
 Eindhoven University of Technology

MASTER

Free swelling and uni-axial tensile testing of reinforced hydrogels

Verhoeve, R.S.J.M.

Award date:
1999

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/dbd39588-3639-4407-a032-f65069e34d2b


Free swelling and uni-axial tensile testing
of reinforced hydrogels

R.S.J.M. Verhoeve

Rapportnummer: WFW 95.118
(Afstudeerverslag)

AFSTUDEERHOOGLERAAR: PROF .DR.IR. J.D. JANSSEN

AFSTUDEERBEGELEIDER: DR.IR. J .M.R.J. HUYGHE

Faculteit Fundamentele Werktuigkunde
Technische Universiteit Eindhoven



Summary

In this report a description is given of research done in the framework of the long term
research theme 'swelling media'. The aim of the research was developing experimental set
ups and performing experiments in which multi-axial deformation of swelling media could be
measured. Set-ups for free swelling experiments and uni-axial tensile tests were developed
and experiments were performed using the set-ups. The experiments were performed with the
model material developed by De Heus. For the measurement of the specimen swelling a non
contact measuring method was developed which was able to measure the specimen swelling
in two directions. The set-ups prooved to be suitable for obtaining useful data concerning
the multi dimensional swelling of the model material. Temperature and evaporation effects
should be further minimized in future experiments. The free swelling results show continuous
swelling which can not be accounted for by Snijders' triphasic model. Further examination
of this phenomenon is recommended. Rough estimates for Young's modulus and Poisson's
ratio of the model material were made which show agreement between the tensile test data
and free swelling data. In future, data obtained via experiments with the set-ups developed
should be used for further validation of Snijders' triphasic FE model.



Notation

Symbols
A (m 2

) cross-section

c (mol/m3
) concentration (per unit fluid volume)

D (m2 /s) diffusion tensor

D (m2 /s) diffusion

E (-) Green-Lagrange strain tensor

E (N/m2
) Young's modulus

F (-) deformation tensor

F (N) force

p (-) mean activity coefficient quotient

HA (N/m 2
) aggregate modulus

h (m) specimen height

I (-) unit tensor

J (-) volume change of the mixture

J (kg/m 2s) flux

K (m4 /Ns) permeability tensor

K (m4 /Ns) permeability

I (m) specimen length

ii (-) unit normal vector

n (-) volume fraction

p (N/m 2
) hydrodynamic fluid pressure

R (Nm/molK) universal gas constant

T (K) absolute temperature

f (N/m 2
) boundary stress vector

t (s) time

if (m/s) velocity vector

w (m) specimen width

11



iii

E (- ) linear strain

v (-) Poisson's ratio

~ (kg/mol) diffusion parameter

IT (N/m 2
) osmotic retention

e (kg/m3
) ion mass density (per unit fluid volume)

u (N/m2
) Cauchy stress tensor

(J (N/m 2
) Cauchy stress

T (8) time constant

if (-) osmotic coefficient

\]i (-) strain energy function of the mixture

Superscripts
c conjugate of

f fluid component

fed fixed charges

2 mobile ions
8 solid component

negatively loaded mobile ions

* external salt solution

Subscripts
b boundary

ext external

eff effective

f fluid component

h height direction

mobile ions
length direction

s solid component

w width direction
0 reference state

Operators
\7 (l/m) gradient operator

6. (-) difference



Contents

1 Introduction
1.1 Framework .
1.2 Previous research .

1.2.1 Triphasic theory
1.2.2 Synthetic model material
1.2.3 Experimental determination of material parameters

1.3 Aims and method of research
1.3.1 Aims of the project.
1.3.2 Method of research

1.4 Outline of the report

2 Triphasic Theory
2.1 Physical processes modeled .
2.2 Assumptions made during modeling
2.3 Deduction of the governing set of equations

2.3.1 Balance laws .
2.3.2 Constitutive relations .
2.3.3 Governing set of equations.
2.3.4 Equilibrium state. . . . . .
2.3.5 Boundary and initial equations

2.4 Free swelling and uni-axial tension: equilibrium theory

3 Method of Swelling Measurement
3.1 Image processing .
3.2 Determination of the specimen swelling .
3.3 Accuracy aspects concerning the measuring method

3.3.1 Resolution .
3.3.2 Influence of threshold values chosen

4 Free Swelling Experiments
4.1 Method .

4.1.1 Specimen preparation
4.1.2 Experimental set-up .
4.1.3 Experimental protocol

4.2 Results..
4.3 Discussion...........

1

3
3
4
4
4
5
6
6
6
7

8
8
9

10
10
11
11
12
12
13

16
17
18
19
19
19

21
21
21
21
22
24
26



5 U ni-axial tensile experiment
5.1 Method .

5.1.1 Specimen preparation
5.1.2 Experimental Setup .
5.1.3 Experimental protocol

5.2 Results .
5.3 Discussion .
5.4 Analytical calculations

6 Conclusions and recommendations
6.1 Conclusions ....
6.2 Recommendations

A Threshold Operator and Gradient Operator
A.1 Threshold operation
A.2 Gradient operator

B The Cutting Tool

C Specimen - pull arms connection

D Measuring errors due to diffractions of the bathing solutions

E TIM Routines
E.1 routine 'detect'
E.2 function 'edge'
E.3 function 'spot'

F MATLAB Routines
F.1 routine 'swell.m'
F.2 function 'wi-Ie.m'

CONTENTS 2

29
29
29
29
32
33
35
37

40
40
41

45
45
46

47

48

49

51
51
53
54

56
56
57



Chapter 1

Introduction

In the first section of this chapter the framework of the project is presented and its place
in the long-term research theme 'swelling media' is explained. In the second section the
previous research done in the framework of this research theme, is described briefly. In the
different subsections attention is paid to the triphasic model that is developed to describe the
chemo-mechanical behaviour of intervertebral disc tissue, a synthetic model material that is
developed as a tool for validation of the triphasic model and the experimental determination
of material parameters of this model material. The aims and the method of research are
presented in the third section. In the fourth and final section the outline of the report is
given.

1.1 Framework

Materials and tissues that show swelling behaviour are found in nature as well as in the
world of synthetic materials. Examples of biological materials showing swelling behaviour
are intervertebral disc tissue [Snij94, Snij95], and articular cartilage [Lai91]. Minerals can
show swelling behaviour as well. Clays are an example of this [Bar92]. Swelling behaviour
is also seen in synthetic materials like hydrogels. Hydrogels are used for various prod ucts,
like for example contact lenses. They are also used in medicine [Pep87] and for biomedical
applications [Ped82].

The department of Mechanical Engineering at Eindhoven University of Technology and
the department of Movement Sciences at the University of Limburg cooperate in a long term
research theme. The aim in this research theme is getting a better understanding of the
chemo-mechanical behaviour of swelling media in general and intervertebral disc tissue in
particular. In the case of intervertebral disc tissue this will help in getting more knowledge
of how large pressure forces are absorbed by the human spinal column.

In the framework of this research theme a theoretical-numerical model of the chemo
mechanical behaviour of intervertebral disc tissue has been developed. Also a synthetic model
material showing swelling behaviour has been developed in order to function as a tool for val
idation of the theoretical-numerical model. The use of a synthetic model material for the
validation is preferred above biological tissue itself. This is because the use of biological
materials is problematic due to variability of its properties due to inhomogeneity and degen
eration. Validation of the model has been done for uni-axial swelling situations but not yet
for situations in which multi-axial deformation occurs. The research described in this report

3



1.2. Previous research 4

concerns obtaining experimental data concerning the multi-axial swelling behaviour of the
synthetic model material.

1.2 Previous research

1.2.1 Triphasic theory

A theoretical-numerical model of the chemo-mechanical behaviour of intervertebral disc tissue
has been developed by Snijders [Snij94, Snij95]. In this model the tissue is considered as a
three component mixture material consisting of a porous solid matrix, a fluid that is able
to flow through the matrix and small ions that are dissolved within the fluid. The presence
of charged groups attached to the solid matrix in combination with the small ions dissolved
in the fluid causes osmotic effects within the tissue. These osmotic effects account for the
swelling behaviour of the tissue.

Snijders' theory, which is presented in chapter 2, is based on the theory of mixtures in
which general balance laws for the mixture as a whole as well as for the constituents on
their own are used as a starting point. Constitutive restrictions have been derived using
the entropy inequality and the principles of equipresence and frame indifference. Initial and
boundary conditions have been derived from equilibrium state equations. The result is a
theoretical model consisting of a set of three coupled nonlinear differential equations with
initial and boundary conditions. Snijders has implemented his model into the FE-package
DIANA so that numerical simulations of the behaviour of swelling media can be performed
[Snij92].

The theoretically deduced set of equations on its own can not be solved since only con
stitutive restrictions can be derived on a theoretical basis. In order to complete the model
closed constitutive expressions must be derived from experimental data. Once the model is
completed it can be validated by simulating different loading conditions and comparing the
results with experimental data. Snijders has performed confined compression and swelling
experiments with intervertebral disc tissue for validation of the model.

For further validation of the model, Snijders recommends the use of a synthetic model
material with the same chemo-mechanical characteristics as intervertebral disc tissue. The
use of such a model material should avoid the complications that occur when using biological
tissue in experiments. Another advantage of using a synthetic model materials is that it
can be made homogeneous on a macroscopic level and with isotropic behaviour. This makes
it relatively easier to determine closed constitutive expressions and to simulate its chemo
mechanical behaviour.

1.2.2 Synthetic model material

A synthetic model material with the same chemo-mechanical characteristics as intervertebral
disc tissue has been developed by De Heus ([Heu94]). The material consists of an open
cell micro-porous polyurethane foam (PUR foam) which contains a hydrophilic copolymer
gel. The PUR foams that are used are reticulated and based on polyester or polyether.
The copolymer gel consists of a water phase containing atactic acrylic acid - acrylamide
copolymers. It is synthesized within the PUR-foam by copolymerisation of acrylic acid (AA)
and acrylamide (AAm). AIBN is used as initiator of the free radical copolymerisation. The
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resulting copolymer gel is weakly cross-linked which has been achieved by adding a cross
linking agent during synthesis. Sodium hydroxide was added for partial neutralization of the
gel. In this manner ionized sodium-carboxylate groups attached to the copolymer network
were created.

The resulting material shows is porous and swelling behaviour. The PUR-foam and the
copolymer gel give the material its mechanical strength and stiffness. The copolymer gel has
a high porosity and is permeable for water and ions. The presence of the ionized carboxylate
groups attached to the copolymer network in combination with the small ions dissolved in
the fluid cause osmotic effects that result in swelling behaviour of the material. Furthermore
the material is expected to be macroscopically homogeneous and to show isotropic behaviour.
The triphasic properties of the model material can be controlled by adjusting some parameters
during the production process. The parameters that can be varied are the type of PUR-foam
used, the ratio of the monomers AA and AAm in the copolymer, the amount of sodium
hydroxide added and the amount of cross-linking agent used. By varying these parameters
De Heus has produced several types of his model material.

1.2.3 Experimental determination of material parameters

In order to determine a number of triphasic material parameters De Heus has performed
experiments with several types of the model material [Heu94]. Solid content analyses were
performed to estimate the solid and fluid fractions of the model material. In these experiments
specimens were heated in vacuum for 24 hours after which their rest mass was weighed.

A second type of experiments was performed to determine the fixed charge concentrations,
the osmotic coefficients and the diffusion coefficients of the model material. In these exper
iments cylindrical specimens were placed in a confining ring and kept at a constant height.
They were brought in contact with an external NaCI solution of which the concentration was
varied in time. The variation of this NaCl concentration caused a variation in swelling pres
sures, which were measured via a load cell. In this way time-pressure curves were obtained.
The equilibrium pressures were used to determine the fixed charge concentrations and the
osmotic coefficients of the different types of model material. The transient curves were used
for making an estimation of an average NaCl diffusion coefficient for the different types of the
material.

De Heus has also done permeability measurements on the model material. In these exper
iments a test apparatus was used in which cylindrical specimens were kept at a fixed confined
deformed state. A NaCI solution was forced through the specimens in axial direction by
means of a known fluid pressure difference across the specimen while fluid permeation rates
were measured. By applying the measurement data on Darcy's law permeability values for
several types of the material were calculated for NaCI concentrations of 0.2 M and 0.6 M.
The permeability of a specimen of one type of the material was determined as a function of
the axial strain of the specimen as well as of the NaCI-concentration of the bathing solution.

Finally confined swelling and compression experiments were performed with the model
material. In these experiments specimens were placed in a confining ring and brought in con
tact with NaCl solutions with varying concentrations. Also the mechanical load, in the form
of an axial compression force, was varied during the experiments. The specimen heights were
measured and plotted against time in graphs. The numerical model was used in combination
with the triphasic parameters determined earlier for fitting the curves. This yielded values
for material parameters from the stress-strain relation (the aggregate modulus HA) and from
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the permeability-strain relation (an exponential coefficient).
The use of the various material parameters determined is limited due to the assump

tions made during determination and restricted concentration and strain ranges for which
parameters were determined. The concentration dependent fixed charge concentrations and
permeabilities were determined for specimens being in equilibrium state with NaCI concentra
tions of 0.2 M and 0.6 M (except for the permeability of one type of the model material, which
was determined for equilibrium states with NaCI concentrations ranging from 0.05 M to 1.5
M). The determination of the strain dependence of fluid fraction, fixed charge concentration
and diffusion coefficient was based on the assumption that the solid and fluid component of
the material are intrinsically incompressible. The strain dependence of the permeability was
determined for axial specimen strains between -0.7 and 0.1. In the numerical simulations of
the confined swelling and compression experiments the permeability, the diffusion coefficient
and the osmotic coefficient were considered concentration independent.

1.3 Aims and method of research

1.3.1 Aims of the project

De Heus has performed several kinds of experiments with his model material [Heu94]. In all
these experiments deformation of the specimens was allowed in one direction at maximum.
Such experiments do not provide sufficient data for the determination of constitutive param
eters associated with multi-axial deformation. E.g. when linear isotropic elastic material
behaviour is assumed, De Heus' experimental data are not sufficient for the determination
of explicit values for Young's elasticity modulus and the Poisson ratio. Therefore the set of
equations forming Snijders' triphasic model [Snij94] is not complete and can not be solved for
situations in which multi-axial deformation occurs. This means that the triphasic model can
not be validated for multi-axial deformation of the model material. In order to enable this val
idation both Snijders and De Heus recommended the performance of multi-axial deformation
experiments. This leads us to the aims of the research described in this report:

• The development of experimental set-ups in which multi-axial deformation of specimens
is possible and can be measured .

• The acquisition of data that are useful for validation of Snijders' triphasic model for
multi-axial deformation of De Heus' model material.

1.3.2 Method of research

In order to comply with the first aim of the research experimental set-ups for two different
types of experiments were developed. The first type of experiments that was chosen for were
free swelling experiments. The reason for this choice lay in the fact that the simulations
of such experiments experiments are relatively straightforward. Besides being valuable for
validation of the triphasic model, the data obtained from such experiments can also be used
for checking the isotropy of the swelling behaviour of the model material. The set-up for this
type experiments was developed in such a manner that specimens are submerged in a bathing
solution which can be drained and replaced. During experiments the specimens are able to
swell freely in all directions.
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The second type that was chosen for were uni-axial tensile tests. This type of experiments
is also relatively easy to simulate. Moreover, the data can give additional information con
cerning the multi-axial stress-strain behaviour in comparison with free swelling experiments.
The data is sufficient to determine explicit values for Young's elasticity modulus and the
Poisson ratio in the case of linear isotropic elastic material behaviour. In this set-up again
the specimens are submerged in a bathing solution that can be drained and replaced. The
specimens' ends in length direction are connected to pull arms of a pulling device that can
be controlled via a computer. In width and height direction they are able to swell freely.

For being able to measure the specimen swelling during both types of experiments, a
measuring method was developed. A non-contact measuring method was chosen for in order
to prevent the measurements from influencing the swelling of the specimens. Edge detection
was chosen for as measuring technique since with this method it is possible to measure the
specimen swelling in two directions with the use of only two markers attached to the specimen.

In order to comply with the second aim of the project free swelling experiments were
performed in which the salt concentration of the bathing solution was changed stepwise. The
specimen swelling was measured using the measuring method that has been developed for this
aim. Also a uni-axial tensile test was performed. In this experiment a specimen was elongated
stepwise after which stepwise changes in salt concentration of the bathing solution are made.
Again the developed measuring method was used for measuring the specimen swelling. Also
the tensile force applied to the specimen were measured.

1.4 Outline of the report

In the second chapter the triphasic theory developed by Snijders is presented with the aim
of giving a better insight in the behaviour of swelling media in relation to their structure.
Also in this chapter, the equilibrium state theory is further elaborated for the cases of free
swelling and uni-axial tension of triphasic linear elastic isotropic tissue. The third chapter
deals with the measuring method that has been developed for measuring the swelling of the
specimens during the experiments. In the fourth chapter the experimental set-up for the free
swelling experiments and the free swelling experiments themselves are presented and discussed
together. In the fifth chapter the same is done with the set-up for the uni-axial tensile test
and the experiment itself. Also in the fifth chapter some analytical calculations are done
using the data obtained from the experiments and the equilibrium state theory presented in
chapter two. In the sixth and last chapter conclusions are drawn concerning the results of
the research done. Also recommendations are made concerning possible improvements on the
measuring method and the experimental set-ups and concerning additional research to be
done.



Chapter 2

Triphasic Theory

In order to gain more insight into the load transmission through the human spinal column,
Snijders has developed a theoretical model for the chemo-mechanical behaviour of interver
tebral disc tissue. The model is based on the tissue's structure and chemical composition
and consists of a set of three nonlinear partial differential equations in which geometrical
and physical non-linearities occur. The following physical processes occurring within the in
tervertebral disc tissue are taken into account in the model: large deformation of the solid
component, fluid flow into and out of the material, diffusion of mobile ions within the fluid
component of the material and readjustment of local electrical fields within the material.

In the first section the physical processes on which the model is based, are presented. The
assumptions made during development of the model are presented in the second section. In
the third section the balance laws and the constitutive relations are presented. By substitut
ing the constitutive relations in the balance laws, the governing set of equations is derived.
Also in this section the boundary and initial conditions are derived from equilibrium state
equations. In the fourth section the equilibrium state equations are elaborated for the cases
of free swelling and uni-axial tension of triphasic linear isotropic elastic tissue. For a more
specific presentation of the triphasic theory and its numerical implementation one is referred
to Snijders [Snij92, Snij94, Snij95].

2.1 Physical processes modeled

The theoretical model that has been developed by Snijders, is based on the structure and
chemical composition of intervertebral disc tissue. The tissue is seen as a mixture material
consisting of a solid matrix with charged groups attached to it, a fluid component that is able
to flow through the matrix and small ions that are dissolved within the fluid. The following
physical processes have been incorporated in the model:

8



2.2. Assumptions made during modeling 9

1. Large deformation of the solid component of the tissue.

2. Fluid flow into and out of the tissue.

3. Convection-diffusion of the small ions dissolved in the fluid component of the tissue.

4. Readjustment of local electrical fields within the tissue.

Osmotic effects that take place within tissues showing swelling behaviour, find their cause
in the combination of convection-diffusion of the small ions and the readjustment of local
electrical fields, so they are also incorporated in the model.

Each of the processes that Snijders has incorporated in his model has its own time constant
indicating the speed at which the process takes place. The time constant for deformations
of the solid depends on the constitutive behaviour of the solid. In the case of pure elastic
behaviour the time constant is equal to zero. In the case of uni-axial tissue deformation the
time constant for the fluid flow can be estimated by the quotient of the square of the specimen
height and the product of the permeability and the aggregate modulus: T = h2 / J{ . HA. For
the diffusion of small ions the time constant is defined as the quotient of the square of the
specimen height and the diffusion coefficient: T = h2 / D. Since readjustment oflocal electrical
fields appears to be a very short-time process compared to fluid flow and ion diffusion, in
his model Snijders assumes electro-neutrality to be maintained at all time. This means he
considers the time constant for this process to be zero.

Another process occurring in the tissue is the electrostatic repulsion between the fixed
charged groups. Snijders has not incorporated this process in his model since he assumed its
influence on the mechanical behaviour to be negligible. Others, like Lai et al. consider the
process to be of importance and have incorporated it in their model as a chemical expansion
stress [Lai91]. Lanir has developed a biphasic theory for small deformations of swelling media
in which no mobile ion component was taken into account but still a 'concentration force'
was included [Lan87]. This concentration force is related to the fixed charge concentration,
the initial fluid fraction and the volume change of the tissue, but not explicitly to the mobile
ion concentrations as in Snijders' theory.

2.2 Assumptions made during modeling

Since the triphasic theory was developed for describing the mechanical behaviour of interver
tebral disc tissue, a number of assumptions were made specifically for this tissue. However
this does not mean that these are not valid for comparable swelling porous media. The
assumptions that Snijders has made for his model are presented here:

• The mixture material is saturated with fluid at all time.

• All components are intrinsically incompressible, which means volume change of the
tissue can only be accomplished by fluid flow into or out of the tissue.

• No chemical reactions take place within the tissue, which means mass transfer between
the mixture components can be neglected.

• Body forces and inertia are not taken into account.
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• Exchange of moment of momentum between the components of the tissue can be ne
glected.

• The volume fraction of the ions is negligible relative to the volume fractions of the solid
and the fluid.

• The fixed charges are attached to the solid component and can only change position
due to solid deformation.

• The small mobile ions dissolved within the fluid component are monovalent.

• The driving force for ion diffusion is the chemical potential of the neutral salt.

• Since the correction of local charge imbalance within the tissue is a very short time
process in relation to the other processes taken into consideration, charge neutrality
within the mixture is maintained at all time.

• The osmotic coefficient is independent of the spatial coordinates.

• Isothermal conditions are valid, which implies that the temperature is neither dependent
on time nor location within the tissue.

2.3 Deduction of the governing set of equations

2.3.1 Balance laws

The assumptions stated in the previous section were incorporated in the general balance laws
for mixture materials. This yielded the following equations:

mass balance of the mixture:

(2.1)

mass balance of the ions:

(2.2)

balance of momentum of the mixture:

(2.3)

in which if is the velocity, n the volume fraction, O"eff the effective Cauchy stress tensor, (]
the ion mass per unit volume tissue fluid and Ji the flux of the mobile ions. The superscripts
s! f and i represent the solid, the fluid and the ion component respectively. The operator
orepresents a material time derivative. The subscripts f and s represent the material time
derivative being with respect to respectively the tissue fluid and the solid matrix of the tissue.
Since the triphasic theory has been developed for conditions in which isothermal conditions
are valid, the energy balance law is omitted. The assumption that exchange of moment
of momentum between the constituents can be neglected, leaves a balance of moment of
momentum that states that the partial Cauchy stress tensors must be symmetric.
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2.3.2 Constitutive relations

Constitutive restrictions were derived using the entropy inequality and the principles of
eqnipresence and frame indifference. Using the Green-Lagrange strain, the volume fraction
of the fluid, the anion concentration and the relative velocities as independent variables, the
following constitutive relations were found:

for the effective stress:
1 8 'It c

Geii = jF. 8Es . F

for the fluid velocity relative to the solid matrix material:

ni (vi - VS) = -K . '\7(p - 11")

11" = RT(¢(2c- + cicd ) - ¢*2c~t)

for the mobile ion velocity relative to the fluid:

(2.4)

(2.5)

(2.6)

(2.7)

in which J represents the volume change of the mixture, F the deformation tensor, 'It the
strain energy function of the mixture material, E the Green-Lagrange strain tensor, K the
permeability tensor, 11" the osmotic retention, ¢ the osmotic coefficient of the tissue, ¢* the
osmotic coefficient of the external solution, R the universal gas constant, T the absolute
temperature, c- the anion concentration per unit volume tissue fluid, C;xt the external anion
concentration, D the diffusion tensor, ~ a diffusion parameter for the interaction between
mobile ions and charges fixed to the solid component and cicd represents the fixed charge
concentration per unit volume tissue fluid. The constitutive relation for the fluid velocity
is an extended form of Darcy's law and the constitutive relation for the ion velocity is an
extended form of Fick's law.

The constitutive relations presented here are not closed expressions yet. To make them
closed expressions, 'It, K and D have to be determined as functions of the strain of the solid
and the mobile ion concentration and ¢ and ¢* as constant values.

2.3.3 Governing set of equations

The governing set of equations is obtained by substituting the constitutive relations in the
balance laws. The constitutive relation for the effective Cauchy stress (2.4) is substituted
in the balance of momentum of the mixture (2.3), the extended Darcy equation (2.5) is
substituted in the mass balance of the mixture (2.1) and the extended Fick equation (2.7)
is substituted in the mass balance for the ions (2.2). This leaves the following three coupled
partial differential equations:

- 1 8 'It -V' . (-F· - . F C
) - V'p = 0

J 8Es

'\7. Vs
- '\7. (K· '\7(p - 11")) = 0

with: 11" = RT(¢(2c- + cicd) - ¢*2c;xt)

(2.8)

(2.9)

(2.10)
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(b)s + (vf - VS
) • Vf2 = n1f V . (D . (V f2 +~Vcfcd)) (2.11)

For the fixed charge concentration and the volume fraction of the fluid in deformed state the
following expressions were derived:

(2.12)

1- nf
n f = 1 - 0 (2.13)

J
in which J is the volume change of the mixture and the subscript 0 represents the reference
state of the mixture. Together equations (2.8) until (2.13) form the set of equations describing
triphasic swelling behaviour. To be able to solve this governing set of equations, closed
expressions for the osmotic coefficients <j> and <j>*, the diffusion tensor D, the permeability
tensor K and the strain energy function of the mixture W have to be determined. W, K and
D are in principle dependent of material deformation and local salt concentration. <j> and <j>*
are mostly modeled as constants. The initial values of the fixed charge concentration C&cd and

the volume fraction of the fluid n& should also be known for solving the set of equations. The
determination of the unknown parameters has to be done on the basis of experimental data.

2.3.4 Equilibrium state

When a swelling medium is in equilibrium with an external solution, there are no gradients
in the chemical potentials of the mobile ions and the fluid: neither within the specimen
nor across the specimen-solution interface. For this reason no material fluxes occur in case
of equilibrium. Also charge neutrality inside the specimen as well as in external solution
is maintained at all time. By combining the phenomena of charge neutrality and constant
chemical potentials, equations can be found for the ion distribution within the tissue and the
hydrodynamic pressure within the tissue (the external pressure is considered equal to zero):

2c- = _cfcd + j(cfCd )2 +4j2(c;xtF

P = RT(<j>(2c- + cfcd ) - <j>*2c;xt)

(2.14)

(2.15)

In these 'Donnan equilibrium' equations c- represents the anion concentration per unit volume
tissue fluid, C;xt the external anion concentration, cfcd the fixed charge concentration per unit
volume tissue fluid, f2 the mean activity coefficient quotient, p the hydrodynamic pressure in
the tissue, R the universal gas constant, T tlJ.e absolute temperature, <j> the osmotic coefficient
of the tissue and <j>* the osmotic coefficient of the external salt solution.

2.3.5 Boundary and initial equations

To solve the system of equations, boundary and initial conditions are needed. Since for
the solution-tissue interface the Donnan equilibrium results (2.14) and (2.15) are assumed
to be valid at all time, they are used for boundary equations for anion concentration and
hydrodynamic pressure:

2cb" = _cfcd + j(cfCd )2 +4j2(c;xt)2

Pb = RT(<j>(2cb" + cfcd ) - <j>*2c;xt)

(2.16)

(2.17)
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in which cb" and Pb represent respectively the anion concentration per unit volume tissue fluid
and the hydrodynamic pressure at the tissue-solution interface. The initial conditions for
the anion concentration and the hydrodynamic pressure within the material can be found by
replacing c- by co, P by Po and cfcd by C6 cd in equations (2.14) and (2.15). This only valid
when initially the tissue is in equilibrium state.

Another boundary equation is derived directly from the balance of momentum for the
mixture material:

((Teff - PbI) • n= t (2.18)

In this equation nrepresents the unit normal vector on the boundary and tthe boundary stress
vector. Since the boundary conditions depend on, deformation dependent, local fixed charge
concentrations and concentrations of mobile ions, they are deformation dependent as well.
To make closed expressions of the boundary and initial equations, the initial fixed charge
concentration C6 cd in the specimen, the mean activity coefficient quotient f2, the osmotic
coefficient for the specimen material </1, the osmotic coefficient for the external solution </1*
and a closed expression for the stress-strain relation have to be determined.

2.4 Free swelling and uni-axial tension: equilibrium theory

In this section a specimen of mixture material is considered in equilibrium with an external
solution with a known NaCI concentration. From this initial equilibrium state the specimen
is brought into a new equilibrium state by a stepwise change of the NaCI concentration of the
solution. The transient from one equilibrium state to the other is not considered here. The
specimen material is assumed to be macroscopically homogeneous. This means that the fixed
charge concentration and the solid, fluid and ionic fractions are independent of the position
in the specimen when it is in equilibrium state and no complex mechanical loading is applied
to it. The mechanical behaviour of the specimen is assumed to be isotropic. Furthermore the
stress-strain behaviour of the solid component of the material is assumed to be linear elastic
and deformations are assumed to be small. This means that the stress-strain behaviour of
the solid component as a part of the mixture material is described by Young's modulus and
Poisson's ratio (Hooke's law).

The equilibrium state equations (2.14) and (2.15) can be used to calculate lip, which is
the hydrodynamic pressure change in the specimen as a consequence of the stepwise change
of the external NaCI concentration. All parameters that are needed for this calculation are
assumed to be known. From this point the situation is further elaborated for two specific
cases. First the case of free swelling is dealt with and next the case of uni-axial tension.

free swelling

In a free swelling experiment no external mechanical loads are applied to the specimen. This
means tis equal to 0 in equation (2.18), which thus can be rewritten into:

(2.19)

with !l(n, !law and !lah being the Cauchy stress change in respectively length, width and
height direction and lip being the calculated hydrodynamic pressure change in the specimen.
Shear stresses do not appear in the specimen when in equilibrium state. With lip known,
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equation 2.19 is used to determine the Cauchy stress change, that is equal in all three directions
in the specimen.

Hooke's law can be rewritten into one equation being valid for for length, width and height
direction of the specimen:

E
1 - 2v E

(2.20)

in which E and v represent respectively Young's elasticity modulus and Poisson's ratio of
the solid component as a part of the specimen material. When ~a have been calculated
with equation (2.19) and the linear strain E has been measured, a value for E/(l - 2v) can
be determined. Since both the strains and the stress changes are equal in length, width
and height direction, only one equation is available for the determination of E and v. Thus
we can conclude that free swelling experiments do not provide sufficient data for explicit
determination of E and v, even if all the parameters needed to determine ~p are available.

uni-axial tension

A uni-axial tensile test is considered in which, besides a chemical load, a mechanical load in
the form of a change in length is applied to the specimen. In this case the external mechanical
stress vector £represents the tensile stress in the specimen's length direction. Equation (2.18)
can now be rewritten into:

~p+~(F/A)

~ah = ~p

(2.21)

(2.22)

with F being the tensile force and A being the cross-section of the specimen. When this
cross-section is known for the initial equilibrium state it can be determined for the new
equilibrium state as well. Together with the calculated value for ~p, both cross-sections can
be substituted into equations (2.21) and (2.22). Now values for ~al, ~aw and ~ah can be
calculated.

Hooke's law can be rewritten in the following stress-strain relations for length, width and
height direction:

E
(1 + v)(l _ 2v) . ((1 - v)Ez + 2VEw)

E
~ah = (1 + v)(l- 2v) . (VEl + Ew )

(2.23)

(2.24)

(2.26)

(2.25)
El(~al + ~aw) - 2Ew~aw

(1 + v)(l - 2v)~al

(1 - V)EI + 2Vfw

V

E =

When the effective stresses have been calculated with (2.21) and (2.22) and the linear strains
have been measured, (2.23) and (2.24) form two equations with two unknown parameters E
and V • These equations can be rewritten into the following explicit equations for E and v:

El~aw - Ew~al

The equations for E and V show that, in case of triphasic linear elastic isotropic material
behaviour, a uni-axial tensile test can provide sufficient information for explicit determina
tion of these parameters. This of course provided that the parameters that were needed to
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determine b..p and thus b..at, b..aw and b..ah are available beforehand. The parameters needed
beforehand are cfcd

, ¢, ¢*, /2, T, A and F. cfcd and ¢ have to be determined via experi
ments, as De Heus has done ([Heu94], section 1.2 of this report). Values for ¢* can be found
in literature [Rob59]. /2 is not taken into account by De Heus (which means it is chosen
equal to 1.0). Finally T, A and F can be determined during the uni-axial tensile test itself.

In case linear elasticity is not a valid assumption a specific form of strain energy function
\[1 needs to be chosen and fitted to the data obtained from the uni-axial tensile test. In this
case, several uni-axial tensile tests with different protocols or even other types of experiments
might be needed to fully evaluate the strain energy function. Nevertheless, the data acquired
via uni-axial tests still are useful in the evaluation process.



Chapter 3

Method of Swelling Measurement

In this chapter the method developed for measuring the swelling of specimens is presented.
The measuring method has been developed for in the experiments presented in chapter 4 and
5 of this report. The method can be divided in three parts: the making of video recordings
of the specimen during the experiment, digitizing and processing of the video images and
finally the determination of the specimen's swelling in width and length direction by means
of the processed images. Figure 3.1 shows a block scheme of the measuring method. Figure
3.2 shows a sketch of what the specimens used in the experiments look like.

I
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Figure 3.1: The measuring method explained in a block scheme. Video recordings of the
specimen are made using a CCD camera and a VHS video recorder. From the video recordings
images are digitized with a PC and a frame grabber card. Next these images are processed
using TIM software routines, that were written for this purpose. Finally MATLAB routines
were used on the processed images to produce graphs in which the specimen's swelling in width
and length direction are plotted versus time.

Details about the video recordings are given in chapters 4 and 5, that deal with respectively
the free swelling experiments and the uni-axial tensile test. The first section of this chapter
deals with the processing of the digitized video images. Here the method of edge and marker
detection is explained. The determination of the specimen swelling from the processed images
is dealt with in the second section. In the third section aspects concerning the accuracy of
the measuring method are discussed.

16
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Figure 3.2: A sketch of the specimens used for the free swelling experiments and the uni-axial
tensile test. The two white circular markers attached to the specimen are used for the swelling
measurements.

3.1 Image processing

From each 10 second video recording one image is grabbed by the frame-grabber card. This
results in digitized 512x512 pixel images that are stored on hard disk. Routines for processing
the digitized images have been written in the TIM software package (appendix E). As can
be seen in figure 3.3 (right figure), a processed image contains only the edges and the two
markers of the specimen.

An original image, as shown in figure 3.3 (left figure) contains 256 different greylevels. It
is made black (greylevel 0) and white (greylevel 255) using a threshold operation (appendix
A). The threshold value has to be chosen in between the greyvalues of the specimen and
the greyvalues of the background. The result is a white background with a black specimen
containing white markers and other remaining white spots. All white spots remaining on the
specimen, including the markers, are removed. Next a Robert gradient operator (appendix
A) is used to detect the edges of the specimen. After this the image is inverted. The result
is a white image containing two black edges.

The markers on the specimen are detected by performing a threshold operation on the
original image once more. The threshold value is now chosen in such a way that it lies between
the greyvalues of the markers and those of the specimen material itself. This threshold value
does not need to be the same as the value used for edge detection. This time the white
background as well as all white spots on the specimen other than the markers, are made
black. After inversion of the image, a white image with two black markers is the result.

The image containing the edges and the image containing the markers are added in one
image, which is stored on hard disk. Figure 3.3 shows an example of an original image
and the corresponding processed image. The processed images are used to determine the
specimen's swelling in width and length direction. For obtaining reliable measuring results it
is necessary that the same two threshold values are chosen for all images to be processed for
one experiment.
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Figure 3.3: Examples of an original image (left figure) and a processed image (right figure).
Both images are digitized on the frame-grabber card. The processed image only shows the
edges and the markers of the specimen shown in the original image.

3.2 Determination of the specimen swellipg

The processed images are used for the determination of the specimen swelling in width and
length direction. For this determination the MATLAB software package is used. The manip
ulated images are read from hard disk as 5I2x5I2 matrices. The elements of such a matrix
represent the pixels of the image. All these elements are zero except those that form the edges
and the markers, which have value 255. The row and column numbers of the matrix elements
indicate their position related to a chosen coordinate system. The centers of the markers are
determined by averaging the x and y coordinates of all elements being part of a marker. The
use of two markers is not only necessary for determination of the specimen's elongation; it is
also necessary to determine the specimen's width consistently. The two markers define the
same material part of the specimen in each processed image. This part of the specimen is
considered in the procedure of width determination.

The procedure of width determination is illustrated in figure 3.4. The figures show that
first order least square lines are fitted through the specimen's edges. Since the edges of a
specimen will never run exactly straight and parallel, the fitted lines will not run parallel
either. The slopes of these fitted lines are averaged. Through the centers of the markers lines
are drawn that run perpendicular to a virtual line with this averaged slope. Next the positions
of the points of intersection of the fitted lines and the lines through the centers of the markers
are determined. First this procedure is used to define the parts of the edges lying between
the centers of the markers (figure 3.4, left plot). Next the procedure is applied to the defined
parts of the edges (figure 3.4, right plot). Two specimen widths (wI and w2) and a measure
for the specimen length (L) are determined. The specimen width is defined as the average
of wI and w2. A specimen's swelling in width direction can be found by determining the
width for a number of times during an experiment and relating these to the starting specimen
width. The distance L between the markers is used for the determination of a specimen's
swelling in length direction.

To measure the real width of the specimen and the real distance between the centers of
the markers, calibration measurements are necessary. Video recordings have been made of an
object with a known size. The pixel size can be deducted by dividing known horizontal and
vertical distances on the image by the number of pixels that cover these distances. A wedge
with a width of 8.02 ± 0.005mm is used for this purpose.
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Figure 3.4: Method of determining the specimen swelling in width and length direction. The
figures show first order least square lines fitted through the edges of the specimen. The lines
through the centers of the markers run perpendicularly to the dash-dotted line. This line has
the average slope of the fitted lines. The left figure shows the parts of the edges lying between
the centers of the markers being determined. In the right figure two widths of the specimen
(wi and w2) and the distance between the markers (L) in length direction of the specimen are
determined.

A MATLAB function (appendix F) has been written for the determination of both the
specimen's width and the distance between centers of the markers. This function is called
from within a MATLAB routine (appendix F) for each processed video image. This routine
produces graphs in which the relative width and marker distance are plotted against time.
These graphs show the specimen's swelling in two directions during an experiment.

3.3 Accuracy aspects concerning the measuring method

3.3.1 Resolution

The resolution of the measuring method is not determined experimentally. For this reason
the resolution is discussed on a theoretical basis. On a processed image a marker is covered
by a high number of pixels. This means that the resolution with which the center of a marker
can be determined, is higher than the pixel resolution of the image. As a consequence also
the distance between the markers in the specimen's length direction can be determined with
a resolution higher than the pixel resolution of the image. The specimen width is determined
by using fitted lines through its edges. The position of a fitted line depends on the position of
all pixels belonging to the edge. For this reason also the specimen's width can be determined
with a resolution higher than the pixel resolution.

The resolution of the measuring method depends to a great extent on how accurate the
edges and the markers can be detected. For specimen material De Heus' model material
is used in the experiments (chapters 4 and 5). The hydrogel within the model material is
transparent. This property can cause difficulties in the detection of the specimen's edges. It
can be expected that when a specimen's height becomes too small, a decrease in accuracy
of the edge detection is seen. This has a negative effect on the resolution of the width
measurements.

3.3.2 Influence of threshold values chosen

During the image processing part of the measuring method two threshold values have to
be chosen. One for the discrimination between specimen and background and one for the
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discrimination between specimen and markers. The choice of these threshold values has an
influence on the values determined for the width of the specimen and for the measure in
length direction. This influence will be larger as the change in greyvalues from background
to specimen or from marker to specimen becomes less distinct. In figure 3.5 the influence
of the choice of the threshold values on measurement results is shown. It can be seen that
especially the influence of the threshold value for the edges on the measured specimen width
is clear. In order to minimize this influence the same two threshold values need to be chosen
for all the measurements during one experiment. When this is done the absolute specimen
widths and marker distances still are sensitive to the threshold values chosen (figure 3.6, left
graph). The relative widths and marker distances however, become almost insensitive to the
choice for the threshold values (figure 3.6, right graph).
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Figure 3.5: The influence of the choice of threshold values on the determination of width (0)
and marker distance (*) of a specimen. In the left figure the threshold value for the edge
detection is varied and the threshold value for the marker detection is kept at a constant value
of 150. The measured values are related to their values for threshold value 200 for the edges.
In the right figure the threshold value for the markers is varied and the threshold value for
the edges is kept constant at 200. Here the measured values are related to their values for
threshold value 150 for the markers.
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Figure 3.6: Three width measurements of a specimen in three different swelling states. The
widths are determined for three different threshold values for the edge detection: 180 (-),
200 (- -) and 220 (-.-). In the left figure the absolute widths are shown and in the right figure
for all three threshold values the widths are related to the their values at the first measuring
point.



Chapter 4

Free Swelling Experiments

An experimental set-up has been developed for the performance of free swelling experiments.
Using this set-up free swelling experiments have been performed with specimens made of De
Heus' model material ([Heu94], section 1.2 of this report). The aim of these experiments
is acquiring useful data concerning the multi dimensional swelling behaviour of the model
material. These data might be useful for validation of Snijders' numerical triphasic model
[Snij92, Snij94] for multi dimensional swelling of triphasic material.

In the first section the experimental setup is presented as well as the experimental protocols
and the manner of specimen preparation. The results of the experiments are presented in the
second section and in the third section the results will be discussed.

4.1 Method

4.1.1 Specimen preparation

The specimens used in the experiments were cut from a block of De Heus' model material.
Since the material is soft and easily teared this had to be done with great care. Also the
specimens had to be cut as straight as possible in order to get a constant width and height of
the specimen. For these reasons a cutting device has been developed for cutting the specimens,
which is shown in appendix B.

Specimens were prepared for the performance of three free swelling experiments: FS1,
FS2 and FS3. The dimensions of the specimens are shown in table 4.1. They were measured
with a marking gauge right after they were cut. Two circular markers (diameter 1 mm) made
of polyethene foil were glued on the specimen's surface using very little fast hardening glue.
After this the specimens were stored in bottles containing 4 M NaCI solutions. Figure 4.1
shows a sketch of a specimen.

4.1.2 Experimental set-up

In free swelling experiments specimens are exposed to chemical loads only. Chemical loads
are applied to a specimen by changing the concentration of the NaCI solution in which the
specimen is submerged. In reaction to these chemical loads the specimen swells or shrinks.
To measure the specimen's swelling, the measuring method described in chapter 3 is used.
The swelling in width and length direction is measured at a number of points in time that
are determined beforehand.

21
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Figure 4.1: Sketch of a specimen as it is used
for the experiments. The two markers that
have been attached to the specimen were used
for measuring the specimen's swelling.

specimen dimensions (mm)
experiment FS1 FS2 FS3

width 5.7 5.7 5.4
length 19.6 19.6 19.8
height 2.4 2.6 1.7

Table 4.1: Dimensions of the specimens mea
sured just after preparation. The measure
ments were performed using a marking gauge
(estimated maximum measuring error 0.1
mm).

The experimental setup must enable the specimen to swell freely in all directions. Dur
ing the experiment the specimen also must be saturated with fluid at all time. Finally the
specimen must be visible for the camera during the experiment, in order to be able to make
video recordings for the swelling measurements. Taking these requirements in account the
experimental set-up shown in figure 4.2 has been developed. In this set-up the specimen is
completely surrounded by the NaCI solution in the basin. The microscope glass is used to
prevent ripples on the solution's surface blurring the view from camera to specimen. The
covering plate is used to minimize evaporation of the bathing solution. The camera is placed
perpendicularly above the specimen using a water level(accuracy 0.25 0). In between video
recordings the spots have to be switched off so that heat transfer from the spots to the spec
imen and the solution is minimized. Stepwise changes of the chemical load on the specimen
can be made by draining and replacing bathing solutions.

4.1.3 Experimental protocol

The experimental set-up is used for the performance of free swelling experiments on three
specimens of De Heus' model material. The experiments are named FS1 to FS3. At first
identical protocols were chosen for all three experiments. The results of the experiments FS1
and FS2 however, gave reason to make some changes to the protocol of experiment FS3.
One stage was added to the protocol and starting from the second stage of the protocol also
some extra measurements were made during the night. For these extra measurements the
video recorder was programmed and a time switch was used for the spots. In figure 4.3 the
protocols for the experiments are shown. Each stage of the protocols had a duration of 24
hours. Between the last two measurements of the second stage of experiment FS2 (after the
measurement at t=32h) the specimen and the external solution were stored in a sealed bottle
during the weekend. The third stage of this experiment was performed after the weekend.
Table 4.2 shows the times at which video recordings were made during a stage. The times at
which the extra measurements in experiment FS3 were made, are shown as well.

Approximately 30 minutes before the start of the measurements the specimen was taken
from the storing bottle and pinned carefully onto the needle. Like the storing bottle, the basin
was filled with a 4 M NaCI solution. The first stage of the protocol was started by replacing
the 4 M solution with aIM solution. Just before this the first video recording was made
to determine the equilibrium width of the specimen in the 4 M solution. Every new stage of
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Figure 4.2: The experimental setup of the free swelling experiments (not scaled proportionally).
The specimen (G) is placed in a 0.15 l basin (G) that contains the external NaGl solution (F).
The specimen is pinned on a thin needle (diameter 0.3 mm) and rests on four small bars
(height 1 mm). The basin is covered with a perspex covering plate (E) having a window that
contains a microscope glass (D). The microscope glass is positioned in the solution and 2-3 mm

above the specimen. The GGD camera (A) is placed approximately 20 em above the specimen.
The camera is connected to a VHS video recorder and a monitor. When video recordings are
made the specimen is lighted by means of two 75 W spots (B). The NaGl solution can be
drained via the tube (H) and replaced by a solution with a different NaGl concentration.

time (min)
2 90 600*
5 120 720*

10 180 870*
15 240 1020*
30 300 1170*
45 390 1320*
60 480 1440

Table 4.2: Times at which video
recordings are made during each
stage of the experiment. The times
are given in minutes after the start
of a stage. The times marked with
a * represent the recordings made
during the nights of the last three
stages of experiment FS3. At the
start of the experiments (t=Oh) also
a recording was made.
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Figure 4.3: Experimental protocols of the free swelling
experiments. At the start of every new stage of an ex
periment the bathing solution was replaced by a new
one with a different NaGl concentration. For experi
ments FS1 and FS2 stages 1 to 3 were performed. For
experiment FS3 stages 4 was added to the protocol.
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the experimental protocol started with replacing the bathing solution. For experiment FS3
samples of the replaced solutions were stored in closed bottles so that the concentration could
be measured afterwards with an ion selective meter (Unicam 9460). The NaCI concentrations
of the drained solutions were compared with the concentrations before use in the experiments.

4.2 Results

In table 4.3 the widths of the specimens and the distance between the markers in length
direction of the specimens, both measured at the beginning of the experiments (t=Oh), are
given. Although the initial specimen widths given in table 4.1 are only measured roughly,
together with specimen widths given in table 4.3, they can be used to make estimations of
the initial swelling in width direction of the specimens. With 9.6% FSl shows the smallest
swelling, FS2 shows a swelling of 11.5% and with 18.8% FS3 shows the largest initial swelling.

specimen dimensions (mm)
experiment specimen distance

no. width markers
FSl 6.25 9.43
FS2 6.35 10.10
FS3 6.42 10.62

Table 4.3: Widths of the specimens and the distance between the markers in length direction
of the specimens measured at the beginning of the first stage of the experiment (t=Oh) with
the measurement technique described in chapter 3. The specimens were in equilibrium with a
4 M NaGI solution at the moment of these measurements.

In figure 4.4 the relative specimen widths and the relative marker distances in length
direction are plotted versus time. The curves combined with the experimental protocol show
that decreasing the concentration of the external NaCI solution forces the specimen to swell
and increasing the concentration forces the specimen to shrink. For experiments FSl and
FS2 the curves show that eight hours after the start of a new stage of measuring a new
equilibrium is not reached yet. The FS3 length curve shows that this specimen has reached
a new equilibrium after approximately 8 hours. The FS3 width curve does not show this as
clearly as the length curve since it is obviously less smooth than the length curves and the
FSl and FS2 width curves. Table 4.4 shows the swelling of the specimens at the end of each
stage.

Table 4.5 shows the concentrations of the samples taken from the bathing solutions after
each stage of experiment FS3. The concentrations of the original solutions were measured
as well. The measurement of the sample taken after stage 1 was lost due to an error in the
measuring procedure. The concentration of the 4 M solution seems to have decreased slightly
after use in stage 2 and increased slightly in stage 4 of the experiment, however both these
changes are not significant. The increase of the concentration of the 2 M solution at the end
of stage 3 is significant.
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Figure 4.4: Results of the free swelling experiments. The top graph represents the experimen
tal protocol: the concentration of the external NaGI solution is changed stepwise at the start of
every new stage of the protocol. The middle and the bottom graph show respectively the speci
men width and the distance between the markers in length direction, related to their measures
at t=Oh, plotted versus time. In the curves 0 represents experiment FSi, + experiment FS2
and X experiment FS3. After the measurement done at t=32h in experiment FS2, specimen
and solution were stored in a sealed bottle during the weekend. The third stage was performed
after the weekend. The extra 48 hours between t=32h and t=48h are not shown in the graphs.
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swelling of the specimens (%)
t=Oh t=24h t=48h t=72h t=96h

FS1 width 0.00 14.8 2.4 9.5 -

FS1length 0.00 16.2 2.8 10.4 -

FS2 width 0.00 13.9 3.3 9.2 -

FS2 length 0.00 14.7 3.5 9.9 -

FS3 width 0.00 11.3 2.2 7.1 3.8
FS3 length 0.00 12.0 2.3 7.3 3.5

Table 4.4: Results of the experiments: swelling of the specimens in width and length direction
at the end of each stage, relative to their dimensions at t=Oh.

concentrations of bathing solutions (M)
ideal original stage 1 stage 2 stage 3 stage 4
1.0 1.04 lost - - -

2.0 1.95 - - 2.03 -

4.0 3.91 - 3.86 - 3.94

Table 4.5: Concentrations of external NaCl solutions in moles per liter, measured from samples
taken after each stage of the FS3 experiment (Maximum measurement error: 2%). The first
two columns represent the ideal concentration and the real concentration of the NaCl solutions
before the experiments. The measurement of the stage 1 sample was lost.

4.3 Discussion

Results versus expectations

The swelling and shrinking of the specimens seen in figure 4.4 is a consequence of the stepwise
changes of the chemical load applied. When the NaCI concentration of the external solution
is changed, the existing equilibrium between specimen and external solution is disturbed.
In consequence of this disturbance fluid and ion exchange takes place between the specimen
and the external solution. This goes on until a new equilibrium is reached. It can not be
stated with certainty that the swelling behaviour of the specimens during the experiments
is attributable only to Donnan osmotic effects. Although the phenomenon of fixed charge
repulsion (chemical expansion stress) is believed to be playing a minor role in the case of
more concentrated bathing solutions, the Donnan osmotic effects also become smaller as the
bathing solution becomes more concentrated.

According to the theoretical model described in chapter 2, the specimens are expected to
return to their original measures at the end of stage 2. The curves in the middle and bottom
graph of figure 4.4 show however, that at the end of the second stage (t=48h) the specimens
are still in a somewhat swollen state compared to their state at t=Oh. An extra stage with
a 4 M bathing solution was added to the FS3 protocol to see how the equilibrium state
dimensions would relate to the specimen dimensions at t=Oh and t=48h. The FS3 swelling
curves in figure 4.4 show that at t=72h the specimen is in an even more swollen state than
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at t=24h. The FS3 length curve in fact shows a slow continuous swelling, especially obvious
during the second, third and fourth stage of the experiment. The FS3 width curve as well
as the FS1 and FS2 curves do not show the continuous swelling as clearly as the FS3 length
curve but they show indications of the presence of the phenomenon as well. The calculated
initial swellings combined with the time durations of the specimens being stored in bottles
also confirm the presence of the phenomenon. (The FS3 specimen was stored the longest time
and it also shows the largest initial swelling.) The physical cause for the continuous swelling
can not be pinpointed from the results of the experiments. The concentration change of
the bathing solutions during the experiments (table 4.5) is not the cause since in stage 3
and 4 the concentrations show an increase, which is supposed to have a shrinking effect on
the specimens during these stages. De Heus [Heu94] performed one dimensional confined
compression experiments using several types of the model material, however his results do
not give clear indications of the phenomenon occurring.

The results of experiments FS1 and FS2 in figure 4.4 show that 8 hours after the start
of a new stage a new equilibrium state was not reached yet. For this reason, starting from
the second stage of experiment FS3, extra night measurements were made. According to the
FS3 curves in figure 4.4, especially the length direction curve, the FS3 specimen did seem to
reach equilibrium after approximately 8 hours. The initial height of the FS3 specimen being
less than the those of the FS1 and FS2 specimens results in lower time constants for fluid
flow and ion diffusion for the FS3 specimen (section 2.1). This shows that the shorter time
to reach equilibrium for the FS3 specimen is in accordance with the triphasic theory.

Accuracy aspects

Measuring errors during the experiments can be caused by several phenomena. First there
is the limited accuracy with which the edges and markers can be detected. As stated in
section 3.3.1 the accuracy of the edge and marker detection is the main determining factor
of the measuring resolution. The measuring resolution seemed to be lower for the swelling
measurements in width direction than for those in length direction. This implies that the
edges of the specimen were detected less accurate than the markers, especially in the case of
experiment FS3. The fact that the FS3 width direction measurements were the least accurate,
was most likely caused by the initial height of the FS3 specimen being less than those of the
FS1 and FS2 specimens (table 4.1). Due to this the transparent copolymer gel of the FS3
specimen was less accurately detectable (section 3.3.1).

The fitting of the detected edges as a part of the measuring method leaves a standard
deviation of the edge relative to the fitted line. The standard deviations are influenced by
three aspects: how smooth the edges were cut, how straight they were cut and how well they
are detected. The maximum sd that was seen during experiment FS1 was 0.033 mm. During
FS2 the maximum sd was 0.042 mm and during FS3 0.060 mm. This is equal to 1.5 to 2
pixels in vertical direction on the images.

Errors in the swelling measurements due to differences in diffraction caused by varying
the concentration of the bathing solution can be determined theoretically (appendix C). The
calculated magnitude of 0.023% for the error shows that measuring errors due to this effect
are negligible. Another cause of measuring errors is the fact that the distance between camera
and specimen changes due to specimen swelling in height direction. The error in the swelling
measurements due to this effect was 0.2% at most. Although the error is not large, it can
not be considered negligible. The effect can be further minimized in the experimental set-up
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by increasing the distance between camera and specimen so that the relative change of this
distance due to the specimen's height change becomes smaller.

The results of the concentration measurements in table 4.5 show that during stage 3 of the
FS3 experiment a significant change in concentration of the bathing solution has occurred.
The increase of NaCI concentration is most likely caused by evaporation of solution during
the experiment. The fact that the increase is limited to 0.08 molll for stage 3, and even less
for stages 2 and 4, is due to the covering plate, which reduces the contact between bathing
solution and open air. The concentrations can also have been influenced slightly by residues
of former bathing solutions in the basin. By absorbing solution residues in the basin with a
tissue after drainage of the solution this influence was suppressed as much as possible. The
concentration changes of the bathing solutions during the experiments might have had a slight
influence on the specimens' swelling but this influence can not be found in the swelling curves
in figure 4.4. Another effect that probably had some influence on the swelling behaviour of the
specimens are variations in temperature during the experiments. Temperature measurements
show that during daytime the temperatures of the bathing solutions were between 20 0 G and
22°G. No temperature measurements were made during the nights, but the temperature was
probably lower at night than during the day. Day-night temperature fluctuations have not
caused significant influences on the swelling curves in figure 4.4 however.

Comparison of the swelling behaviour of each specimen

Since the specimens were cut from the same piece of raw material and the same protocols were
followed during the experiments one should expect the same swelling behaviour for the three
specimens in case the model material was homogeneous. The three specimens compared
with each other however, show quantitatively significant differences in swelling. Specimen
FS1 shows the largest swelling in both measuring directions and FS3 the smallest swelling.
The cause for these differences in swelling can not be determined with complete certainty.
It is possible that the block of model material from which the specimens were cut was not
homogeneous and thus some material parameters were dependent of the position within the
material. Another possible explanation is that the phenomenon that caused the continuous
swelling is also the cause for the differences in swelling measured. At the start of the each
experiment the phenomenon has had the largest effect on the FS3 specimen and the smallest
effect on the FS1 specimen. This is because the specimens were stored in a bottle with 4
M solution at the same moment and the experiments were performed one at a time starting
with FS1 and ending with FS3.

(An)isotropy of the swelling behaviour

When we compare the swelling in width direction with the swelling in length direction it can
be seen that the swelling in length direction is slightly larger for all three specimens (table 4.4,
figure 4.4). The differences observed are 1.5% swelling at most (stage 1, experiment FS1). At
this moment the swelling of the FS1 specimen is 9.5% higher in length direction than in width
direction. The significant differences between the swellings measured in the two directions
show that the swelling behaviour of the specimens is not exactly isotropic. From the way
the material has been produced it is not expected to show anisotropic behaviour [Heu94]. A
possible cause for anisotropic behaviour of the model material is that during production, the
PUR foam was pre-stressed when the copolymer gel was formed within it.



Chapter 5

U ni-axial tensile experiment

An experimental set-up has been developed for uni-axial tensile tests. With this set-up a
uni-axial tensile test has been performed, in which experiment a specimen of De Heus' model
material is used [Heu94]. The aim of the development of the set-up and the performance of
the tensile test was acquiring data concerning in the multi dimensional swelling behaviour of
the model material. The data acquired from the experiment might be useful for the validation
of Snijders' triphasic model [Snij92, Snij94].

The experimental setup is described in the first section, together with the preparation
of the specimen and the experimental protocol. In the second section the results of the
experiment are presented and in the third section they are discussed. In the fourth section
analytical calculations, using the data acquired from the tensile test, are presented. Above
all these calculations are performed to illustrate that data acquired from a uni-axial tensile
test can give useful information concerning multi-dimensional swelling behaviour of the model
material.

5.1 Method

5.1.1 Specimen preparation

The specimen used for the uni-axial tensile test, was prepared in the same manner as the
specimens for the free swelling experiments. It was also cut with the cutting device (appendix
B) and the same markers were glued on it. Further details are given in section 4.1.1. Table
5.1 shows the dimensions of the specimen. The specimen prepared for the uni-axial tensile
test is longer than the specimens for the free swelling experiments. This is to make sure that
the part of the specimen between the two markers is not too close to the specimen holders
(see next subsection). In this way the influence of the specimen - specimen holder connection
on the measured specimen swelling is minimized. After the specimen has been prepared, it is
brought in a 1 M NaCI solution.

5.1.2 Experimental Setup

In the uni-axial tensile test the specimen has to be exposed to mechanical as well as chemical
loads. Chemical loads are applied by a change of external NaCI concentration. The specimen
must be saturated with this external solution at all time. Mechanical loads are applied by
pulling the specimen in its length direction. The specimen must be able to swell or shrink

29
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specimen dimensions (mm)
width I length I height

6.2 I 36.5 I 2.4

Table 5.1: Dimensions of the specimen as they were measured just after preparation. The
measurements were performed using a marking gauge (estimated maximum measuring error
0.1 mm).

freely in width and height direction and it must be visible for the camera so that its swelling
can be measured. For this the measuring method described in chapter 3 is used.

Taking these requirements in account a set-up has been developed for such uni-axial tensile
tests, which is shown in figure 5.1. The set-up shows similarities with the setup of the free
swelling experiments discussed in the previous chapter: The specimen is submerged in a basin
containing a NaCI solution with known concentration. The camera is placed perpendicularly
above the specimen (accuracy 0.25°) and has a view on the specimen through a window with
a microscope glass. Again the microscope glass is positioned in the solution and 2-3 mm
above the specimen. The two 75 W spots are only switched on during the moments when
recordings are made. Right below the specimen a white plastic plate is placed in order to get
a better contrast between specimen and background.
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Figure 5.1: Experimental setup of the tensile test. A CCD camera (A) is placed perpendicularly
above the specimen (C) which is situated in a perspex basin (J) containing the bathing solution
(H). The specimen's ends are connected to the pull arms (E) of the pulling device via the
perspex specimen holders (G). During video recordings the specimen is lighted by two spots
(B). A microscope glass connected to a perspex frame (D) is placed right above the specimen
so that the microscope glass is just below the solution's surface. The solution can be drained
via the tube (K).
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F c G E

Figure 5.2: The specimen connection with the pull arms shown in detail. The specimen (C)
is glued into the slit of the perspex specimen holder (G) with a fast hardening glue (hardening
within seconds). The specimen holder on its turn is connected to the pull arm (E) with a
screw (F).

Different from the free swelling set-up is the fact that the specimen's ends are connected
to the pull arms of the pulling device. Figure 5.2 shows this connection in detail. Via the pull
arms the specimen can be exposed to a mechanical load in the form of a forced elongation.
This results in a pulling force in the specimen's length direction. This force is measured by a
force transducer, which is connected to the pull arms of the pulling device. The pulling device
used is a bi-axial pulling device being controlled by a personal computer with menu controlled
ASYST software. The device has been developed at the faculty of Mechanical Engineering at
Eindhoven University of Technology [Kno87]. Since the experiment discussed in this chapter
is a uni-axial tensile test, only one of the two pairs of pull arms is used. Figure 5.3 shows how
the force data are processed.

graph:
measured force
plotted versus

time

output
signal (V)

amplified
signal (V)

file:
measured

values in volts

digital
signal (-)

Figure 5.3: Block scheme of how the force applied to the specimen is measured. The forces
are detected by a force transducer (EBM 6120) and transformed into low-voltage signals. An
amplifier (HBM KWS3073) is used to amplify these voltages before they are converted into
digital data with an AD-converter (IO-tech ADC488j8S). The digital data goes into a personal
computer where it is stored in files via ASYST software (one file for each stage of 24 hours).
The MATLAB software package is used to produce graphs of the force data.
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5.1.3 Experimental protocol

Before starting the experiment the specimen's ends have to be glued into the slots of the
specimen holders (see figure 5.2). When this is done the system of specimen and specimen
holders is brought back in the 1 M solution for 24 hours to reach equilibrium again. Just before
the start of the experiment the basin is filled with 1 M bathing solution and the specimen
is connected to the pull arms via the specimen holders. How this is done is explained in
appendix C.

The tensile test has a total duration of 72 hours which is divided in three stages of 24
hours each. Figure 5.4 shows the experimental protocol in the form of a graph. At the start
of the first stage, right after the first swelling measurement has been performed, a mechanical
load is applied to the specimen in the form of a small elongation (±3%). The results is a
pre-tension of the specimen which ensures that the specimen is in a defined state at the start
of the experiment. From this point on the length of the specimen is kept constant for the rest
of the experiment. At the start of the second and third stage the concentration of the bathing
solution is changed stepwise, which means a change of the chemical load on the specimen is
made.

The pull force is measured during the experiment with a sample frequency of 0.025 Hz.
The video recordings for the swelling measurements are made at the same points of time
during each stage of the experiment. In table 5.2 these times are listed.

Figure 5.4: Experimental protocol of the uni-axial tensile ex
periment. The concentration of the bathing solution is plot
ted versus time. The specimen is in equilibrium with a 1 M
NaGI solution at t=Oh. At t=Ohlmin the specimen is exposed
to a small pretension by forcing an elongation of the speci
men. At the start of the second and third stage the chemical
load is changed stepwise by replacing the bathing solution.

time (min)
2 90 600
5 120 720

10 180 870
15 240 1020
30 300 1170
45 390 1320
60 480 1440

Table 5.2: Times
at which video recordings for
the swelling measurements are
made. The times are given
in minutes after the start of
each stage. At the start of the
first stage of the experiment
(t=Oh) also a video recording
was made.
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5.2 Results

In figure 5.5 the results of the experiments are presented in graphic form. The specimen
swelling and the tensile force on the specimen are plotted versus time. At the start of the
experiment (t=Oh), which is just before the specimen is elongated, the absolute width of the
specimen is 8.47 mm and the absolute distance between the markers is 11.96 mm. The length
of specimen at this moment is 41.5 mm. By relating the width of the specimen at t=Oh to the
width just after the specimen was prepared (table 5.1), an initial swelling of 36.6% is found.
Table 5.3 shows the swelling of the specimen in width and length direction at the end of each
stage. Also in this table the tensile forces for all moments that abrupt force changes occur,
are presented.

Just as during the free swelling experiments the specimen width decreased when the
concentration of the bathing solution was increased. The length of the specimen was kept
constant from the moment when the pretension was applied to the specimen. In spite of
this a small change in distance between the markers occurred during the second stage of the
experiment. The elongation of the specimen at t=Oh can be found in the swelling curves by
an increase of the marker distance and a decrease of the specimen width. An instantaneous
pre-tension of the specimen is seen in the force curve in the bottom graph. The force curve
shows abrupt force changes not only at the start of every new stage but also during the stages.
Especially during the second stage (at t~33h) this abrupt change of force is accompanied by
a significant change of swelling in width direction.

results of the uni-axial test
time swelling in swelling in tensile

(h,min) width d. (%) length d. (%) force (N)
OOhOOmin 0.0 0.0 -0.045
00h02min -1.3 3.4 0.035
08h35min - - 0.015
19h25min - - 0.085
24hOOmin -2.0 3.6 0.055
32h50min - - 0.265
44h15min - - 0.325
48hOOmin -17.5 4.6 0.295
56h25min - - 0.060
65h35min - - 0.125
72hOOmin -2.4 3.7 0.090

Table 5.3: Results of the uni-axial tensile test. Shown are the swellings of the specimen
in width and length direction at the end of each stage. The tensile forces are given for all
moments that the force curve shows abrupt changes.

In table 5.4 the measured NaCI concentrations of the bathing solutions are given. The
NaCI concentrations of original solutions as well as of samples from the solutions after they
were used in the experiment were measured. It can be seen that the concentrations of bathing
solutions have changed significantly during the experiment.
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Figure 5.5: Results of the uni-axial tensile test. The top graph shows the experimental protocol.
The concentration of the bathing solution is plotted versus time. Not shown in this graph is
that at t=Oh the specimen is elongated (±3%). The specimen's relative width (0) and the
relative marker distance (*), are plotted versus time in the middle graph. The bottom graph
shows the course in time of the tensile force in the specimen's length direction.
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concentrations of bathing solutions (M)
ideal original stage 1 stage 2 stage 3
1.0 1.04 1.15 - 1.17
4.0 3.91 - 4.06 -

Table 5.4: Concentrations of external NaCl solutions in M (mol/lJ measured from samples
taken after each stage of the tensile test. The first two columns represent the ideal concen
tration and the real concentration of the NaCl solutions before the experiment. (maximum
measurement error 2%).

5.3 Discussion

Results versus expectations

Just as in the free swelling experiments bathing solutions with NaCI concentrations of 1 M
and 4 M were used in the uni-axial tensile test. So also in this experiment it is possible that
other effects than Donnan osmosis, like the chemical expansion stress, played a significant role
in the swelling behaviour of the specimen. The instantaneous tensile force as a consequence
of the specimen elongation is followed by a decrease of this force in the next 8 hours. This
decrease is due to fluid and ion exchange following the change of mechanical stress and fixed
charge concentration in the specimen. This means the decrease is a consequence of both
mechanical and chemical effects. In the second and third stage the specimen respectively
shrinks and swells in width direction, which is caused by the change of NaCI concentration
of the bathing solutions. Between t=24h and t=48h 0.96% swelling is measured in length
direction. This was not expected since the specimen length was kept constant. The swelling
measured is most likely caused by local effects at the specimen - specimen holder connection.

The abrupt changes in tensile force during the three stages are not expected when looking
at the experimental protocol. During the stages neither the mechanical load nor the chemical
load are changed abruptly. The cause for these abrupt force changes can be found in variations
of temperature of the bathing solution and the specimen. The environmental temperature
in the lab where the tensile test was performed showed day - night fluctuations, which also
influenced the temperature of specimen and bathing solution. An example of such tempera
ture fluctuations is shown in figure 5.6. The graph shows a 24 hour time - temperature curve,
which has been measured afterwards. The temperature decrease early in the evening of the
day caused a shrinking reaction of the specimen which on its turn caused a increase of the
tensile force on the specimen. During stage 2 it can be seen that after t=32h the specimen
shows some extra shrinking. Early in the morning the temperature increased again, which
caused the opposite effect.

Just before in stage 2 the extra shrinking in width direction starts, at t=32h the specimen
seems to have reached equilibrium. Also in stage 3 equilibrium seems to be reached after
approximately 8 hours. The height of the specimen right after preparation was approximately
equal to the height of the specimen used in the free swelling experiment FS1 but in that
experiment equilibrium was not reached after 8 hours (figure 4.4). The fact that the length
of the specimen is kept constant, might be the cause for the specimen reaching equilibrium
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Figure 5.6: 24 hour temperature measurement in the basin filled with water. The measurement
started and ended at 2:00pm. A thermocouple was used for the measurement. The temperature
starts decreasing at 6:30pm and starts rising again at 6:45am.

sooner than in experiment FS1.

Accuracy aspects

When comparing the swelling curves in width direction and in length direction with each other
it seems that the resolution of swelling measurements is approximately equal for both mea
suring directions. The measurements during the free swelling experiments showed a lower
measuring resolution in width direction than in length direction, which indicated that the
edges were detected less accurate than the markers. During the uni-axial tensile test the
specimen's edges seemed to be detected more accurately than during the free swelling ex
periments. A possible cause for this is that the tuning of the camera and the lighting of
the specimen might be better adjusted during the uni-axial tensile test than during the free
swelling experiment.

Just as in the free swelling experiments, the standard deviation of the edges relative to
their fits is influenced by the smoothness of the edges, the straightness of the edges and
the accuracy with which they are detected. The maximum standard deviation of the edges
relative to their fits was 0.048 mm, which was equal to approximately 1.5 pixel in vertical
direction on the images.

Errors in the swelling measurements due to different diffraction indices of bathing solutions
with different NaCI concentrations were of the same order of magnitude as during the free
swelling experiments and thus are negligible. Swelling measurement errors due to swelling in
height direction are less than during the free swelling experiments. Since during the tensile
test the specimen did not rest on the bars on which the specimens rested during the free
swelling experiments, the change of the camera - specimen distance is only half the height
change of the specimen. The maximum error is estimated at 0.15%.

The measured concentrations of the bathing solutions (table 5.4), show that during all
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three stages of the experiment the NaCl concentrations of the bathing solutions increased
significantly. During the tensile test more evaporation of the bathing solution was possible
than during the free swelling experiments since the pull arms made it impossible to use the
covering plate that was used during the free swelling experiments. Although the influences of
this change in concentration are not clearly visible in the swelling curves, they probably are
present.

5.4 Analytical calculations

Correct simulation of the uni-axial tensile experiment can only be done after due evaluation
of all triphasic material parameters of the specimen and using Snijders' numerical model
[Snij92]. Since this approach is beyond the scope of this project, we suffice with a rough
analytical equilibrium state analysis here. In section 2.4 the equilibrium state theory was
elaborated for the cases of free swelling and uni-axial tension in combination with linear
elastic isotropic triphasic material behaviour. Although the free swelling data in chapter 4
show slightly anisotropic swelling behaviour of the specimens and both the free swelling data
and the data acquired from the uni-axial tensile test show geometric non-linearity (specimen
swellings up to 17.5%), we will use this theory for some analytical calculations.

In order to calculate values for E and v, in the first place all material parameters needed
for solving equations (2.14) and (2.15) have to be known. Since De Heus [Heu94] has only
determined material parameters for lower external solution concentrations, no values values
are known for the osmotic coefficients (1)) of the model material in equilibrium with 1 M and
4 M NaCI solutions. For this reason they were chosen equal to the osmotic coefficients (1)*)
for the 1 M and 4 M NaCI solutions themselves, which were found in literature [Rob59]. For
the fixed charge concentration (c fcd

) and the fluid volume fraction (n f ) for the specimen in
equilibrium with the 1 M NaCl solution, rough estimations have been made based on De Heus'
values for specimens being in equilibrium with a 0.6 M NaCI solution. The mean activity
coefficient quotient (12) has been chosen equal to 1.0. The parameter values used are shown
in table 5.5.

The experimental data used for input in equations (2.25) and (2.26) are taken from stages
1 and 2 of the uni-axial tensile test (figure 5.5. The values that are used are presented in
table 5.6. The values for the tensile forces in equilibrium state 1 and 2 are determined by
extrapolating the force curve in figure 5.5 so that the influence of the temperature variation is
eliminated. The values for Ew and E[ are set to zero for equilibrium state 1 and for equilibrium
state 2 they are estimated by extrapolation of the swelling curves in figure 5.5, so that again
influences due to the temperature variations are eliminated.

By substituting the required parameter values and experimental data in equations (2.14)
and (2.15), the internal hydrodynamic pressures for both equilibrium states are calculated.
By subtracting these pressures the hydrodynamic pressure change !:i.p is calculated. This
pressure change is substituted in equations (2.21) and (2.22) for calculation of the Cauchy
stress changes in width and length direction. Finally the Cauchy pressure changes and the
specimen strains from table 5.6 are substituted in equations (2.25) and (2.26) in order to
calculate Young's elasticity modulus E and Poisson's ratio v. This gives the following values
for these material parameters:

E

v

0.117·106 N/m2

0.258

(5.1)

(5.2)
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In the case of free swelling E and v can not be calculated explicitly. Equation (2.20) can
be used however, for calculating E/(1 - 2v). When the values found for E and v via the
uni-axial tensile test are substituted in this function, the following value for this function is
found:

(5.3)

Next the parameter values in table 5.5 are used for determining the value for the same
function in case of free swelling (F = 0 Nand Ew = El for both equilibrium states). In order
to find an equal value for this function, the following value for Ew has to be substituted:

Ew = El = -0.1048 (5.4)

This value can be converted into a strain value for a specimen swollen from an equilibrium
state with a 4 M external NaCl solution to an equilibrium with aIM external NaCl solution:

E(4M-tlM) = 0.117 (5.5)

This strain value lies very close to the specimen swelling found in experiment FS3 at the end
of the first stage (table 4.4). This shows that, according to the simple analytical model and
the rough input used, the data acquired from this experiment are in agreement with the data
acquired from the uni-axial tensile test.

Linear elastic isotropic behaviour is probably too simple a model for the solid component
of the material. Also for some parameters and data estimations had to be made. Therefore
the values found for E and v should not be considered as accurately determined material
parameters. The calculation of these two parameters merely illustrates the fact that perfor
mance of uni-axial tensile tests is useful for obtaining additional information concerning the
material behaviour of swelling tissues. In this context, free swelling data prove to be useful as
a check on the interpretation of the tensile test data. For a more accurate determination of
the stress-strain behaviour of the model material, improvements must be made on the set-up

parameter values
parameter eq. state 1 eq. state 2

¢ (-) 0.936 1.116
¢* (-) 0.936 1.116
f2 (-) 1.0 1.0

cfcd (moles/m3 ) 0.4.103 0.604.103

n f
(-) 0.8 0.726

Table 5.5: Parameter values chosen for
use in analytical equilibrium state model
presented in section 2.4. For the second
equilibrium state cfcd and n f are calcu
lated using equations (2.12) and (2.13) ¢
is chosen equal to ¢* for both equilibrium
states.

experimental data
entity eq.state 1 eq. state 2

Cext (mol/m3
) 1.10° 4.103

T (K) 293 293
sp. width (m) 8.10-3 -

sp. height (m) 3.10-3 -

Ew (-) 0.0 -0.15
El (-) 0.0 0.01
F (N) 0.015 0.270

Table 5.6: Experimental data used for in
put in analytical equilibrium state model
presented in section 2.4. For the forces
and strains estimations have been made
that are based on elimination of the tem
perature variation influences on the force
and swelling curves.
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for the uni-axial tensile tests so that temperature and evaporation effects are excluded. Also
the material parameters in table 5.5 need to be determined more accurately. Despite all this,
the values for E and v calculated here, might be useful as first estimates in case values for
these parameters are needed for future simulations.



Chapter 6

Conclusions and recommendations

In section 1.3.1 the aims of the research presented in this report are given. In the light
of these aims, conclusions are drawn in the first section of this chapter. They concern the
method developed for measuring the specimen swelling, the experimental set-ups developed
for free swelling experiments and uni-axial tensile tests and the results of the experiments
performed with these set-ups. In the second section recommendations are made for future
research on this subject. The recommendations concern improvements to be made on the
measuring method as well as on the experimental set-ups. Also the results of the experiments
gave rise to recommendations for further research.

6.1 Conclusions

Conclusions drawn concerning the method that has been developed for measuring the speci
men swelling:

• The use of a non-contact measuring technique makes it possible to measure a specimen's
swelling without having a significant influence on the swelling itself.

• For an accurate detection of specimen edges the specimen should have a minimum height
of approximately 2 mm. Also the edges have to be cut straight and smooth.

Conclusions drawn concerning the experimental set-ups developed for free swelling experi
ments and uni-axial tensile tests:

• The method of submerging the specimens in the external solutions and measuring their
swelling with the measuring method developed, is suitable for use in both free swelling
experiments and uni-axial tensile tests.

• Both experimental set-ups are sensitive to environmental temperature variations and
evaporation.

• Accurate control of temperature and external salt concentration is necessary for future
experimental validation of Snijders' triphasic model with the present set-ups.
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Conclusions concerning the experimental results:

• In the free swelling experiments the specimens do not show isotropic swelling behaviour,
although the differences between swelling in width and length direction are smaller than
10%.

• The slow continuous swelling of the specimens during the free swelling experiments is in
contrast with the prediction of the triphasic model [Snij94]. This indicates that other
physical processes than the ones incorporated in Snijders' triphasic model, might play
a significant role in the swelling behaviour of De Heus' model material.

• The free swelling of the three specimens show quantitative differences. This seems in
contrast to De Heus' claim that the model material is homogeneous [Heu94]. A plausible
explanation can be found the difference in specimen treatment before the experiments.

• The use of linear theory and the uncertainty of parameters and data needed in the
model hamper an accurate evaluation of elastic stiffness parameters from the present
experiments. Nevertheless Young's modulus and Poisson's ratio evaluated for the tensile
test, are consistent with free swelling results.

6.2 Recommendations

Recommendation concerning the method developed for measuring the swelling:

• Further automation of the image processing in order to reduce the processing time.

• Further quantitative assessment of the accuracy of the method.

Recommendations concerning the experimental set-ups:

• Temperature influences during future free swelling experiments or tensile tests should
be minimized by using a thermostat to control the temperature of the bathing solution.

• The amount of bathing solution in contact with the specimen should be increased by
connecting a reservoir and a fluid pump to the basin and pumping the solution through
the basin. Concentration changes of the bathing solutions due to evaporation can be
minimized in this way.

Recommendations concerning future experiments:

• For future experiments with the model material it is recommended to treat the speci
mens according to very strict protocols from the moment that they are produced until
they are no longer used for experiments.

• The phenomenon (or phenomena) that caused the quantitative differences in swelling
of the specimens used in the free swelling experiments should be determined. By using
specimens of the model material in several experiments with strictly identical experi
mental protocols, a step in this direction can be done.
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• The validation of the isotropy of the model material should be continued. Free swelling
experiments should be performed with specimens that had different orientations in the
block of model material. In this way a 3D validation of isotropy can be performed
without having to measure the specimen swelling in three directions at a time.

• The slow continuous swelling of the specimens, which is observed during the free swelling
experiments, deserves further examination. Special attention should paid to finding the
cause of this phenomenon.

• Uni-axial tensile tests with more complicated experimental protocols should be per
formed to obtain more extensive experimental data.
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Appendix A

Threshold Operator and Gradient
Operator

A.I Threshold operation

250

50

oe==========::r==:::----,-L--_---cc'-,Jo 50 100 150 200 250
greyvalues before threshold operation

Figure A.1: Explanation of the threshold operator in the TIM software package. The threshold
value chosen in the graph is 175.

In the graph the greyvalues after the threshold operation are plotted versus the greyvalues
before the threshold operation. Initial greyvalues being lower than the threshold value become
zero and the initial greyvalues being equal or higher than the threshold value become 255.
In fact the threshold operator converts an image with different 256 greyvalues a into a black
and white image.
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A.2 Gradient operator

gv1

gv3

gv2

gv4

Figure A.2: Explanation of the Robert gradient operator in the TIM software package.

In general, the Robert gradient operator is used to make a 'gradient' image from an original
image. The figure shows four pixels of an image, having greyvalues gvl to gv4. The new
greyvalue of the upper left pixel is determined with the following equation: Igvl - gv41 +
Igv2 - gv31. In this way for every pixel of an image a new greyvalue is determined. In case
this operation is performed on a black and white image the new image becomes all black
except for lines that mark the black-white turnovers on the original image. In this way it is
used for edge detection.



Appendix B

The Cutting Tool
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Figure B.1: Sketch of the cutting device.

The cutting device has been developed for the cutting of the specimens that are used in the
experiments. It consists of a perspex bottom plate (A) and bridge (B) that encapsulate a
block of De Heus' model material from which the specimen is cut. The bridge contains a
narrow slit (G). Through this slit a razor blade (D), clamped partly between two plates (C),
is slid cutting a layer of material with a thickness equal to the desired specimen height. The
plates slide between the two perspex bars (F) on top of the bridge, so the plates and the razor
blade are kept vertical during the cutting. The thickness of a layer can be varied by keeping
the block of material placed against the perspex bar (E) on the bottom plate and shift the
bridge with the slit along the bottom plate. After the layer is cut a specimen with desired
width and length can be cut out of the layer using the razor blade.

47



Appendix C

Specimen - pull arms connection

Figure C.l: The way the the specimen holders (with the specimen in between) are connected
to the pull arms.

After the specimen has been brought in equilibrium with the 1 M bathing solution, the
specimen holders are clamped between two perspex bars. This is done by placing the specimen
holders upright between the bars and bringing the bars together with the two bolts through
them. Deformation of the specimen must be kept to a minimum. Also the specimen holders
have to kept as parallel as possible so that they fit to the pull arms. The connection between
the specimen holders and the pull arms can now be made by shifting the specimen holders
onto the screws of the pull arms and screwing these tight.
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Appendix D

Measuring errors due to diffractions
of the bathing solutions
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Figure D.l: The path of a light-beam from the edge of a specimen via the bathing solution and
the microscope glass through the center of the camera lens.

During swelling measurements the camera's view on the sample is diffracted by the microscope
glass as well as by the bathing solution. Figure D.l shows the path of a beam oflight from the
edge of the specimen through bathing solution, microscope glass, air and finally through the
center of the camera lens. The path of this beam of light is changed when the concentration
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APPENDIX D. MEASURING ERRORS DUE TO DIFFRACTIONS OF THE BATHING
SOLUTIONS 50

and thus the diffraction index of the bathing solution changes. This change of path causes a
systematic error in the swelling measurements.

The relative magnitude of this measuring error can be calculated using Snellius' law of
diffraction. The relative change of the distance xl in figure D.1 is equal to the relative change
of the measured specimen width. The distance xl is calculated in the cases of a 1 M NaCI
bathing solution and a 4 M NaCI bathing solution. To perform this calculation the following
system of 6 equations with 6 unknown variables has to be solved:

sin (a3) sin(a2) w
(D.1)

sin(a2)
nbs-+mg . ( 1) = nmg-+air x1+x2+x3="2

sm a

tan(al)
xl x2 x3

(D.2)- tan(a2) = - tan(a3) = -
y1 y2 y3

The six unknown variables are xl, x2, x3, a1, a2 and a3. The other variables are known:
y2 = 1mm, y1 = 190mm and nmg-+air = 0.66. The specimen width wand distance y3 vary
due to swelling of the specimen. By choosing w = 15mm and y3 = 3mm the measuring
error will be slightly overestimated. nbs-+mg is dependent of the concentration of the bathing
solution. The diffraction indices of the 1 M and the 4 M bathing solutions have been mea
sured: nair-+bs(lM) = 1.343 and n air-+bs(4M) = 1.369. nbs-+mg can be calculated for both
concentrations as follows:

nair-+mg
nbs-+mg =

nair-+bs
(D.3)

which results in: nbs(lM)-+mg = 1.124 and nbs(4M)-+mg = 1.103. The system of equations has
to be solved for both concentrations of the bathing solution. Substitution of equations leaves
a nonlinear equation with one unknown (xl) of which the roots have to be determined. This
is done numerically by successive substitution, starting with two values for xl: 5 mm and 7.5
mm. The final value for xl is in between these two values. The relative error is calculated as
follows:

X1(4M) - X1(lM) = 7.3891 - 7.3874 = 2.3.10-4

X1(1M) 7.3874
(DA)



Appendix E

TIM Routines

E.1 routine 'detect'

***************************************************************************
routine: detect.cmd (edge and marker detection)

***************************************************************************
use: program for detection of edges and markers of specimens so that

vidth and length can be determined.
parameters: %1 filename of input image on hard disc or in memory.

%2 thresholdvalue for edges (value betveen 0 and 255).
%3 y - pixelvalue of a point vithin left marker on

input image.
%4 x - pixelvalue of a point vithin left marker on

input image.
%5 y - pixelvalue of a point vithin right marker on

input image.
%6 x - pixelvalue of a point vithin right marker on

input image.
%7 thresholdvalue for markers (value betveen 0 and 255).
%8 output filename.

expects: - input image on hard disc or in memory.
- both edges of the specimen to be visible on input image.
- the specimen's upper edge above pixelvalue 331 and lover edge

belov pixelvalue 181. The markers betveen 331 and 181. Left
marker left of 256 and right marker right of 256.

output: One image on hard disc named: 'edge.im'.

***************************************************************************

;------------------------------------------------------------------------------
Start of program.

;------------------------------------------------------------------------------
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;------ Declaration of variables ----------------------------------------------

int val1
int val2
int grv1
int grv2
int grv3
int grv4
int grv5
int i

._-----,

cIs
era fg
lut 2 1
dis x
dis %1
cstr 10
save f3
thre %2

save e1
dis f3
thre %7

save f4

._-----,

Loading image

Erases existing images from memory frame grabber.
Output look up table set to linear.
x is default display image (size 512*512 pixels).
Input image is put on default display image.

All grayvalues lower than %2 are set to 0 and
all grayvalues from %2 and higher are set to 255.

All grayvalues lower than %7 are set to 0 and
all grayvalues from %7 and higher are set to 255.

Detection edges -------------------------------------------------------

dis x
dis e1
*edge3 1 255 510 255
save e2

;------ Detection markers

dis x
dis f4
*spot3 %3 %4 %5 %6 f1
save f4

Function 'edge.cmd' is called.
Image with edges is saved in memory.

Function 'spot.cmd' is called.
Image with markers is saved in memory.

._-----, Constructing the output image

add e2 f4 Adding the images with the marker and the edges.



save %8
beep
stop

E.2. function 'edge' 53

Image with edges and markers is saved on hard disc.

._-----------------------------------------------------------------------------,
End of program

;------------------------------------------------------------------------------

E.2 function 'edge'

***************************************************************************
edge2.cmd (edge detection)

***************************************************************************
use: function for detection of the edges of a specimen.
parameters: #1 y coordinate of pixel belonging to upper background.

#2 x coordinate of pixel belonging to upper background.
#3 y coordinate of pixel belonging to lower background.
#4 x coordinate of pixel belonging to lower background.

expects: to be used only within routine 'detect'.

***************************************************************************

._-----------------------------------------------------------------------------,
Start of program .

._-----------------------------------------------------------------------------,

;------ Declaration of variables ----------------------------------------------

int vall
int grvl
int grv2
int grv3

._-----, Detection of edges ----------------------------------------------------

dis y
vall = label x
while vall <= 0

grvl = bgm 'l.1
grv2 = bgm %3
if grvl != 0
if grv2 != 0
thre 1
inv
dis x

'/,2
%4
mark
mark

grvl 0
grv2 0

start erasing white spots from specimen
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and x y
dis y
vall = label x

endw
grvl = bgm %1 %2
grv2 = bgm %3 %4
if grvl != 0 mark grvl 0

if grv2 != 0 mark grv2 0

thre 1
inv
dis x
and x y
save e2
inv
dis y
label x
grv3 = bgm 256 256
mark grv3 0
thre 1
inv
dis x
and x y
inv
dis y
robg x
drln 0 496 511 496 0
drln 0 495 511 495 0
stop

end erasing white spots

start erasing black spots from background

end erasing black spots

Gradient operator for edge detection

E.3

;------------------------------------------------------------------------------
End of program

;------------------------------------------------------------------------------

function 'spot'

***************************************************************************
function: spot.cmd

***************************************************************************
use determines markers on a specimen.
parameters %1 y - pixelvalue of a point within left marker on

input image.
%2 x - pixelvalue of a point within left marker on

input image.
%3 y - pixelvalue of a point within left marker on

input image.
%4 x - pixelvalue of a point within left marker on
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input image.
expects to be used only within the program 'detect.cmd'.

***************************************************************************

._-----------------------------------------------------------------------------,
Begin program

._----------------------------------------------------------------------~------,

;------ Declaration of variables ----------------------------------------------

int va12
int grv2
int grv5

;------ Detection of markers --------------------------------------------------

dis y
va12 = label x
grv2 = bgm %1 %2
grv5 = bgm %3 Y.4
while va12 <= 0 and grv2 -- 0 and grv5 -- 0

thre 1

label x
bgm %1 %2
bgm %3 %4

-- 0 print
-- 0 stop
-- 0 print
-- 0 stop

._-----------------------------------------------------------------------------,
End of program

._-----------------------------------------------------------------------------,



Appendix F

MATLAB Routines

F.1 routine 'swell.m'

% ***************************************************************************
% routine: swell.m

% ***************************************************************************
%
% This program uses the width of the specimen and the distance between
% the markers at given points in time to make graphs in which the
% specimen swelling in these directions are plotted versus time.
% length are plotted against time. The width and marker distance are
% determined using the function 'wi_le.m'.
%
% ***************************************************************************

'l.------------------------------------------------------------------------------
% START OF PROGRAM

%------------------------------------------------------------------------------

clear
clf

%----- TIME INPUT -------------------------------------------------------------

load time

%----- DETERMINATION OF RELATIVE WIDTH, RELATIVE LENGTH AND SO ---------------

l=length(time);
for i = 1:1

[wl,sd] = wi_le(time(i));
WL = [WL ; wI ];
SO = [SO; sd];
timestep = i
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end
save WL WL
save SD SD
WW = WL ( : , 1) ;

WWrel(:) = WW(:)/WW(l)
LL = WL(: ,2);
LLrel(:) = LL(:)/LL(l)
WLrel = [WWrel LLrel];
save WLrel WLrel
time = time/60;

%----- PLOTTING CURVES CONTAINING (RELATIVE) WIDTH AND LENGTH ---------

clf
plot(time,WW,'o',time,WW,'-')
hold on
plot(time,LL,'*',time,LL,'-')
xlabel('time (hours)')
ylabel('width / length (mm)')
print -deps WL.ps
hold off

pause

clf
plot(time,WWrel,'o',time,WWrel,'-')
hold on
plot(time,LLrel,'*',time,LLrel,'-')
xlabel('time (hours)')
ylabel('relative width / length (-)')
print vz7_WLrel.ps
hold off

%-----------------------------------------------------------------------
% END OF PROGRAM
%-----------------------------------------------------------------------

F.2 function 'wi-Ie.m'

function [wl,sd] = wi_le(time)

***************************************************************************
function wi_le.m
***************************************************************************
input point of time in experiment (in minutes).



***************************************************************************

'I.
'I.
'I.
'I.
'I.
'I.
'I.
'I.

output

use

F.2. function 'wi-Ie.m' 58

Arrays with the specimen widths and marker distances for the
input time.

This function reads a processed TIM image that contains the
edges and markers of the specimenn in MATLAB. From this image
the specimen width and the marker distance is determined.

'1.------------------------------------------------------------------------------
'I. START OF FUNCTION
'1.------------------------------------------------------------------------------

'1.------ READING IMAGE ---------------------------------------------------------

fid1 = fopen(['edge' int2str(time) '''time''.im']);
A = fread(fid1,[512,512]);
A = A';
A = [A(:,1:490) zeros(512,22)];
L_M = A(181:331,1:256);
R_M = A(181:331,257:512);
U_E = A(1:180,:);
L_E = A(332:512,:);
clear A

'1.------ REAL PIXEL DIMENSIONS -------------------------------------------------

sx = 36.04e-3;
sy = 25.04e-3;

'1.------ LOCATING CENTERS OF MARKERS ------------------------------------------

[i1,j1] = find(L_M);
clear L_M
x_p1 = (j1-1)*sx;
y_p1 = (-i1+332)*sy;
number_of_points = length(x_p1);
sum_x_p1 = 0;
sum_y_p1 = 0;
for k = 1:number_of_points

sum_x_p1 = sum_x_p1 + x_p1(k,1);
sum_y_p1 = sum_y_p1 + y_p1(k,1);

end
sum_x_p1/number_of_points;
sum_y_p1/number_of_points;

[i2,j2] = find(R_M);
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clear R_M
x_p2 = (j2+255)*sx;
y_p2 = (-i2+332)*sy;
number_of_points = length(x_p2);
sum_x_p2 = 0;
sum_y_p2 = 0;
for k = l:number_of_points

sum_x_p2 = sum_x_p2 + x_p2(k,1);
sum_y_p2 = sum_y_p2 + y_p2(k,1);

end
sum_x_p2/number_of_points;
sum_y_p2/number_of_points;

%------ LOCATING AND FITTING OF EDGES -----------------------------------------

[i3,j3] = find(U_E);
clear U_E
x_ue = (j3-1)*sx;
y_ue = (-i3+512)*sy;
n = 1;
fit_ue = polyfit(x_ue,y_ue,n);
fit_ue = fit_ue';
y_fit_ue = polyval(fit_ue,x_ue);

[i2,j2] = find(L_E);
clear L_E
x_le = (j2-1)*sx;
y_le = (-i2+181)*sy;
n = 1;
fit_le = polyfit(x_le,y_le,n);
fit_le = fit_le';
y_fit_le = polyval(fit_le,x_le);

%------ DETERMINING PARTS OF THE EDGES BETWEEN THE MARKERS --------------------

mean_rc = (fit_ue(l,l) + fit_le(1,1))/2;
line_pl(l,l) = -l/mean_rc;
line_pl(2,1) = Y_pl - line_pl(l,l) * X_pl;
line_p2(1,1) = -l/mean_rc;
line_p2(2,1) = Y_p2 - line_p2(1,1) * X_p2;

rootpoly_upper_left = fit_ue - line_pl;
rootpoly_upper_right = fit_ue - line_p2;
x_cross_upper_left = roots(rootpoly_upper_left);
x_cross_upper_right = roots(rootpoly_upper_right);
valid_points_ue = find(x_cross_upper_left < x_ue & x_ue < x_cross_upper_right);
num_val_pts_ue = length(valid_points_ue);
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for k = i:num_val_pts_ue
x_ue_redu(k,:) = x_ue(valid_points_ue(k));
y_ue_redu(k,:) = y_ue(valid_points_ue(k));

end

rootpoly_lower_left = fit_Ie - line_pi;
rootpoly_lower_right = fit_Ie - line_p2;
x_cross_lower_left = roots(rootpoly_lower_left);
x_cross_lower_right = roots(rootpoly_lower_right);
valid_points_le = find(x_cross_lower_left < x_Ie & x_Ie < x_cross_lower_right);
num_val_pts_Ie = length(valid_points_le);
for k = i:num_val_pts_Ie

x_Ie_redu(k,:) = x_Ie(valid_points_le(k»);
y_Ie_redu(k,:) = y_Ie(valid_points_le(k»);

end

%------ FITTING OF THE PARTS OF THE EDGE -------------------------------------

fit_ue_redu = polyfit(x_ue_redu,y_ue_redu,i);
fit_ue_redu = fit_ue_redu';
y_fit_ue_redu = polyval(fit_ue_redu,x_ue_redu);
dif_ue = y_ue_redu - y_fit_ue_redu;
sd_ue = std(dif_ue);
residu_ue = find(-2*sd_ue < dif_ue & dif_ue < 2*sd_ue);
length_residu_ue = length(residu_ue);
for k = i:length_residu_ue

X_ue(k,:) = x_ue_redu(residu_ue(k»);
Y_ue(k,:) = y_ue_redu(residu_ue(k));

end
fit_ue_final = polyfit(X_ue,Y_ue,i);
fit_ue_final = fit_ue_final';
Y_fit_ue = polyval(fit_ue_final,X_ue);

fit_Ie_redu = polyfit(x_le_redu,y_le_redu,i);
fit_Ie_redu = fit_Ie_redu';
y_fit_Ie_redu = polyval(fit_le_redu,x_le_redu);
dif_Ie = y_Ie_redu - y_fit_Ie_redu;
sd_Ie = std(dif_Ie);
residu_Ie = find(-2*sd_Ie < dif_le & dif_Ie < 2*sd_Ie);
length_residu_Ie = length(residu_Ie);
for k = i:length_residu_Ie

X_leek,:) = x_Ie_redu(residu_Ie(k));
V_leek,:) = y_Ie_redu(residu_Ie(k));

end
fit_Ie_final = polyfit(X_le,Y_le,i);
fit_Ie_final =fit_Ie_final';
Y_fit_Ie = polyval(fit_le_final,X_le);
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%------ CALCULATION OF SPECIMEN WIDTH -------------------------------------------

mean_rc_final = (fit_ue_final(1,1) + fit_le_final(1,1))/2;
line_p1_final(1,1) = -1/mean_rc_final;
line_p1_final(2,1) = Y_p1 - line_p1_final(1,1) * X_p1;
line_p2_final(1,1) = -1/mean_rc_final;
line_p2_final(2,1) = Y_p2 - line_p2_final(1,1) * X_p2;
rootpoly_ul_final = fit_ue_final - line_p1_final;
rootpoly_ur_final = fit_ue_final - line_p2_final;
rootpoly_ll_final = fit_Ie_final - line_p1_final;
rootpoly_lr_final = fit_Ie_final - line_p2_final;
X_cross_ul = roots(rootpoly_ul_final);
Y_cross_ul = polyval(fit_ue_final,X_cross_ul);
X_cross_ur = roots(rootpoly_ur_final);
Y_cross_ur = polyval(fit_ue_final,X_cross_ur);
X_cross_ll = roots(rootpoly_ll_final);
Y_cross_ll = polyval(fit_le_final,X_cross_ll);
X_cross_lr = roots(rootpoly_lr_final);
Y_cross_lr = polyval(fit_le_final,X_cross_lr);
sqr_w_l = (X_cross_ul - X_cross_ll)-2 + (Y_cross_ul - Y_cross_ll)-2;
sqr_w_r = (X_cross_ur - X_cross_lr)-2 + (Y_cross_ur - Y_cross_lr)-2;
width_left = sqrt(sqr_w_l);
width_right = sqrt(sqr_w_r);
ww = (width_left + width_right)/2;

%------ CALCULATION OF DISTANCE BETWEEN MARKERS (LENGTH) ----------------------

line_p1p2 = [mean_rc_final ; 0];
rootpoly_p1 = line_p1p2 - line_p1_final;
rootpoly_p2 = line_p1p2 - line_p2_final;
X_cross_p1 = roots(rootpoly_p1);
Y_cross_p1 = polyval(line_p1p2,X_cross_p1);
X_cross_p2 = roots(rootpoly_p2);
Y_cross_p2 = polyval(line_p1p2,X_cross_p2);
sqr_length = (X_cross_p2 - X_cross_p1)-2 + (Y_cross_p2 - Y_cross_p1)-2;
11 = sqrt(sqr_length);

%------ OUTPUT OF FUNCTION ----------------------------------------------------

wI = [ww 11];
sd = [sd_ue sd_le];

%------------------------------------------------------------------------------
% END OF FUNCTION
%------------------------------------------------------------------------------


