2388
ol: Maximum stress; Y displacement: maximum longitudinal displacement.
the sciatic nerve is a thin-walled incompressible isotropic  Statistical analysis

elastic tube.

We used the average dimensions of the gluteus maximus
segment of the sciatic nerve in the Chinese population
(length, 170 mm; outer diameter, 11 mm; inner diameter, 9
mm; Yan and Huang, 1998) as input parameters for PRO E
5.0 finite element analysis software (Parametric Technology
Corporation, Needham, MA, USA) and produced 3D finite
element models of sciatic nerve injury repaired by 10, 20, 30,
and 40-mm autologous nerve grafts (Figure 1).

Grid scheduling analysis and optimization were conducted
in the models, which were meshed using PRO E 5.0. There
were 4,901 tetrahedral elements in the 10-mm long graft
models, 5,614 in the 20-mm long models, 5,492 in the 30-mm
long models, and 6,045 in the 40-mm long models (Figure 2).

A 5 N load was applied to the models, and PRO E 5.0 was
used to calculate the stress and displacement at each element
and node.

Boundary condition

A fixed constraint was used in each anastomosis at the distal
end of the sciatic nerve injury models (Figure 1). Only the
sciatic nerve was included in the finite element calculation.
The elastic modulus of the sciatic nerve was E = 40.96 + 2.59
MP (Liu et al., 2012). The stress at each node was calculated
according to Hooke’s law, 0 = Ee (where ¢ = stress, E = elas-
tic modulus, and ¢ = strain) (Liu, 1979).

Measurement points

Epineurial suturing was simulated in the models. Four mea-
surement points were set at equal distances along the cir-
cumference at the upper and lower edges of the anastomosis,
at each end of the model, i.e., 16 measurement points per
model (Figure 3).
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Data are expressed as the mean + SD, and were analyzed
using SPSS 16.0 software (SPSS, Chicago, IL, USA). One-
way analysis of variance and Scheffe’s method were used to
determine the significance of intergroup differences, and P <
0.05 was considered statistically significant.

Results

Under a 5 N load, the maximum displacement was found at
measurement point 3 in the upper segment of the graft (des-
ignated Up3; Figure 3) in all four models. The largest maxi-
mum displacement was observed in the 40-mm long model,
followed by 30- and 20-mm long models, and the smallest
in the 10-mm long model (P < 0.05). That is, the longer the
graft, the larger the displacement under the same load, con-
sistent with mechanical laws. These data indicate that the
simplification used in our 3D finite element model resulted
in a reasonable simulation of sciatic nerve injury (Table 1).

Discussion

The key to 3D finite element modeling is simplifying com-
plex mechanical systems. Here, the sciatic nerve is consid-
ered to be a thin-walled elastic cylinder. The simplification
of 3D finite element models used in the present simulation
of sciatic nerve injury resulted in a reasonable representation
of the mechanics of this complex system, and advanced PRO
E 5.0 software was used to calculate the stress and displace-
ment of each element and node under a 5 N load and uniax-
ial tension, providing reliable experimental results.

The magnitude of tensile forces at the anastomosis under
physiological stress is an important factor influencing the
outcome of peripheral nerve injury repair after suturing (Yan
and Huang, 1998). Our results demonstrated that under a 5N
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load, the maximum displacement appeared at measurement
point Up3 in all four autologous nerve grafts, showing good
consistency across the models. Up3 lies at the right-hand
upper edge of the proximal end of the anastomosis, and very
near to the loading point, so its displacement is large. Under
the same load, the maximum stress and displacement cor-
relate with the length of the graft. Our data are in accordance
with the specimen force law and comparable with results
from previous studies, indicating that the present study de-
sign and mechanical simplification are reasonable represen-
tations of the system modeled.

Previous studies have demonstrated that the tension and
elongation of the anastomosis after injury to peripheral
nerves such as the sciatic nerve are commonly measured by
simple electrical measurement of stretch and strain at the
site of the anastomosis (Yan and Huang, 1998; Ngeow et al.,
2011). For example, Liu et al. (2012) used electrical measure-
ment to determine the tensile forces at various points on a
sciatic nerve anastomosis after perineurial or epineurial su-
turing, but used only a 10-mm long autologous nerve graft
and one-dimensional tension. The present study is more
representative of clinical practice, because we used 3D finite
element models of sciatic nerve injury repaired by autolo-
gous nerve grafts of different lengths to calculate the stress
and displacement at the anastomosis.

In conclusion, our results demonstrate the feasibility of
using a 3D finite element simulation model of sciatic nerve
injury to predict anastomosis stress and displacement after
autologous nerve grafting.
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