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terial properties of the USL/CL complex that is needed for
the development of new surgical reconstruction methods and
mesh materials for pelvic ﬂoor disorders.

Abstract—The uterosacral ligament and cardinal ligament
(USL/CL) complex is the major suspensory tissue of the
uterus, cervix, and vagina. This tissue is subjected primarily
to bi-axial forces in-vivo that signiﬁcantly alter its structure
and dimension over time, compromising its support function
and leading to pelvic ﬂoor disorders. In this study, we present
the ﬁrst rigorous characterization of the collagen ﬁber
microstructure and creep properties of the swine USL/CL
complex by using scanning electron microscopy and planar
biaxial testing in combination with three-dimensional digital
image correlation. Collagen ﬁber bundles were found to be
arranged into layers. Although the ﬁber bundles were
oriented in multiple directions, 80.8% of them were aligned
within ±45 to the main in-vivo loading direction. The
straightness parameter, deﬁned as the ratio of the end-to-end
distance of a ﬁber bundle to its length, varied from 0.28 to
1.00, with 95.2% ﬁber bundles having a straightness parameter between 0.60 and 1.00. Under constant equi-biaxial
loads of 2 and 4 N, the USL/CL complex exhibited
signiﬁcant creep both along the main in-vivo loading direction (the parallel direction) and along the direction perpendicular to it (the perpendicular direction). Speciﬁcally, over a
120-min period, the mean strain increased by 20–34% in the
parallel direction and 33–41% in the perpendicular direction.
However, there was no statistically signiﬁcant difference in
creep strains observed after 120 min between the parallel and
perpendicular directions for either the 2 or 4 N load case.
Creep proceeded slightly faster in the perpendicular direction
under the equi-biaxial load of 2 N than under the equi-biaxial
load of 4 N (p ¼ 0:3696). It proceeded signiﬁcantly faster in
the parallel direction under the equi-biaxial loads of 2 N than
under the equi-biaxial loads of 4 N (p ¼ 0:0284). Overall, our
ﬁndings contribute to a greater understanding of the bioma-

Keywords—Pelvic ﬂoor connective tissue, Uterosacral ligament, Cardinal ligament, Scanning electron microscopy,
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INTRODUCTION
Every year millions of women are aﬀected by pelvic
ﬂoor disorders (PFDs) such as urinary incontinence, fecal
incontinence, and pelvic organ prolapse. In the United
States, the number of women with at least one PFD is
projected to signiﬁcantly increase from 28.1 millions in
2010 to 43.8 millions in 2050 with 55, 59, and 46%
increases in urinary incontinence, fecal incontinence, and
pelvic organ prolapse, respectively.42 The lifetime risk of
surgery for PFDs is 11.1% with a 29.2% risk of an additional surgery.23 The annual direct cost for pelvic organ
prolapse surgeries alone is approximately one billion
dollars.36 Thus, given the projected increase in the number of affected women, PFDs are expected to place a
signiﬁcant burden on the quality of life of women and a
ﬁnancial strain on the health care system.
Pelvic ﬂoor muscles, fasciae, and ligaments are the
main supportive structures of the pelvic organs. They
maintain the organs in their anatomical positions
allowing them to perform their normal physiological
function. These supportive structures can be weakened
or damaged by labor, delivery, menopause, aging, and
obesity, leading to the development of PFDs.10,17,22
The USL and CL are apical supportive structures of
the vagina, cervix, and uterus. They are bilateral visceral ligaments connected together distally at the cervix
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and/or upper vagina without a clear boundary
between them (see Fig. 1a) and attach the organs
proximally to the sacrum and laterally to the pelvic
sidewalls, respectively.26 They are often referred to as
the USL/CL complex. When the supportive function
of this complex is compromised, a uterine or vaginal
prolapse may develop.7 The USL and CL not only play
a pivotal role in supporting the uterus, cervix, and
vagina in healthy women but they also are extensively
used as anchor structures in surgical procedures for
pelvic organ prolapse.2,12,14,31 During these surgeries,
the ligaments are often stretched and tensed in an adhoc manner. However, the amount of stretch and
tension placed on them can seriously compromise the
successful outcome of the surgeries. For instance, one
study attributed post hysterectomy vaginal vault prolapse to excessive tension placed on these ligaments
during surgery.12 Artiﬁcial mesh materials have been
also used in surgeries for PFDs. The mesh products are
expected to have appropriate biomechanical properties,4,18 similar to those of healthy and strong suspensory tissues.13 Therefore, investigating the mechanical
properties of the USL/CL complex is critical for the
development of new surgical reconstruction strategies
and mesh materials for PFDs.
The mechanical properties of the USL and CL have
only recently been investigated. Uniaxial force-displacement data have been obtained by performing
tensile tests on ex-vivo specimens from patients
undergoing hysterectomy27 and by conducting tensile
and stress-relaxation tests on in-vivo specimens from
women affected by pelvic organ prolapse.16,32 Uniaxial
force-displacement data were also collected on ex-vivo
rat specimens from the vagina-ligament complex by
means of tensile tests.21 Although force-displacement
data provide useful information on the mechanical
behavior of the USL and CL, they are highly dependent on the dimensions of the tested specimens.
Mechanical properties of these ligaments that are
independent of the dimensions of the tested specimens
have
been
determined
from
stress–strain
data.3,19,29,37,41 The mean strength and tensile modulus
of the USL were reported for ex-vivo specimens from
monkeys,41 female cadavers,19,29 and swine.37 The
strain-dependent tensile modulus of the USL was
found to increase in post menopausal monkeys due to
hormone replacement therapy.41 The USL of nulliparous women was reported to have lower stiffness
and strength than the USL of parous women.19
Compared to the round and the broad ligaments, the
USL was found to have higher tangent modulus at
both low and high strain levels.29 The tensile properties
of the USL/CL specimens were highly dependent on
their location relative to the uterus, cervix, and vagina
in the swine.37 Recently, our group has characterized

the elastic and stress relaxation properties of these
ligaments by performing planar biaxial tests.3 The
swine USL/CL complex was found to be stiffer along
the main physiological loading direction but relaxed
equally under equi-biaxial strain along such direction
and the direction perpendicular to it, with higher
relaxation occurring at lower strain.
In-vivo, the USL /CL complex is subjected to multiaxial loads that are, for example, imposed by the weight
of the pelvic organs. The deformation over time under
constant loads, the so-called creep behavior, has not
been characterized for these ligaments despite its
physiological relevance. Creep has been studied for
other biological soft tissues such as rat and rabbit
medial collateral ligaments,11,24,38–40 porcine mitral
and aortic valves,1,8,35 and human amnion20 to name
but a few. It was found that the creep strain and creep
rate in rat medial collateral ligaments were highly
dependent on the magnitude of the applied stress.11,24
In the rabbit medial collateral ligaments, creep was
attributed to the straightening of collagen ﬁbers under
low stress and damage of such ﬁbers at high stress.40
The decrease in creep rate with the increase in stress
was explained by fewer collagen ﬁbers left to be recruited during creep as the stress increased.38,40 Creep
in the aortic valve was found to be stress dependent and
differed in the circumferential and radial directions.1 In
the human amnion, creep measured via uniaxial tests
was signiﬁcantly larger than creep measured via inﬂation tests at a comparable tension.20 To date, the only
planar biaxial creep studies on biological soft tissues
have been conducted by Grashow et al.8 and Stella
et al.35 However, these authors reported negligible
biaxial creep for mitral valves8 and aortic valves.35
In this study, we investigate the micro-structural
and mechanical properties of the USL/CL complex
using the swine as animal model. Previous studies
suggested that swine is a suitable animal model for
pelvic ﬂoor research5 and, more speciﬁcally, the histological and mechanical properties of the USL/CL
complex are very similar to those in humans.9,37 By
using scanning electron microscopy (SEM), we reveal
the organization of collagen ﬁbers, which represent the
main structural components of these ligaments. More
speciﬁcally, we quantify the straightness and the
alignment of collagen ﬁber bundles. We determine the
biaxial creep properties of the swine USL/CL complex
by using a planar biaxial testing system in conjunction
with the Digital Image Correlation (DIC) method.
This method provides more accurate strain measurements than previously used techniques such as those
relying on gauge length measurements19,29,41 or on
optically tracking a few markers.3,37 The DIC method
is employed here to measure the deformation over time
experienced by the USL/CL complex under constant
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equi-biaxial loads. Overall, this study advances our
limited knowledge about the micro-structural and
mechanical properties of some components of the
pelvic connective tissues that play a crucial role in the
surgical treatment of PFDs.

MATERIAL AND METHODS
Specimen Preparation
This study was conducted with the approval of the
Institutional Animal Care and Use Committee (IACUC) at Virginia Tech. Seven adult domestic swine
were obtained from a slaughterhouse. The swine were 3
to 4 years old and had masses of approximately 200 kg.
The harvesting technique for USL/CL complex was
described in detail in our previous study.37 The ligaments were carefully dissected, hydrated in phosphatebuffered saline solution (PBS, pH 7.4, Fisher Scientiﬁc,
USA) and then frozen at 20  C.30 They were thawed
at room temperature before being used for SEM or
creep tests.

SEM Examination
Six square-shaped specimens were collected from
three USL/CL complexes. More precisely, each specimen was isolated from the USL and CL as shown in
Fig. 1a and cut so that the sides were parallel and
perpendicular to the main in-vivo loading direction.
Hereafter, the direction that is parallel to the main invivo loading direction of the ligaments will be termed
the parallel direction and the direction that is perpendicular to it will be termed the perpendicular direction.
The specimen was then ﬁxed overnight in 10% buffered
formalin, washed in phosphate-buffered saline solution
(PBS, pH 7.4, Fisher Scientiﬁc, USA), post-ﬁxed in
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osmium tetraoxide, and dried in a critical point dryer
(Model 28000, LADD Research Industries, Williston,
Vermont, USA). It was then immersed in liquid
nitrogen and fractured with a sharp razor blade in
order to reveal three different sections: one planar
section (section 1 in Fig. 1b) and two through-thickness sections (sections 2 and 3 in Fig. 1b). After being
sputter coated with gold, these sections were examined
using an SEM (EVO 40, Carl Zeiss, Jena, Germany) at
1,000 and 20,000 magniﬁcations.
Twenty-one SEM images from section 1 (Fig. 1b) of
six specimens at 1,000 magniﬁcation were analyzed
to measure collagen ﬁber bundle straightness and
global orientation angle relative to the parallel direction. Fiber bundles on these images were traced and
their length and end point coordinates were determined using NeuronJ,28 a plugin of the ImageJ software (v1.48, NIH, Bethesda, MA, USA). A total of
336 ﬁber bundles were detected. From the coordinates
ðiÞ
of the end points, the end-to-end distance, L0 , of the
ith ﬁber bundle and the global orientation angle, hðiÞ ,
with respect to the parallel direction were calculated
(Fig. 2). The straightness parameter of the i-th ﬁber
ðiÞ
ðiÞ
ðiÞ
bundle was deﬁned as L0 =Lf where Lf is the length
of ith ﬁber bundle (Fig. 2). The mean thickness, tðiÞ ,
was computed by averaging the thickness measurements from three randomly chosen locations along the
length of the ﬁber bundle using ImageJ. The area of the
ith ﬁber bundle, SðiÞ , was then calculated as the proðiÞ
duct of its length Lf and mean thickness tðiÞ . The
fraction, fði;jÞ , of ﬁber bundles with a given straightness
ðiÞ
ðiÞ
parameter L0 =Lf and global orientation angle hðjÞ
n
ðkÞ
ðkÞ
was computed as fði;jÞ ¼ Rm
k¼1 S =Rk¼1 S , where m
denotes the number of ﬁber bundles with straightness
ðiÞ
ðiÞ
parameter L0 =Lf and global orientation angle hðjÞ
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FIGURE 1. (a) Picture of the swine USL/CL complex and its attachment to the cervix (transverse plane view). (b) Locations of the
USL/CL specimen sections used for SEM analysis. The main in-vivo loading direction of the ligaments is denoted using an orange
arrow and the direction that is perpendicular to this is denoted using a green arrow. These directions are referred to as the parallel
and perpendicular directions, respectively.
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FIGURE 2. Measured parameters: fiber bundle length Lf ,
ðiÞ
end-to-end fiber bundle distance L0 , and global fiber orientation angle hðiÞ computed with respect to the parallel direction.

and n ¼ 336 denotes the total number of ﬁber bundles
detected in the twenty-one SEM images that were
analyzed. The fraction of ﬁber bundles with different
straightness
parameters
was
computed
as
p
n
ðiÞ
ðkÞ
ðkÞ
g ¼ Rk¼1 S =Rk¼1 S , where p denotes the number
ðiÞ

ðiÞ

of ﬁber bundles with straightness parameter L0 =Lf .
The fraction of ﬁber bundles with different global
orientation angles with respect to the parallel direction
was computed as hðjÞ ¼ Rqk¼1 SðkÞ =Rnk¼1 SðkÞ , where q
denotes the number of ﬁber bundles with global orientation angle hðjÞ .
Biaxial Creep Testing
Specimens (n ¼ 25) from four sows were cut into
squares having side of length 3 cm parallel and perpendicular to the main in-vivo loading direction. The
thickness of each specimen was measured by means of
a digital caliper (accuracy ±0.05 mm, Series 573,
Mitutoyo, Japan) under a 50 g compressive load. For
mechanical testing, each specimen was then immersed
in methylene blue, 1% aqueous solution (Fisher Science Education, USA), and gripped by four safety pins
on each side. A high-contrast speckle pattern was then
created on the surface of the specimen with aerosol fast
dry gloss white paint (McMaster-Carr, USA).15 Two
CCD cameras (Prosilica GX 1660, Allied Vision
Technologies, Exton, Pennsylvania, USA) equipped
with macro lenses (AT-X 100mm F2.8 AT-X M100
Pro D Macro Lens, Tokina, Tokyo, Japan) were employed to capture high resolution (1600  1200 pixel)
images of a 12 mm  9 mm plastic grid with 4 mm
spacing. These images were used to calibrate a 3-D
DIC (VIC-3D, Correlated Solutions, Columbia, South
Carolina, USA) for non-contact strain measurement.

After calibration, the safety pins on each side of the
specimen were connected to four pulleys attached to
four actuators (accuracy: 5 lm) of a planar biaxial
testing system (Instron, UK). Each specimen was oriented so that its main in-vivo loading direction (the
parallel direction) and the direction perpendicular to it
(the perpendicular direction) were aligned with the two
loading axes of the biaxial testing system. The capacity
of the four load cells of the planar biaxial testing system was 20 N (accuracy: 0.02 N). The specimen was
then immersed into an enclosed bath made of acrylic
glass (Perspex, UK) that was fully ﬁlled with PBS at
room temperature (21  C). Starting from zero displacement, the specimen was preloaded to 0.1 N and
preconditioned from 0.1 to 0.6 N at 0.1 mm/s displacement rate for 10 cycles. Following preconditioning, the specimen was unloaded and allowed to recover
for 10 min. Each specimen was then stretched at 0.1
mm/s displacement rate until equi-biaxial loads of 2 N
(n ¼ 15 specimens) or 4 N (n ¼ 10 specimens) were
detected. These equi-biaxial loads were kept constant
for 120 min. The full ﬁeld displacement and Lagrangian strain were determined by postprocessing the
specimen images obtained during equi-biaxial tests
using the VIC-3D software (v7, VIC-3D, Correlated
Solutions, Columbia, SC, USA) after these images
underwent background subtraction for the presence of
the bath plastic cover and PBS. We note that additional specimens were subjected to equibiaxial loads of
4 N. However, these specimens failed at the grips and
thus the data collected from these samples were excluded from this study.
For each specimen, nominal axial stresses in the
parallel and perpendicular directions were calculated
by dividing the axial loads in the corresponding
directions by the specimen undeformed cross-sectional
areas. The specimen cross-sectional area was assumed
to be rectangular. Lagrangian axial strains in the
parallel and perpendicular directions were computed
by averaging the local Lagrangian axial strains in the
corresponding directions computed over a 1 cm  1 cm
central region of the specimen using the 3D-DIC
methods (Fig. 3). Normalized Lagrangian axial strains
in the parallel and perpendicular directions were
determined by dividing the Lagrangian axial strains by
the initial Lagrangian axial strain (i.e., the Lagrangian
axial strain at beginning of the creep test) in the corresponding directions. Hereafter and throughout this
manuscript, stress will be used to denote nominal axial
stress, strain to denote Lagrangian axial strain, and
normalized strain to denote normalized Lagrangian
axial strain. For each tested specimen, creep rates in
the parallel or perpendicular direction were computed
as the slopes of the linear regression lines of the normalized strain data in the corresponding parallel or

perpendicular direction
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area selected for DIC
strain measurement

parallel direction
FIGURE 3. Area selected on the specimen surface for the
measurement of local Lagrangian axial strains via the DIC method. Shown here is the strain map in the parallel direction for one
specimen.

perpendicular direction vs. time data using logarithmic
scales.11
Statistical Analysis
Means and standard deviations were calculated for
the axial loads and corresponding stresses, initial
strains (i.e., strain at the beginning of the creep tests),
and normalized strains over time in both parallel and
perpendicular directions for two groups of specimens:
one group of n ¼ 15 specimens subjected to equi-biaxial loads of 2 N and one group of n ¼ 10 specimens
subjected to equi-biaxial loads of 4 N. The Student’s t
test was used to compare the means of the normalized
strain at 120 min and the creep rate between the parallel and perpendicular directions and between equibiaxial loads of 2 and 4 N. The threshold chosen for
statistical signiﬁcance was 0.05. Data were analyzed
using the JMP statistical software (JMP 10, SAS
Institute Inc.).

RESULTS
SEM Examination
Representative scanning electron micrographs of the
USL/CL complex are shown in Fig. 4. Most collagen
ﬁbers were oriented along the main in-vivo loading
direction of the ligaments, the parallel direction. However, some ﬁbers were oriented at small angles off such
direction (Figs. 4a–4d). The collagen ﬁbers were found
to be arranged into layers (Figs. 4e and 4f). Some layers
contained more collagen ﬁbers than others and, in these
layers, the collagen ﬁbers were organized into bundles
(Fig. 4f). The collagen ﬁber bundles (Figs. 4a and 4c) and
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collagen ﬁbers (Figs. 4b and 4d) were observed to have
different straightness levels.
The fractions of ﬁber bundles with diﬀerent
straightness parameters and global orientation angles
relative to the parallel direction are presented in a
three-dimensional bar plot in Fig. 5. Each ﬁber bundle
with its own straightness parameter and global orientation angle was considered to generate this plot. The
ﬁber bundles were spread everywhere within the ligament, as expected, and the straightness parameter
varied from 0.28 to 1.00. Most of the ﬁber bundles
were aligned at a small angle off the parallel direction
and most of them had a relatively high straightness
parameter indicating low ﬁber bundle crimping. The
average straightness parameter of ﬁber bundles that
were mainly aligned along the parallel direction,
between 10 and 10 , was 0.854. This was very similar to the average straightness parameter of ﬁber
bundles mainly aligned along the perpendicular direction, between þ80 and þ90 and between 90 and
80 , which was 0.830. The fractions of ﬁber bundles
with different straightness parameters (regardless of
the ﬁber bundle global orientation angles) are shown in
the histogram in Fig. 6. The empirical data revealed a
skewed right distribution spreading from 0.28 to 1.00,
with 95:2% ﬁber bundles having a straightness
parameter between 0.60 and 1.00. The highest fraction
of collagen ﬁber bundles, which was 15%, had a
straightness parameter between 0.90 and 0.92. The
histogram of ﬁber bundle orientation angles (regardless of the ﬁber bundle straightness parameters) is
presented in Fig. 7. It can be seen that 80:8% ﬁber
bundles had a global orientation angle between 45
and þ45 , while 19:2% ﬁber bundles had a global
orientation angle between þ45 and þ90 and between
90 and 45 .
Biaxial Creep
The axial loads, corresponding stresses, and initial
strains (mean ± standard deviation) used during the
creep tests at constant equi-biaxial loads of 2 and 4 N
are reported in Tables 1 and 2, respectively. For both
loads, the mean stresses in the parallel and perpendicular directions were nearly identical, while the mean
initial strain measured in the perpendicular direction
was always larger than the mean initial strain in the
parallel direction (Tables 1 and 2). We note that mean
initial strains for the equi-biaxial loads of 2 N are 0.116
and 0.152 in the parallel and perpendicular directions,
respectively, and that the mean initial strains for the
equi-biaxial loads of 4 N are 0.216 and 0.263 in the
parallel and perpendicular directions, respectively. The
mean and standard deviation of the normalized strain
data vs. time obtained from creep tests at constant
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parallel direction

parallel direction
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(d) Section 2

(c) Section 2
parallel direction

10 µm

Mag=1.00 KX

parallel direction

1 µm

Mag=20.00 KX

(f) Section 3

(e) Section 3

10 µm

Mag=20.00 KX

Mag=1.00 KX

1 µm

Mag=20.00 KX

FIGURE 4. (a), (b) SEM of the in-plane specimen cross-section (section 1 in Fig. 1) at 1,000 and 20,000 magnifications, respectively.
In (a) the black lines indicate the directions of collagen fiber bundles. (c), (d) SEM of the out-of-plane specimen cross-section (section 2 in
Fig. 1) at 1,000 and 20,000 magnifications, respectively. In (c) the star symbols denote the collagen fiber bundles. The main in-vivo
loading direction of the ligaments, the parallel direction, is denoted using an arrow in (a)–(d). (e), (f) SEM of the out-of-plane specimen
cross-section (section 3 in Fig. 1) at 1,000 and 20,000 magnifications, respectively. In (e) the star symbols denote three layers of
collagen fibers and in (f) the contour lines denote the cross-sections of collagen fiber bundles.

equi-biaxial loads of 2 and 4 N are presented in Fig. 8.
Despite the large variation, the creep of all the specimens in both loading directions had a similar trend
over the 120 min duration of the tests: the normalized
strain increased quickly over the ﬁrst 18 min and very
slowly over the last 35 min (Fig. 8). At the constant
equi-biaxial load of 2 N, the creep at 18 min (the difference between the mean normalized strain at 18 min
and the mean normalized strain at 0 min) was
approximately 64 and 71% of the creep at 120 min (the
difference between the mean normalized strain at 120
min and the mean normalized strain at 0 min) in the
parallel and perpendicular directions, respectively
(Fig. 8a). At the constant equi-biaxial load of 4 N, the
creep at 18 min was approximately 50 and 77% of
the creep measured at 120 min in the parallel and

perpendicular directions, respectively (Fig. 8b). The
mean normalized strain of the ligaments over time
appeared to be different in the two loading directions.
The mean and standard deviation of the normalized
strain data at 120 min in the parallel and perpendicular
directions computed from creep tests at constant equibiaxial loads of 2 and 4 N are shown in Fig. 4. The
mean strain at 120 min from creep tests at constant
equi-biaxial loads of 2 N was found to be 1.41 and 1.32
times the initial mean strain in the perpendicular and
parallel directions, respectively. The mean strain at 120
min from creep tests at constant equi-biaxial loads of 4
N was found to be 1.30 and 1.20 times the initial mean
strain in the perpendicular and parallel directions,
respectively. In the perpendicular direction, the mean
normalized strain obtained from creep tests at constant
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Fraction of fiber bundles

FIGURE 5. Fractions of collagen fiber bundles with different
straightness parameters and global orientation angles (with
respect to the 0 parallel direction). The reported data were
obtained by analyzing n ¼ 21 SEM images.
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FIGURE 6. Fractions of collagen fiber bundles with
straightness parameters that differ by 0.02. The reported data
were obtained by analyzing n ¼ 21 SEM images.
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FIGURE 7. Fractions of collagen fiber bundles with global
orientation angles with respect to the parallel direction that
differ by 5 from 90 to 90 . The reported data were obtained
by analyzing n ¼ 21 SEM images.
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equi-biaxial loads of 2 N was slightly larger than the
mean normalized strain obtained from creep tests at
constant equi-biaxial loads of 4 N (p ¼ 0:2541). In the
parallel direction, the mean normalized strain obtained
from creep tests at constant equi-biaxial loads of 2 N
was much larger, but still not signiﬁcantly larger, than
the mean normalized strain obtained from creep tests
at constant equi-biaxial loads of 4 N (p ¼ 0:0662). In
other words, the ligaments experienced more creep
under constant equi-biaxial loads of 2 N than under
constant equi-biaxial loads of 4 N. By comparing the
mean strain values at 120 min, one can observe that the
ligaments exhibited more creep in the perpendicular
direction than in the parallel direction. However, our
statistical analysis showed that, at 120 min, there was
no signiﬁcant difference between the mean normalized
strains in the parallel and perpendicular directions for
both constant equi-biaxial loads of 2 N (p ¼ 0:2690)
and 4 N (p ¼ 0:0858) (Fig. 9).
The mean and standard deviation of the creep rate
at equi-biaxial loads of 2 and 4 N in the parallel and
perpendicular directions were also determined
(Fig. 10). The mean creep rate at equi-biaxial loads of 2
N was found to be 0.050 and 0.054 in the perpendicular
and parallel directions, respectively, while the mean
creep rate at equi-biaxial loads of 4 N was found to be
0.041 and 0.031 in the perpendicular and parallel
directions, respectively. In the ligaments, creep proceeded signiﬁcantly faster at equi-biaxial loads of 2 N
than at equi-biaxial loads of 4 N in the parallel direction (p ¼ 0:0284). It proceeded slightly faster at equibiaxial loads of 2 N than at equi-biaxial loads of 4 N in
the perpendicular direction (p ¼ 0:3696). Additionally,
no signiﬁcant difference between the mean creep rate
of the ligaments in the parallel and perpendicular
directions at both equi-biaxial loads of 2 N
(p ¼ 0:5709) and 4 N (p ¼ 0:3542) was noted.
To investigate the eﬀect of stress on the creep
behavior of the USL/CL complex, the normalized
strain at three chosen time points (t ¼ 2:5, t ¼ 12:5,
and t ¼ 120 min) in the parallel and perpendicular
directions were analyzed with the corresponding stress
(Fig. 11). Two of the three time points were chosen
within the ﬁrst 20 min of the creep tests when a large
increase in normalized strain was detected (i.e., t ¼ 2:5
and 12.5 min), and one time point was selected toward
the end of the creep tests (t ¼ 120 min). Linear
regression lines for the three time points are plotted
with the normalized strain-stress data (Fig. 11). These
lines indicate that the ligaments experienced slightly
less creep under high stress levels. A more clear decrease in normalized strain with stress can be observed
at t ¼ 120 min. The creep rate vs. stress data in the
parallel and perpendicular directions are reported in
Fig. 12. Large inter-sample variation is observed. This
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TABLE 1. Creep test parameters for n ¼ 15 specimens (thickness: 0.691  0.226 mm) subjected to constant equi-biaxial loads of 2
N.
Direction

Mechanical quantity

Parallel

Value (mean ± SD)

Load (N)
Stress (MPa)
Initial strain
Load (N)
Stress (MPa)
Initial strain

Perpendicular

2.09
0.153
0.116
2.00
0.142
0.152

±
±
±
±
±
±

0.19
0.066
0.065
0.07
0.061
0.076

TABLE 2. Creep test parameters for n ¼ 10 specimens (thickness: 0.652  0.152 mm) subjected to constant equi-biaxial loads of 4
N.
Direction

Mechanical quantity

Parallel

Value (mean ± SD)

Load (N)
Stress (MPa)
Initial strain
Load (N)
Stress (MPa)
Initial strain

Perpendicular

(a)

±
±
±
±
±
±

0.12
0.080
0.125
0.08
0.080
0.218

1.6

Perpendicular
Parallel

1.5
Normalized strain

3.87
0.284
0.216
4.02
0.289
0.263

1.4
1.3
1.2
1.1

Equi-biaxial load of 2 N
1
0

(b) 1.6

20

30

40

50

60
70
Time (min)

80

90

100

110

120

130

Perpendicular
Parallel

1.5
Normalized strain

10

1.4
1.3
1.2
1.1

Equi-biaxial load of 4 N
1
0

10

20

30

40

50

60
70
Time (min)

80

90

100

110

120

130

FIGURE 8. Mean and standard deviation of the normalized strain over time in the parallel and perpendicular directions for (a)
n ¼ 15 specimens subjected to constant equi-biaxial loads of 2 N and (b) for n ¼ 10 specimens subjected to constant equi-biaxial
loads of 4 N.
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Normalized strain at 120 min

1.6
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1.3
1.2
1.1

t=120 min

1.6
1.5
1.4
1.3
1.2

1

2 N equi-biaxial load

Perpendicular
Parallel

1.1

4 N equi-biaxial load

1

Perpendicular
Parallel

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Stress (MPa)

0.08

t=2.5 min
t=12.5 min
t=120 min

1.8
1.7
1.6
1.5

1.4
1.3
1.2
1.1

0.07

1

0.06
Creep rate (1/min)

(b) 1.9

N o rm a liz ed strain

FIGURE 9. Mean and standard deviation of normalized strain
at t = 120 min for n = 15 specimens subjected to constant
equibiaxial loads of 2 N and for n = 10 specimens subjected to
constant equibiaxial loads of 4 N in the parallel and perpendicular directions. No significant differences between the
mean normalized strains in the parallel and perpendicular
directions for both constant equi-biaxial loads of 2 N (p =
0.2690) and 4 N (p = 0.0858). No significant difference between
the normalized strains at constant equibiaxial loads of 2 and 4
N in the perpendicular direction (p = 0.2541) and in the parallel
direction (p = 0.0662).
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FIGURE 11. Normalized strain at t ¼ 2:5, t ¼ 12:5, t ¼ 120
min vs. stress for n ¼ 25 specimens along (a) the parallel
direction and (b) the perpendicular direction.

0.03
0.02
0.01
0
2 N equi-biaxial load

Perpendicular
Parallel

4 N equi-biaxial load

Perpendicular
Parallel

FIGURE 10. Mean and standard deviation of creep rate for
n ¼ 15 specimens subjected to constant equi-biaxial loads of
2 N and for n ¼ 10 specimens subjected to constant equibiaxial loads of 4 N in the parallel and perpendicular directions. There was no significant difference between the creep
rates in the parallel and perpendicular directions for both
constant equi-biaxial loads of 2 N (p ¼ 0:5709) and 4 N
(p ¼ 0:3542) and no significant difference between the creep
rates at constant equi-biaxial loads of 2 and 4 N in the perpendicular direction (p ¼ 0:3696). There was significant difference between the creep rates at constant equi-biaxial loads
of 2 and 4 N in the parallel direction (p ¼ 0:0:0284).

prevents clearly correlating the creep rate and the stress
in both loading directions.

DISCUSSION
Collagen ﬁbers were observed on three diﬀerent
sections of the USL/CL complex using SEM (Fig. 1b).
The ligaments were found to be composed of layers of

ﬁbers (Fig. 4e) and, in each layer, the ﬁbers were arranged into bundles (Fig. 4f) that were mainly oriented
along the in-vivo loading direction (Fig. 4). We
obtained consistent results with our previous study,37
where we visualized only the cross-section of the USL/
CL that was perpendicular to the main in-vivo loading
direction. The fractions of ﬁber bundles with various
straightness parameters and orientation angles (Figs. 5,
6 and 7) were quantiﬁed from the SEM images of the
in-plane specimen section (section 1 in Fig. 1b) to aid
the interpretation of the results of the creep experiments.
The measurement of the straightness parameters of
the ﬁber bundles helped us shed some light on the
relationship between the un-crimping process and the
creep phenomenon. Hingorani et al.11 speculated that
ﬁber un-crimping was the creep mechanism in rabbit
medial collateral ligaments. For most ﬁber bundles of
the USL/CL complex, the straightness parameter varied between 0.82 and 0.94 (Fig. 6). This means that 6–
18% of the ﬁber bundles could un-crimp before being
stretched. This ﬁber bundle un-crimping likely contributed to creep. The result that the average ﬁber
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FIGURE 12. Creep rate vs. stress for n ¼ 25 specimens along
(a) the parallel direction and (b) the perpendicular direction.

bundle straightness in the parallel direction was similar
to the average ﬁber bundle straightness in the perpendicular direction may explain why creep was comparable in the two loading directions. We note that the
straightness parameters of the USL/CL complex were,
however, underestimated since the out-of-plane waviness of the ﬁber bundles was not captured in the two
dimensional SEM images used for our analysis.
We determined a discrete distribution for the fractions of ﬁber bundles with diﬀerent global orientation
angles (Fig. 7). The global measurements of orientation indicated that the ﬁbers were preferentially oriented along the parallel direction. This is to be
expected since the collagen ﬁbers must provide structural support to the ligaments mainly along their invivo loading direction. They also explain the previously
observed elastic anisotropy of these ligaments3. Collagen ﬁbers add structural strength to the USL/CL
complex. The presence of a smaller fraction of collagen
ﬁber bundles in the perpendicular direction may have
determined the larger initial strain (Tables 1 and 2) and
larger normalized strain during the entire creep test
(Fig. 8) in this direction.
Over the past years, the mechanical properties of
USLs have been characterized by quantifying their

deformation using engineering strain.19,29,41 In this
study, the USL/CL specimens underwent large deformation (strains up to 85% were recorded for one
specimen in the perpendicular direction) during creep
and, for this reason, the use of the engineering strain
was deemed inappropriate. The Lagrangian strain was
determined instead and was measured using the 3-D
DIC method. This method accounted for the inhomogeneities in strain of the USL/CL complex that were
neglected in our previous studies.3,37 It must be noted
that, inevitably, the safety pins used for gripping the
specimens caused stress concentration. By using the 3D DIC, we were able to compute the average strain
during creep in the central region of the specimens
located away from the safety pins, where the effects of
stress concentration were absent. The 3-D DIC also
excluded from the strain measurement possible artifacts due to the out-of-plane motion of the specimens
during testing. Although the surface strain was accurately measured using the 3-D DIC, relative sliding of
the thin layers that make the ligaments (Fig. 4e) may
also have occurred, but was not captured. This speculation is based on the observed layer debonding that
preceded complete failure during uniaxial tensile tests
of the USL/CL.37
While negligible biaxial creep was reported over a 3h period for the porcine mitral valve (mean radial
stretch increased from 1.36 to 1.38 and mean circumferential stretch increased from 1.05 to 1.06 at an equibiaxial tension of 90 N/m)8 and porcine aortic valve
(mean radial stretch increased from 1.43 to 1.46 and
mean circumferential stretch increased from 1.04 to
1.05 at an equi-biaxial tension of 60 N/m),35 noticeable
biaxial creep was found over a 2-h period for the swine
USL/CL complex. We recorded a mean normalized
strain of 1.34 and 1.41 in the parallel and perpendicular
directions, respectively, at constant equi-biaxial loads
of 2 N and a mean normalized strain of 1.20 and 1.33 in
the parallel and perpendicular directions, respectively,
at constant equi-biaxial loads of 4 N (Fig. 8). The difference in the amount of biaxial creep between the heart
valves and USL/CL complex is due to the difference in
structure, composition, and physiological function
between these tissues. Creep of the USL/CL complex is
signiﬁcant and surgeons should consider possible
changes in the length of these ligaments in reconstructive surgeries for the utero-vaginal prolapse (e.g.,
uterosacral ligament ﬁxation). Of course, mechanical
experiments need to be conducted on human ligaments
to determine whether a comparable increase in strain
over time under constant equi-biaxial loads can be
observed. Nevertheless, given the similarities that exist
between the human and swine USL and CL,37 we believe that the data collected in this study indicate that
creep may alter the supportive role of the USL and CL.
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Equi-biaxial loads of 2 N and 4 N were used on the
swine USL/CL complex to generate relatively low and
high stresses (Tables 1 and 2). Higher normalized
strains and creep rates were found at lower equi-biaxial
loads in both loading directions (Figs. 4 and 9). The
normalized strain, especially at 120 min (Fig. 10),
decreased with increasing stress, as reported for rat and
rabbit medial collateral ligaments.11,24 Such decrease in
creep with an increase in equi-biaxial load can be explained by the fact that, as the load increases, more
ﬁbers become straight and fewer ﬁbers remain
crimped.40 Straight collagen ﬁbers deform much less
and support larger loads than crimped collagen
ﬁbers.25 Thus, during creep tests, as the equi-biaxial
load increases, the deformation of the tissue over time
decreases. Of course, with this interpretation of our
experimental data, we are assuming that the collagen
ﬁbers govern the tissue deformation, but there may be
other tissue components and mechanisms that cause
the observed differences in the normalized strain over
time at equi-biaxial loads of 2 and 4 N. For example, it
is possible that, as the equi-biaxial loads increase, more
ﬂuid exudes out of the tissue. The ﬂuid in the tissue
may allow the ﬁbers to move and deform more easily.
As the ﬂuid decreases within the tissue at higher creep
loads, the collagen ﬁbers encounter more resistance to
deformation. The creep rate was signiﬁcantly higher at
equi-biaxial loads of 2 N than at equi-biaxial loads of 4
N in the parallel direction. Again, this could be explained by the presence of more crimped ﬁbers and
thus subsequent larger strains at lower loads.
We compared the creep behavior of the swine USL/
CL complex under the same equi-biaxial loads in the
parallel and the perpendicular directions. The mean
normalized strain at 120 min in the parallel direction
was less than that in the perpendicular direction at both
constant equi-biaxial loads of 2 and 4 N. However, no
signiﬁcant diﬀerence in the mean normalized strain at
120 min and creep rate were detected between the two
loading directions at both equi-biaxial loads. It is possible that, during equi-biaxial loading, some of the collagen ﬁbers reorient making the diﬀerence in mechanical
properties along the two loading directions insigniﬁcant. The slight increase in creep in the perpendicular
direction may be explained by fewer ﬁbers and, thus,
slightly more ﬂuid movement in such direction.
The large variation reported for the normalized
strain and creep rate data of the ligaments can be attributed to inter-animal and intra-animal variations
(Figs. 8, 9, 10 and 11). Indeed, in this study, the
specimens for mechanical testing were collected from
four different sows. Moreover, even in one of our
previous studies,37 where the specimens were collected
from a single sow, the uniaxial elastic properties of the
USL/CL complex were found to be location-depen-
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dent. In this study, the specimens had different crosssectional areas and, for this reason, they experienced
different stresses when subjected to the same equi-biaxial loads (2 or 4 N). The difference in stresses can
also explain the large variation in the creep data presented in this study.
The experimental data presented here can guide the
development of a structural constitutive equation for the
USL/CL complex that accounts for collagen ﬁber orientation and crimping (see, for example, our structural
modeling eﬀorts for collagenous tissues6,33,34). More
experiments are currently being conducted to reveal
possible nonlinearities in the creep behavior of the USL/
CL complex. The role of other micro-structural components on the mechanical response of this complex is
also being investigated. Only by implementing high ﬁdelity constitutive equations into robust ﬁnite element
models, invaluable computational tools for testing surgical reconstruction methods for PFDs can be created.

CONCLUSIONS
This study presents the ﬁrst characterization of the
collagen ﬁber organization and biaxial creep properties
of the swine USL/CL complex. In this ligamentous
complex, there were more collagen ﬁber bundles oriented along the main in-vivo loading direction (the
parallel direction) than along the direction perpendicular to it (the perpendicular direction). In both loading
directions, the USL and CL specimens deformed substantially over time under constant equi-biaxial load.
Moreover, creep proceeded signiﬁcantly faster in the
parallel direction, but not signiﬁcantly faster in the
perpendicular direction, for ligaments subjected to
lower equi-biaxial loads vs. higher equi-biaxial loads.
Based on our micro-structural analysis, we speculated
that ﬂuid movement and ﬁber un-crimping determine
the higher creep rate at lower loads in the parallel
direction. The creep properties of the USL/CL complex should be taken into account in the development
of new surgical reconstruction methods, including
mesh materials, for the treatment of PFDs.
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