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ABSTRACT 
For centuries it has been known that wetting liquids penetrate porous materials if the pores are 
sufficiently small. In some cases the liquid penetration is desired, like in kitchen paper or 
diapers, in other systems the penetration should be minimised or avoided, like in water 
repellent textiles or paper printing. Either way capillary flow has been studied extensively 
starting from smooth to rough surfaces and from single capillaries to porous systems. 
However, one field, which is lacking attention is the behaviour of capillary flow in porous 
gels. How does a semi-solid material influence capillary flow? Possible applications could be 
to absorb solutes or cell solutions in porous gels with the aim to get an even distribution of 
those. In this thesis alginate and agarose gels are used to study capillary flow. A thorough 
study of the gel characteristics including rheology measurements and investigation of the 
microstructure using two different gelation mechanisms gave the basis to study capillary 
action in air filled capillaries in alginate gels. A fast method to create a single capillary of 
tailored diameter in an alginate gel as well as in agarose gel was developed. Pure water 
penetrated the 5–6 cm long horizontal channel in an alginate gel of 630 µm, containing 
predominantly water in just 0.8 seconds. With that I showed first (i), that it is possible to get 
spontaneous capillary flow in gels containing large amounts of water and second (ii), I 
showed that the penetration dynamics follow the expected behaviour in that the squared 
travelled distance is proportional to the time, 𝑥𝑥2 ∝ 𝑡𝑡. As anticipated smaller capillaries exhibit 
slower uptake and higher viscosities decrease the speed in addition, as tested with a sucrose 
and a hydroxyethyl cellulose solution. Yet, the predictions from Lucas and Washburn theory 
optimised for hard systems, like glass result in times of only 0.2 seconds for water in a 
diameter of 630 µm and 5 cm length compared to the experimentally determined value of 
0.8 seconds. Also all other tested liquids and diameters result in slower speeds than predicted 
for tested alginate and agarose gels. The most common reasons to address discrepancies to the 
prediction like inertial forces and using the dynamic contact angle instead of static, fail to 
explain the observed discrepancy, as I will show in this thesis. Other reasons are given and 
analysed. Since the spreading speed of a liquid drop on a soft surface has shown to be 
decreased and a wetting ridge at the three-phase contact line has been observed, it is 
hypothesised that the capillary flow is slowed down by such a wetting ridge, occurring in the 
front of the moving meniscus in the capillary. Besides the known viscous energy dissipation 
in the liquid, a viscoelastic energy dissipation due to the wall has to be added, which is the 
object of further investigations. 
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Nomenclature

γ Surface Tension (without indices referring to liquid-air)
η Viscosity
θ Contact angle

κ
�1

Capillary Length
ρ Density
σ Cutoff length
∆ Fraction of energy dissipated
ΦS Fraction of solid parts

A Area

Ė Energy
F Force
g Gravity on earth
G Elastic (shear) modulus
h Height
PA Atmospheric pressure
Pc Laplace or capillary pressure
Pe External pressure
r Roughness factor
R Radius
S Spreading coefficient
t Time
U Speed
x Travelled distance of a meniscus
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Chapter 1

Introduction

Capillary flow or spontaneous uptake of liquids in porous systems is of out-
standing relevance from an industrial point of view. The fields of application
range wide, from pharmaceutical applications, such as disintegration of tablets
and powder technology over textile processing to drying of mortar and paint
and even oil recovery. The porous materials and their characteristics are
equally widespread as the industrial applications in terms of pore geometry,
chemical composition and rheology. Extensive research has been carried out
over many centuries to characterise liquid flow and in the end to be able to
tailor mass transport to desired values.

Capillary action is flow driven by surface forces of the material and the
imbibing liquid, without the application of an external pressure. The height
a liquid travels in a single capillary, also referred to as Jurin’s height, was
described by James Jurin (1684- 1750) [1]. About two centuries later Lucas [2]
and Washburn [3] described capillary flow in porous systems seen as a bundle
of straight capillaries of uniform radius of a certain inclination. Today in 2016,
many questions have been answered already. Capillary flow in single capillaries
has been described horizontally as well as vertically [2–5], capillary flow in
porous systems has been modelled and characterised with different models
and approaches [2, 3, 5]. Roughness of the channel walls has been introduced
and the flow was characterised [6–8] and capillary sizes of micrometre [9–
13] and even nanometre sizes [14–16] have been studied for capillary flow
experimentally. One field which currently is being studied is wetting on soft
surfaces where the elastic modulus of the material influences the spreading
behaviour of a liquid drop [17–19]. As wetting is related to capillary flow,
it is assumed that the rheological behaviour of a solid also influences the
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CHAPTER 1. INTRODUCTION

spontaneous liquid uptake in these systems [20].
An example of such soft surfaces can be gels, for instance alginate gels.

Alginate is a polysaccharide derived from seaweed and is popular for its avail-
ability and its biocompatibility. In food products it is often used as thickening
agent but it also finds use as a matrix for cell growth, preferably in capillaries
in micrometer range [21–24]. Agarose is another biocompatible and widely
used polysaccharide, which forms a gel upon cooling after being heated. One
way of introducing a cell solution or solutes in a porous gel is to pump the
solution into the gel. However, there are several disadvantages accompanied
with this method, one being unevenly dispersed cells [21]. An easier mecha-
nism could be to use capillary flow to distribute cells in a capillary system of
a gel matrix, which has been done on dried alginate gels [25], but the drying
step can even be removed as I show in this thesis. Despite extensive research,
it was not part of investigations to study capillary flow in capillaries of soft
gel systems, even though it is fundamental to understand the mechanism to
optimise cell seeding or similar systems where capillary action occurs in gels.

In this study I show that capillary inflow occurs with pure water and
other liquids in capillaries created in gels, even though they contain 98 %
water itself. Alginate gel can be produced in such a way that it forms cir-
cular straight capillaries of tailored diameters [26]. Finding the right model
system for investigating the rheologic behaviour and the microstructure of a
capillary alginate gel was studied. The capillaries in the gel were produced by
introducing cross-linking ions via an external source as well as producing gels
via an internal route where the resulting gel did not exhibit any capillaries.
I investigated the spontaneous uptake of liquids in circular capillaries of algi-
nate and agarose gels. Liquids with different viscosity, activities and surface
tension were used, namely pure water, a sucrose solution (21.4 % w/w) and
a hydroxyethyl cellulose (HEC) solution (0.1 % w/w) in capillaries of 180 to
630 µm in diameter. The results are compared to the existing models for hard
systems of Lucas and Washburn.
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Chapter 2

Background

This chapter describes the state of the art in surface phenomena and material
characterisation necessary to understand and interpret the experiments and
results in this thesis.

2.1 Surface tension and wetting

All materials have a surface energy which is decisive for their behaviour in
contact with other materials. When a drop of water is deposited on a smooth
and clean glass surface, it will spread to a rather flat drop exhibiting a small
contact angle with the glass. A water droplet on a plastic or on teflon will
maintain a high contact angle, which is due to the surface energy of the
material. The mechanism behind builds the basic of capillary flow and is
described in the two sections below, 2.1.1 and 2.1.2. Methods of measuring
the contact angle and surface tension are explained in section 2.1.3.

2.1.1 Surface tension

The surface tension of liquids, often denoted with γ or sometimes σ, can cause
a water droplet to maintain its shape on a hydrophobic surface, it is for ex-
ample the reason why foam in a bathtub can occur. Whenever one phase
meets another, an interfacial tension becomes apparent, which is equivalent
to its surface energy [27]. It is visible by the behaviour of the phases, usually
the liquid phase in that a water droplet for example forms a large or small
contact angle in contact with a hard substrate. The liquid phase usually has
the tendency to maintain the smallest possible surface (typically a sphere).

3



CHAPTER 2. BACKGROUND

Gas

Liquid

Figure 2.1: Schematic drawing explaining surface tension from a molecular per-
spective. The molecule at the interface is more drawn towards the bulk because it
is less attracted by the gas molecules. The net force is downwards.

The physical reason for that is depicted in Fig. 2.1. A molecule in the bulk is
surrounded by a number of other molecules to which it is in contact through
intermolecular attractive interactions [1, 27], which could for example be van
der Waals forces or the much stronger hydrogen bonds. As water molecules
have relatively strong intermolecular forces, water has a very high surface ten-
sion (72 mN/m for pure water at 25 °C) compared to many other substances.
A molecule in the bulk has the same amount of forces in each direction. A
molecule exposed to another phase, for example air, has an imbalance, since
the attractive force to air molecules is less. The net force therefore makes the
molecule to be drawn towards the bulk of the liquid, which implies that the
surface is maintained as small as possible in contact to air. The surface tension
is therefore a measure of the strength of cohesive forces, i.e. the forces inside a
medium, but also taking into account the adhesive forces, i.e. the interaction
with another medium, such as air. The opposing force is often gravity, which
can prevent droplets from exhibiting perfectly spherical shapes. The thresh-
old above which gravitational forces become predominant can be quantified
by the capillary length described in section 2.1.3. Surface tension is the reason
why a water strider can hold itself on the water surface without drowning. If
a washing-up liquid is added, it would sink because the liquid contains sur-
factants, which are surface active agents. They decrease the surface tension
by aligning themselves on the water-air interface having their polar head in
water and their non-polar tail in air [27]. Fig. 2.2 illustrates the influence of
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2.1. SURFACE TENSION AND WETTING
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Figure 2.2: Influence of added components on the surface tension γ to an aqueous
system. With permission from [27].

surfactants, organics and electrolytes on γ in aqueous systems. Surfactants
decrease the surface tension drastically until all surfaces are covered where
the critical micelle concentration (CMC) is reached, after which γ is prac-
tically constant [27]. Higher concentrations result in an increasing amount
of micelles inside the bulk, which does not contribute to decrease the surface
tension. Organics, such as ethanol, normally decrease the surface tension with
increasing concentration [27]. They prefer to absorb at the liquid-air surface.
This is a time dependent process, thus, the surface tension can be dynamic
within a certain time frame. If γ of a water-ethanol solution is measured, it
will decrease over time until the equilibrium value is reached, which is lower
than the arithmetic mean between the two pure component surface tensions
[27]. This is due to that the component with the lower surface tension, ethanol
in this case, will preferentially be located at the surface. The dynamic surface
tension is important when the liquid does not have enough time to equilibrate,
for example in capillary action or printing processes [27].

2.1.2 Wetting

Wetting describes how a liquid deposited on a solid or liquid spreads [1].
For a drop on a solid surface, the contact angle θ can be determined, which
characterises wetting. Fig. 2.3(a–c) depicts the shapes a drop can adopt on
a solid surface. If the liquid spreads completely on the surface and forms a
liquid film, the contact angle is zero, this case is referred to as complete wetting,
see Fig. 2.3(a). When 0

`

$ θ $ 90
`

partial wetting occurs (Fig. 2.3(b)) and if
θ % 90

`

the liquid does not wet the surface (Fig. 2.3(c)) [1]. If the contact angle
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Figure 2.3: A drop on a surface can deposit different shapes depending on the
surface tension of all the three phases, liquid, solid and gas. (a) A droplet is complete
wetting, θ � 0, (b) partial wetting when 0

`

$ θ $ 90
`

, (c) the drop is non wetting
when θ % 90

`

, (d) illustrates the forces acting on the three-phase contact line.

is very large, usually above 120°, the surface is referred to as superhydrophobic,
which will be explained below. These kind of surfaces are usually textured
where the liquid does not penetrate small gaps in between obstacles and forms
a high contact angle due to the air pockets created in these gaps. Wetting is
closely related to the surface tension which is described above in section 2.1.1.
The relation of forces at equilibrium at the three-phase contact line is depicted
in Fig. 2.3(d) and characterised by Young’s equation:

γSG � γSL � γLG cos θ (2.1)

where the subscripts S,L and G stand for the solid, liquid and gas phase re-
spectively. With that the surface tension can be directly linked to the contact
angle. Just like the surface tension, the contact angle is often time dependent.
A drop deposited on a surface can spread from partial wetting (Fig. 2.3(b))
to complete wetting (Fig. 2.3(a)) in a certain time frame. Spreading is char-
acterised by the spreading coefficient S, which is defined as [27]:

S � γSG � γSL � γLG (2.2)

Spreading occurs as long as S % 0 [27].

Textured surfaces On smooth hydrophobic surfaces the maximum con-
tact angle can reach around γ � 120

`

[28, 29]. However, a rough hydrophobic
surface can exhibit much higher contact angles up to almost 180°[30] where
the liquid forms a nearly perfectly spherical shape on a surface. Wenzel [31]
introduced a roughness factor r defined as the ratio between the true surface

6



2.1. SURFACE TENSION AND WETTING

Wenzel state Cassie-Baxter state

(a) (b)

Figure 2.4: A water droplet sunk into the structure representing the Wenzel state
(a) and repelled by the structure showing the Cassie-Baxter state (b)

area compared to the apparent one (also termed Wenzel roughness):

cos θ
�

� r cos θ (2.3)

where θ is the Young contact angle on a smooth surface and θ
�

is the real
measured or apparent contact angle. On perfectly smooth surfaces r � 1 and
for rough surfaces r % 1. For contact angles on smooth surfaces smaller than
90°, meaning that cos θ $ 1, the resulting contact angle θ

�

for rough surfaces
becomes smaller, and the substrate appears more hydrophilic. On the other
hand, if the initial contact angle on smooth surfaces is larger than 90° and a
roughness on the surface is introduced will result in that the surface becomes
even more hydrophobic. However, the Wenzel roughness is not an absolute
measurable value, it can only be used as a comparison between surfaces. More-
over, roughness can sometimes be observed at different length scales, which
is nano- and microroughness, including features intrinsic to production pro-
cesses [32]. They are fluctuations in the surface of short wavelengths, but they
are large compared to molecular dimensions. Macroroughness or waviness are
surface irregularities of longer wavelengths [32]. The latter usually does not
influence the contact angle. In many cases of rough hydrophobic surfaces
Eq. (2.3) does not hold and droplets exhibit a substantially larger contact
angle than predicted. That is due to trapped air in cavities of roughness, see
Fig. 2.4(b).

In nature this phenomenon can be seen for instance on the leafs of the
plant Lotus or on Salvinia [33]. When their leafs are submerged into water air
pockets remain on the surface of the leafs, which is observed by a silvery shine.
The phenomenon was described by Cassie and Baxter [34], who extended the
theory of Wenzel, depicted in Fig. 2.4(a–b). The Wenzel state (Fig. 2.4(a))
refers to a droplet on a structured surface filling the gaps if the surface is
hydrophilic enough and if the geometry of the patterns allow it [35]. In the
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Cassie-Baxter state (or Fakir state, Fig. 2.4(b)) the droplet does not touch the
bottom of the structured surface leaving air pockets below. A droplet rolling
off the surface takes up dust, spores or bacteria and is therefore an optimised
protection for plants or the basis for self cleaning surfaces [33]. According to
Cassie and Baxter [34]

cos θ
�

� f1 cos θ � f2 (2.4)

where [34, 36]

f1 �
area in contact with liquid

projected area
f2 �

area in contact with air

projected area
(2.5)

If there is no trapped air, f1 is equal to the Wenzel roughness r and f2 becomes
zero, then the equation becomes Eq. (2.3). The smaller the contact with the
solid parts the higher the resulting contact angle. In that way it is possible
to fabricate superhydrophobic surfaces, which are self cleaning and easy to
maintain. However, the challenges for large industrial production are still
either high production costs or lacking robustness of such surfaces (Joël De
Coninck, personal communication, March 16, 2016).

Soft surfaces When a drop is placed on a rigid surface it spreads until
it reaches its thermodynamic equilibrium. Is it placed on a soft solid, the
substrate undergoes a local deformation predominantly at the three phase
contact line, called a wetting ridge [17, 19, 37]. In liquid-impermeable soft
substrates the deformation solely originates from the vertical component of
the surface tension force, see γLG in Fig. 2.3(d) [38]. Forced wetting of a water
droplet on polydimethylsiloxane through a needle attached to the droplet has
been studied recently [17, 18, 37]. First a local deformation is created (see
Fig. 2.5(a)) at the contact line which is accompanied by pinning until a certain
contact angle is reached after which depinning occurs where the contact line
suddenly surfs down the wetting ridge. The phenomenon is termed stick-slip
motion. The size of the wetting ridge is dependent on the rheology of the
substrate [18] and governs the spreading of drops on viscoelastic substrates
[17]. On purely elastic solids the work done on the wetting ridge is restored
immediately after passage of the moving liquid front as the solid relaxed, no
net work is done and no energy is dissipated [19]. On purely viscous solids
all energy would be dissipated. But since most semi-solids are viscoelastic a
fraction, of the energy expended will be dissipated [19]. Earlier work of Carré
et al. [39] shows that the spreading of a drop is substantially slowed down
on soft substrates compared to rigid surfaces, see Fig. 2.5(b). For example a
nanoscale wetting ridge can slow down the spreading time by more than one
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Figure 2.5: (a) High-resolution X-ray image of a water droplet deforming a soft
substrate, the scale bar is 2 µm, middle image with permission from [18]. (b) Ex-
ample of the evolution of the dynamic contact angle on a rigid substrate (fused
silica, c) compared to a soft substrate (epoxidised natural rubber, ENR 50, v) over
time, adapted with permission from [39]. On silica the equilibrium contact angle
was attained after 20 s compared with ENR, which stabilised after 1 h (at 53°).

order of magnitude [39]. The quantity of energy dissipated is given by [20, 39]:

Ė∆ �
γ
2
U∆

2πGσ
(2.6)

where U is the speed at which the triple line moves, G is the elastic (shear)
modulus and σ is a cutoff length below which the solid no longer behaves in a
linearly elastic manner (which is typically in the range of a few nanometres for
elastomers [40])[19]. Park et al. [18] visualised wetting ridges with transmis-
sion X-ray microscopy and found that the cusp of the wetting ridge is bent,
see Fig. 2.5(a), while earlier studies, for example of Shanahan and Carre [19]
assumed a straight cusp.

2.1.3 Measuring techniques for surface tension and
contact angle

Since surface tension and the contact angle are dynamic processes, upon mea-
suring, care should be taken of which time frame to measure which is relevant
to the process. In very fast processes, like it is often in industrial printing,
there is no time for a polymer solution to equilibrate. Likewise, the contact
angle or surface tension should be measured within the relevant times, see
Table 2.1.

Common methods to measure surface tension or contact angle with are

9



CHAPTER 2. BACKGROUND

Table 2.1: Measuring techniques of surface tension and their corresponding time
scales (from [41, p. 1027] and Reinhard Miller, personal communication, March 15,
2016)

Method Typical available time range

Maximum bubble pressure 0.1 ms – 100 s
Growing drop or bubble 0.01 s – 600 s
Drop volume 0.1 s – 1000 s
Transient drop or bubble relaxation 1 s – 300 s
Plate tensiometry 1 s – 1 year
Pendent drop 5 s – 24 h
Static drop volume 10 s – 1000 s
Sessile drop 10 s – 24 h
Ring tensiometry 1 min – 1 year
Oscillating bubble 0.01 Hz – 500 Hz
Oscillating drop 0.01 Hz – 10 Hz

Plate tensiometry or Wilhelmy plate method, where the downward pull of
the liquid on a plate is measured, which is similar to the ring method where
the same force is measured removing a ring from a liquid surface [27]. In
the fastest method listed here, the maximum bubble pressure method, air
is continuously blown through two capillaries, of different diameters, which
are placed in the liquid. The pressure required to form a bubble is directly
proportional to surface tension of the liquid [27]. The contact angle is most
commonly determined by placing a liquid drop on a planar surface (sessile
drop) and with the help of a microscopic lens determine the contact angle
directly or with the same objective determine a gas bubble adhering at a
solid-liquid interface [27]. Care has to be taken that the drop is not too big so

that gravitational forces are not dominating. The capillary length κ
�1

is the
length beyond which gravity becomes important and is estimated by setting
the Laplace pressure γ©κ�1 in relation to the hydrostatic pressure ρgκ

�1
at a

depth κ
�1

in a liquid, where ρ is the density and g the gravity on earth [1]:

κ
�1
�

Õ
γ©ρg (2.7)

For pure water at 20°C the capillary length is 2.7 mm. Determining a contact
angle of water with a drop means therefore that the drop should be consid-
erably smaller than 2.7 mm. In a tube having a diameter smaller than the
capillary length, capillary action is the main force occurring during imbibition.

10



2.2. CAPILLARY ACTION IN SINGLE CAPILLARIES

Surface
tension

Weight of liquidBeaker

h

Liquid
meniscus

h

Figure 2.6: Capillary rise in a single vertical capillary.

2.2 Capillary action in single capillaries

If a thin glass tube is connected to a water reservoir the liquid spontaneously
penetrates the tube. This happens typically with decreasing speed over time.
The precondition is that the liquid wets the surface (see Fig. 2.3). From an
energy point of view, the wet surface has to have a smaller energy than the dry
surface, γSL $ γSG, where γSL and γSG is the surface tension of the solid-liquid
and solid-gas interface, respectively [1]. The relation of the surface energy to
the contact angle is described in Young’s equation (Eq. (2.1) in section 2.1).
Thus, if the contact angle of the liquid on the solid is smaller than 90°, capillary
action occurs. This also explains that it is not possible to get capillary action
in superhydrophobic surfaces, because the contact angle is larger than 90°, so
the liquid does not wet the surface. A wetting liquid forms a concave meniscus
inside the capillary (see Fig. 2.6) where the capillary pressure Pc directly below
the meniscus is described using the Laplace equation for spherical interfaces
and where the meniscus exhibits a contact angle θ with the capillary wall
[1, 28]:

Pc � PA �
2γ cos θ

R
(2.8)

where PA is the outer (atmospheric) pressure. If a vertical capillary is consid-
ered, the liquid travels up to the height, where the capillary pressure, is equal
to the hydrostatic pressure

PA � Pc � ρgh (2.9)

which gives [28]:

h �
2γ cos θ

Rρg
(2.10)

11
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where h denotes the height of the meniscus, also referred to as Jurin’s Height,
and g the acceleration due to gravity. In this way it is possible to determine
either the final height of a meniscus or on the other hand if the height is known
the equilibrium contact angle or surface tension can be calculated. However,
since the equation is missing the time, no information can be obtained about
the speed of the liquid while it travels through the capillary. This is achieved
by the Lucas-Washburn equation (LW) described in the following section.

2.2.1 Lucas-Washburn (LW) model

Independently Lucas [2] and Washburn [3] developed a model, which is now
extensively used and referred to as Lucas-Washburn (LW) equation or just
Washburn equation. It describes the changing speed of the meniscus over time
in a capillary in a porous material. The capillary force Fc from the curved
meniscus is opposed by the force from gravity Fh, the force from Poiseuille
flow FP (neglecting air resistance) and inertia Fi [42]:

Fc � Fh � FP � Fi (2.11)

and since F � P �A it gives:

2γ cos�θ�πR � ρgh�t�πR2
� 8πηh�t�∂h�t�

∂t
� πR

2
ρ
∂

∂t
�h∂h�t�

∂t

 (2.12)

where η is the viscosity of the liquid. If a horizontal capillary is considered
(renaming h to x) and disregarding inertial forces, which only occur in the
very beginning, by integration we receive the typical and simple form:

x
2
�
γR cos θ

2η
� t (2.13)

where x is the travelled distance and is proportional to the square root of time
x �

Ó
t or x

2
� t. The contact angle θ is assumed to be static and in the

Poiseuille flow there is a flow profile of a parabolic shape, where the speed is
highest in the middle of the capillary and zero at the wall [43]. Lucas and
Washburn aimed to describe liquid in a porous system with a mean capillary
radius. In that way the material of capillary transport is described as an
idealised bundle of straight pores of uniform diameters. In this study, however,
I will focus on the dynamics in single horizontal and straight capillaries of
uniform radius.
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2.3. POLYSACCHARIDE GELS

2.2.2 Modifications of LW

LW equation is widely used, but has some assumptions which causes mispre-
dictions or uncertainties in some cases. One example is a porous material
with varying pore sizes. In a big pore the liquid accelerates in speed while
it decreases the speed in smaller pores. Inertia becomes apparent every time
a mass changes its state of motion, like the change of speed. The speed is,
thus, constantly changing and hence, inertial forces are not only predominant
in the beginning, rather than throughout the system while capillary action
occurs [44]. Bosanquet [4] has described inertial flow starting from Eq. (2.12)
considering also an external pressure Pe and letting:

8η

R2ρ
� a,

PeR � 2γ cos θ

Rρ
� b (2.14)

he receives

x
2
2 � x

2
1 �

2b
a vt � 1

a�1 � e�at�| . (2.15)

If a � t $$ 1 and Pe � 0 Eq. (2.15) becomes [44]:

x
2
�

2γ cos θt
2

Rρ
(2.16)

which describes flow in the inertial regime. The travelled distance x is directly
proportional to the time t. Higher density leads to slower speeds, while in later
times, when viscous forces are predominant, there is no dependency on the
density (see Eq. (2.13)).

2.3 Polysaccharide gels

Polysaccharide gels usually consist of water insoluble polymers of biological
origin, composed of the polymer itself which is capable of holding multiple
times its own weight of water. In the recent years they are extensively studied
due to their fundamental biocompatibility and with it their use in regenerative
medicine but also to control drug and protein delivery to tissues and cultures
or the use as a scaffold to supply integrity to tissue [45]. In this work polymeric
gels of biological origin are used, namely alginate and agarose. In the following
a short introduction will be given on general properties of polymeric gels and
the two biopolymers alginate and agarose will be described.

13
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2.3.1 Mechanical and mass transport properties

Generally gels can be divided into two gelling mechanisms, one group are
referred to as physical and the other ones are chemical gels [45–47]. While
chemical gels are cross-linked via covalent bonds, physical gels are noncovalent
cross-linked gels, formed for example via entanglements, ionic or hydrophobic
forces [47, 48]. Unlike covalent bonds in chemical gels, in physical gels the
number and position of cross-links can vary with time and temperature [47].

Diffusion In regenerative medicine a critical characteristic for polymeric
gels is their ability to transport or deliver solutes within the bulk network.
In most cases diffusion is regarded as the driving transport phenomenon, if
there are no large micropores or forced flow in the gel [45]. Considering a
component A diffusing through component B Fick’s first law of diffusion can
be applied if P and T are constant:

JA,x � �DAB �∂CA

∂x


P,T

(2.17)

where JA,x is the flux in the x direction, DAB is the diffusion constant of A
diffusing through B and ∂CA©∂x is the concentration gradient in the x direc-
tion. Diffusion alone is, however, slow and not enough to transport nutrients
or cells in a gel.

2.3.2 Alginate

Alginate is an abundant polysaccharide derived from marine brown algae
(Phaeophyceae) and is also produced by soil bacteria [49]. It is used by the
food industry as thickening agent but also in pharmaceutical applications and
technical uses as well as biotechnological applications [49]. Alginate is a nega-
tively charged polysaccharide consisting of units of linearly (1�4)-linked β-D-
mannuronic acid (M-units) and α-L-guluronic acid (G-units) [50], see Fig. 2.7.
The units tend to arrange in blocks interspersed with regions of alternating
structure but showing no regular repeating unit [49]. The composition of M-
and G-units depends, besides others, on the plant species, season and growth
conditions [50]. During the production process alginic acid is extracted, usu-
ally converted to sodium alginate in several steps and finally dried and milled
[49]. In the presence of multivalent cations, typically Ca

2+
, alginate forms a

gel linking solely the G-units in the gel. The stoichiometric ratio is the ra-
tio between cross-linking units in the gel and multivalent ions and is used to
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Figure 2.7: Alginate consisting of (1–4) linked β-D-mannuronate (M) and α-L-
guluronate (G) monomers which are covalently linked as shown below in different
sequences or blocks.

determine the cross-link density and therefore the strength of the gel [51–53].
The network formed is commonly explained by the egg-box-model [50, 54]
where the divalent cation links two alginate chains. Since the gelation hap-
pens very rapid, simple mixing of an alginate solution with the cation source
leads to lumps. Therefore there are commonly two ways to introduce the ions,
hereafter called, the external and the internal gelation method.

External gelation method In the external gelation method the ion
source slowly diffuses into the alginate solution, typically through a mem-
brane, see also Fig. 3.2 in section 3.1. By adding the cation source (with an
excess of ions compared to G-units) a gel is slowly formed when the ions diffuse
into the sol/gel. Straight capillaries with diameters ranging from 50–500 µm
are created if alginate is anchored to the wall [55]. The amount and size of the
capillaries depends on the type of ion used and the conditions of gelation [56].
In Paper I the external gelation method is used and the microstructure is anal-
ysed using transmission electron microscopy (TEM), diffusion measurements
and rheology tests and is compared to gels produced by internal gelation.

Internal gelation method Using the internal gelation method an inac-
tive cross-linking ion source, for example calcium carbonate, is mixed into
the alginate solution together with a slowly hydrolysing lactone, generally D-
(+)-gluconic acid δ-lactone (GDL) [49, 57]. Through the acidic properties the
calcium is released and a gel is formed. This method is used in Paper II to
produce one single alginate capillary in which the dynamics of capillary flow
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Figure 2.8: Main structure of agarose, the neutreal fraction of agar containing D-
galactose and 3,6 anhydro-L-galactose and attributed primarily to the gel strength
in agars.

is determined. The method is also used in Paper I to determine mechanical
differences to externally set gels.

Gel strength The strength and elasticity of the gel is dependent on the
amount of G-units in the polymer and the distribution of those, which tend to
form strong and brittle gels, while more M-units in the polymer chain result
in softer and more elastic gels [49]. In addition the average length of G-units
correlates with the gel strength [50], indicating that the G-block has to be
long enough in order to form a load-bearing junction.

2.3.3 Agarose

Likewise alginate, agarose is extracted from marine algae, more precisely from
various species of red seaweed. It belongs to the class of galactan polysaccha-
rides and forms one of the fractions in agars [58]. Unlike other fractions in agar,
agarose is a neutral polymer consisting mainly of linear chains D-galactose and
3,6 anhydro-L-galactose with low sulfate content, see Fig. 2.8 [59]. Agarose
is soluble at higher temperatures (at �85°C) and forms a gel upon cooling at
10–40°C, with a gel strength depending on the cooling conditions [58–60]. It is
popular for its use in electrophoresis [61], but also clinical diagnostic testing,
molecular biology, and biomedical research [58]. Due to the costly extraction
process it is only used as a thickener in food applications in form of agar [58].
While in solution agarose chains form random coils, however, upon cooling
and in the gel double-helices are present [62] and gelation of agarose is said
to be governed by hydrogen bonding [63].
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2.4. RHEOLOGY OF VISCOELASTIC POLYMERS

2.4 Rheology of viscoelastic polymers

If a fluid is in between two parallel plates and the upper one moves forward,
shear stress τ is the driving force necessary to move the plate per area unit

τ � F©A �N©m2
� Pa� (2.18)

The shear rate γ̇ is the rate of deformation when the plates are apart from
each other with a gap height h

γ̇ � U©h �s�1� (2.19)

and the velocity U at which the upper plate moves. The shear viscosity η of
the liquid is the ratio of shear stress and shear rate

η � τ©γ̇ �Pa � s� (2.20)

A Newtonian liquid has the same shear viscosity independent of shear rate,
liquids that behave differently are all referred to as non-newtonian. One ex-
ample of a non-newtonian fluid is a shear thinning liquid. If the viscosity
reduces with higher shear rates, the fluid is referred to as shear thinning, also
called pseudo-plastic. And conversely if the fluid thickens with higher shear
rates, the fluid is referred to as shear thickening or dilatent. Most polymer
solutions and melts are non-newtonian liquids, predominantly they are shear
thinning due to their long polymer chains [64, 65].

Measuring the stress relaxation involves static measurements, where the
stress response of a material is measured to an imposed strain as shown in
Fig. 2.9, where (a) shows the applied strain, which is constant after it has
reached the desired value and (b) shows the typical stress response for a vis-
coelastic material. An elastic material, which completely returns to its origi-
nal shape has a constant stress response irrespective of time, while the stress
response of a liquid goes down to zero.

Semi-solid gels are typically characterised dynamically with oscillatory
measurements, where for example a cone-and-plate apparatus is used. The
measurement gives information about the portion of the elastic and the viscous
part, where a certain strain is applied and the stress response is measured.
If the material is completely elastic, like a spring, it develops stresses in re-
sponse to strain that are in-phase with the strain [65]. For a Newtonian fluid
(completely viscous) there would be a 90° phase difference between stress and
strain and polymer solutions which are partly viscous and partly elastic, so-
called viscoelastic fluids, exhibit a phase shift of 0 & ψ & 90

`

[65]. The elastic
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Figure 2.9: (a) Applied strain and (b) stress relaxation curve for a viscoelastic
material.

and viscous part are commonly described by the storage modulus G
¬

and the
loss modulus G

¬¬

respectively, which are defined as

G
¬�ω� � in-phase stress

maximum strain
G

¬¬�ω� � out-of-phase stress

maximum strain
(2.21)

where ω usually ranges from 0.01 to 500 rad/s [65].
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Chapter 3

Experimental

All experiments carried out in this thesis are based on polysaccharide gels,
predominantly on Ca-alginate gels, but also agarose gels. Alginate gels can be
prepared in such a way that it spontaneously forms straight circular capillaries
of tailored size (for the method description see section 3.1). To find the right
gel for a model system for studying capillary flow in, a study on Ca-alginate
gels has been carried out investigating the gels of two different gelation meth-
ods, internal and external gelation. The focus was put on the differences in
microstructure, which was characterised by diffusion and rheology measure-
ments as well as microscopic investigation through transmission electron mi-
croscopy (TEM). The outcome of those measurements are described in detail
in Paper I and summarised in section 4.2. However, to track the meniscus of
a wetting liquid it is difficult just focussing on one of the numerous capillaries
in the capillary alginate gel, therefore these gels turned out to be unsuitable
for this purpose. A new method has been implemented to conduct and also
to measure capillary action in polymeric gels. It is based on creating a cap-
illary having a circular cross-section of sub-millimetre size in the gel. In this
way artificial capillaries have been formed using a straight-forward and easy
to conduct method, where the channel size can be tailored and with which it
was possible to track the wetting liquid over several centimetres in a single
capillary in Ca-alginate gels (section 3.1) as well as in agarose gels (section
3.2).

To follow the liquid the flow was videotaped and the video was cut into
single images to track the meniscus by using the software ImageJ. In that
way the travelled distance over time could be visualised. The results are
described in Paper II and summarised and compared to the existing models
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Figure 3.1: Outline of the experimental design included in this thesis and the
respective papers.

in section 4.3. An overview of the experimental design is schematically given
in Fig. 3.1.

3.1 Alginate gels

External gelation was conducted as illustrated in Fig. 3.2. A glass beaker was
coated with an alginate solution and dried in an oven, which was repeated
three times. The alginate solution of 1.8 % was poured into the beaker and by
spraying a 0.5 M CaCl2 solution on the surface of the solution, a membrane
was created. The CaCl2 solution was gently poured onto the membrane and
allowed to diffuse into the solution. The stoichiometric ratio of cross-linking
units to calcium ions was varied from equal amounts to large excess of calcium
ions by changing the volume of the 0.5 M solution of CaCl2 on top of the
alginate solution, see a more detailed description of the method in Paper I.
Internal gelation, as it is described in section 2.3.2 has been conducted in
Paper I. Likewise the stoichiometric ratio of of calcium ions to G-units was
varied, but to a lower extend due to difficulties obtaining a homogeneous gel
with large excess of calcium ions. The resulting gels of the two fabrication
methods were compared with large deformation.

Moreover, internal gelation has been used to produce one single straight
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3.2. AGAROSE GELS

a) b) c) d)

Figure 3.2: Creation of alginate capillary gels using external gelation: (a) Liquid
sodium alginate solution, (b) spraying of a Ca-solution on the surface to create a
gel membrane, (c) adding of the Ca-solution on top of the membrane, so the ions
diffuse into the sol/gel, (d) alginate capillary gel after cutting off the top membrane.

capillary of �6 cm length. The gel for wicking experiments was prepared
by adding CaCO3, GDL and water to a previously prepared alginate solution
(2 %, w/w) and subsequently siphoning the liquid in a 1 ml disposable syringe
containing a plastic string. This string formed the capillary and was gently
removed directly before the measurement. By changing the thickness of the
string, the channel size could be tailored. Before measuring capillary flow the
tip of the syringe was cut off and the gel was connected to a liquid droplet.
The uptake of the liquid was recorded by a camera (Casio EX-ZR300, Japan)
with up to 120 frames per second. The resulting video was cut into single
frames with the software FFmpeg (2013-07-09 git-00b1401) and tracking of
the liquid was done using ImageJ (1.50b).

3.2 Agarose gels

Agarose gels were used to conduct the same wicking tests. Water and agarose
was blended and boiled for 5 minutes and the evaporated water was replaced.
Likewise the alginate gel, the agarose solution was immediately siphoned in
a 1 ml disposable syringe containing a plastic string and cooled at ambient
temperature. An agarose concentration of 2 % was used. After 24 h the
string was removed and capillary flow was recorded using water as the wetting
liquid.
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Chapter 4

Results and discussion

This chapter summarises the results of this thesis and discusses possible rea-
sons and hypotheses of the received outcome.

4.1 Capillary alginate gels

An alginate solution results in a capillary gel using a method as described
before. The capillaries are homogeneously distributed and by increasing the
amount of calcium ions, the diameter of the capillaries can be decreased [66],
Paper I. Figure 4.1(a–b) shows two micrographs of capillary gels of which (a)
shows a cross-sectional slice of a Ca-alginate gel illustrating the distribution
and size of capillaries and (b) shows a freeze-dried alginate gel, which is cut in
the direction of the capillaries. It can be seen that the capillaries are straight
vertical pores, which are evenly distributed. Note that the process of freeze-
drying made the gel walls thinner than they were in a wet gel. Fig. 4.1(c)
illustrates a piece of a capillary gel, which has been put on a cell solution to
demonstrate that the solution is spontaneously being taken up by the capil-
laries with capillary flow and, thus, suggesting a possible use for cell seeding.
In Paper I capillary diameters ranging from 60 to 110 µm where obtained. If a
cross-linking ratio of $ 2 of calcium ions to G-units is used, no capillaries were
formed, showing that an access of Ca

2+
ions are necessary to form capillaries

[57], Paper I. The density of capillaries increased consistently by increasing
the ionic strength of the solution on top of the gel.
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4.2. ALGINATE GELS PRODUCED VIA INTERNAL VS. EXTERNAL
GELATION

(a) (b) (c)

Figure 4.1: Capillary alginate gels prepared via external gelation, where (a) shows
a micrograph of a slice of the gel and (b) shows a micrograph of the freeze-dried
gel in a section cut in capillary direction and (c) shows a stained cell solution being
taken up by the capillaries in a gel of 50 mm height. The scale bars are 100 µm in
(a) and (b).

4.2 Alginate gels produced via internal vs.

external gelation

Calcium-alginate gels produced by internal and external gelation method are
characterised. Hereafter a description of the rheological behaviour is given
and the micrographs taken with TEM are described and differences discussed.

4.2.1 Mechanical properties depend on gelation mech-
anism

Rheological measurements where done by uniaxial compression of the two
types of gels while having the same stoichiometric ratio and an alginate con-
centration of 2 %. The shear stress to maintain the gel at various deformations
was measured and is plotted in Fig. 4.2(a) for 5 % and 4.2(b) for 10 % strain.
Characteristic for physically cross-linked polymer gels, the stress response at a
given deformation decays exponentially, as seen in the figure. This behaviour
was observed for both gelation mechanisms and all strains tested, and is a
typical viscoelastic behaviour. The stress levelled off to a nearly constant
non-zero value in the case of internally set alginate gels. At a given strain
less pressure was required to maintain the externally set gel compared to the
internally set gel. The Young’s modulus, at times also termed elastic mod-
ulus, was determined to 11 kPa for internal gels. It will be of importance
in section 4.3, where capillary flow in internal gels is discussed. Fig. 4.2(c)
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(a) (b) (c)

Figure 4.2: Stress relaxation curves at (a) 5 % strain and (b) 10 % strain and (c)
modulus G for 5 % strain (solid line) and 10 % strain (dashed line) for internal and
external gelation (Paper I).

shows the modulus G (G � stress©strain) with 5 % strain (solid line) and 10 %
strain (dashed line) over time for internally and externally set gels. A clear
difference of internally gels having considerably higher G-values can also be
observed here. The modulus G is related to Young’s modulus, the latter being
of importance for wetting properties of the gels [17, 19] and will be discussed
more for the experiments on capillary flow described in section 4.3.

When recovering from deformation, externally set gels showed higher plas-
ticity in that the gel did not return to its initial shape as much as internally
set gels did (see Table 1 in Paper I). The dependence of stress and strain
is, moreover, different for the two gels (Fig. 4.2(c)). The large discrepancy
suggests that the methodology of gelation introduces deviations also in the
microstructure of the gel, i.e. it is not only the macroscopic difference, the
presence of the capillaries, causing the difference in mechanical/rheological
properties of the gel.

4.2.2 Microstructural differences

Images of the microstructure with slices of 60 nm were taken using TEM
and are depicted in Fig. 4.3(a–b), where (a) shows an internally set and (b)
externally set gel. Voids of about 50 nm and above can be observed for both
types of gels, similar to pore sizes of carrageenan and pectin [67, 68]. As
alginate gels belong to the category of physical gels and with that rather
inhomogeneous gels, a wide range of pore sizes can be observed. The largest
size is about 200 nm, but also dense network clusters are visible. Between
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4.3. LIQUID PENETRATION INTO AIR FILLED
CAPILLARIES IN HYDROGELS

(a) (b)

Figure 4.3: Comparison of internal (a) vs. external gelation method (b). TEM
images of 60 nm thickness, the scale bar is 200 nm in both images (Paper I).

the two gelation mechanisms no visible difference in microstructure could be
observed in the TEM images, which were taken in the bulk network, away
from the vicinity of capillaries.

In general alginate capillary gels prepared by external gelation showed
suitable mechanical properties to be used as a model system for characterising
capillary flow. However, due to the high number of capillaries, it was difficult
focussing on a single capillary and measure the speed of the meniscus, alginate
gels made by internal gelation containing a single artificially created capillary
was more suitable to study capillary flow in, which is described below.

4.3 Liquid penetration into air filled
capillaries in hydrogels

Agarose and alginate gels were produced in such a way that they contained
an air filled capillary of micrometer size. The channel was connected to a
liquid reservoir (droplet on a surface) and spontaneously the liquid penetrated
the horizontal capillary. The travelled distance of the moving meniscus was
recorded over time and an example is plotted in Fig. 4.4(a). The graph shows

the squared travelled distance x
2

of pure water over time in alginate gels with
a capillary diameter of 180, 250, 410 and 630 µm. The shaded areas represent
the standard deviation of each time point (n ' 5). As can be seen, the lines

in the graph follow the relation x
2
� t as predicted by Eq. (2.13). Only in

the very early times at t $ 0.25 s, no linear relation can be observed, which
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Figure 4.4: Liquid uptake in alginate capillaries in diameters of 180–630 µm with
(a) water, where the squared travelled distance over time is shown. (b) shows the
slopes resulting from (a) for water and in addition a sucrose solution and a HEC
solution over the viscosity and diameter of the capillary.

is likely to be an effect due to inertial forces. This relationship of x
2
� t

is commonly found in various kinds of porous materials or single capillaries
[9, 10, 13, 15]. Larger diameters result in faster capillary action, where the
capillary having 630 µm was already filled after 0.75 s, while it took in average
2.56 s for the capillary of 180 µm to be completely filled with water. To be
able to compare various results of different liquids and diameters, the slopes
from the lines plotted in Fig. 4.4(a) were calculated starting from 50 % of the
time to exclude inertial effects and assure a linear relationship.

Fig. 4.4(b) shows the slopes of three different liquids, namely pure water,
a sucrose solution (21.4 % w/w) and a HEC solution (0.1 % w/w) in alginate
gels. The slopes are plotted over the viscosity of the liquid and the capillary
diameter, the latter is also indicated next to the balls in µm and by the
scaled size of the balls. Out of the tested wetting liquids and diameters the
channels of 630 µm diameter were filled fastest with water, as the highest ball
indicates. Having the highest viscosity out of the tested liquids, HEC resulted
in the lowest slopes, specifically the smallest diameter tested, 250 µm. The
sucrose solution has slopes in between the ones of water and HEC as it has
a viscosity in between those two. Thus, larger capillary diameter and lower
viscosities result in faster capillary flow as it is predicted by Eq. (2.13).

Interestingly, if the slopes of our experiments in alginate, as well as in
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Figure 4.5: Ratio of the slopes of experimentaly determined values to Eq. (2.13)
over the diameter D in alginate gels with the wetting liquids water (v), sucrose solu-
tion (c) and HEC solution ([). The shaded areas represent the standard deviation
and the dashed line LW behaviour.

agarose gels, are compared with the predictions of LW, large discrepancies are
found. Fig. 4.5 shows how much the experiments deviate from the predic-
tions. The ratio of the experimentally determined slopes kexp to the slopes of
Eq. (2.13) kLW is plotted over the capillary diameter D in alginate capillaries
and different wetting liquids, as indicated. The dashed line at kexp©kLW at
1 represents LW behaviour. As can be seen in the graph, water and HEC
solution are only around 30–40 % as fast as the prediction by LW. This is
the case for all tested diameters and a trend of the influence of diameters
cannot clearly be identified, partly due to high standard deviations. The tests
in agarose gels having a diameter of 250 µm with water resulted in similar
ratios. Sucrose solution in alginate gels appears closer to LW behaviour, but
with relatively high standard deviations. Since the sucrose solution has a
much higher concentration than the HEC solution, one can assume that an
osmotic effect influences the flow, which besides other effects will be discussed
in the section below.

4.3.1 Possible reasons for the deviation
of experiment and LW

Inertial effects are one common reason to address deviations to LW.
Bosanquet [4] and Ridgway et al. [44] described the inertial flow regime before
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viscous forces prevail, according to Eq. (2.16), which is valid for a � t $$ 1
(term a see (2.14)). The times for which the relationship a � t $$ 1 is valid
can be calculated as

t $$
r
2
ρ

8η
. (4.1)

In the most critical case using water as wetting liquid having the lowest vis-
cosity in the largest capillary of 630 µm in diameter, inertial flow should be
considered at t $$ 0.012 s, equivalent to a distance of 1.6 mm away from the
entrance. At this early time there are one or two measured time points in the
experiments, with the majority being measured much later. The calculation
of the slopes is, moreover, based on times starting from 50 % of the entire
penetration time, which starts at 0.39 s for water in 630 µm, equivalent to a
distance of 35 mm from the entrance. Smaller diameters and higher densities
(as in the case of sucrose) will still not change the threshold time to later times
than the one mentioned. Therefore I conclude that inertial effects are not the
reason for the deviation of the observed deviation from our experiments to
LW.

Dynamic contact angle is another common reason to address devia-
tions to LW since Eq. (2.13) is based on a static contact angle. Therefore I
determined the contact angle directly in the capillary during the penetration
process by analysing video images taken using an optical microscope. After
� 2 cm from the entrance contact angles of � 25

`

were determined. Recal-
culating the predictions with contact angles which are achieved after 2 cm
instead of the static contact angle, still resulted in large deviations to the
experiments. It is concluded that the dynamic contact angle is not (solely)
the cause for the large deviation to LW.

Chemical potential differences for water between the penetrated liquid
and surrounding gel should be considered when concentration differences oc-
cur. However, conducting the same flow experiments having a calcium solution
as the wetting liquid instead of water with the same ionic strength as the al-
ginate gel gave no difference in speed of the meniscus. The sucrose solution
in Fig. 4.5 shows slightly lower deviations to LW and one could assume that
an osmotic effect is the reason for that. In that case water from the lower
concentrated alginate gel would be drawn into the high concentrated sucrose
solution leading to a thinning effect of the wetting liquid. The viscosity would
decrease. Inserting lower η into Eq. (2.13) would lead to higher kLW , the
slope ratio would be lower and therefore closer to water and HEC solution.
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Thus, if the viscosity is lower in reality than expected due to osmotic effects,
the prediction would deviate even more from the experiment.

Interstitial flow is reported to occur for both agarose [69] and alginate
[70] upon forced water flow within gel capillaries. Interstitial flow occurs as
the boundary layer of the flowing media ranges within the gel and not at the
capillary gel interface, causing energy reduction. By calculating the total volu-
metric flow in the channel and the gel out of Stokes’ and Brinkman’s equation
a correction term can be inserted into LW accounting for the permeable gel.
However, with an expected permeability of the alginate, as well as the agarose
gel, this effect of the loss of kinetic energy is too small to cause such a large
deviation in penetration speed compared to the predictions (Tobias Gebäck,
personal communication, March 7, 2016).

Deformation of soft materials is the reason for slow spreading of droplets
on flat surfaces [39]. A wetting ridge is formed at the three-phase contact
line, described and pictured in section 2.1.2. It has been proposed that the
deformation has consequences on the speed of a meniscus [20]. Accordingly
not only viscous braking from Poiseuille flow has to be taken into account,
but also braking due to viscoelastic forces of the substrate. The softer the
material, the higher is the wetting ridge at the contact line and the slower the
spreading. Shanahan and Carré [20] report a height of a wetting ridge of 60 nm
with a silicone rubber having a Young’s modulus of 1.9 MPa. As described in
section 4.2, alginate gels produced by internal gelation resulted in a Young’s
modulus of 11 kPa. This agrees well with literature values where both an
alginate gel of 2 % and an agarose gel of 1 % have Young’s moduli of � 14 to
16 kPa [71]. Those values are much lower than the silicone rubber in [20]. It
follows that an even higher wetting ridge could be formed in the alginate gels
I used. Therefore I hypothesise that there is a wetting ridge occurring at the
triple contact line of the moving meniscus in our experiments in alginate and
agarose which slows down the meniscus due to the viscoelasticity of the gel.
This is the object of further studies and will be tested experimentally.
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Chapter 5

Conclusion and future work

5.1 Conclusion

In this thesis I showed that it is possible to make use of capillary flow in gels
containing predominantly water. One example of such a gel is an alginate gel,
which can be produced in a certain way to contain straight and circular capil-
laries of tailored diameter. Finding a suitable model system to study the flow
in, an alginate capillary gel produced via external gelation was compared to
a gel fabricated by internal gelation. Mechanical characterisation of the two
gels showed that internally set gels needed considerably more stress to main-
tain the gel at a given strain than the capillary gel and they ruptured later at
higher stresses. Micrographs taken with TEM revealed pore sizes of maximum
200 nm but also more dense network. Aided by image analysis the mean pore
diameter of a 60 nm thick slice was determined to � 60 nm irrespective of the
gel type. However, since the mechanical properties differed fundamentally,
which could not solely be explained by the existence of capillaries, it suggests
a structural difference of the two gels.

Using the alginate capillary gel as a model system to study capillary flow
has shown to be unsuitable due to the high number of capillaries and the
resulting difficulties to follow the meniscus in just one capillary. Therefore
a method was developed to produce a single capillary of tailored size in a
calcium-alginate gel produced by internal gelation. All water based test liq-
uids completely penetrated the vertical �6 cm long capillaries with diameters
of 180 to 630 µm demonstrating that capillary action does occur in gel systems
containing predominantly water. Thereby smaller diameters resulted in slower
speeds and lower viscosities resulted in higher speeds, like Lucas [2] and Wash-
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burn [3] predicted. The moving meniscus also followed the generally accepted

and often cited general relationship of x
2
� t. Comparing absolute values of

the slopes of x
2

over t of prediction and experiment revealed large discrepan-
cies. The experiments in the gels were only about one third of the prediction,
irrespective of the diameter but with smaller difference for a sucrose solution.
Since lower elastic modulus causes the spreading of a droplet on a surface to
be significantly slowed down, it is hypothesised that deformation of the gel
and with it the influence of elastic modulus causes the meniscus to be slowed
down. The energy is therefore not only dissipated through the viscous flow,
Poiseuille flow, but also by the viscoelasticity of the gel. This hypothesis needs
further confirmation and is the subject of future investigations. Since it has
been shown here that capillary flow does occur in porous gel systems, it is
a promising method to disperse cells or solutes into the porous gel directly
to achieve an even distribution of the desired substances and to simplify the
process.

5.2 Future work

The hypothesis that the viscoelastic deformation at the three-phase contact
line of moving meniscus, gel wall and air causes the deviation of experiment
and prediction of LW, needs to be confirmed and described mathematically.
It could be tested by changing the elastic modulus of the gel and measure the
travelled distance over time of a wetting liquid. Increased speed for higher
moduli would be expected.

Moreover, the influence of the shape of the capillary wall on the travelled
speed of a penetrating liquid is part of further studies. How do sharp edges
versus soft edges influence the flow speed? An investigation of how the alginate
gel wall looks like exactly would also be of use, especially to determine if it
could have been damaged during fabrication of the channel.

After investigating the speed of a meniscus in single capillaries, it is also
interesting to measure flow in porous systems like foams or paper and find
relations to the results of the behaviour in single capillaries.
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