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Introduction

1 Introduction

1.1 Friction in nature

Natural systems have frequently served as a model for the development of technical
systems mainly because of their high efficiency, durability, and their ability to adapt themselves
to new environmental situations [4—6]. Investigations on biological systems span from
understanding the structure and properties to the modeling of such systems with the purpose of
developing bio-mimetic and bio-inspired systems. A remarkable number of studies have been
conducted to understand the architecture, properties, and mechanisms of the interactions of
natural systems in mechanical contact with each other. This question is essential for all
movements of biological systems. In most cases, locomotion should require as little energy
dissipation as possible and accordingly, the evolutionary process has led to specialized surfaces
with reduced friction to avoid wear and minimize energy loss. On the other hand, sometimes
increased friction is desired to improve attachment and grip or controlled friction to realize
either attachment or detachment, depending on the situation [4]. A few examples in nature,
where friction is adjusted to meet the requirement of the living organism for different purposes,
are insect feet [7], plant leaves [7,8], gecko feet [9], snakeskin [6,10], and synovial joint of
mammals [11]. Increased friction by surface structures to facilitate attachment can be found,
for example, in Gecko [4,9,12]. For Gecko at times a strong adhesion to the ground they walk
on is highly desired, especially visible when they move on a vertical wall. In contrast, structures
on the sharkskin can reduce friction and drag of a shark moving through the water, and this way
enhances the efficiency of locomotion [5,10,13]. Furthermore, many fish can produce skin
secrets, which are water-soluble, to damp the turbulence and reduce friction. As explained in
all the previous examples, friction is controlled through surfaces with specialized topography
and chemistry [14]. The complexity of these surfaces and the ability to regenerate themselves

make mimicking their behavior quite challenging.

Friction is an energy dissipative process. The origin of energy dissipation can be
classified into two categories. One category is related to energy dissipation as a function of
chemical interactions where molecular non-covalent interactions need to be broken when two

objects slide against each other. In the other case, energy dissipation is due to the breakage of
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permanent chemical bonds, which results in resistance into motion leading to plowing,

deformation, heat, etc. [15].

Two surfaces can interact through different mechanisms, which leads to resistance
against the separation of two surfaces and high adhesion or friction. The different mechanisms
are depicted in Figure 1-1. Van der Waals interaction, which occurs as an attraction between
atoms, molecules, or surfaces through permanent or induced dipoles (Figure 1-1a), is one of the
very common mechanisms. Attachment of some of the insects, such as spiders, mainly relies
on the van der Waals interaction [4,6]. Another mechanism through which two surfaces can
interact is through the establishment of chemical bonds between the surfaces (Figure 1-1b),
which leads to stronger adhesion than the van der Waals forces, as atoms of two materials share
or exchange electrons. For instance, mussels can stick to rocks by forming chemical bonds [16].
When the surfaces are wet, in the presence of a thin liquid film, capillary forces appear (Figure
1-1c). However, if the interacting surfaces are fully immersed in liquid, there is no capillary
interaction. Capillary forces are used for water uptake of plants and small animals. Mechanical
interlocking (Figure 1-1d) is another mechanism to keep two surfaces together [4,6,17]. When
interlocking occurs, the separation of the surfaces requires deformation of the surfaces. This
mechanism is, for example, used in the wing locking system of beetles. Suction (Figure 1-1e),
which is a self- explanatory mechanism, is a method used by Clingfish to stick to smooth and
rough surfaces [18,19]. Interdiffusion polymers is an example of diffusion where the polymers
can generate a permanent and strong bond (Figure 1-1f). Separation of deeply interdiffused
surfaces requires very high energy and breakage of covalent bonds. Electrostatic and magnetic
interactions are not among the common interactions (Figure 1-1g-h) [4], as for such
interactions, special requirements have to be met. For electrostatic interactions, strongly
charged surfaces are required, and for magnetic interactions, two magnetic dipoles are needed.
Both electrostatic and magnetic interactions are well known and widely used in robotics.

Among all the introduced interactions, energy dissipation of vdW, capillary, suction,
magnetic, and electrostatic interactions are in the category of interactions where breakage of
non-permanent bonds are required, and all the rest are in the category where breakage of
permanent bonds are necessary. Adjusting interactions can help engineers to customize surfaces

according to their need for high or low friction surfaces.
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Figure 1-1 Types of interactions that can occur between two surfaces in contact with each
other [4,6].

1.1.1 High friction surfaces in nature

Animals in nature, such as insects, spiders, and lizards, are capable of having fast
locomotion and strong adhesion. The occurrence of strong adhesion and fast locomotion in one
system leads to apparently contradictory requirements of the contacting surfaces [10,20]. As an
example, in Gecko feet, van der Waals forces result in strong adhesion, however, such a strong
interaction force is not desirable once locomotion and detachment are required. Additionally,
these surfaces must meet the requirement for self-cleaning in order to maintain their
functionality [20]. Animals can attach to surfaces by means of three different mechanisms:
(1) mechanical interlocking of rough surfaces, (2) soft smooth adhesion by meniscus or
increased contact area, and (3) adhesion through hairy structures as a result of van der Waals
forces [12,20,21]. Most of the animals have two of these attachment mechanisms to ensure
sufficient adhesion. For instance, bees with claw and smooth pad or geckos with claw and setae
pad [12]. Attachment pads of a beetle, fly, spider, and gecko are shown in Figure 1-2 [22]. The
relation between the animal size and the feature size in their attachment pads is shown in Figure
1-2. As can be seen, the size of hairy structures in the attachment pads becomes smaller, and
the number of structures increases as the animal becomes larger [22]. Among all creatures that
have the ability to stick to vertical or even overhanging surfaces or ceilings, geckos have the
biggest size, and therefore they have drawn the attention of many researchers [10,20,22].
Geckos are able to create high frictional forces and strong adhesion with surfaces as a result of
the hierarchical structures on their toes, even on upright walls or the ceiling of buildings [5].
Gecko attachment and detachment from any surface realizes through the hierarchical structure
of their skin comprising of lamella, setae, and spatula [5,22]. Every seta of geck’s toes consists
of hundreds of spatula. The van der Waals forces between these fine structures and the surface

can result in high adhesion and friction between the gecko feet and the surface.
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body mass  ——jie-

beetle

Figure 1-2 Attachment pads of a beetle, fly, spider, and gecko; showing the direct relation
between the animal size, the structure size, and the number of structures on the attachment
pads [22].

Although high friction is sometimes targeted, in most cases, the main challenge is to
achieve sufficient friction reduction either by minimizing the contact area or by application of

a lubricant.

1.1.2 Biolubrication

Nature provides solutions to wear and high friction by introducing surface roughness
and/or water-based lubricants [5,23,24]. Snakeskin exemplifies surfaces where surface patterns
maintain the optimization of friction [25]. To generate propulsion during locomotion, high
friction is required, while to slide along the substrate, low friction must be generated. Thus, to
facilitate effective locomotion, the ventral body has anisotropic frictional properties, which

originates from structures of different scales [26].

Water serves as an excellent lubricant in nature as it has low viscosity and can be easily
sheared. However, it has weak load-bearing capacity at high pressures [24]. At high loads, it
squeezes out from the gap resulting in direct contact between the two surfaces and thus higher
friction. The lubrication properties of water are thus usually improved in nature through the
addition of components such as mucins, aggrecans, and polysaccharides [27]. These
components increase the load-bearing capacity of water by steric and electrostatic repulsion or
through rendering the viscosity of the lubricant anisotropic so that in the direction of the load,

the viscosity is high while it is low in the shearing direction. Such a behavior is due to a (shear-
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induced) liquid crystalline orientation of the lubricant molecules in the friction gap. Moreover,
they reduce friction through adsorbing to the surface. The foot mucus secretion of snails, which
contains water and 3-4 percent glycoprotein, is one of those examples where water serves as a
lubricant [28]. A similar mechanism provides the ability to achieve low friction and significant

load-bearing capacity in aqueous media in human joints.

Synovial joints are one of the most attractive lubricated systems in nature that has been
vastly investigated by researchers [5,14,24,29,30]. Synovial joints provide astonishing
lubrication properties and longtime durability lasting the human lifespan and undergoing
millions of loading cycles. The loading conditions in synovial joints change from stationary to
migrating contact, depending on the type of activity [14]. Despite the different loading
conditions during different activities, healthy synovial joints represent a very low coefficient of
friction in the range of 0.001 to 0.01 [23]. Pressure in these joints can reach a value of 5-6 MPa

and a maximum value of 18 MPa in the hip joint during descending the stairs [24].

Periosteum
Ligament

Joint cavity
(contains
synovial fluid)

Articular (hyaline)
cartilage

Fibrous

capsule Articular

I
Synovial e e

membrane

Figure 1-3 Schematic illustration of a synovial joint and its major components [31].

The main components of these joints are articular cartilage and synovial fluid, as

presented in Figure 1-3 [5,24,30]. Articular cartilage is a soft material which is supported by



Introduction

the bone and protect the bones from direct contact in order to decrease friction and wear during
sliding [5,14,30]. The thickness of articular cartilage depends on its location in the body. The
thickest cartilage is located in the lower part of the human body as the load is highest there. The
thickness measured for cartilage found in the human ankles and knees is ranging from 1.00 mm
to 1.62 mm and 1.69 mm to 2.55 mm, respectively [24]. The thickness of the cartilage in the
hip is between 1.35 and 2.0 mm [32]. The measured Young’s modulus varies from 12 to 50 MPa
[28].

The solid matrix of cartilage is mainly composed of collagen and proteoglycans. This
tissue contains about 80% water. Articular cartilage has a multilayered structure in which the
orientation of fibers, water contents, and type and concentration of proteoglycans change
through the depth, as shown in Figure 1-4[30,33]. As can be seen, collagen fibers are oriented
parallel to the surface of the very top layer of the cartilage. Close to the bone, collagen fibers
are large and perpendicularly oriented, similar to polymer brushes whose lubrication behavior

will be discussed in further detail in section 1.3.

Articular surface

STZ (10%-20%)
Middle zone (40%-60%)
Deep zone (30%-40%)

Calcified zone
Tidemark

L Ly

Figure 1-4 Multilayered structure of articular cartilage [33].

Recent studies classified the different lubrication modes in articular cartilage as
boundary, interstitial, and mixed lubrication [34]. The lubrication mechanism of articular
cartilage depends on the interactions between the solid matrix (i.e., collagen-proteoglycan
network) and the fluid phase (i.e., interstitial fluid) [29,34-40]. During interstitial lubrication,
the interstitial fluid, which makes 70-80 % of the cartilage, supports a large fraction of the load
as the fluid phase is incompressible. The low friction can be obtained as long as the fluid phase
supports the load [34,40]. However, the flow of the interstitial fluid inside the tissue can
generate a drag force and lead to friction. The fluid phase supports the load until it is squeezed

out into the joint space [34]. As the load on the solid phase increases, the interstitial fluid starts
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to exude from the solid matrix to the friction gap [34]. At a certain point, all the load might be
carried by the solid phase [37], however, the solid matrix is not easy to compress due to the
repulsive force between the negatively charged proteoglycans. Furthermore, the mutual
interpenetration of the solid matrix of the cartilage on the opposing surfaces is restricted to a
narrow interfacial region; thus, the interface is maintained as a highly fluid layer as a result of
the hydration layer surrounding the proteoglycans [41]. The friction generated in articular
cartilage in such a case is mainly due to interactions and shearing of the solid phase (boundary
lubrication). Under boundary lubrication condition, synovial fluid, which is made of long-
chained proteins, hyaluronic acid, and phospholipids, assures the effective lubrication.
Therefore, the extraordinary performance of synovial joints is obviously not the result of a
single component but the synergy between all components, i.e., the synovial fluid and articular

cartilage.

1.2 Tribology

Tribology is the science dealing with friction, lubrication, and wear of the contacting
surfaces that are moving relative to each other. As a consequence, tribology is a system
behavior, not a single material property [42,43]. As the surface interaction controls every
moving object’s performance and lifetime, tribology attracts ever-growing attention. To study
the tribological behavior of a system, rheological properties of the lubricant, mechanical and

chemical properties of the two contacting surfaces must be considered.

Although the application of lubricants has begun long ago in history, Leonardo Da Vinci
was the first who has introduced the concept of friction into the scientific literature. He
distinguished different types of friction and differentiated between sliding and rolling friction
[42]. Indeed, Leonardo stated the two basic laws of friction even before Newton defined the
concept of force. Later on, Amonton verified his observations and rediscovered the first two
classical laws of friction. According to the two first laws, the friction force is proportional to
the applied load and independent of the apparent contact area [42]. Coulomb added the third
law declaring that the friction force does not depend on the velocity during sliding [42]. He also
made a distinction between static and kinetic friction [42—44]. These basic laws of friction are
quite valuable in understanding the behavior of many different tribological scenarios; however,
they do not hold for all cases. Introducing a single model that can describe any frictional system

remains elusive due to complexities and interactive variables that affect the frictional behavior
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of systems [43]. In spite of the situation that tribology utilizes sliding and rolling components
to a large extent, almost one-third of the world’s energy resources, which is currently in use, is
estimated to be wasted due heat dissipation caused by friction or due to wear which leads to the
need of replacement of worn parts [42]. Research in tribology aims for minimization and
elimination of losses resulting from friction and wear. The direct outcome of reduced friction
and wear will be higher efficiency, better performance, fewer breakdowns, and significant
savings [42].

1.2.1 Friction and adhesion

When a solid body moves on another, a resistance force appears in the opposite direction
of the movement, which is called friction force. If the solid bodies are brought into contact at
rest, and a tangential force is applied subsequently, the required force to initiate the motion is
called static friction force. The static friction is the result of the adhesion between the two
opposing surfaces. The tangential force needed to maintain the relative motion is named Kinetic
friction force [42]. The static friction force is either higher than or equal to the kinetic friction

force. The first rule states that the friction force (Fy) is directly proportional to the normal load

(Fy)- By increasing the normal load, the surface asperities of the opposing surfaces get in further

contact. The first law of friction is given in eq. (1-1):

Fr = uFy (1-1)
where u is the coefficient of friction, F; is the friction force, and Fy is the normal force.

All solid surfaces possess a certain surface roughness. Only very few surfaces, such as
cleaved mica or graphite, are atomically smooth. When the asperities come into contact, they
have to be elastically or plastically deformed to initiate and maintain the motion. In this case, a
part of the energy will be dissipated as heat [45]. Bowden and Tabor suggested that for two
metallic surfaces sliding against each other, high pressures lead to welding of some asperities
that have to be sheared to start the motion. Later, it was proposed that the interfacial adhesion
between asperities is sufficient to result in friction. Regardless of the deformation type (elastic
or plastic), breaking adhesive bonds during motion requires energy [46]. The total friction force

(Ff) can be written as the sum of the force needed to shear adhered junctions (F,) and the force

needed to supply the energy of deformation (hysteresis) (F;) that can be induced by plastic
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deformation and viscoelastic losses. The two main components of friction are shown

schematically in Figure 1-5 [46].
Ff =F+F; (1_2)

Deformation is a consequence of energy loss associated with internal damping within the
viscoelastic body during sliding. For polymers, particularly elastomers, F; has a significant
contribution to the friction force because of a large internal viscous dissipation [47,48]. As
considerable molecular conformation can occur without breaking of covalent bonds. In Figure
1-6, the influence of damping loss on the friction is shown for a P.T.F.E sample [48]. As can
be seen, COF and damping loss follow the same behavior confirming that damping losses due
to sliding of the chains over each other seem to be the main source of friction even at high

strains for elastomers[48].

The adhesive frictional force component (F,) is a surface effect; thus, it depends on the
interfacial shear strength and the real contact area [47—49]. Both forces in eq. (1-2) depend on
the physical and chemical properties of the surfaces in contact, the load, and the sliding velocity.

Indeed, the friction force is an interplay between all these components [46].

LIPL

Elastomer — F
—> v

Surface \/\I
N

@

Adhesion Deformation
or
Hysteresis

Figure 1-5 Force components of friction force for a rubber sliding on a rough surface [19,50].
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Figure 1-6 Damping loss and coefficient of friction as a function of temperature for P.T.F.E.
with 48 % crystallinity [48].

Adhesive contacts are the result of physical or chemical interactions. A chemical
interaction includes covalent, electrostatic, and metallic bonds; and physical interaction
involves the formation of the hydrogen bonds and van der Waals interactions, which are much
weaker than the chemical interactions because, in such secondary bonds, there is no electron
exchange or formation of joint molecular orbitals [42]. There is always a van der Waals
interaction between two surfaces in close proximity. Thus, to start the motion, the interaction
forces have to be overcome. The fracture occurs in the weakest regions, either at the interface
or in one of the mating bodies. After shearing the existing adhesive junctions, new contacts are
formed. The adhesive forces can be as strong as the forces between the molecules themselves.

In such a case, the shearing process may actually tear out fragments of the materials [42].

1.2.2 Lubrication and Stribeck curve

Thin layers of gas, liquid, or solid are usually introduced between two solid surfaces in
contact to facilitate the movement of one surface on another [51,52]. A few ppm of
contaminants may be sufficient to reduce friction dramatically. Thick films of liquids or gases
would further reduce friction as it is much easier to shear into a fluid film than to shear a solid-
solid contact [42]. Lubricant films in the friction gap are often very thin, with a thickness

ranging from 1 to 100 um, and their lubrication mechanism is difficult to be observed in-situ
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[52]. The principal limitations of, in particular, liquid lubricants are the loss of load-carrying

capacity at high temperatures and potential degradation abilities [51].

The lubrication state changes depending on the lubricant thickness; however, this
thickness has to be compared to the surface roughness to determine the accurate lubrication
state [51,52]. Friction experiments on bearings by Stribeck exhibited different lubrication
regimes [53-55]. Typical Stribeck curves describe a relation between the coefficient of friction
(W), viscosity of the lubricant (), normal load (Fy) and velocity (v) with the lubrication regime.
According to the Stribeck curve (shown in Figure 1-7), lubrication can occur in three various
regimes. These regimes are boundary (region 1), mixed (region II), and hydrodynamic
lubrication (region I11). A dimensionless number (nv/Fy), which is called Sommerfeld number,
determines in which regime the system operates [51-55]. The three main lubrication regimes

are:

I) Boundary lubrication: in this case, the thickness of the lubricating film (h) between
the sliding surfaces is smaller than their surface roughness (R), which means asperities are in
direct contact. This lubrication regime occurs at system conditions of low fluid viscosity, small
relative velocity, and/or high normal load. In this regime, the surfaces are engaged in direct
contact. Thus, the topography and chemistry of the surface (energy of adhesion) are the most
determinant parameters. The real contact area is much smaller than the apparent contact
area [51,52,54-56].

I) Mixed lubrication: this lubrication regime occurs between boundary lubrication and
hydrodynamic lubrication regimes in the Stribeck curve, as shown in Figure 1-7. In this case,
asperities are partially in contact and partially separated by a fluid film. By increasing applied
load or slower sliding (smaller Sommerfeld number), the friction coefficient increases as the
fluid film becomes thinner and more asperities come in contact. Such a rise in the friction
coefficient is also related to the viscosity increase in some regions at the contact area under the
high contact pressure. Increasing the applied load or decreasing the sliding speed (reduction of
the Sommerfeld number) makes contact between the asperities stronger. Consequently, the film
thickness becomes smaller than the height of surface asperities, and then lubrication shifts to
the boundary lubrication regime [51,52,55].
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Figure 1-7 Stribeck curve showing lubrication regimes observed in fluid lubrication; friction
coefficient as a function of Sommerfeld number [56].

I11) Hydrodynamic lubrication: when the sliding speed or viscosity of the lubricant is
high enough or the normal load is relatively small, in the lubricant film a hydrodynamic lift
force is generated which separates the surfaces. In the presence of a film with thickness much
larger than the size of asperities (R), the surfaces are completely separated and do not interact
directly. The lubrication behavior in this regime is determined by the rheological properties of
the fluid film separating the two surfaces. The viscosity of the fluid (internal friction of the
fluid) is the most important parameter. By increasing the load or decreasing the viscosity and/or
velocity, the Sommerfeld number (nv/Fy) is reduced. The decrease of Sommerfeld number
leads to a thinner fluid film, and a lower coefficient of friction until it reaches a minimum
value [51,52,54,55].
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The typical friction coefficient range is given for different lubrication regimes in Figure 1-8
[51]. As can be seen, the highest values of COF appear in dry friction, when no lubricant is
involved. The dry friction values are given for pure metal and oxide films, as these values might
be different depending on the material. The COF decreases by adding a lubricant to the contact.
The lowest values of COF occur in mixed and hydrodynamic lubrication regimes, where the

contact surfaces are separated partially or completely by the lubricant film, respectively.
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Figure 1-8 Typical friction coefficient range for different lubrication regimes [51].

1.2.3 Thin film lubrication

A lubrication regime, known as thin film lubrication, might appear in some of the
lubricated contacts, where lubricant has an anisotropic viscosity. A physical model has been
proposed for the thin film lubrication, in which the thin film of the lubricant consists of three
different layers namely: the adsorption film, the orderly liquid film, and the viscous fluid film
as illustrated in Figure 1-9 [57]. In this lubrication regime, the gap size is in the range of several
nanometers to tens of nanometers, and the lubricant film is dominated by molecular behavior
in different regions. Close to the solid surface, the film consists of two layers. The first layer is
the adsorbed film formed during the static contact. The other one is the orderly liquid film
formed during lubrication [51]. The thickness of the adsorption film is only several molecular
layers of the lubricant that are connected firmly to the surface [57]. The absorbed film shows
boundary lubrication characteristics, so it can also be called as the boundary lubrication film.

As the central layer shows elastohydrodynamic lubrication characteristics, it is known as
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elastohydrodynamic lubrication film [51]. The ordered liquid film is located in the interface of
the viscous fluid film and the adsorption film [44].

The changes in the thickness ratio of these three layers determine the transition of
lubrication regimes. If the solid surfaces are far from each other, the fluid layer will be thicker
to accommodate hydrodynamic effects. However, if the two solid surfaces are so close to each

other, a boundary lubrication regime will appear [57].
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Figure 1-9 Multilayers of a thin film lubrication model consisting of ordered film, adsorbed
film, and a viscous layer [51].

1.2.4 Contact mechanics models

Contact mechanics models can be classified as non-adhesive contact and adhesive contact
models. Regarding the non-adhesive contact model, which is the Hertz model, it is assumed
that there are no adhesive interactions between the contacting surfaces. In the latter case,
including Derjaguin-Muller-Toporov theory (DMT), Johnson-Kendall-Roberts theory (JKR),
and Maugis-Dugdale theories, adhesion occurs at contact. In the following different theories

are briefly discussed [2].

1.2.4.1 Hertz theory

The Hertz theory describes the stresses and strains for smooth, non-conforming surfaces
in contact for both static and quasi-static loading. The Hertzian contact usually refers to the
contact between two elastic spheres of different radii (non-adhesive contact), as shown in Figure
1-10. In Hertz theory, several assumptions are made [45-48]. The strains are considered to be
small so that they can be described by the linear theory of elasticity. The contact area is much
smaller than the characteristic dimensions of the contacting bodies. The bodies in contact can
be considered as an elastic half-space. The interaction involves only pressure acting normal to

the planar contact area (frictionless contact).
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Figure 1-10 Contact between two elastic bodies with negligible adhesion (Hertz theory).

Hertz's solution for the indentation of an elastic half-space by a sphere relates the
indentation depth or distance of mutual approach (o) to the applied normal load (Fy) through
eq. (1-3) [2,58,59]:

5o (9_56)§
R~ \16REZ, (1-3)
Here R is the radius of the indenting sphere, a is the contact radius and Eess is the contact
modulus, defined by eq. (1-4):
1 :1—v12+1—v§ (1-4)
Eerr E, E,

where E and v are Young's modulus and Poisson's ratio, with the subscript 1 indicating the

material of the indenter and subscript 2 that of the half-space being indented, respectively.

The relation between the contact radius (a), applied normal load (Fy) and the contact modulus
(Eet) is as below:

_ 3FyR (1-5)
4,

3

a

The maximum pressure between two surfaces, according to Hertz theory, can be obtained as
follows [2,58,59]:

pmax -

- _ —

1
3Fy 1 (6mE;\? (1-6)
2ma?  m
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Hertz model does not account for adhesion between the probe and the sample. The
adhesive forces result in a larger contact radius than that calculated by the equation, as shown
above. In addition, the adhesive forces change the indentation depth ¢, and the elastic energy

stored in the system as well.

1.2.4.2 JKR, DMT and Maugis-Dugdale theories

Models, which also take the occurrence of adhesive contacts between the bodies into
account are the JKR (Johnson-Kendall-Roberts), DMT (Derjaguin-Miller-Toporov) and
Maugis-Dugdale model:

1) JKR model considers adhesive contact by assuming a balance between the stored elastic
energy and the loss in surface energy. Taking into account the adhesive interactions, the
contact area under a given load is larger than the one predicted by the Hertz theory
(schematically shown in Figure 1-11) [60]. As a result of strong attractive forces, the
spherical region within the contact area deforms toward the flat surface and produces

necking behavior [2]. The work of adhesion (W,) can be described as:
Wo=vi+v2—712 (1-7)

Here y;and y, are the adhesive energies of the contacting bodies and y;, is the

interaction energy. The contact radius formed according to the JKR theory can be

obtained by.:
3 = = (Fy + WunR + \J6W,mRFy + (BW,R)?) (1-8)
eff

If the work of adhesion (IW,) set to zero in the above equation, the resulting equation
will be the same as in Hertz theory (eq. (1-5)).

lFN

Without adhesion JKR
(Hertz) ' 2a |
. . I l/
Wlth(iii:)esmn \\\\:' 2a LI _

Figure 1-11 Schematic comparison of the Hertz and JKR models.

16


https://en.wikipedia.org/wiki/Elastic_energy
https://en.wikipedia.org/wiki/Elastic_energy

Introduction

2) DMT model assumes that the adhesive forces do not change the contact area
significantly. Adhesive forces within the contact area are neglected so that the contact
area can be assumed to be equal to Hertzian (see Figure 1-12). However, the adhesive
forces between the indenter and surface produce a contact area larger than the Hertz
model. Thus, this model can accurately describe materials with large moduli [61].
According to DMT theory, attractive forces between the bodies have a finite range and
act outside the contact zone where the surfaces are a small distance apart [60]. The

contact radius from DMT theory is:

3R 1-
a3 = (FN + ZWAT[R) ( 9)
4Eeff
|
Additional vdwW \\ o /"
interactions \_\ —
~. Lo

Figure 1-12 DMT theory assuming the same contact area as Hertz with attractive interactions
outside the contact area.

3) Maugis-Dugdale model applies in between the previously mentioned two models [62].
This model considers surface traction distribution to be the contribution of the Hertz
contact pressure and Dugdale adhesive stress. It is assumed that the molecular attraction
force acts with a constant intensity only within a ring zone at the contact area border up

to a specific separation distance.

Adhesive contact between large spheres with high surface energies and low elastic
moduli can be described better by the JKR theory, whereas the adhesive contact between the
smaller spheres with low surface energy and high elastic moduli can be predicted by the DMT
model [63].

Numerical solutions to the contact problem by considering the Lennard-Jones potential
illustrated that the two models (i.e., JKR and DMT) correspond to the two different ends of a
spectrum of a non-dimensionless parameter called Tabor parameter [63]. Thus, the so-called
Tabor parameter can quantify which contact model represents the adhesive contact better for a

specific contact configuration. It is based on a ratio between the energy for deformation of the
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contacting body and the energy of interaction at the contact area. It can be calculated using the

equation below [2,58,61]:
1

RWZ \3 (1-10)
e (152 zg)

eff
In the above equation, R is the radius of curvature of the indenter, W, is the work of adhesion
per unit contact area, E, s is the contact modulus and Zj, is the equilibrium distance of the

surfaces in the Lennard Jones potential.

Tabor suggested that when the Tabor number is large (u;, > 1), the necking of the
sphere is also large, and the attractive forces outside the contact area can be neglected, thus the
JKR model is appropriate. In contrast, when the necking is negligible (u;;, <1), the attractive
forces outside the contact area are dominant [63]. In this case, the DMT model describes the
contact behavior better [64].

The different theories are compared schematically in Figure 1-13 [61] concerning the
forces occurring during an indentation test. It can be seen that following Hertz theory,
indentation depth and contact force are zero at the initial contact point and at the separation
point. However, in JKR, DMT, and MD theories, adhesive or attractive interactions are present.
The major difference between DMT and JKR theories is the relation between the contact area
and the applied normal load. In the DMT theory, at the point of initial contact and separation
point contact area is assumed zero (similar to Hertz), but the contact area is never zero in the
JKR model [61].
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Figure 1-13 Schematic comparison of different contact mechanics models on their

force-distance curve [61].

1.3 Polymer brushes for reduced friction

Inspired by synovial joints, many systems based on polymer bearing surfaces such as

polymer brushes have been investigated [41,65,74,75,66—73]. Polymer brushes are polymer

chains that are anchored by one end to a substrate and extend out into the surrounding medium
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due to steric repulsion and osmotic pressure. Polymers with different chemical structures,
compositions, and functionalities can be tethered to the substrate surface via physisorption or

chemical bonding, as illustrated in Figure 1-14 [74].

Formation of brushes by physisorption occurs by having polymer chains that are
attracted to the substrate by one end while the other end interacts very weakly with the substrate.
Chemical bonding of polymer brushes onto the substrate provides a stronger attachment to the
substrate. Chemical bonding of polymer brushes can be done by “grafting-to” or “grafting-

from” approaches [74].

+ @

% ©
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Reactive sites
Physisorption Grafting-to Grafting-from

Figure 1-14 Different tethering mechanisms for surface modification by polymer brushes
[74].

Polymer brush coated surfaces exhibit very low friction in a good solvent [41,65,75,66—
71,73,74]. Klein et al. have extensively studied the frictional properties of brushes using
surface force apparatus (SFA) [41,65,70,71,73]. Strong repulsive forces of entropic origin
largely prevent the interpenetration of polymer chains opposing surfaces. Previous studies have
shown that the segment density of adsorbed polymers decays rapidly with distance from the
substrate (Figure 1-14b). For the polymer brushes, the monomers are repelled by the surface.
Thus, for the brushes, a slowly decaying parabolic function was observed (Figure 1-14a) [76].
It has been suggested that the repulsive forces accommodate the formation of a thin fluid film
between opposing brushes, which leads to friction reduction [23,66,70]. Some studies have
been carried out to investigate the effect of different parameters like the chain length, grafting

density, chain stiffness, and the solvent state on the tribology of polymer brushes [77].
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Figure 1-15 Segment density profiles of a) brushes (end grafted and pseudo brushes)
b) adsorbed polymers [23].

In further detail, the origin of low friction between brush bearing surfaces is thought to
be the occurrence of the following phenomena [23]. As two polymer brush coated surfaces are
compressed, a very small interdigitation happens [41]. Due to configurational entropy effects,
it is favored for the two brush coated layers to be compressed than to interdigitate [23]. The
repulsive interactions help with the formation of a thin layer of the fluid at the interface, which
IS very easy to shear, leading to small friction. With these two mechanisms, neutral brushes can
serve as efficient lubricants, although at high pressures, significant interpenetration occurs
(Figure 1-17a), and the frictional drag rises correspondingly. The three influential mechanisms

can be seen in Figure 1-16 [23].

For adsorbed polyelectrolytes, the efficiency of lubrication is mainly reduced because
of bridging effect, as illustrated in Figure 1-17b. The bridging occurs since the monomers tend
to adsorb each other and minimize the free energy. During sliding, the bridges are stretched,

and the frictional drag increases, leading to inefficient lubrication at high pressures [23].
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Figure 1-16 Friction reduction mechanism of two brush bearing surfaces.
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Figure 1-17 Interaction between two sliding surfaces at high pressures coated by a) brushes-
interpenetration (§) occurs at high pressures between brushes b) adsorbed polyelectrolytes-
bridging may appear [23].

Raviv et al. have investigated the lubrication of surfaces coated by polyelectrolyte
brushes. Polyelectrolyte brushes were generated on the hydrophobized mica surfaces by the
diblock copolymer of poly(methyl methacrylate)-block-poly(sodium sulfonated glycidyl
methacrylate) copolymer (PMMA-b-PSGMA). The surface attachment takes place through
hydrophobic PMMA moieties to form end-tethered layers of charged PSGMA moieties [71].
Polyelectrolyte brushes can still be efficient at higher pressures (black triangles in Figure 1-18)
[78]. The friction coefficient measured for polyelectrolyte brushes was on the order of 0.001 or
lower at pressures of a few hundreds of kPa [71]. In the case of charged brushes, efficient
lubrication is not only the consequence of excluded volume but also higher osmotic pressure
due to the presence of mobile counterions in the brush layer and the electrostatic double-layer
arising from the brush [23,78]. At the highest pressures, the entropic considerations are not
sufficient to avoid interpenetration. It is the hydration layer surrounding the interpenetrated
charged monomers that provide low friction by polyelectrolyte brushes [78]. As the pressure

was increased further, the brush layers were torn off from the substrate [71].
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Figure 1-18 Coefficient of friction as a function of the volume fraction. At low compressions,
neutral brushes (diamonds and light upright triangles), adsorbed neutral polymers (stars), and
adsorbed polyelectrolytes (light inverted triangles) are efficient lubricants, only the
polyelectrolyte brushes (black upright triangles) are efficient at the highest compression
[23,78].

1.4 Tribology of Hydrogels

Hydrogels are hydrophilic networks that are chemically or physically crosslinked [79—
81]. They can take up water and swell to a large extent [79]. The ability to absorb water is the
result of hydrophilic functional groups attached to the polymer backbone and/or a hydrophilic
backbone, while their resistance to dissolution is due to the crosslinks between the network
chains [80]. The crosslinked network helps the hydrogel to retain its shape when stress is
released resembling solid-state properties, while water stored inside the network can flow in
response to an applied load through the permeable network of the hydrogel [82]. Hydrogels are
classified into chemical and physical gels. Polymer chains of chemical gels are connected to
each other by covalent bonds, whereas physical gels are formed by physical interactions.

Consequently, chemical gels are mechanically more stable than the physical ones [80].

Being bicomponent, with low compliance, and in some cases, stimuli-responsive,
hydrogels are unique materials for medical applications. Hydrogels are suitable candidates for
drug delivery [64,83], actuators, and sensors [84] and scaffolds in tissue engineering [14,85—

87]. The stimuli can be the change in the temperature, pH, mechanical forces, electric charges,
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magnetic forces, and the presence of solvents or ions [80]. Despite fascinating properties,
hydrogels can only be used in the human body if the prolonged contact with the surrounding

tissue, interactions with them, and their biocompatibility are considered [64].

Hydrogels (polymer brushes as well) are increasingly used to mimic the slippery nature
of biological interfaces such as joints and eye [36,71,83,88-90]. In such contacts, there is no
clear boundary between the solid and liquid phases. Understanding the lubrication mechanisms
of surfaces with combined solid and fluid character is challenging as the fluid contribution to
lubrication has to be captured. Studying the frictional behavior of hydrogels is helpful for
understanding the low friction mechanism observed in biological systems, and might be useful

in finding novel approaches in the design of low-friction systems.

1.4.1 Elastic, viscoelastic and poroelastic materials

When no force is exerted on a material, the neighboring atoms are in equilibrium,
meaning that the attractive and repulsive forces are balanced. When an external force is applied,
atoms have to move either apart or come closer to balance the external force. The relation
between the interatomic force and interatomic distance is shown in Figure 1-19 [91]. When the
displacement of atoms is small, the atoms can go back to their initial position. This type of
reversible deformation is called elastic deformation, whereas irreversible displacement of atoms
leads to a permanent deformation termed as plastic deformation. As the applied load exceeds
the yield stress point, the deformation changes from elastic to plastic [92]. The difference in the
stress-strain curve is shown for different types of material deformation in Figure 1-20. Within
a small range of deformation (elastic deformation), the relationship between force and
deformation is mostly linear [91].

For linear elastic materials, the stress-strain relation is linear, as described by Hook’s
Law (eq. (1-11)). These materials deform elastically, which means that they retain their initial

shape upon unloading [91].
o =Ee (1-11)

Here o is the stress, ¢ is the strain, and E represents the elastic modulus of the material, also
known as Young’s modulus. For elastic materials, the stress response to the
tension/compression depends only on the strain, as deformation and relaxation occur at time

scales much shorter than that of the measurement [91].
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Figure 1-19 Interatomic distance and force relation under tension and compression [91].

An immediate consequence of the viscoelasticity is that the deformations under stress
are time-dependent [91]. For many soft materials, including most hydrogels, the elastic
response is accompanied by a time-dependent deformation [93]. In Figure 1-20, different types
of stress-strain curves that can happen to different kinds of materials are presented. In an elastic
material, there is no energy dissipation. In contrast, for viscoelastic materials, energy is being
dissipated when a load is applied and removed, resulting in hysteresis in the stress-strain curve.

The area of the loop is equal to the energy loss during the deformation and recovery.

elastic elastic-
plastic
17 2]
19 0]
)
— : -
n plastic viscoelastic
Strain

Figure 1-20 Stress-strain curve for different types of material behavior [91].

The stress-strain relationship for viscoelastic materials can be described by different models,
such as the Maxwell Model and Kelvin-Voigt Model [94]. Viscoelastic behavior has elastic and
viscous components that are modeled using springs and dashpots, respectively. In order to
predict the viscoelastic behavior, each model is described by different arrangements of springs

and dashpots [58]. In the Maxwell model, the spring and the dashpot are connected in series. In
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this configuration, both elements undergo the same stress. The strain rate equation for the
Maxwell model is given in eq. (1-12). In this equation, n is the viscosity of the material
[3,91,95].

de _ ldo o (1-12)

dt Edt 7
The spring and dashpot are connected in parallel in the Kelvin-Voigt model, where both
elements are subjected to the same strain but different stress. The equation for the stress in the
Kelvin-Voigt model is [91,96]:

de 1-13
0'=Es+na ( )

Poroelasticity is a term used to explain the interaction of the fluid phase and solid phase
in a porous media. By applying a load, the fluid phase filling the pores must be displaced as a
result of the change in the volume fraction of the pores. The solid phase deforms under the load
simultaneously [95,97,98].

Likewise, in response to changes in mechanical forces, two concurrent molecular
processes occur in gels: the conformational change of the polymer network and the migration
of the solvent through the network. As a result of these two processes, gels can be considered
as viscoelastic and poroelastic materials. Viscoelasticity and poroelasticity of gels can be
characterized by two properties: the viscoelastic relaxation time and the diffusivity of the
solvent through the network [95]. For a gel with a large pore size (mesh size) and low viscosity
solvent, upon compression solvent can be squeezed out of the gel, and the mechanical response
is determined by the polymer matrix [28,95]. In contrast, the response is dominated by the
solvent pressurization inside the pores in case of fine pores or viscous solvents. Two models
were developed for biphasic materials composed of a porous solid phase and an incompressible
fluid phase as: biphasic poroelastic model (PE) and biphasic poroviscoelastic model (PVE)
[28].

PE is initially proposed to explain the lubrication mechanism of articular cartilage [99].
In the PE model, the solid phase is assumed to be linear elastic. Upon compression, the PE
model predicts an increase in normal stress due to solid deformation and fluid pressurization

[28]. After reaching the maximum normal stress and while keeping the imposed displacement
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constant, the structure relaxes to an equilibrium stress state as the fluid phase drains out through
the pores. Figure 1-21 shows the change of the normal stress in a poroelastic material by the
time [28]. During the compression phase, the normal stress rises continuously, and at the
relaxation phase, due to the drainage of the fluid, it decreases by time and reaches an

equilibrium state.

A
Normal N
stress Compression Relaxation

B
»

Time
Figure 1-21 The change of the normal stress on a poroelastic material versus time [28].

Since the fluid phase can drain quickly in a highly permeable material, the
viscoelasticity effect becomes negligible. However, for the gels with lower permeability, a
much lower rate of fluid exudation imposes viscoelastic behavior on the material. For such
cases, the PE model might not be the appropriate model to describe the physics. Hence, the
poroviscoelastic (PVE) model, which assumes a viscoelastic solid phase and a viscous fluid
phase, fits better [28].

1.4.2 Overview of previous studies

The friction of a large number of materials obeys Amonton’s law, in which the friction
force is related linearly to the normal force. The biphasic' nature of hydrogels differentiates
them from most of the materials, leading to deviation from Amanton’s law. The lubrication of
hydrogels is the combined outcome of the mechanics, fluid lubrication, and surface properties.
So far, there is no general theory concerning the relationship between hydrogel mechanics and
frictional behavior. Such a discrepancy arises from the complexity of the friction in biphasic

! In this context, the word biphasic refers to hydrogels with a mobile phase (water) and immobile phase (polymer
matrix). The mobile phase itself can be categorized as the free water and the bound water. In hydrogels, there are
obviously no phase boundaries. This is sloppy use of the term. However, this term is commonly used for hydrogels
in literature.
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systems, where mechanical properties are controlled by parameters such as deformation rate,
applied load, permeability, confinement, and contacting surfaces (i.e., hydrogel-hydrogel

contact or hydrogel-stiff slider contact).

Gong et al. described the frictional behavior of a hydrogel sliding against a solid
countersurface by a repulsion-adsorption model based on a polymer-solid interfacial interaction
(Figure 1-22) [100,101]. If the interaction of the polymer network and the solid surface is
repulsive, the polymer network will be repelled. Contrary to this, the polymer network will be
adsorbed to the solid surface if the interaction is attractive. In the repulsive case, the friction is
due to the lubrication of the hydrated water layer of the polymer network at the interface, which
predicts that the friction should be proportional to the sliding velocity. In the attractive case, the
friction of a gel is caused by elastic deformation of the adsorbing polymer chain and lubrication
of the hydrated layer of the polymer network. The first contribution is the same as the adhesive
friction [100].
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Figure 1-22 Schematic presentation of the repulsion-adsorption model for a hydrogel in
contact with a solid countersurface [100].

In the adhesive interaction case, the friction originates from the surface adhesion and
hydrated lubrication. Surface adhesion is dominant at low sliding velocities, and hydration
lubrication becomes the major mechanism at high velocities. Plotting friction as a function of

sliding speed, gives an S-shape curve as illustrated schematically in Figure 1-23. Indeed, in this
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curve, a transition in friction is observed which depends on the mesh size and polymer
relaxation time. For a repulsive configuration, the friction is mainly due to lubrication by the
hydrated water layer. The friction shows a monotonic increase with the sliding velocity arising

from its hydrodynamic nature [102].
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Figure 1-23 Schematic curve for the friction of a gel that is adhesive to the opposing
surface [102].

The frictional behavior of gels is determined by the nature of the two opposing
surfaces [88,103]. Dunn et al. explored three types of contact: (1) a hemispherical glass slider
moving across a flat hydrogel (migrating contact), (2) a hemispherical hydrogel slider sliding
on a flat glass (stationary contact), and (3) a hemispherical hydrogel against a flat hydrogel
countersurface. It was shown that the coefficient of friction in the migrating contact is strongly
speed-dependent but weakly time-dependent. For a situation with stationary contact, the friction
coefficient is strongly time-dependent but weakly speed-dependent. In contrast to the previous
two cases, the self-mated interface has a lower dependence on sliding speed and time [88,104].

It was suggested that for the “Gemini” (self-mated) interface the contact contains
significant interfacial water. The contact area is determined by permeability and the elastic
modulus, both of which are mainly controlled by the mesh size of the hydrogel network
[88,89,104,105]. The mesh size controls how fast water can be pushed through the network
under a given load and defines the elasticity of the gel. The significance of the polymer mesh
size in determining the friction of the “Gemini” hydrogel interface leads to mesh-confined

lubrication, in which mesh size is the single parameter influencing the lubrication behavior [89].
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Figure 1-24 Friction coefficient as a function of sliding speed for five different polymer mesh
sizes collapsing in a single universal curve that illustrates the transition in friction behavior
from the speed-independent to the speed-dependent friction regime. In this curve coefficient of
friction is divided by the friction coefficient in the speed-independent regime (po) [89].

In a series of experiments by changing the mesh size of the polymer and sliding speed,
it was found that larger mesh size results in lower friction coefficients. Moreover, friction
coefficients were lowest for the slowest sliding speeds. In a hydrogel, the polymer relaxation
time is given by eq. (1-14) [89]:

T= kT (1-14)

where £ is the polymer mesh size, 7 is the viscosity of water, ks is the Boltzmann's constant,
and T is the temperature [35]. As can be seen from the friction tests, the coefficient of friction
appears to be speed independent at slow sliding speeds. At a transition speed, the COF starts to
increase by increasing the sliding speed. It has been suggested that the transition occurs when
the relaxation time (z) is equal to the time it takes for the surface polymer chains to go over one

mesh size. Thus, the transition speed can be calculated by replacing = in eq. (1-14) with &/ v*.
Then, the transition speed is v* = ';‘2’;: When the sliding speed is rescaled using the transition
speed by dividing sliding speed (vs) by the transition speed ( v*), the resulting x-axis will be a
dimensionless number. The dimensionless number is shown in the x-axis of Figure 1-24. The

y-axis is normalized by dividing all the COF values by the COF in the speed-independent
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regime (po). After normalizing the data from the samples with different mesh sizes, all datasets

collapse to a single curve [89].

1.4.3 Surface roughness and frictional properties

Pitcher of the carnivorous plant Nepenthes is an example of a textured slippery surface
in nature that has evolved organs for attracting, capturing and digesting small animals. Studies
on the surface morphology of peristome revealed that it carries regular microstructures
consisting of radial ridges, which is shown in Figure 1-25 [106]. A homogeneous liquid film
wets the surface of the peristome and makes it slippery for insects so that the prey slides into
the pitcher [8,106]. Previous studies have illustrated that surface topography, when combined
with water, is the main parameter to reduce the attachment of insects on plant surfaces [8]. The
surface roughness in articular cartilage is also reported to play an important role in the healthy

performance of this tissue [107].
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Figure 1-25 SEM images of peristome showing radial structures toward the pitcher [106].
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Inspired by the examples available in nature, Yashima et al. have investigated the
influence of surface roughness on the friction of hydrogels [108]. Samples with various surface
roughness (2 um, 4 um, 9 um, and 21 um) have been achieved by glass templates with specific
surface roughness. Frictional resistance between the samples and glass has been measured by

changing the sliding speed.

According to the experimental results shown in Figure 1-26, hydrogels with rough
surfaces show higher friction in comparison to the one with a flat surface [108]. The friction of
samples with rough surfaces reduces with velocity, while the flat sample exhibits an

elastohydrodynamic (EHL) transition.
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Figure 1-26 Frictional stress as a function of sliding speed for samples with different surface
roughness a) 21 um b) 9 um c) 4 um d) 2 um and e) flat sample [108]. The three different colors
on the plots show the 2", 3" | and 4" test results on each sample.

Initially, lower friction is expected for rough hydrogels as a result of a smaller contact
area; however, the observations contradict this assumption. In this study, observations by
confocal laser microscope showed that a thin water layer is trapped in the case of a flat sample
due to heterogeneous dewetting, although water can drain easily when the surface is rough.
Additionally, the apexes of rough samples can make direct contact with the glass surface and
result in high friction [108].

1.5 Surface-attached hydrogels

Surface modification is a method widely used to get desirable properties and
functionalities on surfaces. Surface treatments can be achieved by different processes to change
the surface energy of the material, adhesion, wetting, absorbing, or releasing properties.
Methods such as deposition and lamination usually give noncovalently bonded coatings that
are prone to wear over time [109]. Surface properties modification might be achieved by
tailoring surface roughness by means of abrasion or sandblasting even though these methods
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result in surface damage that introduces micro-cracks. Surface activation via atom
bombardment, plasma treatment and laser treatments operating costs are very high [74]. Thus,
attaching the thin polymers layers to a solid substrate is highly desirable to modify surface
properties and enhance the stability of the thin layers [110]. One of the main problems
associated with hydrogels is the adhesion between the deposited layer and the substrate, as these
layers swell in contact with water. Upon swelling, shear stress will be induced within the plane
of the surface and cause delamination. To solve this problem, the hydrophilic polymer chains

can be covalently anchored to the substrate surfaces [111].

1.5.1 C, H-Insertion Crosslinking (CHic)

C, H insertion crosslinking (CHic) is a novel crosslinking method in which crosslinking
and covalent attachment to the substrate occur simultaneously, as reactive groups are
incorporated into polymer chains by a copolymerization reaction. When the substrates do not
have C-H groups, prior to polymer deposition and grafting self-assembled monolayers such as
silanes, thiols, and phosphonates are formed that can bind to the reactive groups present on
glass, silicon, gold, aluminum, and titanium surfaces [111]. The copolymer containing reactive
groups can be deposited on substrates by different coating methods such as for example, dip
coating, spin coating, and doctor blading. The reactive groups of the copolymer can be activated
either thermally or photochemically, as illustrated in Figure 1-27 [111]. A very common
reactive group to be used in the CHic reaction is the benzophenone unit. Benzophenone groups
are easy to incorporate into the polymer and upon UV activation, they can be excited to a
biradicaloid triplet state, which has a very long lifetime and leads to a straightforward

crosslinking reaction[110].

4-methacryloyloxy benzophenone (MABP) photoactive groups were frequently
copolymerized with N,N-dimethyl acrylamide. After UV irradiation, the active groups generate
biradicals and abstract hydrogen from nearby C-H groups depicted in Figure 1-28. The
generated carbon radicals can recombine with either neighboring polymer chains or the
substrate forming a network that is attached to the substrate. As the crosslinker content is
increased, the swelling ratio of the network is reduced, which is caused by the hydrophobic

nature of the crosslinker and the increased crosslinker density[110-113].
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Figure 1-28 (a) Chemical composition of poly(dimethyl acrylamide)-co-MABP. (b) C,H
insertion reaction of polymers with benzophenone [111].

1.5.2 Anisotropic swelling of surface-attached networks

The most important feature of surface-attached polymer networks is their anisotropic
swelling, as they are covalently bonded to the substrate. Swelling can only happen normal to
the substrate due to their limited thickness compared to surface substrate dimensions. A
relationship has been proposed by Toomey et al. as a modification of the model by
Flory-Rehner theory to estimate swelling of surface-attached hydrogels by knowing the
swelling of unconstrained ones. For a one dimensional system, swelling is as given in eq. (1-
15) [114]:

hy (1-15)

as = —
hy

Here a; is the swelling ratio perpendicular to the surface. h,and h, represent the film thickness

in swollen and dry state, respectively.

34



Introduction

An unconstrained polymer network can swell isotropically in all dimensions, meaning
swelling ratio is equal in all directions (e, = a,, = a,), where «; is the linear increase in length
in the i direction. Hence, the volumetric swelling (S) is equal to a,3. It was found that the
surface-attached networks swell less than the unconstrained gels at the same crosslinker
content. Using the volumetric swelling degree (S), which is a3, the degree of equilibrium
swelling for unconstrained (a,,. and S,,.) and surface-attached (a,, and S,,) polymer network

can be obtained by the following equations:

1 3
1 5 1 5
= =~ (1'16)
Fuc ((pONC) SuC ((pONC)
1 \73 1 \73 (1-17)
Fsa = (goONC> Ssa ¥ (goONC)

In eq. (1-16) and (1-17), N, is the number of segments between crosslinks and ¢, represents

the volume fraction of unswollen polymer occupied in the prepared state.

The linear swelling degree of surface-attached networks depends more on the crosslink
density compared to the unconstrained network. Accordingly, the surface-attached networks
experience higher osmotic pressure, which is partially relieved by further stretching in its
swelling direction perpendicular to the surface, thus leading to a higher linear swelling than the
unconstrained network. From equation (1-16) and (1-17), the relation between the volumetric

swelling degree of surface-attached and unconstrained network can be predicted by eq. (1-18):

Ssa = 51,5159 (1-18)
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2 Goals and concept

Synovial joints exhibit low friction under varying load conditions and can undergo
millions of loading cycles without wear and failure [5,30]. In joints, both countersurfaces (i.e.,
bones) sliding against each other are covered by cartilage, which is a soft cushion-like tissue
[23,30,87]. The spectacular frictional properties are due to an interplay between the cartilage
and the synovial fluid. Articular cartilage, although being complicated in its structure, is a two-
component material consisting of a soft matrix and interstitial fluid (mainly composed of water).

Previous studies on lubrication of surfaces bearing charged brushes show that these
surfaces can provide extremely low friction [71]; however, charged brushes are susceptible to
fragmentation of the chains through “entropic death” [67,115], so that they can be detached
from the substrate [23]. Additionally, thicknesses of brushes are rather small compared to the
size of typical roughness features, which results in limitations in the application of brushes as
lubricants.

Hydrogels are composed of a flexible polymer matrix and a high percentage of water,
which is very similar to articular cartilage. In many studies, it has been shown that swollen
hydrogels with high water content can result in well-lubricated surfaces. In spite of the many
studies on the tribology of hydrogels, the lubrication mechanism is not currently fully
understood. The lubrication of hydrogels cannot be explained by the conventional Stribeck
curve [116], as they consist of an immobile polymer network and a mobile fluid moving through
(and out of) it (“biphasic nature) [117]. Influence of load and sliding speed onto the frictional
properties has been investigated extensively, although leading to considerable discrepancy both
in the experimental results and in the interpretation of the data [101,118,119]

One of the reasons for such inconsistency is that most of the previous studies have been
carried out between a hydrogel sample and a solid impermeable slider [117,120-124]. In such
a case, the interaction between the two opposing surfaces and chain entanglement between
subchains of the swollen polymer networks may play a significant role. Therefore, it is expected
that the friction behavior of two identical hydrogel surfaces sliding against each other will differ
largely from that of a solid slider sliding on a swollen gel. In more recent cases, friction systems
have been studied, where the surfaces sliding against each other are both covered with
hydrogels [88,89,104,105,116]. It has been shown that friction is indeed significantly lower

when identical permeable counter-surfaces are in contact [88].
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Furthermore, the frictional properties of free hydrogels cannot be compared with the
constrained surface-attached ones. Major difficulties associated with soft hydrogels is their
handling and stability. These problems can be eliminated by covalent bonding of the gel to a
stiff substrate, which can prevent delamination of the strongly swollen layers, especially during
compression and shearing. The difference between the bulk and surface-attached hydrogels
arises from the dissimilarity in their swelling behavior [114]. Similar to brushes, surface-
attached layers can extend only in a direction (i.e., away from the surface) normal to the
substrate. Stretching away from the surfaces influences different properties of the polymer
networks such as swelling behavior, mechanical properties, and whether they can be penetrated
by large molecules in a contacting environment [88]. The strong configurational entropy effect
prevents the interpenetration of the chains of two contacting hydrogel surfaces. Frictional
properties of such layers need further investigations specifically under strong compression as
the layers show extensive deswelling and the transport of water within the network during the
deswelling/swelling processes plays an important role in lubrication of such a system.

The main goal of this thesis is to understand the lubrication behavior of surface-attached
hydrogel coated surfaces, as understanding the lubrication mechanism is the key to future
advances toward modification of the lubrication by means of hydrogels. In order to achieve this
goal, we first examine different properties of surface-attached hydrogels that can influence
frictional properties such as elasticity, permeability, and adhesion. To study the lubrication
properties, we record the adhesion of the two layers at low loading and low shear rate and then
investigate the friction coefficient at high loading (i.e., close to the pressure range occurring in
synovial joints) and rather high shear rates. For surface-attached layers, the thickness is also an
important parameter. Therefore, we study the influence of layer confinement, which is
penetration depth to thickness ratio, by performing friction tests on different thicknesses. The
lubrication mechanism of surface-attached hydrogel pairs is explained in light of the biphasic
theory.

The next question that is targeted to be addressed in this thesis is if the lubrication of
the surface-attached hydrogels can be altered by introducing surface patterns. Previous studies
have pointed out the importance of the surface roughness on frictional properties of contacting
surfaces [45,108,125]. It has been shown that the lubrication regime can be altered according
to the surface roughness [108]. Thus, we investigate further whether deliberately induces
surface roughness can result in changes in lubrication behavior. Presumably, reduction in the

contact area and presence of the interfacial water on textured hydrogels must result in lower
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friction, and therefore, better lubricating surfaces. We carry out friction tests on textured
hydrogels to study the effect of pattern size, direction, and shape on the friction.

Finally, it would be interesting to move closer to the biological example (i.e., synovial
joint). We want to elucidate how the properties of the aqueous phase influence friction behavior.
When surface-attached hydrogel pairs are in contact, water squeezes out of the interfacial gap
in contacting surfaces due to its low viscosity. Thus, we would like to elucidate whether a high
viscosity solution can increase the load-carrying capacity and improve the lubrication of
surface-attached hydrogels or not. The strategy followed here is to take a polymer, which is
easily water-soluble PVP (poly(vinylpyrrolidone)), to increases the viscosity without adding
any further interactions between the hydrogels and the solution, as PVP is a neutral polymer.

Finally, first experiments are performed to mimic the lyotropic properties of the
synovial by adding molecules to the water, which can orient in the shear field. Lubricating steel
surfaces using C8 (octyl B-D-glucopyranoside), which is a water-soluble and environmentally
friendly substance, shed light on the very interesting lubrication properties of this substance
[126]. By increasing the shear rate, the molecular alignment of the surfactants in the interfacial
gap facilitates sliding. The anisotropic viscosity realizes a high load-carrying capacity but
exhibits low viscosity in the shear direction [126]. Accordingly, friction tests are performed on
a system with surface-attached hydrogel pairs lubricated by C8 to study if the lubrication can
be further improved by applying this additive to the water.
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3 Lubrication of surface-attached neutral hydrogels

3.1 Surface-attached hydrogels

In most of the systems, friction is usually generated from adhesion and
deformation [49,50]. Adhesion arises from a formation of adhesive junctions between
countersurfaces by van der Waals or Columbic interactions. When two highly hydrated surfaces
are in contact, due to the presence of water, adhesion is substantially low. This could be one of
the important reasons that twin hydrogel surfaces show profoundly low adhesion [88].

In this study, poly(dimethyl acrylamide-co—methacryloyl oxybenzophenone) is used to
produce the surface-attached hydrogel layers. This polymer has been chosen as it contains
photoreactive benzophenone groups. Benzophenone is inert in the absence of light and it
attaches to C-H bonds in different chemical environments [110]. Detailed synthesis and sample

preparation are explained in the experimental chapter.

3.1.1 Swelling properties

Bulk hydrogels can swell isotropically in all directions, whereas thin surface-attached
layers can only swell in one dimension perpendicular to the substrate, as shown in Figure 3-1.
Entropic barrier against entanglement and interpenetration of the chains coming from outside
leads to a very low adhesion between two surface-attached hydrogels even under strong

compression.
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Figure 3-1 Isotropic swelling of bulk hydrogel versus anisotropic swelling of thin surface-
attached layers [127].

When two surface-attached networks are brought into contact, as illustrated in Figure
3-2b, the dangling end of the chains at the interface either have to interpenetrate or deform.
Strong stretching of the chains in such surface-attached systems prevents an interpenetration of
the network by chains coming from the outside, especially when the network and incoming

polymer exhibit no strong enthalpic interactions (e.g., Coulomb or hydrophobic interactions)
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[111]. When additional chains are brought into this layer, this will force the polymer sub-chains
in the network to become even more stretched and lead to an entropy loss. Such an entropy loss,
however, cannot be compensated by any energy gain as the system is chosen such that enthalpic
interactions are excluded. Therefore, the addition of large molecules will cause only a limited
entropy of mixing, leading to the formed energy barrier, which prevents the attachment of any
large molecules [111,128]. Indeed the exclusion of large molecules by surface-attached
hydrogels is counter-intuitively even stronger than that of polymer brushes. In Figure 3-2a, a
schematic comparison of the density profile of brushes and surface-attached networks is
depicted. The segment density of brushes changes by varying grafting density and molecular
weight of brushes. As the distance from the substrate increases, the segment density possesses
a parabolic decay with an exponential tail. The segment density of surface-attached networks
depends on the crosslinker density. In comparison to brushes, the density profile of surface-
attached networks stays constant up to a larger distance from the substrate and then decreases
suddenly, similar to a delta function. The very small interdigitation and delta-like segment
density profile of the surface-attached polymer networks, rendering them attractive candidates
for the generation of low friction surfaces [111,112,114,128].

>

Density profile S

Distance from surface

a) b)

Figure 3-2 a) Schematic comparison of the profile density as a function of distance from the
surface for surface-attached hydrogels (slid line) [112] and brushes (dashed line) [23]
b) Possible interaction of two surface-attached networks. Chains with dangling ends (depicted
in green) either have to interpenetrate or deform.

3.1.2 Thickness measurement

The thicknesses of samples were measured by an atomic force microscope (JPK
Nanowizard 4) and (Dektak XT Brucker) profilometer. For this purpose, samples were

scratched to generate a step and the step height was measured. The thickness could be measured
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in the dry state and in the swollen state in water by AFM in AC mode (tapping mode) when the
thickness is smaller than 15 pum. An example of such a measurement is shown in Figure 3-3.
The red curve and the black curve in this figure present two different cross-sections of the
measured profile. As can be seen, the values in the figure are not absolute values. Therefore,
the thickness has to be obtained by calculating the height difference. The dry thickness for this
sample is about 11.9 pm.

Thicknesses above 15 pum were recorded using the profilometer. However, due to the
contact of the cantilever of the profilometer with the sample and softness of the hydrogel
samples, only dry thickness could be recorded by the profilometer. In order to avoid any damage
to the sample, the force of the cantilever tip was adjusted to a low value (10 mg). The thickness
was averaged over two different measurements on two different tracks. To obtain the thickness

in the swollen state for a thick sample, we have used a method explained in section 3.1.3.
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Figure 3-3 Two cross sections of the measured step height with AFM in AC mode in dry state
on PDMAA-1% MABP sample. Thickness of this sample is about 11.9 pum.

3.1.3 Swelling ratio and kinetics measurement

Due to the limits that were described in the previous section, to get the wet thickness, a
glass slider with a radius of 25.94 mm (Edmund optics) was brought into contact with the dry
sample at a contact force of 3 mN in nanoscratch setup (CSM nanoscratch Anton Paar GmbH),
as illustrated schematically in Figure 3-4. Then water is added to the dry polymer while the
slider is still in contact with the dry sample surface. As the sample swells, the contact force was

kept constant, so as the applied pressure thanks to the large contacting sphere, and the deflection
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of the cantilever was recorded. The extent of water uptake of the network layer can be expressed
by the swelling ratio, which is defined for a surface-attached gel as the ratio of the wet thickness
to the dry thickness (S = h,/h;). The increase in the thickness of the sample with 13.6 um dry
thickness after adding water was 61 um so that a wet thickness of 74.6 um was recorded. The
swelling ratio S for the hydrogel layer is thus S = 5.4. Accordingly, the amount of water in the
network is given by the ratio of the change in the thickness by the wet thickness. Thus, in the
present case, the hydrogel contains about 82% water. The time needed for complete swelling
of the samples measured in this work was 20- 40 minutes, depending on the thickness and

crosslinker density.

For the PDMAA-1%MABP, the recorded swelling ratios are ranging from 4.5 to 5.4,
while this value is lower for the hydrogel with 5% crosslinker density as the crosslinker agent
(MABP) is hydrophobic in its nature. Besides, the higher crosslinker contents give a network
with a higher density, which has a lower swellability. The swelling ratio for PDMAA-
5%MABP is about 2.5,

lFN=3mN

lFN=3mN <

Water added .
hy } dry polymer hy I hydrogel
substrate substrate

Figure 3-4 Schematic depiction of the swelling ratio measurement — the cantilever deflection
is measured while the contact force is kept constant.

The swelling process of a polymer gel is a kinetic process composed of mass transport
due to diffusion of water and mechanical deformation of the network [129]. During swelling,
there is a competition between two forces: the force that leads to the solvation of the polymer
chains (mixing energy) and the force that avoids the stretching of chains (elastic energy) [130].
Different parameters such as the polymer network structure, mechanical deformation, solvent-
polymer interaction, can change the duration and intensity of the swelling process [131]. The
swelling of surface-attached gels seems to be a two-step process until it reaches saturation,
which can be seen in Figure 3-5. In this figure, thickness change is shown as a function of time
for a sample with 10.2 um dry thickness. Firstly, the swelling rate is almost constant (14.4

nm/s), and the thickness change continues almost linearly as a function of time. After some
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time, the swelling process seems to happen faster until it saturates. The final thickness of this
sample is 46.2 um which means the swelling ratio is about 4.6. Sample with 74.6 pm thickness
has a swelling rate of 16.9 nm/s. At the beginning of the swelling process, small elongation of
the polymer chains can happen easily, but, further stretching becomes more difficult; however,
transport phenomena becomes easier. As water diffuses into the polymer network, it creates an
osmotic pressure. Initial swelling at the surface then creates space for additional water. This

phenomenon might be the cause of the non-Fickian diffusion process.
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Figure 3-5 Swelling kinetics in terms of sample thickness change as a function of time for a
sample with 1% crosslinker density and 10.2 um dry thickness.

3.1.4 Surface topography of surface-attached hydrogels

One of the factors that can influence friction between surfaces is the surface topography.
Some examples of such surfaces available in nature were already discussed in the introduction
chapter. Therefore, it is worthwhile to study the surface topography of surface-attached flat
samples. When samples are exposed to water, during the swelling process, buckling or
wrinkling of the gel may take place. This phenomenon has been studied by many researchers
experimentally and theoretically [132-135]. When the gel layer is constrained to a stiff
substrate, it can swell freely only in the direction perpendicular to the substrate, but not in the
plane of the substrate. The in-plane constraints of deformations generate the in-plane

compressive stresses leading to creases and wrinkles on the surface [132-135].
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We have investigated the distance and the depth of these structures using AFM and
optical microscope. The results are demonstrated in Figure 3-6 and Figure 3-7, respectively.
AFM images were obtained in AC mode (tapping mode) by a standard non-contact cantilever

with a sharp tip (ACL-W cantilever from APPNano Company).

2.3 um

0.0 pm

Figure 3-6 Surface profile of a sample with 10.2 um dry thickness and 46.2 pum wet thickness
obtained by atomic force microscope with the scanned area size 50 x 50 pm?,

To study the relation between the surface wrinkling phenomenon and sample thickness,
we chose six samples with different thicknesses (2.7 um, 4.7 um, 10.2 um, 13.6 pm, 23.3 um,
20.6 um). Figure 3-7a represents the layer thickness of 2.7 um (dry thickness) for which no
wrinkles were observed. However, for the other samples, wrinkles were found on the wet
hydrogel surfaces. It can be seen clearly that as the thickness increases, the wrinkles become
larger and the distance between them gets larger. This observation is consistent with the
proportionality of the wrinkles period and the thickness of the hydrogel layer described by
Schweikart et al. [136]. In order to measure the periodicity of the wrinkles, the distance between
two consecutive wrinkle centers was measured. The results given in Table 3-1 are the average
of five measurements for each sample. Although the size of wrinkles and their distance increase
for thicker samples, the depth of the wrinkles does not change considerably. The maximum
depth of the wrinkles is 2.4 um. Accordingly, when the penetration depth is larger than this
value, the surface patterns are already flattened and might have a minor influence on the

frictional properties.
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Figure 3-7 Optical images of samples with different thicknesses: a) 2.7 um, b) 4.7 pm,
) 10.2 um, d) 13.6 um, €) 23.3 um, and f) 20.6 pm.

Table 3-1 Influence of thickness on the wrinkling periodicity.

Sample Dry thickness (um) Wet thickness (um) Wrinkle distance (um)

b 4.7 24.5 16.8
C 10.2 46.2 14.7
d 13.6 74.6 42.6
e 23.3 96.8 62

f 20.6 98.8 52.2
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3.1.5 Swelling pressure measurement

Swelling pressure is the pressure that has to be applied to the hydrogel to deswell it from
the swollen state to the completely dry state or the counter-pressure when a dry polymer starts
to uptake water and becomes swollen. To measure this pressure, we carried out a compression
test using a tensile test machine (Zwick Z 2.5 (Zwick GmbH, Germany)). The principle of the
measurement setup used for this experiment is depicted in Figure 3-8a. The compression rate
was kept very small (60 pm/min) to eliminate the effect of flow rate on our measurement and

make sure that the gel is equilibrated during compression.

As a reference, the compression test was performed without the hydrogel sample to
record the internal friction of the syringe. This value was then subtracted from the force we
recorded while compressing the gel.
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Figure 3-8 a) Swelling pressure measurement setup, a syringe compressing the fully swollen
gel up to the dry state thickness b) Swelling pressure of PDMAA-1% MABP and PDMAA-
5% MABP as a function of time.

Since thick samples are required for the swelling pressure experiment, bulk hydrogels
were prepared by molding the polymer solution in a PTFE mold. The thicknesses were
measured in the dry and fully swollen states. The hydrogel samples were fully pressed until
their thickness reached the dry state thickness. During the test, the sample was compressed at a

constant speed, and the pressure to squeeze out the water was recorded. In Figure 3-8b, the
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results of the swelling pressure experiment are presented for two different crosslink densities.
Swelling pressure was about 60 kPa and 90 kPa for PDMAA-1% MABP and PDMAA-5%
MABP, respectively. The hydrogel with higher crosslinker density showed higher swelling
pressure; however, the difference is only about 30 kPa. It must be taken into account that the
samples used in the swelling pressure experiments were bulk hydrogels, which must differ from

the surface-attached ones.

3.2 Indentation tests for elastic modulus measurements

Nanoindentation tests are usually performed to extract elastic modulus and hardness of
the specimen material from load-displacement curves. Load-displacement curves are obtained
by recording force and penetration depth as the load is applied from zero to a maximum force
and then from maximum force back to zero [59].

To determine the elastic modulus of our hydrogel samples, an atomic force microscope
(JPK Nanowizard 4) was used in contact mode (force mapping mode). The AFM cantilevers
(CP-CONT-PS-A) used in these measurements were ordered from NanoAndMore Company.
Colloidal cantilevers have a polystyrene bead with a diameter of 1.98 um attached to them.
Sharp cantilever tips might induce local strains that far exceed the linear material regime and
ultimately might even plow into the gel. Due to the smallest stress and strain concentrations, a
spherical indenter geometry was preferred. Moreover, the spherical indenter was needed to
reduce the penetration depth and thereby minimize any substrate effects on the measured elastic
moduli. All the indentation tests were carried out in water. The obtained sensitivity and spring
constant from the calibration of the cantilever was 33.2 nm/V and 0.42 N/m, respectively.

Figure 3-9 illustrates a typical force-distance curve. As can be seen, when the cantilever
is far from the surface, there is no interaction force. As it approaches the sample, electrostatic
forces and long-ranged interactions may occur. As the tip gets very close to the surface, van der
Waals and capillary forces start to act on the cantilever. If the interaction is strong, the cantilever
may jump into contact and finally start to penetrate the sample where interactions become
repulsive. As the cantilever is retracted from the surface, a pull-off effect due to adhesion could
be observed. Finally, the interaction force will become zero as the tip gets further from the
sample surface. In our measurements, since all the system is immersed in water, there is no

capillary force.
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Figure 3-9 Typical tip-sample interaction and resulting force-distance curve [137].

3.2.1 Influence of confinement on elastic modulus measurement

In a homogeneous material, one expects to measure only one value of an elastic
modulus, although, for several reasons, experimental results may result in a variation of the
modulus with indentation depth. For the measurement of the elastic modulus, any indentation
will result in some influence from the substrate, since the elastic deflections of both the substrate
and the film contribute to support the load. However, because of the localized nature of the
indentation stress fields, more support comes from the film than the substrate. It is best to
perform a series of indentations from a very low load to a reasonably high load and then plotting
modulus versus indentation depth. Extrapolation to a plateau at shallow indentation depth

should result in a value of modulus for the film [138].

For thin surface-attached layers, the stiff substrate can influence the elastic modulus
measurements as well. The depth of the zone, which is influenced by the applied stresses, is
called relaxation depth (presented in Figure 3-10). When the relaxation depth is smaller than
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the thickness (8,- < h), no thickness dependence of the elastic modulus should be observed.
The relaxation depth larger than the thickness (8,- > h) leads to higher apparent modulus. If the
sample is thick enough in comparison to the penetration depth, compressed layers can relax
properly. However, in a thin layer, the deformed network does not have the chance to relax
properly. In order to avoid any influence of thickness, the indentation test was performed on
the thickest sample with a wet thickness of 74.6 um by applying a very small load of 5.5 nN.
Indentation speed was also kept small (1 um/s) so that there is no effect of water flow during
the indentation tests. As the contact area is very small and indentation speed is low, we assume

that the sample is in a relaxed state during the indentation.
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Figure 3-10 Relaxation depth in comparison to the thickness of the hydrogel layer.
a) Relaxation depth larger than thickness b) Relaxation depth smaller than thickness.

Force-indentation curves were recorded on three different spots of each sample on an
area of 100x100 pm?. For each spot, 64 force-distance curves were recorded. An example of a
force curve for PDMAA-1%MABP with 74.6 um thickness is given in Figure 3-11. As can be
seen, the approach and retract curves overlap, indicating a completely elastic behavior. The
elastic modulus was obtained by fitting the Hertz equation to the force-indentation curve since
no adhesion occurs and the behavior is elastic. The indentation depth for the measurement
shown in Figure 3-11 is about 250 nm, which means the penetration depth is only around 0.3 %
of the thickness. In such a small penetration depth, the influence of the substrate should be
negligible. The average measured elastic modulus for PDMAA-1%MABP with a 74.6 um
thickness is 49 + 20 kPa.
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Figure 3-11 Force-distance curve from indentation test by AFM on a sample
(PDMAA- 1% MABP) with 74.6 um wet thickness.

In order to investigate how the substrate may affect the measurement of elastic modulus,
a stiffer colloidal cantilever (CP-NCH-PS-C-5 NanoandMore GmbH) with a spring constant of
42 N/m is used so that the indentation test can be performed at higher penetration depths. For
this purpose, indentation tests were performed on a thin sample (10.8 um), which provides the
possibility to check the influence of high confinement. As the thickness of the sample is
reduced, the force required to indent up to a specific depth increases and consists of the apparent
stiffening effect classically observed. In Figure 3-12, the apparent elastic modulus was given
as a function of applied load and penetration depth. When penetration depth to thickness ratio
(confinement) is below 3%, no influence of substrate was observed. However, the effect
becomes prominent after this point, and the measured elastic modulus is higher than the elastic
modulus of the hydrogel itself. For penetration depth above 300 nm, the apparent elastic
modulus increases as the indenter penetrates further. As the confinement reaches 0.1, the

apparent elastic modulus increases to around 3 MPa.

It should be noted that the Hertz theory assumes a half-space elastic bodies in contact
with a flat surface. Figure 3-12 evidences a clear deviation from Hertz theory in case of confined
thin samples since the substrate stiffness influences the relationship between the indentation
depth and stress field. The few theoretical models available for finite thickness samples in
literature are inconvenient because they require extensive numerical computations due to the
geometric nonlinearity. The complication of these models avoids their use for routine analysis

of force-displacement curves [139]. An example of these theoretical models is given in eq. (3-

52



Lubrication of surface-attached neutral hydrogels

1), where Green’s function is derived for a thin sample bonded to the substrate. This function
Is used to estimate indentations. Finally, the integral equations are satisfied by a computed,

effective pressure profile acting on the Hertzian contact area [139].

_16E VRS VRS

= — 1/2 3/2 R )2
F=——R72872(1+1.133——+1.283(——)

3-1
+ 0.769(\/?)3 + 0.0975(\/?)4 G-

The term outside the bracket in the above equation is the Hertz solution and the terms inside
the bracket are the corrections required for a confined sample. However, in this equation, it is
assumed that the maximum strain does not exceed 10% (& < 0.1 h), where material still has

linear behavior [139].
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Figure 3-12 Influence of confinement on measured elastic modulus a) Measured elastic
modulus as a function of applied load in the indentation test by AFM b) Measured elastic
modulus for different penetration depths.

The indentation tests on the thin sample (10.8 um) show that for small indentation depth
(below 3 % of the thickness), there is no influence of the substrate. During the indentation test
on the thick sample with a thickness of 74.6 pum, the indentation depth was about 0.3 %, which
is ten times smaller than the measured threshold. Therefore, the measured elastic modulus for
this sample (49 + 20 kPa) can be considered as the elastic modulus of the hydrogel with 1%

crosslinker density.
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3.2.2 Influence of crosslinker density on elastic modulus

The mechanical behavior of a hydrogel strongly depends on the strength of bonding.
Hydrogels with covalent bonding tend to show elastic behavior, as the crosslinks hold the
polymer chains tightly together while hydrogels with secondary bonds show a viscoelastic
behavior due to the mechanism of breaking and rearrangement of the crosslinks. Thus, the type
and density of bonding between the polymer chains can significantly influence the properties

of the resulting hydrogel.

The influence of the crosslink density on the compressive behavior was investigated by
applying 5 nN load with a colloidal probe of AFM on samples with similar thickness around
70 um but different crosslinker contents (0.5%, 1%, and 5%). It can be seen from the force-
distance curves shown in Figure 3-13, the sample with higher crosslink density is more difficult
to compress, so the indentation depth gets smaller for the given applied load by increasing the
crosslinker density. Higher crosslinker density results in a denser network, which means the
distance between the crosslinks is shorter (smaller mesh size). An increase in crosslinker density
results in higher polymer volume fraction and lower water content/swelling ratio. As a result of
the smaller mesh size, the mobility of the polymer network and bound water decreases,
consequently, that the hydrogel becomes stiffer.
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Figure 3-13 Force-distance curve obtained from AFM indentation tests for three different
crosslinker densities (0.5%, 1% and 5% MABP). Samples have similar thicknesses around
70 pm.
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Elastic modulus obtained from indentation tests by AFM for the three crosslinker
densities are given in Table 3-2. Comparing measured elastic moduli for different crosslinker
densities shows that five times increase in the amount of crosslinker leads to an elastic modulus
which is 8 to 10 times stiffer. For a semi-dilute hydrogel composed of flexible polymers, the
elastic modulus is proposed to scale with the network mesh size as E ~ &2 [140,141]. The ratio
of the mesh size for 1% and 5% crosslinker density can be calculated from the ratio of swelling
ratios measured in section 3.1.3. This ratio predicts an elastic modulus of the 5% MABP that it
is eight times higher than that of 1%MABP. Consequently, mechanical and transport properties
of hydrogels can be easily tuned through adjusting the ratio of monomers and crosslinker units.
The relatively high scattering of the measured elastic modulus can be the result of

inhomogeneous distribution of the crosslinker.

Table 3-2 Elastic modulus of hydrogels with three different crosslinker densities.

Polymer Elastic modulus
PDMAA-0.5% MABP 38.449 kPa
PDMAA-1% MABP 49.2 +20 kPa
PDMAA-5% MABP 734.14+296 kPa

3.3 Pull-off test

As was discussed in chapter 1, adhesion plays an important role in high friction of
surfaces. Therefore, it is of great significance to study adhesion between surfaces before
investigating friction. The pull-off force is the force needed to separate two surfaces. The pull-
off test has become a convenient method to characterize adhesion between two surfaces at the
micro- and nanoscales using cantilever-based force sensors, such as an AFM. For the pull-off
test, the indenter is first brought into contact with the sample, and then a force is applied to
indent into the material. After achieving a maximum specified force, the indenter pulls away
from the sample at a specified retraction speed. During this process, the nano-indenter device
continuously measures displacements and forces, and the pull-off force can be measured. The
pull-off force is taken as the minimum on the retract curve, as presented in Figure 3-9. Since
hydrogels are compliant materials and the pull-off test is performed with an indenter with a
large radius, JKR theory is the proper model to describe in case any adhesion occurs. According
to the JKR theory, the pull-off force is [2]:

55



Lubrication of surface-attached neutral hydrogels

(3-2)

3
E,, = —=W,nR

2

Here R is the radius of curvature of indenter and W, is work of adhesion.

In our experiments, we used AFM and the nano-indenter setup to measure the pull-off

force between two hydrogel coated surfaces.

3.3.1 Adhesion between two hydrogel coated surfaces

As one of the components contributing to friction, adhesion has to be measured and
compared to the friction force. Adhesion is expected to be rather small as the measurements
were performed in an aqueous medium between two highly hydrated surface-attached

hydrogels.

The pull-off tests were performed on two different scales. On the micro-scale, this force
was determined by an atomic force microscope. The AFM pull-off tests were carried out
between hydrogel pairs by a colloidal cantilever with a hydrogel coated polystyrene bead
(1.98 um diameter). During the AFM pull-off test, it was observed that the pull-off force is
almost zero (i.e., the contact can be considered as Hertzian) for both PDMAA-1%MABP and
PDMAA-5%MABP as these layers are basically bound water and the probability of chain-chain

interaction is very low due to the negligible interpenetration as discussed in 3.1.1.
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Figure 3-14 a) Pull-off test performed with nanoscratch setup on PDMAA-1%MABP at Fy =
400 mN, v = 0.02 mm/s and Fy = 1000 mN, v = 0.6 mm/s b) Pull-off test with nanoscratch
setup on PDMAA-5%MABP at Fy = 400 mN, v =0.02 mm/s and Fy = 1000 mN, v = 0.6
mm/s.
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Nevertheless, adhesion may become noticeable when the contact area gets larger. Thus,
the pull-off tests were performed on a larger scale by a nano-scratch with a glass indenter of
25.94 mm radius coated with hydrogel. The normal force was applied, the surfaces were kept

in contact for 5-10 seconds, and then the indenter was retracted at two different speeds.

We measured the pull-off force at different retract speeds (v = 0.02 mm/s and v = 0.6 mm/s)
and different normal forces for PDMAA-1%MABP and PDMAA-5%MABP. It can be seen in
Figure 3-14a that the pull-off force is zero for PDMAA-1%MABP in both cases where the

normal load and retract speed are different.

The pull-off force is only observed for PDMAA-5%MABP at high retract speed (v =
0.6 mm/s) and normal load (Fy = 1000 mN). In this case, the pull-off force is 62 mN and its
value depends on the normal force (contact size) and retract speed. The penetration depth is
about 12 um. This means that the sample is compressed almost to its half thickness and most
of the water in the hydrogel network is squeezed out. Thus, the interaction gets closer to the dry
state, where adhesion between two dry polymer layers is stronger than the fully hydrated state.
Considering the pull-off test results, this force only exists when the crosslinker density is high

and the sample is strongly compressed.

3.4 Permeation test

Water permeation of hydrogels can be tuned by changing the crosslinker concentration
in synthesis or copolymerization by means of more hydrophilic or hydrophobic monomers.
Water in gels can be either bound to the polymer or free bulk water. Lower mobility of water
in hydrogels can be the consequence of chemical interactions or frictional effects [142]. Due
to attractive forces between water molecules and polymer matrix, the mobility of water through
gel can be reduced. Frictional effects can be classified as physical size exclusion, hydrodynamic
friction, and increased apparent viscosity of water [142]. Impermeable and slowly moving
polymer chains can hinder the displacement of water that leads to a longer effective path length
for diffusion. Moreover, the resistance of fluid flow in the polymer matrix (i.e., hydrodynamic
friction) and higher apparent viscosity of water differentiates bound water from free water.
Friction between polymer chains and water is considered to be the main parameter that controls
the water permeation of hydrogels, being responsible for the slow flow rate of water across the
hydrogel [143].
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Darcy’s law has been developed to describe the permeability of a fluid through a porous
media. Darcy’s law is given in eq. (3-3):

kA (3-3)

an_hp

In this equation, Q is the total discharge, k is the permeability, A is the cross-sectional area, p

is the applied pressure, n is the viscosity and h is the thickness of the sample.

Darcy’s law has been used by Fujiyabu et al. as a method to predict the friction
coefficient between the polymer network and water. The value of the friction coefficient can be
estimated by applying a hydrostatic pressure from the top of a hydrogel. Fujiyabu et al.
measured water permeation speed through the membrane in their experiment [143]. Afterward,

they calculated the friction coefficient between polymer chains and water using eg. (3-4).
_P
/= (3-4)

In the above equation, p is the applied hydrostatic pressure, h is the thickness of the
hydrogel sample and v is the permeation speed (Q/A). The coefficient of friction here, which
iIs in fact (n/k), differs from the conventional dimensionless friction coefficient and has units
of Ns/m* [143].

To measure the transport properties of water inside hydrogels, we used a setup presented
in Figure 3-15a (similar to Darcy’s experimental setup). Water permeation of swollen bulk
hydrogels was measured by means of a syringe with a diameter of 8 mm (the same setup used
for swelling pressure measurement). During this test, the compression velocity was 60 pum/min.
The compression force was recorded as a function of time and displacement using a tensile test
machine (Zwick Z 2.5 (Zwick GmbH, Germany)) with a constant compression rate. Figure
3-15b shows an example of the recorded force to obtain a constant flow rate as a function of
time. To eliminate the influence of the internal friction of the syringe, the test is repeated
without hydrogel as well and the recorded force was subtracted from the force we recorded with
the hydrogel. In a water permeation experiment, a hydrogel sample is always in contact with

water in order to allow it to completely swell it to an equilibrium state.
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Figure 3-15 a) Schematic drawing of experimental setup to measure permeability of hydrogels
b) Example of the recorded force to obtain a constant flow rate as a function of time for
PDMAA-1%MABP.

Hydraulic conductivity (K) is inversely proportional to the friction coefficient (f)
presented in eg. (3-4). Since the viscosity of water in the hydrogel is different from that of the
free bulk water, hydraulic conductivity is the property that describes how easily water can be
displaced through the hydrogel. Hydraulic conductivity is the property of the whole system,
including the porous medium and the flowing fluid. It is sometimes called ‘permeability’ in
studies relevant to hydrogels and cartilage. The obtained hydraulic conductivity (K) (illustrated
in Table 3-3) is lower for higher crosslinker density as the hydrogel with higher crosslinker

density has a denser network and lower permeability.

Table 3-3 Hydraulic conductivity (K) of hydrogels with different crosslinking density.

PDMAA-1%MABP PDMAA-5%MABP

3.53x10* m*/Ns 2.5%x10  m*Ns

The values obtained for the Hydraulic conductivity (permeability) of these hydrogels
are almost in the same range as the value reported in the literature for the uppermost layer of
articular cartilage (5.89x101* m%Ns) [37]. However, the permeability of this tissue changes

through the depth to a value which is 10 times lower than the permeability of the top layer [37].
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3.5 Creep test

In order to study the dynamics of hydrogel deformation, creep tests were performed. A
comparison between the relaxation time measured in the creep test and sliding speed might be
helpful in the explanation of the lubrication behavior. When a load is applied to a hydrogel
sample, the overall deformation of hydrogels is the result of simultaneously occurring water

displacement and polymer network deformation.

Creep tests on hydrogels were conducted by a nanoscratch (CSM) between the hydrogel
pairs. During creep tests, the normal force was kept constant as the penetration depth was
measured over time (shown in Figure 3-16). The penetration depth is expected to increase over
time as it is controlled by the transport of water through and out of the network. Finally, the

penetration depth should reach an equilibrium value.

The creep tests were performed for different normal loads for two different thicknesses
of 1% crosslinker density to study the effect of confinement. Later, this test is repeated for 5%
crosslinker to investigate the influence of crosslinker density on the relaxation time of the

hydrogels.
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Figure 3-16 Normal force (left) and penetration depth (right) versus time during creep test.

3.5.1 Influence of confinement on relaxation time

Indentation in a hydrogel follows a stress relaxation process as the time progresses.
Relaxation in response to the applied load in hydrogels is the result of two concurrent processes.
The first relaxation process is a result of the conformational deformation of the polymer chains,
and the other process is poroelastic relaxation, which is related to the transport of water out of
the deformed region [144]. Under compression, chemical potential inside the gel changes, and

the hydrogel reaches a new chemical equilibrium over time by exudation of the water. The
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conformational relaxation process depends on the material stiffness under load and is
independent of the contact area, while poroelastic relaxation strongly depends on the contact
size. Therefore, poroelastic relaxation time can be controlled by the size of the contact
area [97,144].

When the hydrogel layer is thick, the pressure distribution can be considered
hemispherical under compression by a spherical indenter. In this case, the time required for the
displacement of water will depend on the location of the water molecule. However, for a highly
confined sample, the pressure distribution is rather uniform and cylindrical, which leads to an
average shorter relaxation time as presented schematically in Figure 3-17 [144]. Time-
dependent behavior of hydrogels might not be observed for highly confined samples since for

such samples, the contact area is small.

Figure 3-17 Influence of sample thickness/confinement on pressure distribution and relaxation
time [145].

As the force is applied, due to the displacement of water, the penetration depth starts to
increase gradually. During compression, there must be an initial linear response up to a critical
value of strain. This linear region characterizes the deformation that can be sustained without
water moving out of the network, and the system behaves elastically. Then, the transition to
non-linear behavior occurs when the forces applied during compression are sufficient to
overcome the resistance to water displacement, which is a function of the network permeability.
After a specific time (relaxation time), the penetration depth reaches a constant value (8,,4x),

as presented schematically in Figure 3-16.

According to the creep tests performed between hydrogels, 60 - 80 % of the deformation

happens immediately. The 20-40 % of the deformation occurs after a specific time, which
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depends on the applied force, confinement, and water content of the hydrogel. For each applied
normal force, the penetration depth is normalized by dividing the penetration depth to the
maximum equilibrium value. It can clearly be seen in Figure 3-18 that when the applied force

is higher, relaxation time is longer as a result of the larger penetration depth and contact area.

If we consider the Kelvin/VVoigt model, which consists of a spring and dash-pot in
parallel, the strain experienced by the spring is the same as that of experienced by the dash-pot.
If a load is applied to the system, the spring will have the tendency to stretch, however it cannot
react immediately since it is held back by the dash-pot. The relation between strain at a specific

time and maximum penetration depth (strain) can be written as below:

6(t) = Omax(1 — e_Tt) (3'5)

In this equation, t is the time, ¢ is the penetration depth and T is the relaxation time. By fitting
equation (3-5) to our experimental result, the relaxation times are obtained for two different
thicknesses (35 pum and 74.6 um). The relaxation time, measured penetration depth, and

calculated contact radius are given in Table 3-4.

Comparing the results presented in Table 3-4 for two different thicknesses of
PDMAA- 1%MABP, one can see the difference in the relaxation time when the sample is
thicker. This can be explained by the fact that the penetration depth is smaller for the thin sample
due to the effect of the stiff substrate. Consequently, the relaxation time is shorter for a highly
confined sample under the same normal load, which is due to the smaller penetration depth. For
mostly the same penetration depth, relaxation time does not seem to be thickness dependent.
So within the range of thickness we studied, the relaxation time is mainly determined by the

penetration depth.
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Figure 3-18 Normalized penetration depth versus time during the creep test on a sample with

35 um thickness. Penetration depth was normalized by dividing the penetration depth by the
maximum of each test.

Table 3-4 Creep test results for two samples with different thicknesses (35 um and 74.6 um).

Force 100 mN 300 mN 500 mN 700 mN 1000 mN
Relaxation time 35um 47 s 79s 98s 110s 129s
Penetration depth 35um 11 pm 16 pm 195um  23.1um  27.8 um
Contact radius 35um 0.52mm 0.63mm 0.69mm 0.75mm 0.83 mm
Relaxation time 74.6 um 79s 81s 103's 129's 160 s

Penetration depth 74.6 um  16.3 um 205pum  254pum  321pm  43.2pum

Contact radius 74.6 um 0.63mm 0.7lmm 080mm 090mm 1.04 mm

3.5.2 Influence of crosslink density on relaxation time

To investigate the influence of crosslinker density, relaxation tests were performed for
5% crosslinker density for a sample with about 35 pum thickness. According to Figure 3-19,
relaxation curves differ only slightly for PDMAA-5%MABP by increasing load as the
penetration depth does not change significantly. Relaxation time was obtained using the same
equation (eg. (3-5)). By increasing the normal load from 100 mN to 1000 mN, relaxation time

changes only from 65 s to 69 s. Penetration depth for this sample varies between 10 um and 17
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um. As the applied load is increased for a higher crosslinker density, due to lower water content,
penetration depth and relaxation time do not change significantly. Relaxation time is longer
under 100 mN applied load for higher crosslinker density, which can be elucidated by lower
permeability of these networks. However, relaxation time is almost constant and does not
change noticeably by increasing the applied load. When applied load is increased (Fy = 300
mN), the relaxation time is larger for the low crosslink density sample. Swelling ratio
measurements also demonstrated that the water content of PDMAA-5%MABP is almost half
of the PDMAA-1%MABP. Since relaxation is directly related to the water content, a decrease
in the relaxation time by decreasing displaced water volume (through the network) is an

expected outcome.

The relaxation time of hydrogels with high water content (low crosslinker density)
varies noticeably by penetration depth. This observation points out that the friction force might

only be velocity dependent at high penetration depth for hydrogels with high water content.
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Figure 3-19 Normalized penetration depth versus time for a sample with 5% crosslinker
(PDMAA-5%MABP).

Relaxation time measured during the creep test might be helpful in the prediction of the
state of a hydrogel. The time required to move the contact about one contact radius can be
calculated by eq. (3-6). If the time needed to translate about one contact radius (presented in
Figure 3-20) is smaller than the relaxation time (t < t ) then the hydrogel is not in a relaxed

state during friction test, meaning that the water inside the network is not squeezed out
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completely. While t > t indicates the case when sliding happens slower than the relaxation
rate. For instance, if we assume the case with relaxation time of 100 s and the contact radius of
1 mm, to have the hydrogel layer in a complete relaxed state, the sliding speed should be below
0.01 mm/s. It must be noted that migrating contact (friction test) might differ from the stationary

contact (creep test).

Shiding (v)

Figure 3-20 Schematic representation of the contact translation. A comparison between the
time needed to translate the contact about one contact radius and relaxation time can determine
if the gel is in relaxed state.

v (3-6)

3.6 Friction test

As it was mentioned in Chapter 1, hydrogels can show low friction under specific
conditions, especially when hydrogel pairs are in contact. Considering the fact that
surface-attached hydrogels swell anisotropically and show entropic barrier against
interdigitation, it is expected that two surface-attached hydrogel layers represent different
lubrication behavior from that of free gels sliding against each other. In comparison to free-
standing gels, surface-attached layers are more stable under high forces and shear rates due to
the substrate supporting them and the chemical bond to the substrate. In order to study the
frictional properties of surface-attached hydrogels, we have used two different techniques that
are lateral force microscopy of the atomic force microscope (JPK nanowizard4) and
nanoscratch testing setup. With AFM, large contact areas, high sliding speeds and high

pressures are not achievable. Since the influence of water displacement (time-dependent
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behavior) might only be observed when the contact area and penetration depth is large, we used

the aforementioned two measurement setups to cross-scale friction.

3.6.1 Friction test with the AFM

One of the difficulties associated with friction measurement using AFM is the lateral
force calibration of the cantilever as the lateral stiffness of the cantilever is unknown. So far,
several lateral force calibration methods have been developed which are rather complex [146—
149]. In this work, we used the improved wedge method proposed by Varenberg et al. [150],
where commercially available calibration grating is used. This method is suitable for calibration
of integrated and colloidal probes with any radius of curvature smaller than 2 um [151].

The lateral force between the AFM tip and the surface can be recorded as a voltage.
Frictional properties of the material can be calculated using a calibration factor that transforms
the measured lateral signal to the lateral force. Then, the lateral force (F;,ter-q;) €N be obtained

from the recorded lateral voltage signal (V;4:er-q;) @nd the calibration factor () [146,150,151]:

Fiaterat = @Viaterai (3'7)

When the tip is sliding over the sample laterally, torsion appears on the cantilever. The
calibration factor can be obtained by measuring a friction loop on a calibration grating by
recording the lateral voltage signal when the probe scans the surface at a scan angle of 90°
(demonstrated in Figure 3-21) [151]. The calibration grating is a KOH etched silicon wafer with
well-defined sloped facets with an angle of 54.74° (TGF11 calibration grating (MicroMasch)).
The friction loop was measured in water with AFM colloidal cantilever (CP-CONT-PS-A) from
NanoAndMore Company with a polystyrene bead with a diameter of 1.98 um. The polystyrene

bead of the cantilever was coated by means of drop coating with a very thin layer of hydrogel.
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Figure 3-21 Schematic of the torsion loop for downbhill (blue line) and uphill (red line) scan
obtained on a sloped surface [151].

The half width (W) and offset (A) of the friction loop are functions of torsional moment
and angle of the sloped facet. The measured calibration factor () changed between 4 x
107N /V and 6 x 10~7 N /V for normal loads between 50 nN and 100 nN. The lateral signal
was recorded for samples with the following thicknesses: 14.7 um, 24.5 pm and 35 pm. Each
measurement was performed on three different spots of each sample. During friction tests, the
sliding speed was 10 um/s. The applied force was changed from 50 nN up to 100 nN. The
coefficient of friction is obtained by dividing the friction force by the normal load. The
calculated friction coefficient values are plotted as a function of the applied force and pressure
in Figure 3-22a and b, respectively. It can be seen that the coefficient of friction is lower for the
thicker sample, but there is no substantial difference in the measured values for the three
samples. Furthermore, there is no clear increasing or decreasing trend for COF as a function of
applied load due to the very limited range of the force we can apply in AFM tests. Slightly
higher values of COF for the thinner sample might be the result of higher confinement. For the
same applied range of forces, penetration depth varies from 190 nm to 250 nm for the thin
sample, while this range is from 200 nm to 400 nm for the thick sample. Confinement
(penetration depth divided by thickness) for the thin sample is from 0.01 to 0.015 and 0.005 to
0.01 for the thick sample. The confinement is already low enough to have no influence on the
results. Therefore, the difference might be due to slightly different stiffness and water content.
Pressure (Figure 3-22b) is calculated using Hertz theory by substituting the penetration depth,
applied load and radius of the PS bead, as no adhesion was observed. Friction tests with AFM
are limited to small contact areas. Therefore, it is reasonable if we do not observe any obvious

growing or reducing trend. Further friction measurements with the nano-scratch machine
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provide the possibility to apply higher forces and measure friction in a broader range of sliding

speeds.
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Figure 3-22 Coefficient of friction versus applied normal load and pressure from the friction
tests with AFM for three different thicknesses (14.7 um, 24.5 pum and 35 pm).

3.6.2 Friction test using nanoscratch setup

The friction tests on the samples were carried out with a CSM nanoscratch setup (Anton
Paar). A glass lens with a radius of 25.94 mm, coated with a thin layer of the same hydrogel
(same coating process as described in the experimental chapter) was used as a slider. Both the
slider and the sample were immersed in water during the friction test. The sample was moved
perpendicular to the slider in one direction while the contact force was held constant
(unidirectional friction test). The tangential force and penetration depth were measured
continuously on a path 3 to 4 times longer than the contact diameter. The measurements were
performed for five different contact forces between 100 mN and 1000 mN (100, 300, 500, 700,
and 1000 mN), and the sliding speed varied for more than two decades in the range of 0.006-
1.4 mm/s. The data recording rate was 100 Hz. Two displacement sensors (LVDT sensors)
record the friction and normal forces through the stiffnesses of parts of the machine, as depicted

in Figure 3-23a.

The coefficient of friction is obtained by dividing the tangential force by the normal
force, however, this does not imply that the friction of hydrogels obeys Amonton’s law. In these
experiments, it was seen that there was no permanent deformation of the gels occurring during

the friction tests. An example of the recorded normal force, friction force, and penetration depth

68



Lubrication of surface-attached neutral hydrogels

can be seen in Figure 3-23 (b), (c) and (d), respectively. The normal force and the friction force
are almost constant after 0.3-0.5 mm sliding length as the test reaches a steady state. During
each sliding test, the normal force and sliding speed were kept constant. In all the friction tests,
unique slider was used to avoid the influence of variation of the thickness of hydrogel layer on
the slider. All the presented data in the following sections represent an average of three
measurements. Pre-scan and post-scan were performed with a small contact force (3 mN) to
evaluate the profile before and after the friction test to check for any permanent deformation on
the surface due to the friction process and assessing the penetration depth during sliding. To
ensure that there is no extra force on the slider due to measurement in water in our friction tests,
we did one test in pure water and the force was below the detection limit of the nanoscratch test

setup.
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Figure 3-23 a) Schematic illustration of the experimental setup of the friction experiments
b) Normal force (Fn) and c) Friction force (Ff) of 74.6 pum thick PDMAA-1% MABP layer
under water d) Penetration depth measured by the displacement sensors; sliding speed
v =0.06 mm/s.
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3.6.2.1 Adhesion induced friction

Although pull-off force measurements give an indication of the adhesion between two
surfaces, the contact area between the indenter (slider) and sample under static conditions is
different from that when sliding. Actually, all the contact points between the countersurfacs are
not broken simultaneously, as it happens during pull-off under static (non-sliding) conditions.
Moreover, the shear solicitation undergone by the interface and the surrounding bulk material
during sliding differs largely from the normal contact configuration. Even though we have
shown in section 3.3.1 that no measurable pull-off force exists between two PDMAA- 1%
MABP pairs, we have tried to measure adhesion induced friction and contribution of adhesion

to the friction force.

To elucidate the friction behavior of the swollen hydrogels, first, the contribution of the
adhesion forces between the two hydrogel surfaces was investigated. Hence, the friction force
was measured at low load (3 mN) and low speed (0.001 mm/s) with a setup shown in Figure
3-23a. Under the applied conditions, the hydrogels are almost not compressed and the
penetration depth is almost zero. Therefore, any friction force observed is almost exclusively
caused by the adhesion between the two hydrogel layers. In these experiments, the observed
friction force was below the detection limit of the setup (< 3 uN), which confirms that the
adhesion component is very small. Even though, due to experimental constraints, we cannot
give a precise value, we can estimate that the coefficient of friction is below 0.001 when we
take the resolution of the machine and the applied normal load into consideration. This is not
surprising as essentially the two surfaces consist mostly of water with an easily shearable water-
based interface. As the polymer subchains of the two gel layers do not penetrate each other, the
surfaces show very little interaction. The adhesive interactions happen only at the very
periphery of the surface between the dangling ends of the chains at the interface, as it is
illustrated schematically in Figure 3-24 by purple.
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Figure 3-24 Profile density of the two surface attached surfaces in contact as a function of
distance from surface. Interpenetration only happens at the very few nanometers of the surface
(purple area) [128].

3.6.2.2 Influence of the film thickness on coefficient of friction

When we speak about surface-attached thin hydrogels, the thickness might play an
important role in friction as a result of varying confinement, which is imposed by the hard
substrate and spherical indenter. Under the same applied normal load, the volume that has to be
deformed during sliding depends on the elastic modulus of the layer, confinement, and sliding
speed. The friction force, which is the resistance of the material against deformation during
sliding, is influenced by polymer relaxation time and diffusion time of water within the polymer
network. Both relaxation of the polymer and water flow induce a time-dependent behavior in
hydrogels lubrication. Consequently, the influence of the normal load, sliding speed and
confinement was investigated by recording friction force for four samples with different
thicknesses (35 um, 47 um, 52.8 um, 74.6 um). All the thicknesses are given in the swollen
state. Friction tests were carried out for normal loads of 100, 300, 500, 700, and 1000 mN. For
each normal load, friction force was recorded for sliding speeds from 0.003 mm/s up to 3 mm/s.
The recorded friction force for each sample is presented at different loads and sliding speeds in
Figure 3-25.
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Figure 3-25 Friction force as a function of sliding speed for different thicknesses (a) 35 pum
b) 47 um ¢) 52.8 um and d) 74.6 pm.

In Figure 3-26, the coefficient of friction (obtained by dividing friction force by normal
force) is plotted versus sliding speed. It has to be noted that all the dashed lines in this thesis
are guide to the eye. Different trends can be seen by changing the thickness. For the sample
with a thickness of 35 um, the friction coefficient decreases by faster sliding. As the thickness
increases (47 um and 52.8 um), the friction coefficient decreases slightly and starts to increase

after a specific sliding speed. For the thickest sample coefficient of friction rises continuously.
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Figure 3-26 Coefficient of friction as a function of sliding speed for different thicknesses
(@) 35 um b) 47 um ¢) 52.8 um and d) 74.6 pum).

To understand the difference in the behavior of thin and thicker films we observed in
the coefficient of friction, we compare the penetration depth of two extreme cases (thinnest
sample 35 pum and thickest sample 74.5 um). At slow sliding speed, the hydrogel can relax
easily as the water can be displaced and polymer network can also conform. Thus, the
penetration depth is larger at low sliding speeds. By increasing the sliding speed, penetration
depth starts to decrease rapidly, since the water cannot be displaced completely. After a specific
sliding speed, penetration depth stays almost constant. As can be seen in Figure 3-27, the
difference in penetration depth for the maximum and minimum load of the thin sample is
smaller than that of the thick sample. This illustrates the influence of the confinement, which is
defined as the ratio of penetration depth and thickness. This value shows the extent to which
the sample is compressed. As the thinner sample is highly confined, the penetration depth
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cannot increase with the same factor as for the thicker sample. The apparent elastic modulus
(contact stiffness) increases as the deformation zone propagates from the deformed area in the
hydrogel to the substrate. Apparent elastic modulus depends on the properties of both layers
and the confinement. As the confinement increases, the apparent elastic modulus of the layer

becomes larger, which means that the layers become more difficult to deform.
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Figure 3-27 Measured penetration depth as a function of sliding speed in a scratch test for two
samples with different thicknesses (35 um and 74.6 pm).

3.6.2.3 Nonlinearity of friction force

Despite the difference in how the coefficient of friction changes according to sliding
speed for various thicknesses, the common observation in all plots of Figure 3-26 is the
reduction of coefficient of friction at higher normal loads. Clearly, hydrogels exhibit a deviation
from Amantons law [152,153]. This has been reported and attributed to the influence of
adhesion [153], however, as shown above for surface-attached layers, adhesion is negligible. In
Figure 3-28, the friction force is plotted versus the normal load for the 35 um and 74.6 um
thickness samples. For the thin sample (35 um), the friction force is almost the same at different
sliding speeds when the normal load is small, but the difference becomes noticeable as the
applied load increases. In addition, the friction force is higher at a slower shear rate due to the
larger penetration depth. Friction force tends to possess a constant value as the sliding speed
increase. In contrast to this case, for the thicker sample friction force seems to be essentially
speed dependent rather than force dependent. The friction force appears as non-linear functions
for both samples and at high loads, it reaches an almost constant value. As the friction force

depends strongly on the volume that has to be displaced, this phenomenon should be due to the
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limited compressibility of layers that is imposed on the system by different parameters such as
osmotic pressure, stretchability of the chains, and confinement. The influence of these

parameters will be discussed individually in the next chapter.
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Figure 3-28 Friction force versus applied load at different sliding speeds for two samples 35 pm
and 74.6 pm.

3.6.2.4 Influence of crosslink density

As it was shown in sections 3.2.2 and 3.4, crosslink density is the factor that controls
stiffness, permeability, and water content of the hydrogels through the determination of the
network density. To investigate the effect of crosslink density on lubrication of hydrogels,
friction tests were carried out on samples with the same wet thickness (= 25 um) for crosslinker
densities of 0.5%, 1%, and 5%. In a highly crosslinked polymer network, polymer chains are
closely linked, which means the polymer network is denser and, consequently, has lower water
content. By increasing the density of the polymer network, the interaction between polymer
chains increases. In polymer networks, when we speak about the mesh size and permeability,
the size of the water molecule is far smaller than the mesh size. Therefore, under compression,
the water has to squeeze out of the network as water is an incompressible fluid. For a highly
crosslinked network, the polymer chains are densely crosslinked, so it takes longer for the same
volume of water molecules to pass through a network (i.e., longer relaxation time). Therefore,
the higher crosslinker density leads to a longer time for water transportation, which we call
apparent viscosity of water. It is similar to the case where water in the network has higher

viscosity (in comparison to free water) and resistance against the flow.
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As the crosslinker density increases, the volume of the water that has to be displaced
decreases, however, the resistance of water to flow and adhesion increases at the same time.
Although penetration depth is smaller (lower confinement) under the same applied load, the 5%
crosslinker density sample is stiffer and more difficult to deform. All these factors lead to higher
friction for the higher crosslinker density, as depicted in Figure 3-29. By applying a higher load,
the difference in COF caused by the crosslinker density becomes smaller. The small difference
implies that at high compression, the friction coefficient might become independent of the
crosslinker density since the polymer volume fraction reaches a constant value.

Similar to what is observed in Figure 3-26a, friction is higher at slow sliding speed. An
increase in sliding speed results in lower COF. The transition point from the high coefficient of
friction clearly changes as the crosslinker density varies. The transition point, where minimum
friction happens, depends on the water content (and consequently crosslink density). Minimum
COF occurs between 0.3-0.6 mm/s for 5%MABP and between 0.06-0.14 mm/s for the 0.5%

MABP.
0.12 0.12
En =500 mN = PDMAA-0.5%MABP Fn = 1000 mN = PDMAA-0.5%MABP
0.10- e PDMAA-1%MABP 0.10 4 N m e PDMAA-1%MABP
: P A PDMAA-5%MABP ) A PDMAA-5% MABP
s TTi-_A . = 5 3 ~% 1
5 0.08 - ) 5 0.08 -
5 R NER:
2 0.06 - ~e . = 0.06
o5 A = - ()
5] ‘© A~"a---A _ 4
2004{ ___ e ' 0.04- ~ -
.. . N KA
0.02{ . - -a--g-e - 0024 e
—..~-""l"1'—'""‘". —.-~_=:=".:-_".-_—_':::'-:'_'
0.00 T T T 0.00 T T T
0.01 0.1 1 0.01 0.1 1
Sliding speed (mm/s) Sliding speed (mm/s)
a) b)

Figure 3-29 COF as a function of sliding speed for different crosslinker densities for samples
with almost the same wet thickness (= 25 um) under a) 500 mN and b) 1000 mN normal load.

3.6.2.5 Influence of pressure on the frictional behavior

A different representation of the system is obtained when we move from the discussion
of the forces to the applied pressures which takes into account the differences in the penetration
depth in the different experiments. The maximum pressure is calculated from the applied load
and the penetration depth by the Hertz theory (given in eqg. (3-8)).

3Fy
2ma’

Here Fy is the normal load and a is the contact radius.

(3-8)

Pmax =

76



Lubrication of surface-attached neutral hydrogels

In Figure 3-31a and b, the coefficient of friction is presented as a function of the
calculated pressure for the thin (35 pum) and thick (74.6 um) samples, respectively. It is seen in
Figure 3-30 that an increase of the applied pressure results in an increase of the friction force,
but a decrease of the COF in all cases. In contrast to the thin sample (Figure 3-31a), for which
the highest COF belongs to the lower sliding speed, the highest COF appears at high sliding
speed for the thick sample (Figure 3-31b). Such a difference denotes a difference in the
lubrication mechanism of the two samples.

A constant friction coefficient for the thick sample during slow sliding speed over a
range of a few hundred kPa (as seen in Figure 3-31b (black curve)) indicates a relaxed hydrogel
layer whose frictional properties are not strongly dominated by water flow. At higher sliding
velocities (purple curve), however, the COF decreases very strongly with the applied pressure.
On the other hand, the coefficient of friction has higher values at low sliding speed when the
thickness is small. The different behavior is already presented in terms of the friction force in
Figure 3-28. The parameter that determines friction seems to be the penetration depth which is

larger when sliding is slow.
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Figure 3-30 Friction force versus pressure for the sample with 74.6 pum thickness at sliding
speed v = 0.6 mm/s.

As the applied load becomes larger, the increase in friction force is only rather weak as
the penetration depth does not increase much. Therefore, the COF decreases by increasing
pressure as a consequence of the non-linear relationship between the friction force and normal
force. The non-linear friction force arises from the limited compressibility, which is discussed
further in Chapter 4
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Figure 3-31 Coefficient of friction against maximum contact pressure during sliding tests of

35 pm and 74.6 pm thick samples.
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4 Physical description of friction

4.1 Friction model

Since hydrogels consist of two components (i.e., water and polymer network), their
friction behavior cannot be explained by a conventional Stribeck curve [53], as both the fluid
phase and the solid phase contribute to the friction process [116]. Strong stretching of the chains
away from the surface due to swelling in such surface-attached systems prevents an
interpenetration of the network by chains coming from the outside. Thus the formed energy
barrier prevents the attachment of any large molecules such as those contained in the opposing
friction partner [111,128]. Surprisingly, at first view, the exclusion of large molecules in
surface-attached gels is stronger than the polymer brushes. This is due to the fact that
interpenetration occurs only in areas where the segment density is low. While surface-attached
brushes exhibit a parabolic profile (for polydisperse systems even with an exponential tail),
surface-attached polymer networks swell with delta-like profile. The difference in the segment
density profile was shown in section 3.1.1. Therefore, surface-attached polymer networks can

be considered as interesting candidates to achieve superlubricity [111,112,114,128].

When two hydrogel-coated surfaces slide against each other, one needs to consider
several forces that influence the friction force. Different components of friction force are

schematically shown in Figure 4-1. These forces are:

e Adhesion forces between the two surfaces (F,): Adhesion forces originate from van der
Waals forces [154] and entanglement of polymer chains with chains originating from
the opposite contact surfaces. As the polymers used in this study do not contain any
charges, electrostatic contributions are not discussed. The vdW forces between a sphere
and a flat surface can be described as:

HR (4-1)

fa="%p2

where R is the radius of the spherical slider, H the Hamaker constant and D is the

distance between the two surfaces.
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Adhesion dominates the frictional properties only when the applied load and penetration
depth is very small. Then, the adhesion force will be the only component of the friction
force.

Polymer deformation force (F,): This component is a function of the penetration depth
and assumed to be independent of the sliding and compression velocity. Upon
indentation, the polymer chains become stretched. The extent of stretching depends on
the depth of indentation and the shape of the slider. This contribution is determined by
the difference between the osmotic pressure of the gel (swelling pressure) and the
applied pressure (load per contact area). It is (as well as the penetration depth)
influenced by the (apparent) elastic modulus, which itself depends on the confinement
and crosslinker density. The polymer deformation ability is a thermodynamic property.
Drag force (Fp) [155]: The water displacement induces a force that resists sliding. Since
water is incompressible, with increasing sliding speed, the resistance of water to flow
will become stronger. The resistive force depends on the geometry of the slider, the
penetration depth/confinement and the viscosity of the water inside of the hydrogel
(apparent viscosity) or permeability of the network.

Adhesion (Fy) Normal force Sliding

Polymer :>
deformation (F,)

Drag force (Fp)

Figure 4-1 Influence of the forces on the friction during sliding of a hydrogel coated slider on
a surface-attached hydrogel — Red arrows depict the forces acting on the slider. Blue circles
represent schematically water in the polymer network (strongly schemat