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Abstract: Peripheral nerves are often subjected to mechani-

cal stretching, which in excess results in various degrees of

impairment of their function. An understanding of the bio-

mechanical behavior of peripheral nerves is important to the

prevention of nerve injury during surgical manipulation.

Here, in vitro mechanical properties and viscoelastic behav-

ior of human ulnar/median nerves were measured with a

tensile tester. In vivo stress and deformation of an ulnar

nerve was also examined in continuity during a surgical pro-

cedure. Finite element models were developed to determine

in vitro and in vivo viscoelastic parameters of the nerves.

The results show that in vitro mechanical properties of fresh

ulnar nerve are different from those measured in vivo. Sev-

eral factors that are possibly attributed to the difference

were analyzed. The in situ strain of the nerves is one of the

major factors that must be considered to obtain accurate

strain–stress relationship in the in vivo measurement. VC 2013

Wiley Periodicals, Inc. J Biomed Mater Res Part A: 101A: 2718–2725,

2013.
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INTRODUCTION

Carpal and cubital tunnel syndromes, affecting the median
and ulnar nerves at the wrist and elbow respectively, are
the most common nerve disorders in the peripheral nervous
system. Other types of nerve entrapment affect the neck,
shoulder, arm, hand, lower back, buttock, leg, and foot.
Minor compression or tension to peripheral nerves can
cause muscle weakness, sensory changes such as numbness
and pain, while major injuries can result in a total loss of
motor and sensory functions.1,2 Over 80 million people in
the United States currently suffer from different degrees of
nerve disorders and related diseases.3 Various treatments
including physical therapy and orthopedic surgery have
been used to treat such nerve injuries.4 One of the chal-
lenges faced by orthopedic surgeons during nerve surgery
is the evaluation of the allowable magnitude of intraopera-
tive nerve tension. The clinical effect of nerve elongation
has been shown to depend upon both the magnitude and
rate of lengthening.5–9 An abrupt traction on nerves can
result in serious injury, while a nerve may function

normally if a slower stretching rate within certain limits is
applied.10,11 However, the level of strain that a nerve can
tolerate and the functional deficits that result from exceed-
ing this threshold are not thoroughly understood yet. Char-
acterizing the mechanical properties of peripheral nerves is
the first step toward understanding the mechanisms of me-
chanical nerve injury and can be useful in improving patient
diagnosis and treatment following nerve trauma. Relevant
work has been done on describing the stress and strain of
the peripheral nerves,12,13 and on finding the limits of elon-
gation beyond which histological and functional changes in
the nerve become irreversible.14–17 Little is known, how-
ever, about in vivo biomechanical properties of human pe-
ripheral nerves.

Finite element (FE) analysis provides an attractive, non-
invasive mean to study the potential pathological contact
stresses that may develop during nerve manipulation.18

Recently, FE methods have been widely used in the field of
clinical medical research.19–22 For example, three-
dimensional FE models of human foot were created to
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investigate the effects of insoles on foot plantar pressure
redistributions.21 FE methods were also implemented to
simulate the fluid pressure within the carpel tunnel and in
median nerves,18,23 intraocular pressure and related stress
within the optic nerve head,24,25 and injury in central nerv-
ous system.26,27 Based on computed tomography scan
images, a three-dimensional FE model of the carpal tunnel
modeled as a tunnel structure was constructed to study the
effects of mechanical properties of the transverse carpal lig-
ament on its morphological changes.28 More recently, FE
methods were applied to assess materials properties of ten-
dons or nerves by matching experimentally measured
data.29,30 Apparent hyperelastic coefficients (l and a) for a
first-order Ogden material property definition were
extracted from experimental data in conjunction with an
FE-based optimization routine to determine. The stress/
pressure and the material properties determined with the
help of FE models in these studies can be useful in better
understanding the functional mechanics of soft tissues and
possible mechanisms of peripheral nerve compressive insult,
which may lead to the onset of nervous injury and diseases.

The aim of this study was to investigate and compare
the mechanical properties of human ulnar nerves between
in vitro and in vivo measurements. In the first step, ulnar
and median nerves extracted from cadavers were tested on
a tensile test machine. Next, the properties of an ulnar
nerve were measured in vivo during surgical manipulation
on a patient. Finally, FE models with parametric analysis
were matched with experimental data to determine in vitro
and in vivo material properties.

METHODS

Experimental measurements
All tissues used in this study were handled in strict accord-
ance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. The experimental pro-
tocol for human samples was approved by our Institutional
Animal Care and Use Committee.

In vitro tensile test of ulnar/median nerves. Median and
ulnar nerves were harvested from cadavers (Fig. 1) and
stored frozen at �20�C. Before testing, segments of the fro-
zen nerve specimens were cut and thawed at room temper-
ature (20�C). Two pieces of 40 mm long median and four
pieces of 60 mm long ulnar nerve specimens were tested.
Both ends of the samples were rigidly clamped and the
clamp on one end was attached to a load cell (LSB200 Mini-
ature S Beam, FUTEK Advanced Sensor Technology, Irvine,
CA) and a motorized linear translation stage (MTS25X,
THORLABS, Newton, NJ) with a motion resolution of
0.001mm (Fig. 2). The gauge length was approximately 44
mm for ulnar nerves and 22 mm for median nerves. A laser
alignment tool was used to align the sample during clamp-
ing. Tensile tests were carried out on the ulnar nerves at a
linear translational rate of 0.05 mm/s. Stress relaxation was
tests were carried out on the median nerves with an initial
ramp up strain of 10% at a rate of 0.05 mm/s and the
applied strain was held constant for about 250 s. Load and

displacement data were recorded in each measurement digi-
tally by a computer at a rate of 10 Hz.31 To exclude the pos-
sible influence of external vibration, the tensile tester was
installed on a vibration isolation platform (BM-8 Bench Top
Vibration Isolation Platform, Minus K Technology, Ingle-
wood, CA).

Intraoperative lengthening of ulnar nerve. Our clinical
case involved repair and transposition of an injured ulnar
nerve in an adult male. Several fascicles within the patient’s
ulnar nerve were damaged through a penetration of a sharp
object. The aim of the surgery was to repair the epineurium
with sutures so that the damaged fascicles could recover
their function. The ulnar nerve of the patient was manipu-
lated as required in such surgical procedure. The manipula-
tion on the ulnar nerve under the in vivo condition was
recorded using camera and video apparatus. The first step
in the surgical procedure was to expose the ulnar nerve and
separate it from connective tissues. A ruler was used to
measure the major and minor diameters and the exposed
length of the ulnar nerve. A silicon vessel loop (Blue Maxi
Vessel Loop, Aspen Surgical, Caledonia, MI) was looped

FIGURE 1. An as-received sample of human ulnar nerve. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 2. Schematic of experimental setup for tensile test of ulnar

and median nerves. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

ORIGINAL ARTICLE

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | SEP 2013 VOL 101A, ISSUE 9 2719

 15524965, 2013, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.a.34573 by R
ice U

niversity, W
iley O

nline L
ibrary on [29/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

LifeNet Exhibit 2030 
Embody, et al. v. LifeNet, IPR2025-00249 

Page 2



around the exposed nerve intraoperatively and secured with
a pair of forceps. Lengthening a nerve through a vessel loop
reduces the incidence of over stretching and the impact of
possible high instantaneous applied force (e.g., stress con-
centration). Figure 3(a) schematically shows the lengthening
of an ulnar nerve using a vessel loop during surgery. The
displacement, d [Fig. 3(b)], was measured during manipula-
tion and used to calculate the stress in the never lengthen-
ing. The deformation of the vessel loop was also measured
during the lengthening. The applied force, F [Fig. 3(b)], was
obtained by subsequent calibration of the force–displace-
ment curve of the vessel loop.

FE modeling
Three-dimensional FE models were created to simulate both
in vitro and in vivo tensile characteristics of ulnar/median
nerves. Because of the tissue incompressibility, the hybrid
elements (with pressure as an additional variable) were
chosen in ABAQUS (v6.9-1, Simulia, Providence, RI). An
Ogden hyperelastic constitutive definition was adopted for
describing the mechanical behaviors of the nerves.32–34 In
this material model, strain energy W is a function of devia-
toric principal stretches (kn):

Wðk1;k2; k3Þ ¼
XN
i¼1

2li

a2
i

ðkai
1 þ kai

2 þ kai
3 � 3Þ (1)

where the coefficients li and ai predominately reflect the
low-strain slope and the higher strain curvature, respec-
tively, of the resultant stress–strain curve.

To take viscoelasticity into account, the Ogden model was
integrated with another suitable mathematical expression

such that the time effect is included, namely the stress relaxa-
tion (or creep) effects that all soft tissues exhibit over time
when a certain load or deformation is exerted. In stress relax-
ation, the material stiffness is reduced over time when a de-
formation is kept constant. The most popular mathematical
form of this behavior is given by the Prony series as25,35–37:

liðtÞ ¼ l0
i 1�

XN
i¼1

gið1� e�t=siÞ
 !

(2)

where gi is a material constant and si is the relaxation time,
liðtÞand l0

i are the time dependent and the initial shear
modulus, respectively. In this work, we have chosen the
first-order Ogden and relaxation model of N ¼ 1.

FE method was used to determine the coefficients in
Eqs. (1) and (2) to best replicate the in vitro tensile behav-
ior of each specimen (same lengths and diameters as meas-
ured in vitro). To this end, four provisional values for the
Ogden hyperviscoelastic coefficients were loaded into an ini-
tial FE input file, run in ABAQUS, and the stress/strain data
from the analysis were extracted from the FE output files.
The FE results were interpolated so as to have stress values
registered at identical strain values as recorded during the
actual physical test. Then, using a least-squares nonlinear
optimization function we made incremental adjustments to
the coefficients to reduce the sum of the squared error
between the experimental and interpolated FE stress values.

The in vivo lengthening of ulnar nerve was also simu-
lated using ABAQUS. A FE model [Fig. 4(b)] was constructed
based on the human anatomy of arms [Fig. 4(a)], the surgi-
cal images and the experimental measurement during
lengthening procedure. Basically, in human anatomy, all of
the nerves that travel down the arm pass through the axilla
(the armpit) just under the shoulder joint. The ulnar nerve
passes posterior to the medial humeral epicondyle and gives
off branches to the elbow joint. It then passes under the ar-
cuate ligament of osborne, and proceeds through the com-
mon origin of the exor and pronator muscles.25 Figure 4(a)
schematically shows the cross section of an upper arm in
the middle of the arm. The ulnar nerve is surrounded by
soft tissue and located at about 10 mm under the skin. In
this study, the exposed part of ulnar nerve (about 56 mm in
length) was located approximately in the middle of patient’s
upper arm. The total length of patient’s upper arm from
shoulder to elbow was about 300 mm, and the nerve in the
upper arm was estimated to be 250 mm. We assume that
the armpit and elbow (the nerve brunching point) are two
anchor points for the ulnar nerve, and the embedded length
on each side of the exposed part is thus about 100 mm. In
this study, utilizing symmetry, we modeled only one-half of
the exposed nerve and connective tissue of the cubital tun-
nel. The FE model is composed of (i) an ulnar nerve with
an elliptic cross-section (major diameter: d1 ¼ 5 mm and
minor diameter d2 ¼ 3.8 mm), an exposed length of l1 ¼ 28
mm, and an embedded length of l2 ¼ 100 mm in the cubital
tunnel and (ii) the soft surrounding tissue of whole upper
arm with the bone area fixed. These data including the

FIGURE 3. (a) Schematic of in vivo measurement of ulnar nerve by

lengthening and (b) configuration of ulnar nerve during length. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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elliptic cross-section and the exposed length were obtained
from the surgical procedure. The bone was not explicitly
modeled; instead, the surrounding tissue attached to it was
fixed as a constraint boundary condition. The three-dimen-
sional model had 18,200 elements: 1600 hexahedral solid
elements for the nerve, and 16,600 hexahedral elements for
the surrounding tissues. The ends of the tissue mesh were
constrained against axial displacements along the original
nerve axial direction during an analysis. This boundary con-
dition is considered because the armpit and elbow act as
two anchor points for the ulnar nerve. The contact between
the nerve and the surrounding tissue was simulated using
contact mode with a frictional coefficient of m ¼ 0.1. The
vessel loop was not explicitly modeled in this study. The ul-
nar nerve was directly tensioned by pulling up the nerve
end under displacement-controlled boundary conditions.
The total physical time simulated was 1.5 s, as did in
lengthening procedure.

The Ogden hyperviscoelastic constitutive model was used
to describe the intrinsic mechanical behaviors of the nerves.
The mechanical properties of the surrounding tissue are im-
portant to accurately predict the behavior of the ulnar nerve.
Since the surrounding tissues of carpal tunnel have been
reported to follow the first-order Ogden hyperelastic consti-
tutive definition,30 for the purpose of this study, the same
viscoelastic constitutive model was adopted for the surround-

ing tissues as that of carpal tunnel. The average values of
Ogden coefficients for the carpal tunnel (l ¼ 36.0 kPa, a ¼
9.14)30 were used for the surrounding tissue in this study.

RESULTS AND DISCUSSION

In vitro mechanical properties of ulnar/median nerves
A typical stress–strain curve of the in vitro tensile tests on
ulnar nerve is shown in Figure 5 (i.e., experimental data).
Both ulnar and median nerves exhibited strong hyperelastic
and viscoelastic behaviors. During in-line tension, the stress
was initially zero and increased rapidly as the strain
increased beyond 6–8%. In the stress relaxation tests, the
stress response in the initial ramp up stage was similar to
those observed in tensile tests, while the stress in the nerve
dropped rapidly at first and then gradually leveled off over
time when displacement was held constant26,27 (Fig. 6).

FIGURE 4. (a) Schematic of cross-section of human upper arm in the

middle of the arm and (b) FE models of in vivo lengthening of ulnar

nerve, constructed based on (a). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

FIGURE 5. Stress–strain curves of human ulnar nerve and the fitting

curves from FE analysis. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

FIGURE 6. Tensile stress as a function of time during stretch–relaxa-

tion test of human median nerve and fitting curves by FE analysis.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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The material parameters of the ulnar and median nerves
determined via the FE method gave visually acceptable fits
to experimental data. Systematic changes were made for
each individual coefficient while holding the others fixed,
and then the error between the experimental and FE data
associated with each individual coefficient was evaluated.
Further adjustments were made to optimize all the coeffi-
cients until the error fell in an acceptable range. Some typi-
cal FE results during the fitting processes for in-line tension
and stress relaxation tests were plotted in Figures 5 and 6,
respectively. The material parameters that lead to a best fit
of the experimental data are listed in Table I, and the mean
parameters as determined by FE method for all the experi-
mental results were shown in Figure 7. It is found that the
in vitro modulus of the median nerve was higher than that
of the ulnar nerve.

In vivo stress and strain on ulnar nerve
Figure 8(a) shows a digital image of human ulnar nerve
during lengthening using a vessel loop in surgical proce-
dure. In the clinical transposition, a pulling force of F ¼
1.23 N was applied through a vessel loop on the nerve with
a gauge length of L ¼ 56 mm, resulting in a lifting distance
of d ¼ 8 mm at the midpoint of the exposed ulnar nerve
[Fig. 3(b)]. The pulling force F was calculated by measuring
the deformation (strain) of the vessel loop during the
lengthening. The lengthening was completed in about 1.5 s
according to the video recording of the lengthening proce-
dure. Under such loading condition, the stress and strain of
the ulnar nerve can be determined based on the configura-
tion shown in Figure 3(b) with an assumption that the two
ends of the nerve are fixed at the exposed edges. The strain

of the nerve was calculated by e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ð2d=LÞ2

q
� 1,

whereas the stress in the nerve was determined by
r ¼ F=ðA

ffiffiffi
2
p
Þ, where A is the cross-sectional area of the

nerve. A simple calculation shows that the applied stress
and strain are 0.0583 MPa and 4.1%, respectively. The
applied strain rate was thus approximately 2.73 � 10�3 s�1.
This stress was over seven times higher than that measured
in the in vitro experiment at the same strain (0.0082 MPa).

FE models, which accounted for deformation of sur-
rounding tissue and possible slip of the nerve within the cu-
bital tunnel in the upper arm, were used to simulate the
in vivo lengthening process [Fig. 8(b)]. The in vitro material

properties of human ulnar nerve (l ¼ 12 kPa, a ¼ 57, g ¼
0.5, and s ¼ 30 s) and the surrounding tissue listed in
Table I were used in the modeling. In this simulation, the
nerve was pulled in the same way as in the experiment
until the displacement at the midpoint reached the value of
d ¼ 8 mm as measured in the surgical procedure. The

TABLE I. Typical Mechanical Properties of Human Nerve,

Calculated with FE Method by Fitting Experimental Results

Modulus,
l (kPa)

Material
Constant, a

Material
Constant, g

Relaxation
Time, s (s)

Ulnar nerve
(in vitro)

12 57 0.5 30

Median nerve
(in vitro)

19 50 0.37 27

Ulnar nerve
(in vivo)

54 57 0.5 30

Surrounding
tissue30

36 9.14

FIGURE 7. The mean and standard deviation of mechanical proper-

ties calculated with FE method by fitting experimental results (two

pieces of 40 mm median and four pieces of 60 mm ulnar nerve speci-

mens). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

FIGURE 8. (a) Digital image showing lengthening of human ulnar

nerve using silicon vessel loop during surgical operation and (b) the

FE simulation result of the surgical operation process. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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pulling force derived from the simulation was F ¼ 0.16 N,
which was roughly eight times smaller than the real life
data (i.e., F ¼ 1.23 N).

The above discrepancy between the lengthening experi-
ment and FE simulation is attributed to several factors
including the in situ strain, the surrounding tissue, the
applied boundary conditions, the frozen process, the injury,
the moisture and temperature, and so forth. We first discuss
the in situ strain of live nerves, which was not included in
the current calculation. In fact, a normal peripheral nerve is
always under tension in human body.10,11,28 With such
in situ loading, the peripheral nerve can withstand a certain
degree of stress and deformation without adverse effects
during normal daily activities. The in situ strain corresponds
approximately to the transition between the toe region and
linear region of the stress–strain curve of the nerve.11,38

According to our in vitro tensile test data of human ulnar
nerve, the in situ strain was determined to be about 6–8%
in our case. We have recalculated the pulling force by intro-
ducing 7% in situ strain in the nerve in the lengthening sim-
ulation. Although the calculated force (0.36 N) was now
closer to the experimental results, there was still a large dif-
ference between the prediction and experiment.

Other factors for the discrepancy could be related to the
in vivo environment which is quite different from the in
vitro testing. We have studied the effect of the frictional
coefficient of the nerve against the tunnel wall, as well as
the embedded length and shape of the nerve. There was no
report on the frictional coefficient of human ulnar nerve
against cubital tunnel wall. Measured frictional coefficient
for human synovial joint bone was estimated to be 0.0032,
while the frictional coefficient for human skin was meas-
ured in the order of 0.5.39,40 The embedded length of ulnar
nerve could change from75 to 125 mm, depending on the
upper arm length. While the coefficient change from 0.1 to
0.5 results in an increase of 0.01% in the pulling force,
respectively, the change of the embedded length from 75 to
125 mm leads to a variation of 0.02% in pulling force. In
fact, the frictional coefficient of the ulnar nerve against cubi-
tal tunnel could be very low because of the existence of
fluid that provides lubrication.11 The nerve with a circular
cross section but the same area as the elliptical one showed
nearly the same pulling force as that for the elliptical nerve
(difference <0.01%). Thus, the interfacial friction, embed-
ded length and shape are not the dominant factors for the
discrepancy. We also studied the influence of the materials
properties of the surrounding tissue on the pulling force. It
was reported that the modulus of the carpal tunnel varies
from 24 to 42 kPa with an average value of 36 kPa, a nearly
twofold change in material property.30 Our simulation
results show that the pulling force decreases by 14% when
the modulus of the surrounding tissue reduces from 42 to
24 kPa. Thus, the FE simulation could introduce an error of
67% for the estimate of nerve properties in the in vivo test.
However, it is not the major factor responsible for the four
time difference between the in vivo and in vitro measure-
ment after the in situ strain is introduced.

The in vivo experiment was conducted on an injured
nerve/tissue. Despite the patient’s nerve injury was rela-
tively subtle compared to diameter of the nerve, it may also
be one of the factors that resulted in the above-mentioned
difference. However, even if the injury weakened the nerve,
the effect would make the apparent properties of the nerve
closer to the in vitro measurement. Thus, it is concluded
that the in vivo materials properties were different from
those in the in vitro measurement. Similar in vitro and
in vivo results were reported on peripheral nerves.11,41 Mil-
lesi et al. measured the mechanical properties of the nerve.
They showed that measurements of the load necessary to
achieve certain elongations on specimens outside the body
did not correspond with in situ measurements. The neces-
sary load was influenced by the presence or absence of
branches and by the amount of fibrosis. Because of trans-
verse contraction, elongation beyond a certain limit substan-
tially decreases intrafascicular volume, leading to increased
intrafascicular pressure.41 We have fitted the experimental
in vivo pulling force, by changing one material coefficient
while fixing the other three coefficients. The results are also
listed in Table I. Although the material properties were dif-
ferent between in vivo and in vitro measurements, they
were still in the same order of magnitude.

Because there are four parameters that define the me-
chanical behavior of the nerve, we studied the effect of each
material parameter on the pulling force. In this parametric
study, systematic changes were made to each individual
coefficient while the others were fixed. The pulling force
was then evaluated with the change of individual coeffi-
cients. Figure 9 shows the effect of different individual
coefficient on the pulling force. Obviously among all these
coefficients, modulus l and material constant a were much
more significant than material constant g and relaxation
time s. Because the time duration was short (1.5 s in this
case), the viscoelastic material coefficients g and s did not
affect the pulling force very much. Therefore, it is

FIGURE 9. The effect of different individual coefficients (l (kPa), a,

s(s), and g) on the pulling force. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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reasonable that nerve deformation during fast lengthening
procedure can be described as hyperelastic materials with-
out considering its viscoelastic properties.

CONCLUSIONS

Human ulnar and median nerves were tested to obtain in
vitro and in vivo biomechanical properties, upon which a FE
method was developed to extract the corresponding mate-
rial parameters through a data fitting process. The experi-
mental results showed that the ulnar and median nerves
exhibited typical hyperelastic and viscoelastic properties as
expected for biological tissues. Hyperviscoelastic material
parameters derived from the in vitro measurements of ulnar
and median nerves are comparable, while the corresponding
parameters for the ulnar nerve during a surgical procedure
has to be adjusted for matching with experiment, indicating
nontrivial amount of variation had occurred after the nerve
had been harvested from its local position. Although incon-
clusive, in situ strain, surrounding tissue and the defect of
injured nerves do have a strong effect on the mechanical
characteristics of in vivo nerves. A systematic parametric
study was further carried out to fill up the gaps of the
uncertainty and/or discrepancy in terms of material param-
eters. It shows that the ulnar nerve during fast lengthening
procedure can be considered as hyperelastic materials with-
out considering its viscoelastic properties.
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