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Synopsis The vagina is a highly inhomogeneous, anisotropic, and viscoelastic organ that undergoes significant deformations
in vivo. The mechanical attributes of this organ facilitate important physiological functions during menstruation, intercourse,
and birthing. Despite the crucial mechanical role that the vagina plays within the female reproductive system, the deformations
that the organ can sustain over time under constant pressure, in both the longitudinal direction (LD) and circumferential
direction (CD), have not been fully characterized. This experimental study focuses on quantifying the creep properties of the
vagina via ex vivo inflation testing using the rat as an animal model. Toward this end, rat vaginas were subjected to three
consecutively increasing constant luminal pressures (28, 55, and 83 kPa) using a custom-built experimental setup and the
resulting inhomogeneous deformations were measured using the digital image correlation (DIC) method. The vagina was
found to deform significantly more in the CD than the LD at any constant pressure, suggesting that the organ primarily adapts
to constant pressures by significantly changing the diameter rather that the length. The change in deformation over time was
significantly higher during the first inflation test at a constant pressure of 28 kPa than during the second and third inflation
tests at constant pressures of 55 and 83 kPa, respectively. The findings of this study on the mechanical behavior of the vagina
could serve to advance our limited knowledge about the physiology and pathophysiology of this important reproductive organ.

Introduction
The United States has one of the highest Cesarean section (C-section) rates: 31.8% of all live births were Csections in 2020 (Osterman et al. 2022). Although Csections are necessary and lifesaving, they can place
both mothers and babies at increased health risks when
performed without medical reasons. Mothers are more
likely to incur complications during subsequent pregnancies and babies are more likely to suffer from asthma
(Keag et al. 2018). On the other hand, several studies have suggested that C-sections protect women from
pelvic floor disorders such as urinary incontinence and
prolapse compared to vaginal birth. Women who deliver by C-section have about half the risk of developing
pelvic floor disorders later in life compared with women

who have a spontaneous vaginal birth (Wu et al. 2014).
The biomechanical process of childbirth has not been
sufficiently studied (Grimm 2021), and a better understanding of the deformations that the reproductive system experiences during labor may improve maternal
health, establishing universal standards for the recommendation of C-sections and post-natal care guidelines
to reduce incidence of pelvic floor disorders.
Fundamental research on the biomechanical properties of the vagina is crucial since this organ undergoes astonishing remodeling to accommodate the full
passage of a baby during the second stage of labor.
Characterizing this complex remodeling process in vivo
is impossible due to ethical reasons, and thus ex vivo
experimental studies are often conducted to under-
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become particularly important for delivery. Additionally, it has been shown that the vagina undergoes microstructural alterations throughout pregnancy to facilitate delivery [in the rat (Daucher et al. 2007)], although
these changes and the resulting mechanical changes
have not been fully described. Specifically, the viscoelastic behavior of the vagina must be studied under a variety of loading conditions (e.g., uniaxial tests, planar
biaxial tests, and inflation tests) and protocols (e.g., hysteresis, creep, and relaxation) and during gestation, including prior to it, to fully describe the organ’s biomechanical role during parturition.
To date, the viscoelasticity of the vagina has only
been described by a few investigators. Phenomena like
hysteresis, stress relaxation, and creep that are typical
of viscoelastic materials have been observed in vaginal tissue from mice, ewes, dolphins, swine, and humans (Peña et al. 2010, 2011; Ulrich et al. 2014b; Orbach et al. 2019; Pack et al. 2020; Clark-Patterson et al.
2021). Uniaxial tensile tests of ewe vaginal tissue have
demonstrated hysteresis behavior (i.e., different load–
deformation curves during loading and unloading), followed by some permanent deformation (Ulrich et al.
2014b). This viscoelastic behavior has been also reported for dolphin and human vaginal tissue subjected
to loading and unloading uniaxial tensile tests (Peña
et al. 2011; Orbach et al. 2019). By adopting similar testing methods, human vaginal tissue has been found to
exhibit stress relaxation (i.e., decrease in load over time
under constant deformation) (Peña et al. 2010). Planar
biaxial tests of swine vaginal tissue have also provided
data on the stress relaxation, showing a more significant decrease in stress over time in the LD than in the
CD (Pack et al. 2020). Most recently, the creep behavior,
the increase in deformation over time under constant
load, of the murine vagina has been quantified in the
CD via inflation-extension tests (Clark-Patterson et al.
2021). However, to the authors’ knowledge, no mechanical data exist regarding the biaxial creep behavior of the
vagina in both the LD and CD.
This study focuses on characterizing the historydependent deformations of the vagina using the rat as
an animal model. Rats are selected due to their anatomical, microstructural, and genetic similarity to humans,
as well as their common use in biomedical research
(McCracken et al. 2021). Deformations are induced using a custom-built inflation setup which is designed to
pressurize vaginal specimens while allowing their free
extension in the LD. Vaginal specimens are subjected
to three different constant pressures over the same time
interval to reveal the effect of pressure history on the
deformations and curvatures of the vagina. Given the
complex heterogeneous micro-structure of the vagina,
the digital image correlation (DIC) method is used to
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stand the mechanical function of the vagina. The vagina
has a very heterogeneous micro-structure being made
of three to four layers (Krstic 2013) and being compositionally different in the proximal (closer to the
cervix), mid, and distal (closer to the introitus) regions (Rynkevic et al. 2017; Ulrich et al. 2014a, 2014b;
Huntington et al. 2022). The variation in the content
and organization of the primary components of the
vagina (collagen, smooth muscle, and elastin fibers) are
likely responsible for the mechanical behavior of this
organ. The vaginas of many mammals, including rats,
mice, and ewes, have many organizational and microstructural similarities, and for this reason mechanical
studies frequently make use of animal models to understand the function of this organ and the roles of its
micro-structural components (McCracken et al. 2021).
Research on the mechanical properties of the vagina
has primarily focused on characterizing the ex vivo elastic properties of the organ (Baah-Dwomoh et al. 2016;
Huntington et al. 2020). Uniaxial tensile tests have been
conducted on both human cadaveric tissue (Rubod et al.
2008, 2012; Jean-Charles et al. 2010; Chantereau et al.
2014) and animal tissue (Rubod et al. 2007; Rahn et al.
2008; Martins et al. 2010; Knight et al. 2016; Orbach
et al. 2019), demonstrating nonlinearity in the elastic response of the vagina. Recently, biaxial tests have become
more prevalent to quantify the anisotropy of the tissue,
capturing differences in mechanical behavior between
the two primary anatomical directions of the vagina: the
longitudinal direction (LD) and the circumferential direction (CD). These tests better replicate in vivo physiological loading conditions. Planar biaxial testing has
been used to study the passive elastic and tear propagation properties of the swine vagina (McGuire et al.
2019a), as well as the active elastic properties of the rat
vagina subjected to electrical and chemical stimulation
(Huntington et al. 2019, 2021). To evaluate the mechanical properties of the vagina in its original tubular structure, researchers have further performed inflation tests
and measured the mechanical response of the vaginal
tissue of rats (Alperin et al. 2010; McGuire et al. 2019b)
and mice (Robison et al. 2017; Clark et al. 2019). In
these biaxial studies, the vagina was found to exhibit its
characteristic nonlinear behavior, as well as both passive
and active anisotropy (Clark et al. 2019; McGuire et al.
2019b; Huntington et al. 2019, 2021).
Knowledge of the elastic behavior of the vagina is insufficient to fully elucidate the role of this organ during parturition. The second stage of labor in humans
can last upwards of 1 h (WHO 2018), during which
the vagina is mechanically stressed due to the rising
pressures from the uterus and the baby. With such a
long duration of loading, the viscoelastic properties, or
time-dependent mechanical properties, of the vagina
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Fig. 1 Schematic of the rat vagina showing the longitudinal
direction (LD) and circumferential direction (CD).

measure local variation in strains as well as local variation in curvatures and explore differences between the
LD and CD. Together strain and curvature measurements provide a complete picture of how much the rat
vagina expands and how much the shape of this organ
changes over time under constant pressure. The findings of this study have the potential to cast new light on
the function of this organ during copulation and parturition, ultimately having long-term health benefits to
mothers.

Methods
Specimen preparation
This study was conducted with the approval of the Institutional Animal Care and Use Committee at Virginia
Tech. Twenty virgin rats between nine and ten weeks
◦
of age were sacrificed, then frozen at −20 C. Freezing has been found to have minimal effects on the mechanical response of vaginal tissue (Rubod et al. 2007).
◦
For testing, the rats were thawed over 1–2 days at 4 C
before the vaginal tracts were isolated via dissection
(Fig. 1). Specifically, the whole vaginal canal was dissected from introitus to cervix, and excess tissue removed with the exception of the urethra. The urethra
could not be safely removed without substantial risk of
damage to the vaginal canal. Following dissection, the
vaginal specimens were kept hydrated by spraying 1×
phosphate-buffered saline (PBS) (pH 7.4, Fisher Scientific, USA) periodically on the specimens until testing.
Images of the proximal cross-sections of the vaginas
were collected under microscope using a CMOS camera (Thorlabs Inc., Newton, NJ, USA). The inner radius and thickness for each specimen were measured
using the path and line drawing tools of ImageJ (NIH,
Bethesda, MD, USA), respectively. Their values are presented as mean ± standard deviation (SD) in Table 1.

Experimental protocol
Testing was performed using a custom-built inflation
set-up, with the components schematically shown in
Fig. 2B, at room temperature. After being mounted on
needles, specimens were immersed in an acrylic tank
filled with 8 L 1× PBS. The specimens were connected
via plastic tubing to a pressure transducer (max capacity: 345 kPa, accuracy ±0.03 %, Omega Engineering,
Norwalk, CT, USA) and a computer-controlled syringe
pump (accuracy: ±1%, NE 1000, New Era Pump Systems, Inc., Farmingdale, NY, USA) that infused PBS
into the specimens during testing. Readings from the
pressure transducer were interpreted and recorded via
a myDAQ (accuracy: ±0.5%, +20 mV, National Instruments, Austin, TX, USA) and a custom MATLAB script
(R2018a, Mathworks, Natick, MA, USA).
Specimens were pre-loaded to a luminal pressure of
1.4 kPa. The configuration of the specimens at this specific pressure was used as reference configuration since
this pressure was sufficient to support the weight of the
upper needle assembly (McGuire et al. 2019b). Specimens were then preconditioned from the reference configuration to 150% of their initial volume and back to
the reference configuration at a flow rate of 4.7 mL
min−1 for 20 cycles. Preconditioning was performed to
obtain a steady and repeatable mechanical response of
the vaginal tissue before measuring mechanical properties. The specimens were then unloaded and allowed to
recover for 600 s, and then pre-loaded to 1.4 kPa once
again.
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Specimens were subsequently mounted onto 6- and 8gauge concentric needles as depicted in Fig. 2A and described by McGuire et al. (2019b), such that the upper 8gauge needle was allowed to freely extend vertically relative to the fixed 6-gauge lower needle as the vagina was
inflated. The vaginal canal was mounted with the introitus on the fixed lower needle. The vaginal canal was
secured over O-rings using fishing line and cyanoacrylate adhesive, and the ends were further secured using Teflon tape (Fig. 2A). The upper needle assembly
weighed ∼0.026 N. Once mounted, the axial length of
each specimen was measured via digital calipers (accuracy: ±0.1 mm, Mitutoyo Absolute Low Force Calipers
Series 573, Kawasaki, Japan) and was used together with
the inner radius to estimate the inner volume of the
specimen. The mean (±SD) value of the inner volume
is reported in Table 1. Specimens were then dyed with a
1% methylene blue solution (Fisher Science Education,
Nazareth, PA, USA) and speckled with white spray paint
(Rust-Oleum, Vernon Hills, IL, USA) to create a high
contrast speckle pattern for non-contract strain measurement during testing (Lionello et al. 2014).
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Table 1 Mean (±SD) inner radius, thickness, length, and inner volume of the vaginal specimens (n = 20).
Inner radius (mm)

Length (mm)

Inner volume
(mm3 )

Mean

2.55

0.39

10.66

253.12

SD

0.04

0.08

1.29

31.54

needle
Pressure (kPa)

thread
and tape

O-ring

specimen
O-ring

PBS

thread
and tape

2nd creep test

55

28

1st creep test

1.4

needle

(B)

3rd creep test

83

bath

3000

light

pressure sensor
specimen
camera
syringe pump

analog sensor
interface

computer

Fig. 2 Schematic of (A) transverse cross-section of coaxial
needles that hold a rat vaginal tissue specimen and vaginal tissue
specimen speckled for non-contact strain measurement and (B)
custom-made inflation setup.

Figure 3 depicts the experimental protocol after preconditioning. The protocol consists of three pre-creep
tests up to luminal pressures of 28, 55, and 83 kPa, each
with subsequent creep tests and no recovery between
pre-creep and creep tests. Specifically, the specimens
were inflated at a constant volume rate of 0.7 mL min−1
until they reached a luminal pressure of 28 kPa during
the first pre-creep tests. They were then kept at 28 kPa
luminal pressure for 3000 s for the subsequent first creep
tests. This process was repeated for the second and third
pre-creep and creep tests, to luminal pressures of 55 and
83 kPa, respectively with no return to the reference state.
The pre-creep inflation rate of 0.7 mL min−1 was determined through preliminary testing, as higher rates
such as those used by McGuire et al. (2019b) would frequently to pressures higher than the target pressures. In
order to keep the pressure constant during creep tests,
the vaginal specimens were periodically re-inflated at a
rate of 0.1 mL min−1 by means of a closed-loop analog control sensor interface (Ana-BoxTM Model ADPT-

3000
Time (s)

3000

Fig. 3 Experimental protocol used to test rat vaginal specimens
consisting of three pre-creep ramp tests, where the pressure is
increased from the reference configuration (1.4 kPa) to 28 kPa,
from 28 to 55 kPa, and from 55 to 83 kPa, and three creep tests,
where the pressure is kept constant at 28, 55, and 83 kPa over a
time interval of 3000 s.

ANABOX-11, New Era Pump Systems, Inc., Farmingdale, NY, USA) and a voltage multiplier connected to
the pressure transducer (Fig. 2B). The values of the three
applied pressures, 28, 55, and 83 kPa, which correspond
with imperial values for 4, 8, and 12 psi, were chosen
to be lower than the mean pressure that caused rupture
of vaginal specimens in previous studies (McGuire et al.
2019b).
During pre-creep, high-resolution images (2448 ×
2048 pixels) were captured at 2 Hz via two CMOS cameras (Basler ace acA2440-75 um, Basler, Inc., Exton, PA,
USA) equipped with c-mount lenses (Xenoplan 2.8/50,
Schneider Optics Inc., Hauppauge, NY). During creep,
when pressure was nominally maintained constant, the
image capture rate was reduced to 0.2 Hz. The vaginal
canal was oriented with the dorsal side facing the cameras throughout testing to avoid imaging the urethra.
Non-contact strain measurements were performed with
a 3D DIC system (strain resolution >10 μ, Vic-3D 9,
Correlated Solutions, Columbia, SC, USA). The CMOS
cameras were calibrated for DIC by use of a throughlight calibration grid (4-in-1 9 × 9 dot Calibration Target, Correlated Solutions, Columbia, SC, USA) before
testing. Maps of the local normal Lagrangian strains
and curvatures in the LD and CD across the surface of each specimen were obtained using the DIC
system.
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Statistical analysis

Normal stresses in the LD and CD were calculated
by assuming the inflated vaginal canal acts as a thickwalled pressure vessel. Using the cross-sectional dimensions measured as described earlier and the pressures recorded from the pressure transducer, the normal nominal stresses in the LD and CD, σ zz and σ θθ
respectively, are calculated by

Of the twenty specimens tested, only data from fourteen specimens were analyzed due to rupture or negative strain in the LD during creep for six specimens.
On the group of fourteen, statistical comparisons were
performed using SPSS statistical software (SPSS version 27, IBM, Armonk, NY, USA). A two-way factorial repeated-measures ANOVA was used to compare
the difference in strains at the beginning of the creep
tests, with factors being the order of creep test (first,
second, and third creep tests) and anatomical direction
(LD and CD). The strains at the beginning of the first
creep test were not normally distributed as determined
by Ryan–Joiner test (P = 0.016 for strains in the LD and
P = 0.043 for strains in the CD), with one outlier for
the strains in the LD as determined by Grubbs’ test. For
the second and third creep tests, the initial strains were
normally distributed as determined by Ryan–Joiner test.
A log10 (x) transformation was performed to normalize
the initial strain values (x).
The changes in strain during creep in each direction
were analyzed at four time points into each test: t = 250,
500, 1000, and 3000 s. A three-way factorial repeatedmeasures ANOVA was used to compare the effect of
anatomical orientation (LD and CD), order of creep test
(first, second, and third creep tests), and time during
creep (250, 500, 1000, and 3000 s) on the change in
strain during creep. The changes in strain in the CD at
t = 250 s and t = 1000 s into the first creep test were
not normally distributed as determined by Ryan–Joiner
test, with one outlier as determined by Grubbs’ test at
t = 250 s. A log10 (x + 0.01) transformation was performed to normalize the data, as there were nonpositive
strain values (x) that could not be subjected to a log10 (x)
transformation.
The creep rates were compared via three-way factorial repeated-measures ANOVA, with anatomical direction (LD versus CD), order of creep test (first, second,
and third creep tests), and creep phase (primary versus
secondary) as factors. The creep rates were all normally
distributed as determined by Ryan–Joiner test.
In all cases where the N-way factorial repeated measures ANOVA were performed, the following procedure
was followed. Greenhouse-Geisser corrections were applied as appropriate when assumptions of sphericity
were violated. If a significant two-way interaction was
observed, simple main effects were assessed via one-way
repeated measures ANOVA tests. If no significant twoway interaction was found between two of the N factors,
then the data were grouped together based on one of
the two factors and main effects were assessed. When
significant main effects or significant simple main effects were found, post hoc analysis was performed with

σzz =

Pri2
F
,
− 2
2rit + t 2
π ro − ri2

σθθ =

2Pri2
,
2rit + t 2

(1)

where P is the luminal pressure, F is the weight of the
upper needle assembly, and ri , ro , and t are the inner radius, outer radius, and thickness of the vaginal canal,
respectively.
To compute the strain for each specimen from the
map of local normal Lagrangian strains, a small circular region of diameter <1 mm was selected on the dorsal
side of the vagina (i.e., the side exposed to the cameras),
away from the clamped ends. From this small circular
region, the average normal Lagrangian strains in the LD
and CD across the region were calculated for every image recorded during testing. These average normal Lagrangian strains were taken as the representative strains
for that specimen, and are hereby referred to simply as
the strains in the LD and CD. The representative curvatures for each specimen were calculated from the same
circular region, and are likewise referred to simply as
the curvatures in the LD and CD.
Strain and curvature data in the LD and CD were
computed throughout testing, both during pre-creep
and creep tests, for each specimen. The change in strain
during a creep test was calculated by subtracting the initial strain at the beginning of the creep test from the
strain data at any subsequent time during that creep test.
Therefore, for each specimen, there were six data sets for
the change in strain (or curvature) throughout creep:
one in the LD and one in the CD for each of the three
creep tests at 28, 55, and 83 kPa.
To compare the initial and final creep rates during
testing between each of the creep tests, primary creep
was defined as the creep occuring during the first 500 s
while secondary creep was defined as the creep occuring after 1000 s. For all creep tests in each direction, the
primary creep rate was then calculated by the slope of
the linear regression of the change in strain versus time
for the first 500 s of creep. The secondary creep rate was
calculated by the slope of the linear regression of the
change in strain versus time from t = 1000 s to the end
of the creep test.
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Fig. 4 (A) Pressure versus time data and (B) corresponding
average (normal Lagrangian) strains in the LD and CD for one
representative specimen during both the three pre-creep and
creep tests. (C) Local (normal Lagrangian) strains in the LD and
CD for this specimen at the beginning of the first, second, and third
creep tests. White circles represent the regions of interest from
which the representative strains were measured.

Bonferroni correction for pairwise comparisons. No
significant three-way interactions were found.
Statistical significance was set at P <0.05. In all cases
where data transformations were performed, the transformation resulted in normalized data sets by Ryan–

Both pressure and strain data versus time recorded
throughout the entire experimental protocol (schematically shown in Fig. 3) for one representative vaginal
specimen are presented in Fig. 4. The duration of the
pre-creep tests were on the order of 10 s, which is less
than 1% of the 3000 s duration of the creep tests. It can
be seen that the pressure increased sharply during the
three pre-creep tests, and was relatively constant during the three creep tests, with periodic sawtooth increases and decreases due to the pressure control system
(Fig. 4A). The strain in both the LD and CD increased
quickly during the pre-creep tests, and increased slowly
during the creep tests as shown for the representative
specimen in Fig. 4B. Moreover, throughout testing, the
strain in the CD remained greater than the strain in the
LD. The strain fields in both the LD and CD are shown
in Fig. 4C at the beginning of each of the three creep
tests for the representative specimen. The local strains
varied across the surface of each specimen, with the
strain fields of the representative specimen reaching values as high as 0.12 in some regions and values <0.01 in
others.
The pressure–strain data in the LD and CD for all
specimens during the pre-creep tests are presented in
Fig. 5. There was variation in the mechanical behavior
between the vaginal specimens. During the first precreep up to 28 kPa, the strain increased nonlinearly
with the pressure (Figs. 5A and B). The variation among
specimens was more pronounced in these initial nonlinear pressure–strain curves, as the extent of the toe region of these curves differed. One specimen in particular (data in green in Figs. 5A and B) was extremely compliant in both the LD and CD, and another one (data in
yellow in Fig. 5B) was extremely compliant in just the
CD. Beyond this pressure and after the first creep tests,
the pressure–strain response was linear in both the LD
and CD (Figs. 5C and F). In each direction, the slopes
were visually similar between the second and third precreep tests. For the second pre-creep test, all the strain
data in the LD varied from 0.016 to 0.050 and all the
strain data in the CD varied from 0.022 to 0.072. For
the third pre-creep test, all the strain data in the LD varied from 0.023 to 0.057, while all the strain data in the
CD varied from 0.034 to 0.090. In other words, in each
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Joiner test, and statistical comparisons were performed
on both the original and transformed data sets. In all
cases, statistically significant differences were found on
both original and transformed data. Therefore, results
are reported for statistical comparisons as performed on
the original data. All data are presented as mean ± standard error of the mean (SEM), unless noted otherwise.
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Fig. 5 Pressure versus strain data in the LD (solid lines) and CD (dashed lines) during the (A and B) first pre-creep tests, (C and D)
second pre-creep tests, and (E and F) third pre-creep tests for all specimens (n = 14). Data collected from the same specimen are
represented using the same color.

direction, the strain intervals were relatively similar between the second and third pre-creep tests, although
such intervals were greater in the CD than in the LD.
For each specimen, the pressure–curvature data in
the LD and CD during pre-creep are reported in Fig. 6.
For most specimens, there was very little change in curvature as the pressure increased. In the LD, the curvature stayed almost constant (Figs. 6A, C, and E), while
the curvature in the CD slightly decreased (Figs. 6B, D,
and F). Such decrease in curvature was greater in the CD
during the first pre-creep, but varied across the tested
specimens (Figs. 6B).
The applied stresses and resulting initial strains
(mean ±SEM) in the LD and CD at the beginning of
the three creep tests (or, equivalently, at the end of the
pre-creep tests) are reported in Table 2. At the beginning of each creep test, the stresses were greater in the

CD than the LD and they increased in both directions
as the pressure increased to reach the constant values of
the first, second, and third creep tests. This is expected
since the stresses were computed using equation (1).
By two-way ANOVA, there was a significant interaction
between the anatomical direction and the order of creep
test on the initial strains (P <0.001). By ANOVA, the
mean strains in the CD were significantly higher than
the mean strains in the LD at the beginning of each of
the creep tests (P <0.001). From test to test, the pairwise comparisons of the initial strains before the first,
second, and third creep revealed significant changes in
mean strain in both the LD and CD between creep tests
(P <0.001).
The mean (±SEM) change in strain over time observed during creep at all three pressures (28, 55, and
83 kPa) are presented in Fig. 7. In both the LD and CD,
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Fig. 6 Pressure versus curvature in the LD (solid lines) and CD (dashed lines) during the (A and B) first pre-creep tests, (C and D)
second pre-creep tests, and (E and F) third pre-creep tests for all specimens (n = 14). Data collected from the same specimen are
represented using the same color.
Table 2 Mean (±SEM) stresses and strains at the beginning of the three creep tests (or, equivalently, at the end of the pre-creep tests).
σ zz (kPa)

σ θθ (kPa)

Ezz

Eθθ

28

78.6 ± 3.8

164.8 ± 8.0

0.023 ± 0.002

0.032 ± 0.002

55

161.1 ± 8.0

329.8 ± 16.4

0.032 ± 0.002

0.050 ± 0.003

83

245.6 ± 11.9

498.8 ± 24.3

0.038 ± 0.002

0.065 ± 0.004

P (kPa)

σ zz : stress in the LD, σ θθ : stress in the CD, Ezz : strain in the LD, and Eθθ : strain in the CD (n = 14).

and at all pressures, the mean strain increased quickly
during primary creep (up to 500 s). During secondary
creep (after 1000 s), the mean strain increased much
more slowly and the creep rate remained relatively constant. The total change in mean strain decreased from
the first creep test to the second or third creep test in
both directions. Figure 7 shows that the vaginal tissues

consistently strained more in the CD than in the LD
during creep through all creep tests.
The mean (±SEM) change in strain at several time
points (t = 250, 500, 1000, and 3000 s) are plotted in
Fig. 8. The mean strain increased at these time points
(i.e., the change in strain was always positive) in both directions during all creep tests (n = 14), and the vaginal
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Fig. 7 Mean (±SEM) increase in strain versus time during the first,
second, and third creep tests in the (A) LD and (B) CD (n = 14).

tissue strained more in the CD than the LD. Note this
excludes the three specimens which underwent a large
decrease in strain in the LD during the first creep test.
By factorial ANOVA, there was a significant interaction
between anatomical direction and time during creep on
the mean change in strain (P = 0.008). After grouping
all the data collected during the first, second, and third
creep tests together, there was a significant difference in
the mean change in strain between the LD and CD, at all
time points (P <0.001). Similarly, time was found to be a
significant factor on the mean change in strain in both
directions (P <0.001). By pairwise comparisons, there
was a significant difference between the change in strain
at all time points (t = 250, 500, 1000, and 3000 s), in either the LD or the CD (P <0.001). By factorial ANOVA,
there was also a significant interaction between the time
and the order of creep test on the mean change in strain
(P <0.001). When grouping the data in the LD and CD
together, the order of creep test was a significant factor at all time points (P <0.001). By pairwise comparisons, the first creep test was significantly different from
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the second and third creep tests (P ≤0.028). The second and third creep tests were not significantly different from each other (P ≥0.265). Moreover, time was
a significant factor through all creep tests (P <0.001).
By pairwise comparisons, there was a significant difference in the mean change in strain between all four time
points, at each of the three creep tests (P ≤0.005).
The mean (±SEM) primary and secondary creep
rates for the first, second, and third creep tests are reported in Fig. 9. In both the LD and CD, one can visually observe from Fig. 9 that the primary creep rates
decreased from the first creep test to the second creep
test but remained almost unchanged between the second and third creep tests (Fig. 9A). Conversely, the secondary creep rates visually appear to have increased
from the first to the second and from the second to
the third creep test in both the LD and CD (Fig. 9B).
By factorial ANOVA, there was a significant interaction between the anatomical direction (LD and CD) and
creep phase (primary and secondary) (P = 0.006). After grouping the data collected in the first, second, and
third creep tests together, the primary creep rates were
significantly greater than secondary creep rates in each
direction (P <0.001). Similarly, creep rates were significantly higher in the CD than the LD, during both
primary and secondary creep (P <0.001). By factorial
ANOVA, there was also a significant interaction between the creep phase and the order of creep test on
the creep rates (P <0.001). After grouping the data in
the LD and CD together, the primary creep rates were
significantly greater than the secondary creep rates at
each of the three creep tests (P <0.001). The order of
creep test was a significant factor for both the primary
and secondary creep rates (P <0.001). By pairwise comparisons, the primary creep rates were significantly different between the first creep test and the second creep
test, as well as between the first creep test and the third
creep test (P <0.001). The primary creep rates during
the second and third creep tests were not significantly
different from one another (P = 1.000). Conversely, the
pairwise comparisons on the secondary creep rates revealed a significant difference between all three creep
tests (P ≤0.005).
The mean (±SEM) curvature data in the LD and CD
over time during each of the three creep tests are plotted in Fig. 10. The mean (±SEM) curvatures in the LD
and CD at t = 0 s and t = 3000 s in each of the three
creep tests are reported in Table 3. The mean curvatures
in both the LD and CD appeared to change, slightly
increasing in the LD and decreasing in the CD over
time, for each of the three creep tests. In the LD, this
change was more pronounced during the first creep
test, with much of the change occurring specifically
in the first few hundred seconds of creep (Fig. 10A).
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Fig. 8 Mean (±SEM) increase in strain in the LD and CD for the first, second, and third creep tests at (A) t = 250 s, (B) t = 500 s, (C) t
= 1000 s, and (D) t = 3000 s. The change in strain at all four times were significantly different from one another for all three creep tests
(P <0.01). The change in strain in the CD was higher than the LD at all times (P <0.001). ∗ P <0.05, ∗∗ P <0.01, ∗∗∗ P <0.001.

In the CD, the decrease in curvature was more pronounced during the second and third creep tests
(Fig. 10B).

Discussion
To the authors’ knowledge, this is the first experimental study to characterize the history-dependent biaxial deformations of rat vaginal tissue under increasing
and constant pressures using the DIC technique. The
vaginal canal underwent inhomogeneous deformations
through inflation testing, experiencing greater strains in
the CD than the LD during both pre-creep and creep
tests. The local variations in strain can be attributed
to variations in the architecture of the main microstructural components (e.g., smooth muscle and collagen fibers) of the organ. For example, areas of lower
strain in the LD may be attributable to the presence
of more fibers oriented toward the LD (McGuire et al.
2021; Huntington et al. 2022).
During the first pre-creep tests, we reported a nonlinear increase in strain with increasing pressure (Figs. 5A
and B) and a linear relationship between pressure and
strain after the first creep tests, during the second and
third pre-creep tests (Figs. 5C, D, E, and F). Variation
in the mechanical response across specimens was consistent with previous studies of vaginal tissue, particularly our previous inflation to rupture study (McGuire
et al. 2019b). During the second and third pre-creep

tests, the slopes of the pressure–strain response of the
specimens were remarkably consistent with one another. This change in the pre-creep pressure–strain response from nonlinear during the first pre-creep to linear during the second and third pre-creep likely resulted from the re-orientation and un-crimping of collagen fibers when the specimens were subjected to the
first pre-creep tests and the subsequent first creep tests.
Quantitatively, we did not observe a notable difference
in apparent stiffness of the rat vaginal tissue between
the LD and CD during pre-creep (Table 2). Specifically, by the end of testing, both the stress and strain
in the LD were approximately half of their respective values in the CD. The lack of differences between
the elastic pre-creep response in the two directions in
our study may be due in part to the lower applied
pressures with respect to our previous study. Within
these smaller pressures/stresses, it is possible that the fibrous components of the vaginal tissue remained fully
or partially crimped, and thus the ground substance
in which the fibers were embedded dominated the
overall mechanical behavior. Furthermore, the 3000 s
long interval between the first and second pre-creep
tests, when the tissue was held at 28 kPa, possibly
allowed straightening of the collagen fibers at lower
stresses than those applied during quasi-static tests.
Such straightening might have altered the mechanical
response of the specimens in the subsequent pre-creep
tests.
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Fig. 10 Mean (±SEM) curvature versus time in the (A) LD and
(B) CD during the first, second, and third creep tests (n = 14).

After 3000 s of creep, we reported a mean (± S.E.M.)
change in strain of 0.0045 ± 0.0008 in the CD for the
first creep test (Figs. 7 and 8). Much of this change in
strain occurred early into creep: after only 100 s, we
recorded an increase of 0.0022 ± 0.0004 in the same direction during the first creep test. This is comparable
with the results of Clark-Patterson et al. (2021), who after 100 s of creep, reported similar increases in strain
in the CD ranging from 0.0028 ± 0.0003 to 0.0041
± 0.0003. They conducted four inflation creep tests of
wildtype/haploinsufficient mice using balloon catheters
at target pressures of 0.67, 0.93, 1.33, and 2.00 kPa, each
conducted for 100 s with 1000 s allowed for recovery
between creep tests, at fixed axial lengths ranging between ±4% of the physiologic axial length. We notably
report a lower amount of creep strain despite the fact
that we inflated to higher stresses during our first creep
test than Clark-Patterson et al. did during any of their
creep tests (Clark-Patterson et al. 2021). This difference
in results can be explained by difference in chosen animal models, testing apparatus, and methods of strain

measurement. Specifically, Clark-Patterson et al. used
wildtype/haploinsufficient mice for their study of vaginal tissue, which in addition to being much smaller than
the Sprague-Dawley rats we used, may have differing
microstructure [e.g., a thicker epithelial layer than the
rat vagina (McCracken et al. 2021)]. Furthermore, while
they fixed the axial length and estimated strain from the
diameter of the vagina, we allowed for free-extension
of the organ in the LD and measured the local strains
across the dorsal side via DIC.
We performed three consecutive creep tests, each
3000 s long, without recovery to examine the effects
of loading history on the time-dependent deformation
behavior of the vagina, and found that the amount of
strain decreased from the first creep test to the second and third (Figs. 7 and 8). Comparatively, when
allowing time for recovery between creep tests, Clark
Patterson et al. (2021) reported an increase in creep
strain with increasing pressure in vaginal tissue under
inflation. The reduction in creep strain we observed
during consecutive creep tests appears to be a result of a
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Table 3 Mean (± SEM) curvatures (mm−1 ) at t = 0 s and t = 3000 s in each of the three creep tests, in the LD and CD (n = 14).
Curvature in the LD

Curvature in the CD

t = 3000 s

t=0s

t = 3000 s

First creep test

0.0409 ± 0.0027

0.0426 ± 0.0025

0.1000 ± 0.0038

0.0997 ± 0.0034

Second creep test

0.0437 ± 0.0023

0.0443 ± 0.0022

0.0981 ± 0.0033

0.0972 ± 0.0032

Third creep test

0.0454 ± 0.0021

0.0455 ± 0.0019

0.0964 ± 0.0031

0.0955 ± 0.0031

change in the initial creep behavior. The primary creep
rates in the LD and CD decreased from the first creep
test to the second and third (Fig. 9A). Conversely, the
secondary creep rates in both directions increased from
test to test (Fig. 9B), and it is possible that if the creep
tests had a longer duration than 3000 s, the changes in
strain during the second and third creep tests may have
surpassed the change in strain during the first creep
test. We note that the definitions of primary and secondary creep adopted in this study were based on qualitative observations that the rate of change in strain during creep tended to decrease dramatically within the
first 1000 s, and the exact limits chosen for defining the
timescales of primary creep and secondary creep were
arbitrary. Ultimately, we choose to use these definitions
as they provide a useful shorthand for comparing the
creep rates at the beginning and end of each of the three
creep tests.
We speculate that the differing behavior of the vaginal tissue during primary creep and secondary creep
is possibly controlled by two distinct mechanisms: water exudation/collagen fiber uncrimping and collagen
fiber–matrix interaction/collagen interfibrillar sliding.
During primary creep, some water may have exuded
out of the vaginal tissue, as suggested by Baah-Dwomoh
and De Vita (2017) in their study of the creep properties of swine cardinal ligaments at multiple repeated
biaxial loads. As water left the tissue, the fibers within
the tissue may have re-arranged themselves giving rise
to the initial nonlinearity of the strain versus time behavior (i.e., the primary creep behavior). If this was the
case, primary creep may have been limited in consecutive creep tests, as much of the water was squeezed out
during the first creep and, without recovery, the tissues
did not have time to reabsorb water. Consequently, the
fibers did not have sufficient time to re-arrange themselves and regain some undulation. In studies that included recovery time between creep tests, some water might have been reabsorbed by the tissue, allowing
for similar primary creep behavior in subsequent tests.
However, Baah-Dwomoh and De Vita (2017) noted that
the first creep test always resulted in greater normalized
strain than the subsequent tests, even after recovery, irrespective of the magnitude of the applied biaxial loads,

suggesting that complete water reabsorption may take a
very long time.
Alternatively or concomitantly, primary creep might
have been determined by collagen fiber uncrimping. It
has been shown that collagen fibers within the vagina
straighten and reorient as the tissue is loaded to stiffen
and strengthen the organ (Clark et al. 2019; McGuire
et al. 2021). While collagen fiber reorientation has been
shown to not be time-dependent in ligaments (Purslow
et al. 1998), we know very little about the time dependency of crimping/uncrimping of collagen fibers. Primary creep may be less significant in consecutive creep
tests with no recovery because many of the collagen
fibers are already straightened during the first creep test.
During recovery time between creep test, the fibers may
regain the undulation so that primary creep behavior
does not change in subsequent creep tests. The secondary creep behavior of vaginal tissue could be governed by fiber–matrix interaction and sliding of the fibrils within the matrix as suggested by a few investigators
(Purslow et al. 1998; Thornton et al. 2001). Such sliding
would be unchanged as water re-enters the tissue during
recovery but, without recovery, sliding could be further
favored in subsequent creep tests. Moreover, the secondary creep rate could continue to increase in consecutive creep tests, as the fibers need not be undulated to
slide within the matrix at a relatively stable rate. Futher
research is needed to investigate the role of the vaginal
microstructure during creep. Particularly, mechanical
tests that utilize DIC methods for in-plane strain measurements with other optical techniques, such as polarized light microscopy for imaging of collagen fibers
or optical coherence tomography for detecting out-ofplane microstructural changes, may serve to shed light
on the deformation mechanisms during creep.
We reported greater strains in the CD than the LD
throughout all creep tests (Fig. 7). However, this by itself does not indicate anisotropy in the creep response,
as the vaginal specimens in their tubular configuration
experienced less stress in the LD than the CD. Moreover, our factorial ANOVA of the change in strain during creep with the order of the creep test and anatomical
direction as factors revealed no significant interaction
between such factors. This indicates that the deforma-
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Fig. 11 (A) Specimen rupturing during the third creep. The
specimen was inflated to a luminal pressure of 82.7 kPa at the
moment it ruptured. (B) Maps of strains in the LD at t = 0 s and t
= 3000 s for a vaginal specimen experiencing a decrease in strain
(instead of the usual increase in strain) over time during creep. The
average strains (across the specimen) are reported on the top of
each image at t = 0 s and t = 3000 s.

The results of three additional specimens were not reported, as they exhibited a large decrease in strain in
the LD during the first creep test. Figure 11B depicts
the strain fields in the LD for one of these specimens
at the beginning and end of the first creep test. Across
the specimen, the local strains in the LD decreased
from the beginning to the end of the first creep test. All
three specimens ultimately experienced an increase in
strain in the LD during the third creep test. Negative
strain during creep may be due to strong coupling between anatomical loading directions: as the tissue was
loaded biaxially, it compressed in one direction to become more compliant in the other direction. It is worth
noting that all these three specimens exhibited a positive change in strain during creep in the CD through all
three tests. Additionally, these specimens exhibited unusually stiff stress–strain behavior in the LD compared
to the other specimens of this study.
Consistently with our previous inflation study
(McGuire et al. 2019b), we reported higher curvatures
in the CD than the LD throughout pre-creep inflation
testing (Fig. 6). These higher curvatures in the CD
provide affirmation that the vagina is accurately assumed to behave as a cylindrical pressure vessel under
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tion history of multiple creep tests had a relatively similar effect in the LD and CD. However, as discussed earlier the lack of anisotropy in the pre-creep response was
likely resulting from low stresses applied to the tissue.
The same may hold true for investigating anisotropy in
the creep response, particularly since the first creep test
was conducted at very low stresses. Other forms of biaxial creep testing, such as planar biaxial testing, may be
better suited for elucidating potential anisotropy in the
viscoelastic response of the vagina.
In our custom-built inflation setup, the pressure was
controlled via a closed-loop analog control sensor interface, which was used in tandem with a custommade variable voltage multiplier attached to the pressure transducer. This control system allowed us to keep
the pressure within ±1.5 kPa of the selected pressure
values during creep tests. These fluctuations in the target pressures often led to periodic sawtooth patterns in
the pressure versus time data, as can be seen in Fig. 4A.
Pressure fluctuations would inevitably have an effect on
the strains of the specimens during creep (as can be
noted in Fig. 7). Rather than using a commercial pressure regulator, we preferred to use the variable voltage
multiplier system in our setup since it allowed for easy
and quick switching between nominally/approximately
constant creep pressures for consecutive creep tests.
Future studies of creep resulting from inflation to
one pressure could consider implementing a pressure regulator to reduce pressure fluctuations over
time.
Of the twenty specimens tested, three failed due to
rupture during the third creep test. No observations
were made during specimen preparation and testing
that would indicate a predisposition to failure of these
specimens over others. Figure 11A depicts one of these
specimens at the moment of failure, at which point the
luminal pressure dropped from 82.7 to 0.3 kPa in a
matter of seconds. The resulting tears on each of the
three specimens were small and difficult to locate postexperiment, but each occurred outside the view of the
cameras, on the ventral or the lateral side of the vaginal canal as depicted in Fig. 11A. It is worth noting that
McGuire et al. (2019b) found that the ventral wall was
the predominant region of tear formation in their study
of inflation to rupture of vaginal tissue, and Rubod et al.
(2012) reported that cadaveric vaginal tissue from the
posterior region (dorsal region in rats) was significantly
stronger than tissue from the anterior region (ventral
region for rats). Collectively, these findings may suggest
that the ventral vagina is mechanically different from
the dorsal vagina in the rat, and therefore one must use
the panoramic DIC technique proposed by Genovese
et al. (2013) to quantify possible regional differences in
the deformations of the organ.
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Conclusions
This study presents the first investigation of the creep
behavior of vaginal tissue in both the LD and CD, using free-extension inflation testing to apply three incrementally increasing constant pressures and measuring
the strain fields using the DIC method. The tissue deformed more in the CD than the LD under any of the
applied constant pressures. In both anatomical directions, vaginal specimens exhibited a higher increase in
strain during the first creep test than during the second
or third creep tests. This was associated with a reduction in the primary creep rate and an increase in the
secondary creep rate after the first creep test. In other
words, these findings suggest that the vagina under incremental constant loads over time, such as during delivery or copulation, stretches more during the first ap-

plied load than during subsequent loads. Specifically,
stretching occurs quickly immediately after the load is
applied and more slowly later on as load is sustained.
Moreover, the diameter of the vagina increases more
than the length under constant load. This dependence
of creep behavior and creep rates on the loading history
is likely attributed to micro-structural changes that occur within the tissue over time under pressure. The results of this study provide a significant insight into the
long-term viscoelastic behavior of vaginal tissue under
biaxial loading, which is vital to improve the medical
treatment of parous women in the United States.
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