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ABSTRACT: Engineering and Medicine are two research fields that rarely join their competences since they focus on 

very different topics. Anyway, problems that Physicians encounter are not so different from the Engineer’s ones if they 

are considered under the solving methods point of view. In fact, FEM codes are widely used to simulate material 

deformation processes for product manufacturing or to estimate elastic stresses acting on a structure and these codes can 

be used to simulate the stresses acting on a prosthesis and the surrounding tissues (ie. stresses on hip prosthesis and 

femur). Diseases like Pelvic Organ Prolapse are frequent in the female population and the vaginal birth is thought to be 

the main risk factor. For this reason, the knowledge of the dynamic that takes place during the vaginal delivery is very 

important to understand the causes of POP and many information (such as stresses or deformations) can be obtained 

from FEM simulations. Unfortunately, very few is known about biological tissues mechanical properties and this makes 

their simulation more difficult. With the aim to identify a rheological model for pelvic muscle characterization, in this 

paper, tensile tests performed on vaginal muscle have been analyzed identifying a common behaviour and a constitutive 

law able to represent the stress-strain relation during the virgin tissue traction. In particular, this law resulted to have a 

very simple formulation and demonstrated a good agreement with the experimental results. 
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1 INTRODUCTION  

Diseases like Pelvic Organ Prolapse (POP, loss of 

vaginal support) is frequent in the female population 

(43%-76%) [1] and the vaginal birth is thought to be the 

main risk factor [2]. Moreover, other health problems, 

such as urinary incontinence or stress urinary 

incontinence, are associated to POP [3]. For these 

reasons, the knowledge of the dynamics that take place 

during the vaginal delivery is very important to 

understand the causes of POP. Recent studies [4-5] 

performed on the FEM simulation of vaginal delivery 

show interesting results, but a lack is still present in 

terms of exploitable results since no comparison with 

experiments is performed. In particular, FEM models 

require the materials constitutive law and information 

about biological tissues flow-stress behaviour. 

Studies on cyclic stretching of biological soft tissues 

infact, [6-8] showed that their mechanical behaviour is 

non linear, strongly anisotropic and subjected to the 

strain induced softening effect called Mullins effect 

(Figure 1). The effect takes its name from the British 

rubber scientist Leonard Mullin who studied the 

phenomenon on rubbers [9,10] and it consists of an 

irreversible softening of the stress-strain curve that 

occurs whenever the load increases beyond its prior 

maximum value ever reached. Moreover, this effect can 

be idealized as instantaneous. As results (Figure 1), 

during the load application to the virgin (never loaded) 

material, one stress-stretch curve is followed, while 

during load removal the material follows a different and 

softened path (stresses are lower than in the loading 

phase). When the material is reloaded, the new curve is 

followed backward till the original stress strain-curve is 

reached and so on. Models for tissues characterization 

have been derived from polymers rheological models, 

which well fit the experimental data, but they require a 

lot of constants to be estimated [8,11]. In particular, the 

softened path modelling strongly depends on the initial 

point, i.e. the point on the virgin material curve when the 

load is released. For this reason, virgin path correct 

modelling is fundamental for tissue characterization. 

In this paper, data from vaginal muscle cyclic tensile 

tests reported in [12] were analyzed identifying a simple 

model for vaginal tissue virgin path characterization. The 

proposed model identifies two behaviours of the tissue, 

for low and high deformations and, and it is able to give 

a good representation of experimental data using a 

limited number of constants. 
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Figure 1 Comparison of the Mullins effect model with experimental data on skin samples from a) male and b) female 
mice [13] and c) experimental stress–stretch curves for vaginal tissue specimens [8]. 

2 DATA ANALYSIS 

To assess the accuracy of the proposed constitutive 

model to describe the behavior of the vaginal tissue 

during loading and unloading cycles, uniaxial extension 

experimental data collected by Peña et. al. in [8-12] have 

been used. During the experimental test, Peña and co-

workers tested tissue samples, longitudinal and 

transverse strips (approximately 6 mm wide and 15 mm 

long),  that were taken from seven postmenopausal 

patients, with a mean age of 66.5 ± 11.7 years. All 

details about temperature of the samples, humidity, test 

conditions and so on, are clearly stated in [8].  

The virgin material path showed a viscoelastic-like 

behavior (Figure 2) and a high scattering (Figure 3). In 

fact, for a fixed stretch value, the initial stress (peak) 

asymptotically decreases (equilibrium). In order to 

identify a constitutive law able to represent the vaginal 

muscle behaviour, data were initially observed and then 

interpolated using different strategies. 

From preliminary observations on both equilibrium and 

peak data sets no significant difference can be noticed, 

except in Test III where a probable improper set-up 

(pretension) or clamping (specimen sliding) occurred 

(Figure 3). 

- Test IV curve is very different from the other. This can 

be related to a proper behaviour of the vaginal tissue, to 

the sample preparation (dehydration) or foreign tissues 

(tendons, muscle, ligaments,…) could be present. 

 

 

Figure 2 Initial and equilibrium normalized stress results 
for all the tests [12]. 

3 THE PROPOSED MODEL 

The rheological model here described starts from a 

similitude between the Mullins effect and the metal 

strain-stress curve when subjected to load-unload cycles 

beyond the yield strength. In fact, loading and unloading 

paths (respectively paths 1 and 2 in Figure 4) are 

different and when the load is reapplied, the unloading 

path is followed backwards (path 3). Differently from 

metals, in Mullins effect the strain-stress relation along 

the unloading path is non linear. Because of this 

similitude, it was chosen to derive a constitutive model 

for soft biological tissues from the metallic ones.  

 

 

Figure 3 Stress-stretch behaviour of vaginal muscle and detail on equilibrium data[12]. 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.0 0.1 0.2 0.3 0.4

s

e

Equilibrium - All Test

I

II

III

IV

V

VI

VII

VIII
DETAILS

0

0.01

0.02

0.03

0.04

0.0 0.1 0.2 0.3 0.4

s

e

Equilibrium - All Test (Details)

I

II

III

IV

V

VI

VII

VIII

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 100 200 300 400 500 600 700 800 900

N
o

rm
a

liz
e

d
 s

tr
e

ss

Time

II

VI,III
IV

I,VII

V

Peak 

Equilibrium 

CYCLE 3` 

CYCLE 2 

CYCLE 1 

CYCLE 4 

a) b) c) 

100



 

Therefore, an initial linear behaviour followed by a non-

linear one were researched. A linear law was used to 

interpolate the data for low deformations (ε  εlin) and an 

exponential law was used for high deformations (ε > εlin) 

as reported in (1).  

The idea is that muscle fibres and metal dislocations 

behave in a similar way during deformation. Initially  

( linεε  ) the tissue fibres are elastically stretched 

without moving, then ( linεε  ) the fibres start moving 

and hampering each other. As the deformation proceeds, 

the movement becomes more and more difficult, maybe 

due to a reduction of possible fibres movement 

(saturation). Moreover, in both cases, residual 

deformations are present. 

 







 

lin
εn

lin

εεeF

εεεE
εσ  (1)   

where: E linear coefficient 

 F, n  exponential coefficients 

 εlin low deformation limit 
 

Figure 5 shows the interpolation and fitting results for 

equilibrium values (Figure 2). All tests show a linear (or 

linear-like) behaviour for low strain values. A limit for 

the linearity was identified equal to εlin = 0.1 for all the 

tests. The exponential interpolation shows a good 

approximation of the results, even if the correlation 

values (R
2
) show that test I, VII and VIII have a worse 

interpolation. Accuracy in Test III results is poor due to 

the previously discussed problems (section 2). 

Similar considerations can be done for results (Figure 6) 

on peak values (Figure 2). This case differs for having 

different εlin values and a worse fitting. Being their  

values strongly time dependant (Figure 2), their 

estimation is, in fact, affected by a lower accuracy. 

 

 

Figure 4 Similitude between strain hardening effect and 
residual strain in metals (bottom) and Mullins effect in soft 
biological tissues (top). 

 

 

 

 

Figure 5 Stress-stretch results interpolation (equilibrium). 
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Figure 6 Stress-stretch results interpolation (peak). 

4 CONCLUSIONS 

Pelvic Organ Prolapse is a disease that affects a high 

percentage of women and childbirth is one of the main 

risk cause. FE analysis allows to study stresses acting on 

pelvic tissues during the delivery but the reliability of the 

results requires the proper definition of the tissues 

characteristics. The Rheological models available in 

literature are accurate, but are based on a high number of 

material constants which requires a high number of tests 

and computational time for their estimation. 

This work proposes a simpler model based on the 

combination of a linear and an exponential behaviors 

(respectively for low and high deformations) allowing to 

strongly reduce the number of material constants to be 

estimated (3 in the proposed model, more than 10 in 

literature). 

The comparison with experimental data from tensile 

tests on vaginal muscle samples showed that the 

proposed model is able to describe the virgin material 

behavior with a good accuracy. 

Since direct observation of the muscle fibers movement 

during stretching are necessary to physically explain the 

behavior in low and high deformation fields, a test 

campaign will be conducted. Moreover, other non linear 

functions and tissue anisotropy will be considered in 

order to improve and extend the validity of the actual 

model. 
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