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 A B S T R A C T

The female reproductive tract exhibits a remarkable capacity for extensive remodeling and 
large deformations during pregnancy. Despite its central role in reproduction, the mechanical 
adaptations of the entire tract remain poorly characterized. Here, we performed ex vivo inflation 
testing of the intact murine reproductive system, including the vagina, uterine body, and uterine 
horns, using non-contact, full-field deformation measurements to preserve anatomical conti-
nuity. This approach captured the collective mechanical response of the organ system across 
nonpregnant, late-pregnant, and three-week postpartum stages. Rupture pressure decreased 
from nonpregnant to late-pregnant tracts, with a partial increase by three weeks postpartum that 
remained below nonpregnant values. Late-pregnant tracts were markedly more distensible, with 
pressure–volume slopes an order of magnitude lower than those of nonpregnant and three-week 
postpartum tissues. Full-field strain mapping revealed region-specific behavior, with uterine 
regions deforming more than the vagina at moderate pressures during late pregnancy. At rupture 
pressures, the vagina was less extensible than uterine regions across nonpregnant, late-pregnant, 
and three-week postpartum conditions, with attenuated regional differences in late pregnancy. 
By three weeks postpartum, uterine regions had recovered strain levels comparable to the 
nonpregnant state, but the vagina continued to deform more at rupture pressure, indicating 
region-specific differences in recovery.

. Introduction

Pregnancy is a remarkable example of regenerative medicine, representing a non-pathological state that orchestrates drastic 
et precisely controlled changes throughout the human body. Over nine months, the female reproductive tract supports the 
ransformation of a fertilized egg into a fully developed fetus. After birth, it rapidly begins reverting to its nonpregnant state, 
ith the uterus returning to its pre-pregnancy size within six to eight weeks (Wachsberg et al., 1994), while other physiological 
hanges (e.g., cervical involution McLaren, 1952, ovulation Jackson & Glasier, 2011, cardiovascular function Mahendru et al., 2014) 
ay take longer (>twelve weeks) to recover. In response to elevated hormonal stimuli, the reproductive tract undergoes significant 
eformations, adapting biomechanical properties to support fetal development and facilitate birth (Baah-Dwomoh et al., 2016; Myers 
 Elad, 2017). However, the full extent of pregnancy-induced biomechanical remodeling is still poorly understood.
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Collagen is the main structural protein in the uterus, cervix, and vagina, providing strength, stability, and support. Throughout 
pregnancy, collagen undergoes continuous remodeling, which is regulated by fibroblasts, smooth muscle cells, and immune cells 
that release growth factors, cytokines, and matrix-degrading enzymes (Colon-Caraballo et al., 2025; Jorge et al., 2014; Rossi et al., 
2025). Mechanical forces and hormonal signals further modulate collagen degradation, fiber realignment, and cross-linking to meet 
the evolving demands of pregnancy in mice (Akins et al., 2011; Barnum et al., 2017; Nallasamy et al., 2017; Ouellette et al., 
2022; Yoshida et al., 2014). In the human and rodent cervix, progressive collagen degradation and fiber disorganization facilitate 
softening and dilation (Aspden, 1988; Boyd et al., 2018; Byers et al., 2010), while in the uterus, collagen content increases in the 
mouse endometrium (Sanches et al., 2010; Teodoro et al., 2003) and collagen fibers straighten in the myometrium (Ouellette et al., 
2022). Postpartum, dynamic collagen degradation is observed in humans (Woessner & Brewer, 1963) and rats (Harkness & Harkness, 
1954); evidence suggests that the decrease in collagen during postpartum is associated with decreased tissue stiffness in the rodent 
cervix (Buhimschi et al., 2009; Harkness & Harkness, 1961; Yoshida et al., 2014).

It has been hypothesized that inadequate mechanical remodeling or recovery of reproductive tissues may contribute to adverse 
maternal outcomes such as preterm birth, birth injury, and possibly future pelvic floor disorders. Yet the mechanical basis of these 
potential links remains poorly defined. Human studies are limited by restricted access to reproductive tissues, especially at specific 
pregnancy and postpartum stages, and by the inability to control factors such as sample size, age, body composition, and parity. Even 
when tissues are available, they rarely capture the full range of mechanical states that occur across gestation, delivery, and recovery. 
These constraints make it challenging to obtain systematic measurements of distensibility and structural integrity, leaving significant 
gaps in our understanding of how reproductive tissues adapt mechanically during pregnancy and how insufficient adaptation might 
influence maternal health.

Animal models are commonly used to investigate the mechanical properties of reproductive tissues during pregnancy (Abramow-
itch et al., 2009; Baah-Dwomoh et al., 2016; Clark-Patterson et al., 2022; Dubik et al., 2025; Mitchell & Taggart, 2009; Yoshida 
et al., 2019). Mice and rats are especially prevalent because their short estrous cycles and brief gestation periods (19–21 days) allow 
progressive changes during pregnancy to be captured within a practical experimental window. They are also cost-effective, easy to 
handle, and exhibit reproductive tissues with organizational features that resemble those of humans (Aspden, 1988; Boyd et al., 
2018). Despite their widespread use, the mechanical behavior of the murine reproductive system across pregnancy has not been 
systematically characterized. Rigorous quantification of how murine tissues mechanically adapt and remodel during gestation is 
needed, given the central role of mice as preclinical models for reproductive biology and for mechanistic studies that inform human 
pregnancy research.

Reproductive biomechanics studies have largely relied on ex vivo uniaxial mechanical testing, in which tissues are loaded along 
a single axis. This approach has been applied extensively to the vagina (Feola et al., 2011; Lowder et al., 2007; Rahn et al., 2008) 
and cervix (Barnum et al., 2017; Harkness & Harkness, 1959; Harkness & Nightingale, 1962; Jayyosi et al., 2018; Lee et al., 2022; 
Read et al., 2007; Yoshida et al., 2014, 2016). In late pregnancy, rat vaginas exhibit greater distension and higher ultimate strain 
while displaying reduced strength compared to virgin tissues (Feola et al., 2011; Lowder et al., 2007; Rahn et al., 2008). Their 
distensibility and strength return to virgin levels by three weeks postpartum (Feola et al., 2011; Lowder et al., 2007). The rat cervix 
also undergoes pronounced remodeling, showing increased distensibility (Harkness & Nightingale, 1962; Jayyosi et al., 2018; Lee 
et al., 2022) and reduced maximum load, stiffness, and stress relative to virgin cervices (Barnum et al., 2017; Harkness & Harkness, 
1959; Read et al., 2007; Yoshida et al., 2014, 2016). Postpartum recovery occurs more rapidly in the cervix: stiffness returns to 
virgin values within 8 h of delivery (Barnum et al., 2017), and extensibility normalizes within 24 h (Harkness & Harkness, 1959, 
1961). However, cervical strength decreases below virgin levels by 16 days postpartum (Harkness & Harkness, 1959, 1961). In 
contrast, fewer studies have examined the passive mechanical properties of the uterus across pregnancy, as research in this area has 
primarily focused on uterine contractility and intrauterine pressure during late gestation and delivery (Hollingsworth, 1975; Pierce 
et al., 2010; Robuck et al., 2018).

Uniaxial loading protocols, although widely used, do not reproduce the multidirectional deformation environment experienced 
by the reproductive tract in vivo. Biaxial inflation testing, in which internal pressurization induces circumferential and longitudinal 
deformation of the intact organ, provides a more physiologically relevant loading state by preserving native boundary conditions and 
the continuous extracellular matrix architecture that mediates load transfer, features disrupted when tissues are excised into strips. 
This approach also permits the vagina, cervix, and uterine horns to be examined as an integrated reproductive tract rather than as 
isolated regions. Inflation methods have been applied to the excised vagina (Akintunde et al., 2019; Dubik et al., 2022; McGuire 
et al., 2019, 2021; Robison et al., 2017; White et al., 2022) and to the uterocervical complex (Conway et al., 2019), but for pregnant 
rodents the available data are limited to a single ex vivo pressure–volume study (Downing et al., 2014) and one in vivo assessment 
of distensibility (Alperin et al., 2010). These studies did not resolve the spatially heterogeneous strain fields that develop across the 
reproductive tract during loading. In previous work (Dubik et al., 2024; McGuire et al., 2019, 2021), digital image correlation (DIC) 
enabled non-contact, full-field strain measurements during biaxial inflation, revealing localized mechanical responses such as tear 
propagation and creep in the virgin rat vagina. However, the mechanical behavior of the pregnant and postpartum vagina, cervix, 
and uterine horns—considered together as a continuous tract—under biaxial inflation remains unknown, constraining mechanistic 
understanding of how load is distributed through the reproductive system during gestation.

Here, we sought to determine how the mechanical properties of the entire murine reproductive tract change during pregnancy 
and postpartum by performing ex vivo inflation testing with non-contact, full-field deformation measurements. Building on 
prior MRI investigations of pregnancy-induced anatomical remodeling (Suarez et al., 2024), we examined mice at non-pregnant 
(NP), late-pregnant (LP), and three-weeks postpartum (3w PP) reproductive stages, which exhibit the most substantial geometric 
transformations and therefore represent informative points for assessing mechanical adaptation and recovery. Using a biaxial 
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Table 1
Median (IQR) values for animal characteristics and ex vivo reproductive tract dimensions of 
the tested specimens in NP (𝑛 = 9), LP (𝑛 = 9), and 3w PP (𝑛 = 9). Reported dimensions 
correspond to the geometry of the tissues at the time of mechanical testing following excision and 
specimen preparation, and therefore do not necessarily represent the in situ dimensions of the 
intact reproductive tract. Uterine horn thickness could be measured only at LP, since the organ 
was partially dissected prior to mechanical testing.
Median (IQR) NP LP 3w PP
Age (days) 98 (95–100) 104 (103–110) 132 (127–146)
Body weight (g) 36.52 (33.51–37.60) 65.84 (58.02–69.24) 37.01 (36.52–39.09)
Reproductive tract weight (g) 0.62 (0.55–0.69) 5.98 (5.62–6.27) 0.62 (0.48–0.66)
Uterine horn length (mm) 23.44 (22.52–25.79) 26.36 (23.21–27.70) 25.06 (24.56–30.52)
Uterine horn width (mm) 3.82 (2.70–3.87) 13.01 (12.45–14.05) 3.39 (3.11–3.66)
Uterine horn thickness (mm) – 0.04 (0.04–0.04) –
Uterine body length (mm) 6.86 (6.45–8.44) 13.02 (12.39–14.08) 6.89 (6.81–9.26)
Uterine body width (mm) 6.68 (6.16–7.31) 20.23 (19.33–21.12) 6.26 (5.73–7.05)
Cervix length (mm) 4.06 (3.96–4.44) 4.04 (3.75–4.68) 3.62 (3.45–3.64)
Cervix width (mm) 3.72 (3.66–4.11) 4.39 (3.98–4.79) 3.42 (3.38–3.45)
Vagina length (mm) 9.75 (9.40–9.90) 12.33 (11.61–14.58) 8.62 (8.22–9.19)
Vagina width (mm) 6.10 (5.64–6.21) 5.77 (4.96–6.05) 6.28 (5.67–6.68)
Vagina thickness (mm) 0.20 (0.18–0.28) 0.16 (0.12–0.21) 0.20 (0.18–0.20)
Number of pups 0 14 (12–16) 12 (12–13)

inflation setup, we quantified local strain distributions across the integrated tract until rupture under continuous saline infusion. We 
hypothesized that pregnancy would alter how mechanical deformation is distributed along the reproductive tract, leading to distinct 
regional strain patterns and markedly reduced rupture pressures compared to the non-pregnant state, and that postpartum tissues 
would exhibit only partial and region-dependent mechanical recovery. This study establishes foundational mechanical benchmarks 
for healthy murine pregnancy and postpartum remodeling, providing an integrated reference framework for future mechanistic and 
translational investigations of pregnancy-related disorders.

2. Experimental methods

2.1. Specimen preparation

All procedures were conducted in accordance with protocols approved by the Institutional Animal Care and Use Committee at 
Virginia Tech. Sexually mature female CD1 mice (Charles River; 3 months old at study onset) were allocated to nulliparous (NP; 
𝑛 = 9), late-pregnant (LP; gestation day 16–17; 𝑛 = 9), and three-week postpartum (3w PP; 𝑛 = 9) groups. Euthanasia was performed 
using CO2 asphyxiation followed by cervical dislocation to ensure rapid and humane sacrifice (Fig.  1(a)). NP and 3w PP mice were 
euthanized during the estrous phase, verified by visual inspection of the vaginal opening (Byers et al., 2012). Carcasses were stored 
at 4 ◦C, and reproductive tracts were excised within 36 h of euthanasia. The entire tract, from the introitus to the ovarian fat pad, was 
isolated, and surrounding connective tissue and adipose layers were gently removed while preserving overall structural integrity. 
Samples were continuously hydrated with 1× phosphate-buffered saline (PBS) throughout dissection. Dimensional measurements 
were taken three times with a digital caliper and averaged for each animal, including the length and width of the uterine horn 
(oviduct to uterine body), uterine body, cervix, and vagina. Summary statistics (median (IQR)) for these dimensions, along with 
reproductive tract weights, body weights, litter size, and animal age, are provided in Table  1.

Reproductive tracts were stained with methylene blue for one hour before mounting. Each specimen was affixed to a syringe tip 
mounted on a 12-gauge stainless steel needle inserted through the introitus and secured over a rubber O-ring using nylon thread 
and Teflon tape (Fig.  1(b)). The mounted tracts were positioned on a 3D-printed pillar structure that maintained the tract in a single 
plane while allowing free extension during testing (Fig.  1(b)). For NP and 3w PP tracts, the distal ends of the uterine horns near 
the oviducts were closed with silk sutures. The same sutures were used to secure the reproductive tract to the supporting pillar. For 
LP specimens, the uterine horns were transected at the third implantation site and ligated with silk sutures, leaving two embryos 
in each horn to normalize uterine volume across pregnant tracts (Fig.  1(c), Table  1). All specimens were then speckled for DIC by 
applying a fine aerosol of fast-drying, gloss-white acrylic paint through a perforated metal sheet, producing a uniform non-contact 
strain measurement pattern.

2.2. Mechanical testing

Testing was performed using a custom-built inflation apparatus (Fig.  1(d)). Reproductive tracts were immersed in a room-
temperature, PBS-filled acrylic tank with an optical window and connected via plastic tubing to a pressure transducer (maximum 
capacity: 15 psi ≈103 kPa; Omega Engineering Inc., Norwalk, CT) and a computer-controlled syringe pump (New Era Pump Systems 
Inc., Farmingdale, NY). Pressure signals were recorded and interfaced through a custom Matlab (MathWorks, Natick, MA) script using 
an NI myDAQ data acquisition system (National Instruments, Austin, TX) (McGuire et al., 2019, 2021).
3 
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Fig. 1. (a) Representative timepoints used in this study: non-pregnant (NP), late-pregnant (LP), and three-week postpartum (3w PP). (b) Stained 
and speckled 3w PP reproductive tract shown in a DIC image, with schematic illustrations of the mounting elements: an O-ring at the introitus, 
syringe tip secured with nylon suture and Teflon tape, and a 3D-printed pillar supporting the uterine horns. (c) Stained and speckled LP 
reproductive tract shown in a DIC image, with embryos schematically represented within the uterine horns (two per side). (d) Schematic of 
the inflation testing apparatus showing its principal components.

Before testing, each specimen was preconditioned by ten inflation–deflation cycles of PBS to 6 kPa at a flow rate of 2 mL min−1, 
using a custom closed-loop analog control interface and script (ANABOX 11, New Era Pump Systems Inc., Farmingdale, NY). After 
preconditioning, a preload of 2 kPa was applied before continuous pressurization with PBS at 2 mL min−1 until rupture.

Images were acquired at 4 Hz using two CMOS cameras (Basler ace A2440-75 um, Basler Inc., Exton, PA) fitted with C-mount 
lenses (Xenoplan 2.8/50, Schneider Optics Inc., Hauppauge, NY). Non-contact, full-field Lagrangian strain measurements were 
computed on the dorsal surface of the reproductive tract using a stereo 3D DIC system (Vic 3D 10, Correlated Solutions, Columbia, 
SC) (Fig.  1(d)). The DIC system was calibrated with a 12 × 9 grid pattern of 1 mm spacing and refined after testing using a hybrid 
calibration procedure. This hybrid method incorporated both rigid-grid and speckle-pattern images to correct for optical distortion 
4 



A.C. Suarez et al. International Journal of Engineering Science 226 (2026) 104579 
and refractive differences between air, the acrylic window, and PBS. These methods enabled quantification of infused volume, 
intraluminal pressure, and strain maps of the reproductive tract during inflation.

The slope of the linear portion of the pressure over volume infused curve was calculated from fitting a line to the data on 
Matlab with the function ‘‘polyfit’’. The maximum and minimum principal Lagrangian strains, 𝑒1 and 𝑒2, were computed using 
DIC by tracking the displacement and deformation of distinct subset regions within the speckle pattern on the reproductive tract 
surface. The principal strain angle, 𝛾, was computed relative to the circumferential direction of the vagina, with 0◦ corresponding to 
alignment along this circumferential axis. This angle represents the orientation along which the maximum principal strain developed 
during inflation.

Strains were then averaged over small circular analysis regions positioned along the reproductive tract at the mid and proximal 
vagina, the caudal portion of the uterine body, the cranial portion of the uterine body near the inlet of one uterine horn, and along 
the uterine horn itself (Fig.  4). Two sites were evaluated within the uterine body because the caudal portion has a larger luminal 
cross-section than the cranial portion. In the pregnant reproductive tracts, the analysis region along the uterine horn was selected 
between adjacent embryos to minimize the influence of pre-existing local strains induced by the embryos.

To relate the orientation of the maximum principal strain to anatomical geometry, the longitudinal direction of the cranial 
uterine body and uterine horn was quantified using ImageJ (National Institutes of Health, Bethesda, MD). For each specimen, this 
direction was determined by measuring an angle between a line drawn along the circumferential direction of the vagina and a 
second line extending from the center of the uterine body through the midpoint of the uterine horn along its cylindrical axis. This 
anatomical angle defined the longitudinal axis of the uterine body and horn relative to the vaginal circumferential direction, serving 
as a reference for reporting the orientation of the maximum principal strain 𝛾 obtained from DIC analysis across reproductive stages.

2.3. Statistics

Statistical analyses were conducted in RStudio (version 2024.12.0) using generalized linear mixed models to compare selected 
pressure, slope, and strain metrics across the main fixed effects of region and reproductive stage, as well as their interaction. 
Statistical significance was defined as 𝑝 < 0.05. Owing to the cross-sectional design, regional measurements within the same 
specimen and reproductive stage were treated as paired (repeated measures), whereas data from different reproductive stages were 
considered independent. Normality of residuals was assessed using the Shapiro–Wilk test and inspection of Q–Q plots with 95% 
confidence intervals, and homogeneity of variance was verified using Levene’s test. Each variable was analyzed independently. Data 
skewness was evaluated with the ‘‘moments’’ package in RStudio. Raw data were used for the statistical analysis of rupture pressure 
and pressure–volume slopes. Strain data were transformed to reduce skewness using log(value) for 𝑒1 at 5 kPa and at rupture, 
log(value + 0.05) for 𝑒2 at 5 kPa, and log(value + 0.13) for 𝑒2 at rupture. When main or interaction effects were significant, post-hoc 
pairwise comparisons were performed using Tukey’s honestly significant difference (HSD) test. For metrics with only one main effect 
(reproductive stage), such as rupture pressure and slope, Welch’s ANOVA followed by Tukey’s HSD was applied.

3. Results

Pressure–volume responses of murine reproductive tracts at NP, LP, and 3w PP under inflation to rupture are shown in Fig. 
2(a), obtained using controlled infusion with a syringe pump and continuous pressure monitoring. The inflation response of the 
reproductive tract progressed through three stages: an initial compliant phase with substantial volume increase at low pressure, a 
stiffening phase characterized by rapid pressure escalation with continued volume loading, and rupture at peak inflation. Rupture 
pressures (median (IQR)) were 79.58 (14.32) kPa in NP tracts, 10.06 (4.04) kPa in LP tracts, and 37.15 (20.00) kPa in 3w PP 
tracts (Fig.  2(b)). The corresponding infused volumes (median (IQR)) were 2.71 (1.23) mL, 5.12 (3.24) mL, and 2.27 (0.89) mL, 
respectively. Rupture typically occurred at random sites along the uterine horns, away from the clamped vaginal introitus.

Because the reproductive stage significantly affected rupture pressure (Welch’s ANOVA, 𝑝 = 9.92 × 10−10), post-hoc pairwise 
comparisons were performed using Tukey’s HSD test to evaluate differences between NP, LP, and 3w PP. Rupture pressure decreased 
significantly from NP to LP (𝑝 = 4.43×10−12), and increased considerably from LP to 3w PP (𝑝 = 5.78×10−6), with 3w PP reproductive 
tracts having rupture pressure values that were very different from the NP reproductive tracts (𝑝 = 7.88 × 10−7) (Fig.  2(b)).

The slope of the pressure–volume curve, a measure of the distensibility of the reproductive tract, was also compared across 
reproductive stages. A significant effect of the reproductive stage was observed (Welch’s ANOVA, 𝑝 = 2.25 × 10−8), which justified 
post hoc pairwise comparisons using Tukey’s HSD. The median (IQR) slope for the reproductive tracts was 38.85 (5.33) Pa mL−1
for NP, 3.54 (0.74) Pa mL−1 for LP, and 32.92 (9.83) Pa mL−1 for 3w PP (Fig.  2(c)).

Images collected during testing were analyzed with stereo DIC to generate full-field deformation maps of the reproductive tract 
surface (Fig.  3). Maximum and minimum principal Lagrangian strains, denoted by 𝑒1 and 𝑒2, respectively, were reported, as they 
provide orientation-independent measures of tissue deformation. Principal strains were used because the tract’s geometry transitions 
from a single vaginal canal to bifurcated uterine horns, precluding consistent definition of longitudinal and circumferential directions 
across the entire organ. As shown in Fig.  3, strain distribution was heterogeneous across the reproductive tract; uterine regions 
displayed greater strain than the vagina at comparable pressures, and this disparity became increasingly evident near rupture.

Strains were averaged within defined regions of interest located away from organ edges: mid vagina, proximal vagina, caudal 
uterine body, cranial uterine body, and uterine horn, as indicated in the schematic in Fig.  4. Fig.  4 illustrates the slightly 
nonlinear relationship between pressure and the maximum principal strain during inflation for five representative reproductive 
tracts, with measurements taken from the mid vagina, proximal vagina, caudal uterine body, cranial uterine body, and uterine 
5 
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Fig. 2. (a) Pressure from pre-load up to rupture versus volume infused data for NP (𝑛 = 9), LP (𝑛 = 9), and 3w PP (𝑛 = 9) murine reproductive 
tracts. (b) Box plots of pressures at rupture (i.e., maximum pressures reported in (a)). (c) Box plots of the slopes of the pressure–volume curves 
reported in (a). ∗𝑝 < 0.05, ∗∗∗∗𝑝 < 0.0001.

horn. Qualitatively, one can observe that the NP (mid and proximal) vagina appeared to strain more at rupture compared to the 
LP and 3w PP vaginas (Fig.  4(a)–(b)). The uterine regions (caudal uterine body, cranial uterine body, and uterine horn) achieved 
larger strains than the vagina throughout our testing across all reproductive stages (Fig.  4(c)–(e)).

Fig.  5(a) shows 𝑒1 at 5 kPa, a pressure attained by all specimens and used as a common basis for comparison across reproductive 
stages. Using a linear mixed model, no significant effects of region, reproductive stage, or their interaction on 𝑒1 were detected 
(𝑝 > 0.17). At the 5 kPa pressure, the maximum principal strains in every region were higher in the LP tracts but not significantly 
higher than those experienced by the NP or 3w PP tracts.

The linear mixed model for 𝑒2 at 5 kPa pressure shows that region has a significant effect (𝑝 = 1.27 × 10−4) as well as the 
interaction between reproductive stage and region (𝑝 = 2.64 × 10−14), suggesting that while reproductive stage alone did not affect 
𝑒2, pregnancy induced region-specific changes. The minimum principal strain, 𝑒2, at the 5 kPa pressure for the proximal vagina in 
the LP tracts was significantly higher compared to the NP tracts.  This strain measure for the caudal uterine body, cranial uterine 
body, and uterine horn regions was significantly higher in the LP tracts compared to the NP and 3w PP tracts (Fig.  5(b)). The caudal 
uterine body is the only region to exhibit lasting significant differences between NP and 3w PP. Interestingly, the minimum principal 
strains were often negative for the caudal uterine body in the NP tracts. Table  2 describes the significantly different relationships 
between regions from pairwise comparisons of 𝑒1 and 𝑒2 at 5 kPa pressure within each reproductive stage.  The vaginal regions and 
the uterine regions appeared to reach very different minimum principal strains at 5 kPa pressure in the LP stage (Table  2).

Fig.  6(a) shows the maximum principal strain, 𝑒1, at rupture pressure across reproductive tract regions. The linear mixed model 
revealed highly significant contributions of reproductive stage (𝑝 = 1.57 × 10−6), region (𝑝 = 1.83 × 10−15), and their interaction 
(𝑝 = 6.15×10−5) to variation in 𝑒1 at rupture. The 𝑒1 at rupture significantly decreased across all regions during pregnancy, from NP 
to LP. From LP to 3w PP, 𝑒1 increased in all regions, returning to NP levels except in the proximal and mid vagina, where values 
at 3w PP remained significantly lower than NP. The uterine regions experienced the largest median 𝑒1: 42% (IQR 18%) for uterine 
horn at NP, 8.6% (IQR 1.5%) for the caudal uterine body at LP, and 28% (IQR 16%) for the cranial uterine body at 3w PP (Fig. 
6(a)). At each reproductive stage (NP, LP, and 3w PP), the vagina exhibited significantly lower maximum principal strain at rupture 
compared to the uterine regions (Table  2). This pattern was most pronounced in the NP and 3w PP groups, where both the mid 
and proximal vagina regions consistently showed lower strains than the caudal and cranial uterine body and uterine horn regions. 
At LP, the mid vagina exhibited a significantly lower 𝑒1 than the uterine body.

The minimum principal strain, 𝑒2, at rupture is reported for all regions of the reproductive tract in Fig.  6(b). The reproductive 
stage alone did not have a significant effect on 𝑒2 at rupture (𝑝 = 0.408); however, significant differences in 𝑒2 were observed 
across regions (𝑝 = 2.25 × 10−8) and in the interaction between reproductive stage and region (𝑝 = 0.028). At NP, rupture 𝑒2 strains 
significantly varied among the (mid or proximal) vagina, cranial uterine body, and uterus. These regional differences were no longer 
evident at LP, and at 3w PP persisted only between the proximal vagina and uterine horn (Table  2).

The direction of the 𝑒1, denoted by 𝛾, at rupture in the (mid or proximal) vagina was aligned with the circumferential direction, 
with values ranging between −20◦ and 20◦ (Fig.  7), where 0◦ represents the circumferential direction. There were wider ranges 
of 𝛾 for the uterine regions. For the caudal uterine body, the 𝛾 angles at NP and 3w PP generally aligned to the circumferential 
6 
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Fig. 3. (a) Maximum (𝑒1) and (b) minimum (𝑒2) principal Lagrangian strain maps of the surface of one NP, LP, and 3w PP murine reproductive 
tract at 5 kPa and rupture pressure. Scale bar is 5 mm.

direction of that region, but at LP more 𝛾 values were obliquely aligned between the circumferential and longitudinal directions. 
In the cranial uterine body and uterine horn regions, the 𝛾 angles appeared obliquely aligned between the circumferential and 
longitudinal directions at NP and 3w PP, while at LP 𝛾 aligned with the longitudinal direction. Note that the direction of 𝑒2 was not 
reported, as it is by definition 90◦ from 𝑒1.

4. Discussion

This study provides what is, to our knowledge, the first full-field characterization of deformation across the entire murine 
reproductive tract, including the vagina, cervix, and uterine horns, during controlled intraluminal pressurization. Our experimental 
7 
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Fig. 4. Pressure versus maximum principal strains (𝑒1) computed in smaller regions of interest within the (a) mid vagina, (b) proximal vagina, 
(c) caudal uterine body, (d) cranial uterine body, and (e) uterine horn as shown in the schematic for five representative NP, LP, and 3w PP 
murine reproductive tracts.

Table 2
Statistically significant regional differences (mV: mid vagina, pV: proxi-
mal vagina, caUB: caudal uterine body, crUB: cranial uterine body, and 
UH: uterine horn) in maximum (𝑒1) and minimum (𝑒2) principal strains 
at 5 kPa and at rupture pressure across three reproductive stages (NP, 
LP, 3w PP). 
Principal strains NP LP 3w PP
𝑒1 at 5 kPa pressure – – –

𝑒2 at 5 kPa pressure mV:caUB**
caUB:UH**

mV:caUB****
mV:crUB****
mV:UH***
pV:caUB****
pV:crUB****
pV:UH*

–

𝑒1 at rupture pressure

mV:caUB***
mV:crUB****
mV:UH****
pV:caUB*
pV:crUB***
pV:UH****

mV:caUB**
mV:crUB**

mV:caUB****
mV:crUB****
mV:UH****
pV:caUB****
pV:crUB****
pV:UH****

𝑒2 at rupture pressure

mV:crUB*
mV:UH**
pV:crUB***
pV:UH****
caUB:UH*

– pV:UH*

Significance by Tukey’s HSD:
* 𝑝 < 0.05.
** 𝑝 < 0.01.
*** 𝑝 < 0.001.
**** 𝑝 < 0.0001.
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Fig. 5. Box plots of the (a) maximum principal strains (𝑒1) and (b) minimum principal strains (𝑒2) at 5 kPa pressure computed in different 
regions of NP (𝑛 = 9), LP (𝑛 = 9), and 3w PP (𝑛 = 9) murine reproductive tracts. ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, ∗∗∗𝑝 < 0.001, ∗∗∗∗𝑝 < 0.0001.
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Fig. 6. Box plots of the (a) maximum principal strains (𝑒1) and (b) minimum principal strains (𝑒2) at rupture computed in different regions of 
NP (𝑛 = 9), LP (𝑛 = 9), and 3w PP (𝑛 = 9) murine reproductive tracts. ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, ∗∗∗𝑝 < 0.001, ∗∗∗∗𝑝 < 0.0001.
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Fig. 7. Polar histograms of the direction of maximum principal strain, 𝛾, in degrees at rupture for each region (mid vagina, proximal vagina, 
caudal uterine body, cranial uterine body, and uterine horn) and reproductive stage (NP, LP, and 3w PP). The frequency of the angular bins 
represents the number of reproductive tracts. The thick dashed lines represent the approximate circumferential direction (CD), and the thin, 
dense dashed lines represent the longitudinal direction (LD) of each region.

design enabled the tract to be pressurized as an integrated structure while preserving its overall geometry, allowing deformation to 
unfold according to the tract’s natural anatomical continuity. Full-field strain measurements obtained using DIC captured how the 
tract responded mechanically throughout inflation. We anticipated that pregnancy would significantly alter deformation patterns 
along the reproductive tract by reducing global rupture resistance, increasing global distensibility, and producing distinct regional 
strain responses, and that postpartum tissues would regain mechanical function only partially and in a region-specific manner. The 
results are consistent with these expectations, revealing substantial softening during late pregnancy and a heterogeneous pattern of 
mechanical recovery by three weeks postpartum.

The pressure required to rupture specimens at each reproductive stage (Fig.  2(a)–(b)) and the slopes of the linear region of the 
pressure–volume curves (Fig.  2(c)) indicate that pregnancy and early postpartum produce lasting alterations in reproductive tract 
mechanics. LP specimens exhibited significantly lower rupture pressures and smaller slopes, reflecting reduced strength and stiffness 
at this gestational stage, consistent with prior studies of the murine vagina (Feola et al., 2011; Lowder et al., 2007; Rahn et al., 
2008) and cervix (Barnum et al., 2017; Harkness & Harkness, 1959; Read et al., 2007; Yoshida et al., 2014, 2016). The significant 
differences observed between NP and 3w PP specimens diverge somewhat from rat studies reporting a return to NP mechanical 
behavior by 2–4 weeks postpartum; however, these findings may indicate species-specific differences in the timing or extent of 
postpartum remodeling, as murine recovery trajectories may not parallel those reported in rats.

The full-field strain maps revealed regional deformation patterns that pressure–volume measurements could not resolve (Fig.  3). 
Maximum and minimum principal strains were used to compare deformation across reproductive regions because the tract’s curved 
and anatomically distinct structures do not share a common coordinate system. As expected, maximum principal strain increased 
with pressure in both the vaginal and uterine regions (Fig.  4). The variation observed in the pressure–strain response across animals 
reflects differences in overall uterine and vaginal size, wall thickness, and pregnancy-related remodeling (Table  1), rather than 
differences in organ shape within a single tract.

At a pressure of 5 kPa, well below uterine rupture, the maximum principal strain (𝑒1) did not differ statistically across regions 
(mid vagina, proximal vagina, caudal uterine body, cranial uterine body, and uterine horn)) and stages (NP, LP, and 3w PP) (Fig. 
5(a), Table  2, first row). Early large deformation of the reproductive tract emerges as a coordinated, tract-wide response rather 
than as a set of region-specific behaviors, consistent with the integrated load sharing and structural continuity of the organ system. 
However, the minimum principal strain (𝑒2) in the (cranial and caudal) uterine body and uterine horns was remarkably higher than 
in the (mid and proximal) vagina (Fig.  5(b), Table  2, second row) in late pregnancy. Overall, the LP tracts exhibited higher 𝑒  and 
1
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𝑒2 than the NP and 3w PP tract (Fig.  5(a)–(b)), indicating increased compliance across different regions. The uterine regions not 
only deformed more than the vagina, as demonstrated by a higher 𝑒2, but exhibited more pronounced and statistically significant 
differences between NP and LP and between LP and 3w PP, whereas NP and 3w PP uterine specimens showed a more similar 
response (Fig.  5(b)). These data indicate that pregnancy induces a transient reorganization of uterine mechanical function, softening 
and deforming more readily to accommodate fetal growth. Within several weeks postpartum, the uterus transitions back toward its 
nonpregnant mechanical state as the compliance of the uterine body and horns largely recovered to NP levels (Fig.  5).

The specimens failed at various pressures across reproductive stages and rupture largely occurred at the uterine horns, suggesting 
that the uterine horns may have a lower strength compared to the vagina (Figs.  2(a)–(b) and 4). When comparing the maximum 
principal strain (𝑒1) values at rupture for each region (mid and proximal vagina, caudal and cranial uterine body, and uterine horns) 
across reproductive stages, all regions significantly differed between NP and LP (Fig.  6(a)). At 3w PP, the 𝑒1 values at rupture 
recovered for all uterine regions such that the average strains were higher than their LP counterparts, but were not statistically 
different from the NP counterparts. In contrast, the vaginal regions did have a significant difference between NP and 3w PP when 
comparing 𝑒1 values at rupture.

Due to their tubular geometry, the vaginal regions consistently exhibited maximum principal strain (𝑒1) along the circumferential 
direction at all reproductive stages (Fig.  7), consistent with prior work (Akintunde et al., 2019; Dubik et al., 2022; McGuire et al., 
2019; Robison et al., 2017; White et al., 2022). The caudal uterine body showed a similar pattern at the NP stage, but in late 
pregnancy the strain field rotated, and 𝑒1 no longer aligned with the circumferential direction (Fig.  7). In the cranial uterine 
body and uterine horns at LP, measurements of maximum principal strain (and associated directions) were obtained between 
implantation sites, where the tissue was not prestretched by embryo loading. In these regions, pregnancy-induced remodeling 
appears to have reduced the effective stiffness along the longitudinal direction more than along the circumferential direction. 
Consequently, when pressurized, the tissue deformed preferentially along the mechanically softer longitudinal direction, which is 
the direction of 𝑒1 in these regions. This behavior is consistent with the remarkable longitudinal growth of the uterine horns during 
late pregnancy (Suarez et al., 2024), as each horn expands to accommodate multiple developing fetuses arranged sequentially along 
its length. Such expansion likely alters tissue architecture and mechanical anisotropy, thereby increasing compliance along the 
longitudinal direction and promoting preferential deformation along this axis under pressurization. Further studies are needed to 
determine how pregnancy-associated remodeling modifies the underlying tissue microstructure and contributes to these changes in 
mechanical behavior.

A pressure of 5 kPa was used because all reproductive tracts reached this level, even though it exceeds reported intrauterine 
pressures during parturition in mice (∼2.5–4 kPa Pierce et al., 2010). Strain magnitudes measured here are larger than those reported 
in other studies of murine reproductive tissues, largely due to differences in testing modality (e.g., inflation to failure with full-field 
DIC strain mapping in the present study, rather than the inflation–extension protocol and discrete marker-based strain measurements 
used previously) (Akintunde et al., 2019; Robison et al., 2017; White et al., 2022). The only other study to compare mechanical 
behavior across organs within the reproductive tract (limited to the NP state) is by Conway et al. (2019), who found the cervix to be 
stiffer than the uterine horn. We did not quantify cervical strain because the cervix resides within the interior of the tract and is not 
visible on the external surface used for strain mapping. However, if the proximal vagina and caudal uterine body reproduce even 
part of the cervix’s mechanical response (Table  2, first row), our observations align with the difference in elastic moduli reported 
by Conway and colleagues (Conway et al., 2019).

Several aspects of the experimental configuration influence how the results should be interpreted. The volume–pressure curves 
require cautious interpretation, as the infused volume may differ from the retained luminal volume due to the permeability of 
reproductive tissues. Pressure was measured at the introitus and assumed to be uniform along the tract; estimates of lumen radii 
suggest that any pressure drop between the vagina and uterine horns would be on the order of only 5 Pa, negligible relative to 
the applied loads. Because DIC captures deformation only on the external speckled surface, internal wall deformation and through-
thickness strain could not be resolved. Although both pressure and strain were measured, regional stresses could not be calculated 
because wall-thickness changes during inflation (or prior to inflation) in every region was not measured to keep the reproductive 
tract intact. This limitation affects stress-based comparisons but does not impact the surface strain fields obtained through DIC. 
Finally, the LP uterine horns could not be inflated after embryo removal because the tissue collapsed on itself, preventing accurate 
strain tracking for the entire duration of the test starting in this configuration; the presence of embryos therefore influenced the LP 
uterine measurements, even though strains were assessed between implantation sites.

5. Conclusion

This work presents an experimental framework for quantifying finite deformations across the mouse reproductive tract and 
establishes baseline mechanical characteristics of pregnancy and postpartum remodeling. Distensibility and strength declined 
considerably at late pregnancy and did not fully recover by three weeks postpartum, with the uterine horns exhibiting the greatest 
deformation capacity across stages. These measurements show how pregnancy alters the mechanical behavior of the tract and 
provide a platform for probing region-specific remodeling in future studies. The methods and findings offer a foundation for 
evaluating murine pregnancy as a preclinical model and for generating mechanistic hypotheses relevant to human reproductive 
health.
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