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ABSTRACT: Poly(vinyl alcohol) sponges (P-sponges) have been used as a potential implant material for the replacement and repair of

soft tissues, including cartilage, liver, and kidney. However, the application of P-sponges as tissue replacement materials is almost

entirely bounded because of a lack of sufficient mechanical properties. In this study, we characterized the mechanical properties of a

fabricated poly(vinyl alcohol) sponge (P-sponge) under a series of longitudinal and circumferential uniaxial loadings. The nonlinear

mechanical behavior of the P-sponge was also computationally investigated with hyperelastic strain energy density functions, that is,

the Ogden, Yeoh, Mooney–Rivlin, and Neo-Hookean models. A hyperelastic constitutive model was selected to best fit the axial

behavior of the sponge. The results reveal that the Young’s modulus and maximum stress of the P-sponge in the longitudinal direc-

tion were 16 and 17% greater than that in the circumferential direction, respectively. The Yeoh model, in addition, was selected to

represent the nonlinear behavior of the poly(vinyl alcohol) material and could be used in future biomechanical simulations of the

soft tissues. These results can be used to understand the mechanical properties of spongy materials in different loading directions. In

addition, they have implications for ophthalmic and plastic surgeries and wound healing and tissue engineering purposes. VC 2013 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40257.
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INTRODUCTION

Poly(vinyl alcohol) sponges (P-sponges) are currently in wide-

spread use for the removal and management of diffuse fluids/

blood that are produced at or introduced to a surgical site.1

They have also been contemplated as the most attractive bio-

medical polymers because of a combination of qualities, includ-

ing biocompatibility,2–5 high Hydrophilicity,6–8 excellent

mechanical strength and flexibility,4–7,9,10 thermal stability and

absence of toxicity,11 availability, and relative cheapness.12 These

spongy materials may exhibit dissimilar mechanical behaviors in

different loading directions because of their longitudinal and

circumferential fibers. Their mechanical behaviors, such as their

time-dependent viscoelastic behavior, is also similar to that of

rubberlike materials. Thus, because of both the advantage of

biocompatibility and the suitable mechanical properties of

P-sponges, they can be used in the human body and in the

pharmaceutical, and biomaterials areas,13 for example, in tissue

mimicking, vascular cell culturing, vascular implanting,14 heart

valves,15 cartilage substitute,6 contact lenses, and corneal

implants.6,10,16 One such application is the repair or replace-

ment of wounded tissue, such as liver, kidney, or damaged artic-

ular cartilage. To treat them, several studies have been

performed to use different materials in the replacement or

repair of these tissues.17 In this study, we aimed to design and

conduct mechanical test setups to characterize the nonlinear

mechanical behavior of P-sponges at two loading directions,

including the longitudinal and circumferential directions, for

potential use in the addition or substitution of native cartilage,

liver, or kidney tissue scaffolds.

A critical barrier to the use of the P-sponge as tissue replace-

ment material, however, is the lack of sufficient mechanical

properties. This issue may contribute to the limited practical

applications of P-sponges, and the most current usage of these

sponges is as eye spears in ophthalmic, plastic, and hand sur-

geries. To overcome this problem, it is important to conduct

sufficient tests for the nonlinear calibration and verification of

suitable mathematical constitutive models under general axial

states of stresses.18 However, so far, most studies regarding the

characterization of the mechanical properties of sponges for the

purpose of tissue engineering have been concentrated on the
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uniaxial mechanical properties.19–21 The viscoelastic behavior of

P-sponges can be important in the development of an implant

that can replace the nucleus pulpous or any other soft tissues in

the human body. Hence, the viscoelastic mechanical behavior of

sponges is a key asset in its performance as a replacement tissue

or as a scaffold in tissue engineering.22 Fung’s23 quasi-linear

viscoelastic (QLV) model has been used to describe the behavior

of a large number of soft tissues.24,25 It has the advantage that

the required material functions can be obtained from relatively

simple experiments. Furthermore, the substantial role of fibers

on the longitudinal and circumferential mechanical properties

of P-sponges has not been considered to date. Thus, it seems

necessary to design a setup to measure the mechanical proper-

ties of P-sponges through the consideration of their viscoelastic

and fiber mechanics effects.

In this study, we aimed to develop an experimental and analyti-

cal characterization of the nonlinear mechanical behavior of P-

sponges under longitudinal and circumferential loading as can-

didates for the repair and replacement of the nucleus pulpous,

damaged articular cartilage, liver, or kidney. Prony series were

used in this study to characterize the viscoelastic part of the

QLV model, and four independent hyperelastic models, includ-

ing the Yeoh, Ogden, Mooney–Rivlin, and Neo-Hookean mod-

els, were implemented for the elastic response. Prony series have

been widely used to adjust the viscoelastic behavior of many

soft tissues.26,27 The proposed hyperelastic models were cali-

brated from the experimental results and used to predict the

mechanical response of the sponge under general axial stress

states.

EXPERIMENTAL

Materials and Specimen Preparation

To prepare a poly(vinyl alcohol) (PVA) aqueous solution, 2 g

of PVA (molecular weight 5 40,000, Sigma-Aldrich) was dis-

solved in 100 mL of distilled water at 50�C under stirring at

400 rpm for 6 h. The polymer solution was then cast into

cylindrical molds and freeze-dried to obtain the PVA spongy

matrix. To improve its stability in water, this sponge was cross-

linked by exposure to the vapors of a glutaraldehyde aqueous

solution (25%) at 37�C for 24 h. After it was rinsed with dis-

tilled water, the sponge was freeze-dried again. The crosslinking

procedure varied slightly, depending on the crosslinking density

desired for each experiment.The crosslinking ratio (X),

expressed in moles of glutaraldehyde per mole of PVA repeat-

ing units, was calculated; this ratio varied between 0.01 and

0.20. In a typical procedure for the preparation of gels with X

5 0.10, the following aqueous reagents were sequentially added

to the PVA solution, with stirring: 2.0 mL of 50 vol % of

methanol, 3.0 mL of 10 vol % of acetic acid, 1.9 mL of 25 vol

% of glutaraldehyde, and 1.0 mL of 1 vol % of sulfuric acid.

The final solution was poured into Petri dishes and allowed to

stand at room temperature (25–30�C) until crosslinking was

completed (48 h).

Axial and Lateral Measurements

The samples were divided into two groups; including samples

with longitudinal and circumferential fibers. It should be noted

that during the longitudinal uniaxial loading, the longitudinal

fibers and, during the circumferential loading, the circumferen-

tial fibers came to act. The initial dimensions of all of the

specimens were measured precisely. The tensile test was per-

formed with a uniaxial tensile test apparatus adapted for testing

the biological specimens used in our previous studies.28,29 All

tests were performed at 25�C, and each sample was tested only

once. A low strain rate of 5 mm/min, which is typical for sur-

gical procedures, and this gave us more insight into how tissue

behavior was employed by the action of an axial servo motor.30

It has also been recommended that a slow strain rate should be

used in stress-relaxation tests31,32 because, at a low strain rate,

the actual strain history can be approximated well by a linear

ramp followed by holding at constant strain. To ensure the firm

fixation of the samples between the jaws of the machine, a

small tensile preload of 0.05 N was applied to each specimen.

Moreover, rough sandpaper was used between the jaw and sam-

ple to ensure that there were no slip boundaries. The sample’s

length was measured after the application of the preload. This

also helped minimize the bending effect caused by the weight

of each specimen.

Stress Relaxation Testing

Stress relaxation testing was performed with the uniaxial tensile

testing machine at two different loading directions. The load

limits were predetermined by the linear portion of the stress–

strain curves obtained previously under uniaxial tensile testing.

The samples were subjected to a constant-step tensile strain

applied at a rate of 5 mm/min, and the sample was allowed to

relax for 330 s.

Constitutive Equations: Strain Energy Density Functions

(SEDFs)

The confined and unconfined experimental data was used to

calibrate an isotropic hyperelastic SEDF to generate multiaxial

stress–strain relations that could be used in finite-element simu-

lation of sponges. Under the assumption that sponge is an iso-

tropic material, it was possible to fit a general polynomial

isotropic SEDF form [eq. (1)]. Four different isotropic SEDF

models were examined: Yeoh [eq. (2)], Ogden [eq. (3)],

Mooney–Rivlin [eq. (4)], and Neo-Hookean [eq. (5)]. The

Yeoh, Mooney–Rivlin,33 and Neo-Hookean34 models are special

cases of polynomial SEDFs, whereas the Ogden35 model can be

also considered as a polynomial form in terms of the stretch

ratios as its variables instead of the invariants. The polynomial,

along with the other specialized forms of the SEDFs, can be

written as follows:
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where W is strain energy density function and Di is a volumet-

ric coefficient, J 5 det(F) and F is the deformation gradient. �I1

and �I2 are the first and second invariants, respectively, of the

left Cauchy–Green strain tensor (B). For the normalized defor-

mation gradient (�F 5 J21/3�F ), B assumes the following form: B

5 �F �F T. The principle stretch ( �ki ) is the eigenvalue of �F . The

polynomial coefficients li, ai, and Cij are material constants that

were fit from the experimental data.

It should be noted that the previous SEDFs were composed of

two sums. The first was related to the uncompressive part of

the function with the first and second invariants, whereas the

second sum was for the compressive part of the SEDF with

the third strain invariant. Linear least squares fit was used for

the Mooney–Rivlin, Neo-Hookean, and Yeoh model calibration,

and nonlinear least squares fit was applied to match the con-

stant for the Ogden model.

QLV Model

A material is said to be viscoelastic if the material has an elastic

(recoverable) part and a viscous (nonrecoverable) part. Upon

application of a load, the elastic deformation is instantaneous,

whereas the viscous part occurs over time. The QLV model, first

proposed by Fung,36,37 is commonly used to characterize soft

biological tissues.38–40 The QLV formulation captures the well-

established elastic nonlinearities of soft tissues.

In Fung’s approach, the history of the stress response, called the

relaxation function [r(k,t)] is factorized that uses a normalized

function of time, called the reduced relaxation function [G(t)],

and a function of the stretch (k), called the elastic response

[T(e)]. If a tensile stretch (or shortening) is applied on a cylin-

drical specimen as a step function, the stress developed is given

by the following model:

rðk; tÞ5GðtÞT ðeÞðkÞ; Gð0Þ51 (6)

where T is a transpose of matrix, T(e) represents the Cauchy

stress that would be produced if no relaxation has taken place.

It was assumed that the stress response to changes in the stretch

could be evaluated with the Boltzmann superposition principle,

and if the specimen was stress- and strain-free at time t 5 0,

the stress [r(t)] could be expressed as follows:

rðtÞ5
ðt

0

Gðt2sÞ @T eðsÞ
@k

@kðsÞ
@s

@s1r0 (7)

If G(t) is assumed to be continuously differentiable, the expres-

sion can also be written as follows:

rðtÞ5T e ½kðtÞ�1
ðt

0

T e ½kðt2sÞ� @GðsÞ
@s

@s (8)

For this study, G(t) was approximated by the Prony series:41,42

GðtÞ5G11
X3

i51
Gie

2t
s (9)

Subjected to the constraint

G05G11G11G21G351 (10)

Where G1 is the long-term relaxation coefficient [G1 5

limt!1 G(t)] and the Gi coefficients indicate the relaxation

strength corresponding to the si time constant. Successive time

constants were incrementally increased by decade values,39,41

ending at the decade value that corresponded to the length of

the experiment: s1 5 60 s, which was chosen to temporally

coincide with the experimental ramp time (<60 s), where s2 5

150 s and s3 5 300 s.

The instantaneous elastic stress and its derivative are repre-

sented by nonlinear equations:

reðeÞ5AðeBe21Þ (11)

@reðeÞ
@e

5ABeBe (12)

where re(e) is a elastic stress, eBe is A and B in equ. 11 and 12

are defined. e is that equations is defined as mathematical con-

stant (52.718), A and B are the instantaneous elastic parame-

ters,39,42,43 which can be calibrated by the fitting of the

experimental data.

If the applied ramp history is complex (not a pure linear ramp

and constant hold), differentiation of the applied strain history

makes eq. (6) difficult to directly implement by numerical inte-

gration. Therefore, to simplify the integration of eq. (6) for this

study, the differential operator was removed from the input

strain history via integration by parts:

rðe; tÞ5ABeBe

�
2

ðt

0

dGðt2sÞ
ds

eðsÞds

1Gðt2sÞeðtÞ2Gðt20Þeð0Þ
�
1r0

(13)

where s is a time constant or characteristic time, e is defined a

strain, r0 equals to initial stress, e(0) is a strain function at its

initial condition.

The typical QLV stress relaxation curve fit with the Abramo-

witch and Woo32 method was used for this study. The values of

the reduced relaxation coefficients were then obtained with

MATLAB version R2010a (The MathWorks, Inc., Natick, MA).

The average coefficient of determination (R2) was calculated

between the model and experimental results for each specimen.

Swelling Analysis

To estimate the swelling behavior of the P-sponges, the prepared

samples were immersed in phosphate-buffered saline at room

temperature, which is commonly chosen as the swelling

medium for swelling analysis. During the swelling process, the

mass of the samples was weighed periodically until the swelling

behavior of the PVA reached the equilibrium stage.2 Four inde-

pendent samples were tested (n 5 4), and the swelling ratio

(SR) was calculated with the following method:

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4025740257 (3 of 7)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


SR5
Wi2Wd

Wd

3100 (14)

where Wi is the weight of the sample at various times and Wd is

the weight of the sponge in the dry state.7,44

Statistical Analysis

The data were first analyzed by analysis of variance; when statisti-

cal differences were detected, a student’s t test for comparisons

between groups was performed with SPSS software version 16.0

(SPSS, Inc., Chicago, IL). The data are reported as the mean plus

or minus the standard deviation at a significance level of p < 0.05.

RESULTS AND DISCUSSION

Although P-sponges possess many attractive features for bio-

medical applications, the mechanical properties of these versatile

biomaterials are generally poor.45 The mechanical testing of P-

sponges is, therefore, an important part of a comprehensive

evaluation for load-bearing applications, and the chosen meth-

odology should be directly relevant to the intended functional

loading conditions.6 Many authors have used linear viscoelastic-

ity to relate the stress and strain using the Voigt, Maxwell, and

Kelvin models for different soft tissues.46–48 However, for large

displacements and/or strains, these models might not be valid,

and the nonlinear stress–strain characteristics of these tissues

must be considered.23 With that in mind, the purpose of this

study was to quantify the longitudinal and circumferential

hyperviscoelastic mechanical properties of a PVA biomaterial

intended for use as an eye spear in ophthalmic surgical proce-

dures and as an implant for tissue engineering purposes.

A PVA specimen during uniaxial testing is illustrated in Figure

1. The uniaxial tensile test machine was consisted a fixed and

moveable jaw, which provided us with a constant strain rate.

Samples were tested in the longitudinal (y) and circumferential

(x) directions to consider the effects of the fiber direction on

the mechanical properties (Figure 2). P-sponges, like other

spongy materials, consist of fiber networks. It should be noted

that during the longitudinal uniaxial loading, the longitudinal

fibers and, during the circumferential loading, the circumferen-

tial fibers came to act (Figure 3). The stress–strain diagram for

the P-sponge under longitudinal and circumferential loadings is

indicated in Figure 4. The Young’s moduli of the P-sponge in

the longitudinal and circumferential directions were 38.91 and

33.34 MPa, respectively. The maximum stress in the longitudi-

nal direction was 17.90% greater than that in the circumferen-

tial direction (Figure 5). However, there was no considerable

variation in the longitudinal and circumferential directions for

the maximum strain (5.11%). The results from the tensile

experimental tests were used to calibrate the SEDF candidates

used for axial constitutive modeling. The experimental data

were used to fit the incompressible part of the SEDF, whereas

the confined data were applied in the fitting of the compressive

part of the SEDF. Material constants for each SEDF candidate

are listed in Tables I and II. The plotted representative test

result was the average values generated from all of the samples

at their last loading cycle. Different ranges of ability to match

the test results were demonstrated by these functions. For exam-

ple, the lack of the second variable in the Neo-Hookean SEDF

impaired it to a lower bound and larger error. The Neo-

Figure 1. P-sponges during tensile testing. [Color figure can be viewed in

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

Figure 2. P-sponge along the two loading directions: longitudinal (y) and

circumferential (x). [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 3. Longitudinal (y) and circumferential (x) fibers for the P-sponge.

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

wileyonlinelibrary.com.]
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Hookean function failed to capture the nonlinear behavior of

the P-sponge under uniaxial stress states. The Ogden and

Mooney–Rivlin SEDFs showed similar behavior and adequate

ability to predict the sponge behavior for most of the test data

range. They diverged from the Yeoh model at larger uniaxial

strain magnitudes. The Yeoh SEDF showed excellent ability to

model the stress–strain data for the entire range. The Yeoh and

Ogden SEDFs showed a very close response and matched the

entire range of the test data. The Yeoh and Ogden SEDFs dem-

onstrated good matching with the tensile test results.19,20 The

aim was to select a constitutive hyperelastic model for the P-

sponge under service conditions with a high water content.

Therefore, the Yeoh and Ogden functions seemed to be more

logical selections to represent its behavior where incompressible

behavior was expected for higher hydrostatic stretch values.

The stress versus time curves were plotted according to the

obtained mechanical data (Figure 6). There was no significant

difference on the ramp section of the relaxation curves. This

indicated that the viscoelastic behavior of the P-sponge in both

the longitudinal and circumferential directions did not vary sig-

nificantly. The elastic modulus was the slope of the line fitted to

the entire quasi-linear domain of these curves.7,49 The results

show that the maximum stress before the holding (at 60 s) in

the longitudinal direction was 12.5% higher than that in the cir-

cumferential direction. Biomaterials for tissue engineering appli-

cations require the tight control of a number of properties,

including the mechanical stiffness, physical integrity, and bear-

ing load, until they are replaced by newly formed tissues.50 An

ideal implant, thus, should have physical and mechanical prop-

erties that are as close as possible to those of the tissues being

replaced. For instance, sutures and stents that provide mechani-

cal support for wounded tissues should possess appropriate

mechanical properties, such as strength, stiffness, and ductility

(extensibility).51,52 Interestingly, the material behavior under

stress relaxation for the ramping portion of synthetic matrices

(concave downward) was opposite to that of soft tissues (con-

cave upward), such as ligaments and tendons.53,54 The values of

A (0.16 and 0.19 MPa for the longitudinal and circumferential

directions, respectively) and B (2.05 and 1.88 MPa for the

Figure 4. Experimental stress–strain diagrams of the P-sponge for both

the longitudinal and circumferential directions. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I. Material Constants for the P-Sponges in the Longitudinal

Direction

Material constant (MPa)

Hyperelastic model C10 C01 C20 C30

Mooney–Rivlin 8.27 23.97 – –

Neo-Hookean 0.14 – – –

Yeoh 0.07 – 17.49 214.93

Hyperelastic model l1 l2 a1 a2

Ogden 498.25 2499.04 21.25 21.89

Table II. Material Constants for the P-Sponges in the Circumferential

Direction

Material constant (MPa)

Hyperelastic model C10 C01 C20 C30

Mooney–Rivlin 2.41 3.32 – –

Neo-Hookean 2.62 – – –

Yeoh 1.42 – 12.96 212.61

Hyperelastic model l1 l2 a1 a2

Ogden 38.33 237.27 2.91 210.49

Figure 5. Young’s modulus and maximum stress of the P-sponge in the

longitudinal and circumferential directions. [Color figure can be viewed

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

Figure 6. Relaxation diagram of the P-sponge in the longitudinal and cir-

cumferential directions. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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longitudinal and circumferential directions, respectively; Table

III), the constants of the elastic stress response function, were

found to be in a different range in comparison to those in other

tissues, including soft ones.55,56 An efficient solution would be

to find an alternative biological counterpart for those materials

in use. The strain rate was also considered to be an independent

factor that had no influence on the results.6

Swelling analysis also revealed that the P-sponge had a very

high swelling capacity and the ability to retain water in excess

of its original weight (>14 times its original weight),19,20 and

this was a considerable appropriate factor for the purpose of

ophthalmic and plastic surgeries. Sionkowska et al.,57 however,

showed that the greatest degree of swelling was attributed to

sponge made of silk fibroin, which had a swelling degree of

almost 1600%, which was much higher than that of chitosan,

which was 1200%.

CONCLUSIONS

In this study, we investigated the mechanical properties of a P-

sponge with a uniaxial tensile test instrument at two different

loading directions, the longitudinal and circumferential directions.

The findings reveal that the P-sponge showed dissimilar mechani-

cal properties in different loading directions. We believe that the

following differences were related to the fiber orientations, whose

actions depended on the loading direction. The viscoelastic behav-

ior of the P-sponge, however, indicated no significant variation.

We also presented a modified QLV model to predict the response

of biodegradable polymers; it was subject to mechanical loading,

which is suitable for applications in biodegradable biomaterials.

This would provide a new P-sponge use in other fields of biomedi-

cal and biomaterial applications. PVA material may be a suitable

substitute for creatural soft tissue in investigations of soft tissue

deformation for biopsy precision research.
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