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Propositions

1. The complex frictional dynamics behind soft tribology can simply be described
by the gap size.
(this thesis)

2. Friction coefficients measured using tribometers with different surface
motions cannot be compared with one another.
(this thesis)

3. More funding does not equal better science.
(Fortin & Currie, PLOS ONE, 2013)

4. Healthy and sustainable diets do not emerge from producing and marketing
new food products as suggested by Munday and Bagley (Munday & Bagley,
Nutrition bulletin, 2017)

5. Adopting the local tongue is essential to integration and acceptance into a
community.
(Bleakly & Chin, The Review of Economics and Statistics, 2014)

6. Transforming vegetables into “meat” is an insult both to plants and to animals.

7. Comparing live Disc Jockeying (DJ’ing) to a prepared playlist is like comparing
a home-cooked meal to fast food.

8. The most astringent propositions are often diluted to avoid societal or
institutional friction.

Propositions belonging to the thesis, entitled
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An introduction
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An introduction to friction

Nothing starts and nothing stops without friction. Friction is the resistance force
between two surfaces sliding alongside one another. From the day we are born
(or perhaps, even before that) we are constantly confronted with friction and
wherever there are materials in contact, friction exists. Opening our eyes in the
morning, brushing our teeth, drinking coffee, and driving to work: these actions
all rely on having the right degree of friction. The concept of friction is far older
than mankind. The initial formation of stars and galaxies after the Big Bang could
not have taken place without friction between the clouds of primary elements (e.g.
hydrogen, helium). [1, 2] Using friction, the early inhabitants of our planet created
fire and they invented the wheel thousands of years ago. [3, 4] Similarly, ancient
construction works, such as the pyramids, could not have been built without
the assistance of friction. [5] Nowadays, friction is still a large part of our daily
lives. Examples of sliding systems where the degree of friction greatly impacts
the performance and can lead to economic, medical or other societal benefits
include modern day machinery (e.g. cars, planes) with rotating gears, computer
components such as hard drives, and contact lenses. As was shown in Walt Disney’s
Uncle Scrooge’s comic, a “frictionless” world would results in objects (including
gold coins) flowing uncontrollably into unwanted directions, including into the
hands of bank robbers (Figure 1.1). [6]
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Figure 1.1: Panel from Walt Disney’s Uncle Scrooge’s comic series. The story includes a device that
renders objects frictionless. Due to the low friction, Uncle Scrooge’s money readily flows into the
hands of his nemeses, the Beagle boys. The image used here originates from the “Cash flow” comic
from the Uncle Scrooge series. [6]
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Early frictional studies

Although friction is all around us, the study of friction is relatively young. Leonardo
Da Vinci (1452-1519) was the first person to systematically study friction. [7]
In the 1700s, Guillaume Amontons and Charles Coulomb established the first
frictional theories. They defined the friction coefficient (1) as the ratio between the
friction force (F) and the normal force (Fy) and stated that u = Fr/Fy. [8, 9] A
schematic representation of sliding surfaces and the respective forces are shown in
Figure 1.2. In general, low friction coefficients are found when surfaces easily slide
alongside one another as is the case with an ice skate on ice. [10, 11] The friction
of a rubber bicycle tire on concrete is at the high end of the friction coefficient
spectrum. [12, 13]

Normal force

. Friction force
Sliding speed

Sliding surface

Figure 1.2: A diagram of two sliding surfaces subjected to a normal force, a push force attempting
to move the surface and a friction force restricting the motion. The blue arrows indicate the forces
that are used to calculate the friction coefficient, u.

The term friction here refers to kinetic friction; the friction generated by two mov-
ing surfaces. This kinetic friction can be decreased by the presence of a lubricant
(Figure 1.2) that separates the surfaces from one another to provide lubrication
and reduce friction. For solid surfaces lubricated by Newtonian fluids, the Stribeck
curve (Figure 1.3) shows that the friction coefficient depends on the Hersey (or
Sommerfeld) number: W

a boundary or contact regime at low Hershey numbers, followed by a mixed regime

. [14-17] This results in three sliding regimes;

where partial contact exists and a hydrodynamic regime where the hydrodynamic
pressure of the fluid generates lift forces that push the sliding surfaces apart, often
at high viscosities and/or velocities. The Stribeck curve is a useful tool to assess
the lubrication behavior of a wide range of solid materials paired with Newtonian
lubricants and is, therefore, used extensively in the field of tribology. [15, 16, 18,
19]
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Figure 1.3: A traditional Stribeck curve showing the relation between the friction coefficient and
the viscosity, velocity and load parameter. The boundary, mixed and hydrodynamic regimes are
indicated in the figure.

The majority of modern day materials and lubricants show frictional behavior
beyond the laws established in the last centuries. [18, 20] These materials include
semi-solid, deformable surfaces such as soft hydrogels [21, 22] or rubber-like elas-
tomers.[23] Soft surfaces are of interest in food sciences [24], biomedical sciences
[25], pharmaceutical sciences [26], and different areas of material science and
engineering. The lubricants commonly used nowadays often contain nanoparticles
[26], microparticles [27], or polymers [28] dispersed in a continuous phase. These
lubricants often generate more complex frictional behavior than simple, Newtonian
fluids. For particulate lubricants, the interactions between the particles, fluids and
surfaces all need to be considered.

There is currently a lack of frictional laws that cover the behavior of deformable
surfaces, especially when paired with non-Newtonian lubricants. What makes
matters even more complicated, is that the above-mentioned parameters depend
on the roughness and geometry of the surfaces, as well as the motion of the
tribometer that measures the friction coefficients. In this thesis, we therefore
study the frictional behavior of such soft surfaces and complex lubricants. A better
understanding of soft friction and lubrication or soft tribology contributes to
constructing widely applicable frictional laws that describe such soft materials.
This can lead to a better interpretation of the frictional behavior of soft materials
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and complex lubricants and to the design of materials with controlled friction or
lubrication properties.

We first discuss the most important applications of soft tribology. Then, we
describe the deviating Stribeck frictional behavior of soft materials. Lastly, we
explain how we investigate soft materials in this thesis, by introducing the outline
of the thesis as well as the aim.

Applications of soft tribology

Soft tribology, in this work, refers to the friction and lubrication properties of
soft materials and/or semi-solid lubricants. Soft, in this context, refers to low
stiffness. Our soft materials have elastic moduli between the kilopascal (kPa)
and the lower megapascal (MPa) range. These surfaces are used to measure the
frictional properties when combined with a wide range of lubricants. The results
obtained can be used to better understand friction in a large number of of real-life
applications.

Soft surfaces

As surfaces in our tribological studies, we use polydimethylsiloxane (PDMS). Elas-
tomers are viscoelastic polymer-based materials. PDMS is the material of choice in
various applications including microfluidic channels, [29, 30] and medical devices
[31] as the material is transparent, biocompatible [32] and available at low costs
(around US$ 100 per kilo). In frictional studies, PDMS is used to mimic biological
tissue such as skin, cartilage, or the tongue.[18, 33] The advantage of using
PDMS for these tribological measurements is that the stiffness or deformability
can be tailored to those of the aforementioned body parts. Additionally, PDMS
is easily molded to the shape or surface roughness of the biological material
mimicked by the elastomer. PDMS surfaces have been used to assess the frictional
properties of a great number of materials we encounter in daily life including
foods [18, 24, 34], beverages [35, 36] and personal care products such as skin
creams. [37] An advantage of using elastomers is that the surfaces are soft and mea-
surements can be carried out under dry conditions without the surface dehydrating.

Besides elastomers, we also use hydrogels as soft materials in the work pre-
sented here. Hydrogels in contact show extremely low friction coefficients both
when submerged in water and even when measurements are carried out in air. [22,
38, 39] A limited understanding of the exact frictional mechanism behind the low
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friction of hydrogels currently exists. Hydrogels are composed of a chemically or
physically cross-linked polymer network, that is able to hold large amounts of water.
As a result, hydrogels have properties of both a solid and a liquid. Measurements
involving hydrogels need to be carried out in a wet or humid environment as the
material may dehydrate. Hydrogels have recently been the subject of various soft
tribological studies. Hydrogel components can be of biological origins such as
gelatin (animal skin or bone), agar (algae), or whey (cow milk). It is also possible
to synthetically produce polymers that can form a network resulting in a hydrogel.
Hydrogels find applications as food components [40, 41], pharmaceuticals systems
[42, 43], and medical implants. [44, 45] Many of these applications require a
specific degree of friction. For example, the processing of food in the mouth and
the motion of artificial joints; in both of these cases the surfaces need to move
frequently with limited resistance. As the food and biomedical industries are
both billion dollar industries that heavily impact our daily lives, the frictional
mechanisms behind hydrogel friction is currently of interest.

Solid surfaces

In our frictional studies, we often pair soft surfaces with solid surfaces. This
represents situations where the soft surface is in contact with a harder surface such
as the soft tongue and the relatively hard palate. Here, we use glass and stainless
steel as solid surfaces. Combining solid surfaces with soft surfaces allows us to study
a situation where one surface deforms while the other surface remains in its original
form. Solid surfaces are, however, more difficult to mold and less representative
of the biological surfaces often represented in this thesis. By combining soft and
solid surfaces the work presented here is intended to generate new insights into
the frictional behaviour when surface of particle deformation plays a role.

Complex lubricants

As previously mentioned, the frictional behavior of Newtonian fluids is generally
well captured by traditional frictional laws. For these fluids, mainly the viscosity and
the wettability drive the fluid entrainment and ultimately the friction coefficient.
Newtonian lubrication thus mostly depends on the fluid — surface interactions.
Better fluid — surface interactions in terms of wettability cause a decrease in the
friction coefficients and a thick, viscous layer separating the surfaces has a positive
effect on the friction coefficient as well. The lubricants we study in this thesis,
often deviate from Newtonian fluids in many ways. We use particulate systems
with dry particles or particles suspended in a fluid. For these systems, we vary the
size, stiffness, number of particles and the properties of the fluid matrix. Particulate
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lubricants are often found in foods (e.g. cocoa particles in chocolate, [46] oil
droplets in mayonnaise [47]) personal care products such a skin creams, [48]
and in drug delivery systems. [49] While fluids are often easily entrained, particle
entrainment may require a degree of surface or particle deformation due to the
limited size of the gap. Once entrained, particles can separate the surfaces and
roll to facilitate sliding. This is often referred to as the ball-bearing mechanism.
[50, 51] An additional lubricant type we consider are polymers. These polymers
can be present in solution as a lubricant or they can be anchored on a (hydrogel)
surface where they often form a brush-like lubricating layer. [39, 52] Polymers
are efficient lubricants owing to their ability to hold large amounts of water and
polymers can slide alongside one another with limited resistance. [22] This often
leads to extremely low friction coefficients. [21, 38, 53] The complex particle and
polymer lubricants we use here are expected to show different regimes than the
traditional Stribeck regimes for Newtonian fluids, especially when combined with
soft surfaces. The surface and lubricant materials we investigate here, are important
to science, industry, and society. A thorough mechanistic understanding of their
frictional behavior is thus essential. In the following sections, we will discuss how
we measure the lubrication curves of elastomer and hydrogel materials paired with
complex lubricants.

Tribological devices

In many areas where tribology is used, different type of tribometers are used.
Probing the friction of an ice skate on ice [5] naturally requires different materials
and surface motions than studying materials for hip replacements. [54] As different
applications require different measuring methodologies, various tribological devices
have been designed in the past century. The way in which the friction coefficient
is measured (e.g. rolling surfaces or sliding surfaces) greatly impacts the friction
coefficient and the underlying mechanisms. [18, 55] We acknowledge this
complexity and, therefore, include results obtained on different tribological devices
in this thesis. The tribometers we use differ in their sliding/rolling motion, as well as
the available speed range. The four tribometers are the Anton Paar Tribocell (APT),
the Bruker Universal Mechanical Tester TriboLab (BTL), the PCS Mini Traction
Machine (MTM), and a custom-made 3D-printed tribotool (CTT). The tribological
devices are displayed in Figure 1.4 and they will be described more extensively in
the relevant chapters.
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Anton Paar Tribocell

The APT is a tribology measuring cell mounted on an Anton Paar modular compact
rheometer (MCR). This ball-on-three-pins tribometer (Figure 1.4a) consists of
a holder for a spherical probe attached to the rheometer axle. The surfaces
(commercially) available for this tribometer are made of glass, steel, and PDMS.

Bruker TriboLab

The BTL (Figure 1.4b) tribometer operates using a sliding reciprocating linear
drive. In the BTL the probe remains in one place, while the substrate slides in an
oscillating manner. The surfaces used in this tribometer are primarily glass and
PDMS surfaces.

PCS Instruments MTM

The MTM (located at the University of Queensland, Australia), is known as a
rolling/sliding tribometer. This device has a rotating spherical probe and a rotating
disk-shaped substrate (Figure 1.4c). These surfaces can rotate simultaneously in
the same or opposite directions. Alternatively, one of the surfaces can be fixed in
one position while the opposing surface rotates. The ratio between the motion of
the surfaces with respect to the average speed is called the slide-to-roll ratio (SRR).
On this tribometer, we use PDMS, glass, and steel surfaces.

Custom-made Tribotool

The CTT is a 3D-printed set-up that was designed and fabricated in house. The
tribometer consists of an arm that can hold a probe and a container, in which
a substrate can be placed (Figure 1.4d). We attach the arm to a rheometer axle
and make use of the force sensors and rotational and vertical moving parts of the
(Anton Paar MCR) rheometer. This tribometer was especially designed to measure
hydrogel surfaces but we also use the tribometer to measure the friction coefficients
of PDMS and glass surfaces.
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Figure 1.4: Schematic representations and photographs of the tribometers used in this thesis. a)
Anton Paar Tribocell (APT), b) Bruker UMT TriboLab (BTL), ¢) PCS instruments Mini Traction
Machine (MTM), d) Custom-made 3D-printed Tribotool (CTT).
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Ahead of the Stribeck Curve

Now that we have introduced the concept of tribology in a soft material context,
we proceed to have a more in-depth look at the frictional behavior of soft materials
compared to that of solid materials. Lubrication behavior is often assessed through
the Stribeck curve. As previously mentioned, a Stribeck curve for Newtonian fluids
shows three regimes: boundary regime, mixed regime, and (elasto)hydrodynamic
regime (Figure 1.5).
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Figure 1.5: A Stribeck curve with the potential mechanisms for soft surfaces and complex lubricants.
These mechanisms are shown in the most relevant Stribeck regimes. The different parameters
indicate which factors can influence the frictional behavior to deviate from the traditional Stribeck

curve.

Soft surfaces and non-Newtonian lubricants show complex frictional behavior that
differs strongly from classical frictional laws. It is therefore challenging to predict
and interpret the behavior of these materials. The soft surfaces deform once in slid-
ing contact. These deformations change the contact area and the indentation depth
as described by classical contact mechanical theories. [56] If surfaces are rough,
the deformation of the asperities can contribute to the overall friction coefficient as
well. Additionally, asperities of similar sizes on opposing surfaces may become in-
terlocked with one another, restricting the forward motion of the probe. [23, 57, 58]

The friction coefficient is also influenced by semi-solid and fluid lubricant com-
ponents entering the gap at different sliding velocities. [59] Once the lubricant
is entrained, a lubricating layer is formed. When soft surfaces are used, in the
hydrodynamic regime, the thick fluid film can cause the soft surface to elastically
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deform. This is why the hydrodynamic regime for soft surfaces is often called the
elastohydrodynamic or EHL regime. [60] When polymeric surfaces or lubricants
are used, a polymer layer may also contribute to the overall friction coefficient.
[18, 20, 21]

The Stribeck curve is thus of limited use when soft surfaces and complex lu-
bricants are investigated. A need, therefore, exists for new frictional theories
that relate surface deformation, polymer fluctuations, particle entrainment, and
other mechanisms behind soft tribology. In Figure 1.5, several soft tribological
mechanisms are shown and we relate this to boundary contact, mixed contact and
(elasto)hydrodynamic surface separation.

Aim and Outline

In this thesis, the friction coefficients of soft substrates combined with various types
of lubricants are measured on different tribometers. This contributes to the overall
aim of this thesis: to uncover the key frictional mechanisms behind tribosystems
with soft surfaces and complex lubricants. We measure the friction coefficient of
surfaces that differ in stiffness (Young’s modulus), surface roughness, and material
type. The lubricants range from Newtonian fluids to (soft) particle suspensions
and biopolymer solutions. We also investigate the relation between the friction
coefficient and the tribometer motion by using four tribometers that have a rotating
or linear sliding motion. To obtain a broad overview of soft lubrication, we thus
measure parameters across various length scales.

The results are presented in eight experimental chapters which are divided
into three sections. These sections are related to the surface or lubricant materials
used and the most important frictional mechanisms observed. The sections of this
thesis are:

(I) Hydrogel - hydrogel friction
(IT) Particle lubrication

(IIT) Tribological applications

After presenting the experimental chapters, we discuss our main findings,
conclusions, and our outlook in the general discussion. We will proceed to briefly
introduce the relevance, content, and approach of each section.

11
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(I) Hydrogel - hydrogel friction

As hydrogel surfaces easily deform, the elastic deformation and interlocking of
asperities are anticipated to contribute to the friction coefficient. In this section, we
investigate the effect of the polymer network, hydrogel deformability, and hydrogel
surface roughness to better understand the interplay between the different length
scales (e.g. polymer interactions, nm scale) and surface deformations (um scale)
on hydrogel friction.

In Chapter 2, we use hydrogels composed of different polymeric constituents.
This will allow us to gain insight into how the surface roughness and the material
stiffness influence the friction coefficient. Hydrogel surfaces are easily molded,
as they are initially fluid and solidify at specific conditions (temperature, pH,
cross-linking density, etc). We take advantage of this molding ability and cast
hydrogels in molds with different degrees of roughness. Using these artificially
rough surfaces, we aim to gain knowledge on hydrogel friction by considering both
polymer interactions as well as asperity interactions. We also use molded hydrogels
in Chapter 3 and vary the asperity geometry (height, diameter, distance between
the pillars) while keeping the same type of polymer network. This allows us to
focus on the effect of ym-mm sized asperities.

(II) Particle lubrication

We assess the lubrication behavior of particulate lubricants in section II. Rolling,
load-bearing particles decrease the friction coefficient by means of a ball-bearing
mechanism. In Chapter 4 we use hydrogel microparticles. The size, hardness,
and volume fraction of the particles are varied. As the particles are soft while the
surfaces are relatively hard, this will cause particle deformation and deformed
particles are less able to roll or separate the surfaces. We investigate these effects
on the frictional behavior of soft particles present between hard surfaces.

In Chapter 5, we consider the inversed case: hard microparticles between soft
surfaces. In this case, the particles remain spherical while the elastomeric surfaces
deform around the particles. This surface deformation leads to enhanced contact be-
tween the surfaces and between the particles. We manipulate the distance between
the surfaces by changing particle properties including particle size, number of
particles, and the normal force during measurement. When we use microparticles
suspended in a fluid matrix, the interactions between the fluid and the particles
and the particles and the fluid need to be considered as well.

12
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We study the effects of these aspects in Chapter 6 by varing the properties
of the fluid matrix and the properties of the particles. The specific conditions
under which the different components of the lubricant enter the gap and what
mechanisms are behind this entrainment are discussed in this chapter.

(III) Tribological applications

In section III, we put the scientific knowledge on soft tribology in an applied
context. In Chapter 7, we study frictional events between human saliva and
food components. The most important molecules involved in food consumption
are the salivary proteins mucins and proline-rich proteins (PRPs). These salivary
proteins provide a good lubricating layer on the oral surfaces. [61, 62] These
salivary proteins are combined with with astringent solutions. This emulates what
happens in the mouth, for example when drinking wine and tea or when eating
nuts or plant leaves. This can lead to an astringent mouthfeel. We use the frictional
behavior to gain insights into whether these mouthfeel characteristics are purely
receptor-response based [63] or also frictional response based. [64, 65]

Many tribological studies are designed to mimic realistic situations such as
sliding joints or the tongue moving against the palate. This often requires specific
tribological sliding or rotating motions. We display the effect of different sliding
motions on the friction coefficient in Chapter 8. In this chapter, we use Newtonian
fluids and particle suspensions as lubricants and we vary different aspects of the
tribometer set-up. The variables in this study are the sliding surfaces which are
smooth or rough. We also use four different tribometers to investigate the impact
of tribometer motion on the lubrication behavior, even when the same surfaces
and lubricants are used. We thus study tribological mechanisms on different length
scales using various lubricants, surfaces, and tribometers. A schematic overview of
the sections and chapters presented in this thesis in is shown in Figure 1.6 on the
following page.
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Figure 1.6: An overview of the chapters in this thesis as subdivided into three sections: Hydrogel -
hydrogel friction, particle lubrication and tribological applications.
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Hydrogel - hydrogel friction






Soft surface roughness
determines frictional
regimes in hydrogel pairs



Abstract

Hydrogels display extremely complex frictional behavior with surprisingly slip-
pery surfaces. We measured the sliding behavior of hydrogels submerged in water
using a custom-made tribotool. Samples with a degree of surface roughness, gave
two distinct frictional regimes. Friction coefficients in the first regime change with
asperity sizes and Young’s moduli. Under increased normal force, a second frictional
regime emerges likely due to smoothening of asperities. Friction coefficients in the
second regime remain constant across length scales of roughness and appear to be
material specific. The hydrogel polymer network also directly influences the surface
topography, and with that, the frictional behavior of hydrogels. We highlight the
tribological importance of surface roughness at different length scales, which provides
the potential to engineer functional frictional behavior.

This chapter was published as:

Rudge, R.E.D., Scholten, E., and Dijksman, J. A. (2019). Natural and induced
roughness determine frictional regimes in hydrogel pairs. Tribology International
vol. 141, 105903.
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Introduction

Hydrogels are chemically or physically cross-linked water-absorbing networks of
polymers. The material can be easily modified and thus applied in many contexts
such as bio-inspired applications [1-4] and novel food systems [5-7], as their
network formation is sensitive to easily accessible tuning parameters such as
polymer type, polymer concentration, pH, and temperature. The large range
of tunable material properties including porosity, hardness, and water holding
ability make hydrogels a material of choice for many applications. One significant
feature of hydrogels is that they can be very slippery [8-10]. Despite this promise,
there is a general lack of fundamental understanding of the interfacial dynamics
during sliding, specifically of hydrogels and soft materials in general [11-13], even
against ideally flat substrates [14-16]. The variety of potential applications makes
understanding the emergence of friction between two hydrogel surfaces of pressing
interest. More broadly, to illuminate the origin of the complex frictional behavior
displayed by soft and porous solids, hydrogels are very suitable candidates to
test various tribological hypotheses. This is thanks to their material properties,
including strength, porosity, elasticity, and surface roughness which can be easily
monitored and adapted.

Simple dry sliding friction between two non-porous solid materials is usually
well described by Amontons-Coulombs’ laws of friction. [17] The implied pro-
portionality of the friction force, Fr and the load, W does not always hold and
appears not sufficient to capture the frictional behavior of more complex systems,
including lubricated friction between two soft solids. Mechanisms observed in
hydrogel friction include attraction and repulsion between interacting surfaces,
non-uniform fluid film formations, and normal force dependencies. [12, 18, 19]
Using hydrogels and glass substrates with varying degrees of roughness, clear
differences in frictional behavior have been found for smooth and rough solid
surfaces as smooth surfaces gave lower friction coefficients. [20] Previous work
has also shown that material friction depends also on the Young’s modulus of
the material. [21] Friction between soft materials is thus dependent on (bulk)
contact mechanics at the hydrogel interface but also depends on direct interactions
between the two surfaces. [22, 23] It is not intuitive how to apply or modify the
framework used to describe dry solids to hydrogels: first, the materials are porous
deformable solids that consist mainly of water, a lubricating fluid that could be
expelled under applied loads. Second, hydrogels are soft solids and under high
normal loads will thus deform substantially. [24, 25] This, in turn, affects the shape
of the contacting surfaces and with that, the contact area and pressure. [14, 19]
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Additional dissipation mechanisms such as water release or even hydrogel network
rearrangements or breakdown may then arise, which can add to the effective
friction coefficient. In light of all the possible dissipation mechanisms that can
occur, the robustness of low frictional sliding of hydrogels may seem especially
surprising. Nevertheless, the slipperiness of hydrogels has been observed when
paired with different materials from glass to textile. [20, 26-28] The low friction
dynamics remain when friction between two hydrogels in so-called “Gemini”
contacts are studied. [18, 19, 29] One may naively think that Gemini contacts
are relatively simple systems, yet also here friction depends on bulk and interface
characteristics. For example, increasing the hydrogel mesh size by increasing the
polymer concentrations [29] leads to lower friction. With this same Gemini system,
normal force dependence was observed: a decrease in friction coefficient was found
with an increasing normal force, which scaled with ;1 F&l/ ®. [19] In a different
study with two cellulose hydrogel disks in contact, it was found that a fluid trap
is created in the center of the hydrogel-hydrogel contact. As such, the lubricating
fluids present strongly influenced the contact area and the frictional behavior of
the hydrogels in contact. [18]

Among the complexity in the frictional dynamics in soft hydrogel contacts, we find
that roughness is a surprisingly simple, yet dominant contributor to friction on soft
hydrogel substrates across length scales. We measure friction dynamics between
two fully submerged, water-lubricated hydrogels in a custom-3D-printed tribology
set-up. The ability to tune surface roughness enables us to show that surface
roughness is responsible for a normal force dependence of . Specifically, the
creation of two distinct frictional regimes and their respective friction coefficients
are associated with rougher substrates, even with two highly elastic surfaces. We
use molding techniques and a variety of polymer properties to create hydrogels
with different roughness, ranging from extremely smooth to randomly rough. We
use the natural surface structure of seemingly “flat” substrates to extend the range
of surface structures we can probe to length-scales ranging from micrometers to
millimeters. Via 3D-printed patterned molds, we create regular surface patterns,
and we exploit the tunability of hydrogels to investigate the role of the Young’s
modulus. For all substrates explored, we find that surface roughness enhances
friction but only up to a certain level of normal forces, which we hypothesize to
indicate the maximum load needed for asperity flattening. Consistent with this
picture is that for samples that naturally have no micro-asperities, we find the
typical ultra-low friction dynamics and no normal force dependence. Our results
indicate that surface roughness can be relevant for materials that may appear to be
flat and provides a route towards the rational control over frictional dynamics.
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Experimental section

Samples of 10, 15, and 20 wt% gelatin were made by slowly adding gelatin
powder (gelatin from porcine skin, Type A, Sigma-Aldrich) to water at room
temperature. The mixture was stirred vigorously, heated to 60° C, and left to
stir for at least 30 minutes until a clear solution was obtained. Agar powder
(Agar-Agar, Caldic ingredients) and water were mixed at room temperature and
subsequently microwaved for approximately 30 seconds to obtain a clear 3 wt%
agar solution. Polyacrylamide (PAAm) polymer solutions were made by mixing 20
wt% of acrylamide (Sigma-Aldrich) with 1 wt% N,N’-methylenebis(acrylamide)
(Sigma-Aldrich), in water and slowly heating the mixture while stirring, allowing
the powders to fully dissolve. The polyacrylamide mixture was then cooled down
to room temperature, after which 0.05 wt% of the initiator, ammonium persulfate
(Bio-Rad) was added. Then, 0.05 wt% of cross-linker N,N,N’,N’-tetramethyl
ethylenediamine (TEMED, Sigma-Aldrich) was added to the aqueous mixture
for chemical cross-links to form upon gelation. The gelatin, agar, and PAAm
hydrogel solutions were then used to prepare hydrogel probes and substrates
used as tribopairs.

Hydrogel tribopair preparation

The (bio)polymer solutions were poured into a Petri dish with an inner diameter of
86 mm to obtain flat hydrogel substrates. Sample height was approximately 1.5
mm, similar to that of the Petri dish. For the hemispherical probe, a custom-made
silicone rubber mold was used (Moldstar 7 20 T, Smooth-On, Inc). After the
molds were filled with the hydrogel solutions, samples were left overnight to allow
the gelation process to complete. The samples remained on a level tabletop at room
temperature during the first stages of hardening to ensure a smooth and evenly
flat surface. To chemically cross-link gelatin hydrogels, hardened samples were
submerged in a 5 wt% glutaraldehyde solution (Sigma Aldrich). The cross-linking
process was assumed to be completed when the near-colorless sample changed into
a uniformly brownish-orange hydrogel. Residual glutaraldehyde was removed by
first rinsing the hydrogels with water and then immersing the samples overnight in
a container with a large amount of water which was placed on a mechanical shaker.
Coated abrasives were used to create irregularities on the surface of the hydrogel
disks. Grit labels of the sandpapers used were P2500 (Starcke USA), P400, P180,
P120, and P80 (3M), representing an average particle diameter of 8.4, 35, 82, 125,
and 201 pm respectively. The particles on a sandpaper surface can however vary
greatly in diameter, height, shape, and distribution on the surface. Negative molds
of the sandpaper were made using Moldstar 7% 20 T (Smooth-On, Inc). The gelatin
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solution was poured onto the molds and gel formation was allowed. The hydrogels
were subsequently cross-linked with glutaraldehyde as described previously. After
solidification, the substrate and probe were inserted in the homemade tribotool
geometry.

Stiffness of Hydrogels

The Young’s modulus (£) of all hydrogels was measured using samples made
in a Petri dish with a diameter of 35 mm with a height of around 7 mm. These
compression tests are non-destructive, allowing the materials to elastically return
to their original shape. Elastic behavior is also expected during our frictional
measurements relatively low normal forces (below 1 N). Samples were compressed
using a 75 mm diameter cone-plate with a 1° angle indentor on a rheometer
(MCR 501, Anton Paar) at a compression rate of 50 ym/s. During compression
the force was measured as a function of deformation. Using the sample area and
height, this was transformed into a stress-strain curve. This stress-strain curve
typically displays non-linear behavior at small deformation for hydrogels in part
due to natural sample height variation. [2] At a strain of approximately 5%, the
obtained stress-strain curve becomes linear and the corresponding slope was used
to calculate the Young’s moduli of all hydrogels.

Cryogenic temperature Scanning Electron Microscopy
(cryo-SEM)

The hydrogel surfaces were visualized using cryo-SEM (FEI Magellan 400). The
samples were frozen by plunge freezing using liquid nitrogen to keep them in
their natural hydrated state. Due to rapid freezing, water forms amorphous ice
that does not damage the material structure like crystalline ice would. The frozen
samples were fractured by striking the sample with a metal rod similar to the
method reported by Kim & co-workers. [30] This allows for viewing of not only the
surface but also exposes parts of the internal (bulk) structures. Distinctly different
internal and surface characteristics could be distinguished for each chemically
distinct sample using this technique.

X-Ray tomography (XRT)

For 3D imaging, XRT, a non-invasive imaging technique, was used to image surfaces
with asperities from 50 to 400 ym. A Phoenix v[tome]x m (General Electric,
Germany) tomographer was used for this purpose. Hydrogel samples were cut
into pieces of several mm and inserted into an Eppendorf tube. The tube was
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kept closed to avoid dehydration of the hydrogel samples during measurements.
Hydrogel samples were scanned over 360 ° and analyzed using Avizo software for
image reconstruction and visualization post-processing.

Frictional measurements

The gel-on-gel tribotool used in our measurements (Figure 2.1) was made using a
3D printer (Stratasys Objet30, Scholar, RGD240 plastic) and is also described more
extensively elsewhere. [31] The upper part of our custom-made tribotool consists
of an arm (3 cm) with a cavity, for insertion of the hemispherical hydrogel probe.
This component was installed on a rheometer (MCR 501, Anton Paar, Austria). The
rheometer can rotate the arm and move the arm vertically. The lower component
of the tribotool is a cylindrical holder for a flat, disk-shaped hydrogel substrate.
The hydrogel disk was fastened in the container using a ring-shaped clamp to avoid
movement of the hydrogel substrate during measurements. This container was
filled with water covering both the substrate and the upper part of the arm. The
hydrogel probe attached to the arm was rotated at preset angular velocities between
0.005 and 0.1 rotations per second (rps) corresponding to sliding velocities of 1 to
20 mm/s. Measurements started after the value of the normal force was reset to
zero on the rheometer and the zero-gap was set as a reference distance between
the probe and the substrate. The initial point of contact between the hydrogels was
determined by constructing a force-distance curve. The slightest increase in normal
force was taken as the first contact point. From the torque (/) measured by the
rheometer we calculate the friction force as F'ir= M/R (R=0.03 m).

Rheometer axis
Torque (M)

Normal force (Fy)

Hemispherical gel probe
Flat gel substrate

Figure 2.1: Cross-sectional illustration of the gel-on-gel tribotool. The hemispherical probe is
inserted into the holder and is moved alongside the hydrogel substrate using the rheometer axis.
The distance between the rheometer shaft and the center of the probe is 3 cm. The diameter of the
hemispherical probe is 2 cm.

Frictional measurements were performed with alternating “rotational” and
“indenting” intervals. The first measurement interval consists of the rotation of
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the probe without the probe and substrate being in contact, while the probe is
completely submerged in water. This measurement provides the background signal
to correct for the torque needed to move the arm at a given angular velocity
in the fluid inside the measuring cup. After this step, the probe is brought into
contact with the substrate during the first indentation interval. During subsequent
rotational intervals, the probe is rotated over the substrate at a fixed mean vertical
indentation depth, leading to friction between the probe and the substrate. During
rotation, a small range of normal force variations was measured at every mean
indentation position, due to the naturally occurring height variation of the surface
of the hydrogel substrate. After each rotational interval, the vertical position was
increased and the mean normal force increased to measure friction coefficients at
normal forces well below 1 N. All measurements are highly reproducible from day
to day and from probe to probe. Also, no signs of wear were observed even after
repeated use of hemispherical probes and substrates. These alternating rotating
and indenting intervals give us a large data set of coupled normal force (F) and
torque (M) values at a constant preset angular velocity. With these values the
dimensionless friction coefficient (1) is determined. We verify that our custom
tribometer gives the expected behavior for two dry sliding contacts (Fr = puFy).
The friction between a rough glass marble (Intertoys, The Netherlands) as a probe
against both a commercial-grade laser-cut acrylic glass disk and a polystyrene foam
surface as substrates was measured to validate our method (Figure 2.2). For these
dry solids, the friction force scales linearly with the normal force as is expected
from Amontons-Coulomb frictional laws.

30



Soft surface roughness determines frictional regimes in hydrogel pairs

0.1 T T T
* Glass-Polystyrene foam

008} Glass-Acrylic plate

<

o)

2 0.06

(o)

(I

50.04}

kS

“0.02}

0 i A A i
0 0.05 0.1 0.15 0.2 0.25

Normal Force (N)

Figure 2.2: Friction force — normal force curve of friction between a glass probe and polystyrene
foam and between a glass probe and acrylic glass as measured with our custom-made tribotool. We
observe the expected Amontons-Coulombic behavior in this context (solid lines).

Results

We measure friction using probes and substrates made of physically cross-linked
gelatin (uGel) and chemically treated irreversibly cross-linked gelatin (xGel) as
shown in Figure 2.3. Chemically cross-linking the gelatin samples gives a five-fold
increase of the Young’s Modulus from about 0.1 MPa to 0.5 MPa. To study the
effect of normal force on the friction coefficient of gelatin hydrogels we measure
the friction force at increasing vertical displacements leading to normal forces up
to at least 0.3 N for each sample as measured by the rheometer.

The exact indentation depth corresponding to a specific range of normal forces
depending on the mechanical properties of the materials in contact. Even though
substrate and probe vary in shape and thickness, them having the same modulus
suggests that we can make the approximation that the deformation is equally
shared among substrate and the smooth hemispherical probe (radius r, = 2 cm).
The deformation, J,, of both the substrate and the probe is then 300 ym. Hertzian
contact analysis then gives the contact radius r. = /7,0, to be approximately
1.7 mm and thus a contact area of 9 mm?. We observe a decreasing slope with
increasing normal force in our hydrogels submerged in water. The change in slope
in Figure 2.3 indicates a drop in friction coefficient with increasing normal forces,
leading to the emergence of two distinct frictional regimes. Each of the regimes
has a defined friction coefficient. This behavior is not in accordance with classical
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frictional laws as friction in dry solid materials is expected to be normal force
independent. [17]

0.15 ; :
' * uGel
e Ky E Koy » XGel
=z 1
£ 0.1} : .
o ! -t
o |
(@] 1
= :
= 1
L20.05¢1
Q
L
0‘ ot

0 01 02 03 04 05 06
Normal Force (N)

Figure 2.3: Raw friction data of untreated, physically cross-linked gelatin (uGel), chemically cross-
linked gelatin (xGel) at 0.1 rps. Surfaces are patterned using sandpaper (grit size 8.4 um). The
dashed line indicates the beginning of the second frictional regime.
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Changes in friction coefficient with increasing loads have however been reported
for soft materials including gellan, polyvinyl alcohol (PVA) and poly(2-acrylamido-
2-methylpropanesulfonic acid) (PAMPS) hydrogels on glass surfaces. [8, 22, 32]
More recently this has also been found for hydrogel-hydrogel contacts. [19] The
uniqueness of the results is found in the clear transition from one regime to another
and in the differences between the regimes. The first regime (;) in Figure 2.3
predominately contains relatively low normal forces from O up to 0.15 N as caused
by the applied indentations. The second regime (u»), after the kink, contains
intervals with deeper indentations and as a result larger asperity deformations
due to higher normal forces. The slope of the lines that represents the friction
coefficient is only moderately affected by changes in the selected starting and
ending point of each regime. Selecting several different transition points in close
proximity to the kink resulted in a maximum error in friction coefficient around
10%.

The expression of the two regimes can be attributed to the deformable na-
ture of the hydrogels. Applying a normal load on soft surfaces leads to deformation
or even flattening of the elastic surface asperities, as was already conjectured long
ago. [33, 34] More recently, this deformation was also shown for two hydrogels in
contact. [19] We confirm this picture through a systematic variation of the stiffness
and the surface roughness of the hydrogels.

Friction on substrates with an imposed random surface

roughness

To study the influence of material stiffness on the sudden decrease in friction
coefficient found, we use surfaces made of both chemically and physically cross-
linked hydrogels ranging from 10% to 20% of xGel and uGel. Young’s moduli
ranged from 0.1 to 0.8 MPa. We systematically vary the roughness of the hydrogels
using sandpaper with different average particle sizes or grit sizes. The asperities on
the sandpaper used to make negative molds range from very fine, densely packed
grains with a grit size (or average particle size) of 8.4 ym (P2500) to coarse grains
with a grit size of 201 ym with large spaces between the grains and larger size
distribution of the particles (P80). The hydrogel disks were cast on negative molds
of the sandpaper to obtain surfaces with the same roughness as the sandpaper as
shown in Figure 2.4.
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Figure 2.4: Microscopy images of gelatin hydrogel surfaces patterned using sandpaper together
with the ISO/FEPA grit size label of the sandpaper used for molding the hydrogels. The small
asperities are more closely packed and have a more uniform particle size than the large asperities.

In addition, we then studied the effect of stiffness and mesh size of the hydrogel,
as well as surface topography on the friction coefficient for samples with the
same polymeric constituents. With the expanded range of surface roughnesses and
hydrogel moduli, we confirm the same picture: the friction coefficient is reduced
with increasing normal force. The slopes in the friction force — normal force curves
are used to calculate the dimensionless friction coefficient (1) using yu=Fr/Fy. The
frictional values found for our artificially rough gelatin samples range from u =
0.05 to 0.45. These values are much lower than friction coefficients typically found
for dry solids [35, 36] while the upper limit, ;1 = 0.45 is rather high compared
to values typically reported for hydrogel-hydrogel friction using polyacrylamide
or poly(2-acrylamido-2-methyl-1-propane sulfonic acid) (PAMPS). [12, 19] For
gelatin substrates paired with glass, friction coefficients between 0.08 and 0.25
have been reported [37] however, the high friction coefficients in our samples are
found in the first regime and are likely caused by the imposed roughness on our
hydrogel surfaces. The friction coefficient in the first regime (1;) and the second
regime (u») for the different asperity sizes and gelatin concentrations have been
summarized in Figure 2.5.
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Figure 2.5: Friction coefficients for a) 10%, 15% and 20% chemically cross-linked gelatin and 15%
and b) 20% physically cross-linked gelatin with different degrees of roughness patterned using
sandpaper. The grit size refers to the average size of the grains on the sandpaper as stated by the
manufacturer. The friction coefficient in the low load regime (u;) is shown on the left and the
friction coefficient in the second regime (u2) on the right for both hydrogels. Measurements were
performed at 0.1 rps = 20 mm/s.

We observe that the gelatin concentration has a systematic role: gelatin tribopairs
made using lower concentrations of gelatin give lower frictional values for both
xGel and uGel (Figure 2.6). The Young’s moduli measured for uGel were 0.1 and
0.13 MPa for the 15% and 20% gelatin respectively. The Young’s moduli for xGel
with 10% gelatin was 0.35 MPa while 15% xGel has a modulus of 0.5 MPa and the
highest modulus was found for 20% xGel with 0.8 MPa. The friction coefficients
in both regimes show a logarithmic increase with the Young’s modulus in both
regimes. This increase is found for the smallest, most concentrated asperities (grit
size 8.4 um) up to the largest, more scattered asperities (201 ym). This difference
in friction coefficient can be caused by the size of the asperities (contact area)
as well as the distribution of the asperities on the surface (interlocking events).
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The friction coefficient in the second regime appears independent of the grit size
and depends mainly on material stiffness. This second regime seems to be a lower

limit for the friction coefficient attainable with these physically and chemically
cross-linked gelatin hydrogels.
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Figure 2.6: The increase of the friction coefficients p; and us as a function of Young’s modulus for
grit sizes 8.4 and 201 um. Hydrogels used here are 10%, 15% and 20% chemically cross-linked
gelatin and 15% and 20% physically cross-linked gelatin at sliding velocities of 0.1 rps = 20 mm/s.

Across different polymer concentrations and Young’s moduli, we find a recurring
trend as a function of grit size: surfaces with fine, closely packed asperities display
higher friction coefficients than large asperities that are widely distributed. The
stiff samples appear to be more sensitive to changes in roughness, especially below
grit sizes of 100 pm. This thus tells us that the friction coefficient in the first regime

is a result of both the asperity size and/or distribution and the Young’s modulus of
the material.

At low normal forces, the asperities on a rough soft surface can act as obsta-
cles, requiring more force to move the surfaces along one another. Small asperities
are expected to have more contact points and perhaps even a larger contact area
than larger asperities which would explain the higher friction coefficients. As
we will see below, the hemispherical probe also has a natural roughness scale
on the order of a couple of um. If asperities of materials in contact are within
the same size range, interlocking may occur. This in turn increases the friction
between the materials. [38] As the Young’s modulus of the samples increases
(from left to right in Figure 2.5b) the overall decrease in friction coefficient from
i1 to ps (Ap) becomes larger. Reducing the polymer concentration decreases the
stiffness of the material which makes it easier to deform asperities leading to lower
friction coefficients in the second regime (Figure 2.5 and 2.7). As the deformability
decreases, the stiff asperities play an increasingly large role in hindering the
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probe from moving forward, resulting in high friction coefficients. Alternatively, in
the low normal force regime, the asperity flattening is incomplete and probably
fluctuating in time, adding a dissipation that disappears at higher normal load,
where flattening effects are stronger. This effect is most pronounced at high asperity
densities and small grit sizes (e.g. 8.4 uym) and may be related to the number of
asperities per unit surface area.
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Figure 2.7: a) Frictional values as a function of the Young’s modulus and grit size for all experiments;
data extracted from Figure 2.3. The color bar indicates values for the friction coefficients. 1, s
and Ap. The y axis shows the Young’s moduli of the materials used and the x-axis shows the used
grit sizes. b) Schematic representation of asperities elastically deformed as a result of an increased
applied load.

Above 100 um interlocking events vanish as the asperities are likely too large to
interlock with the surface of the hemispherical probe. In the second regime, we see
that the friction coefficient approaches the same value for each sample regardless
of the roughness. This indicates that the friction coefficient in the second regime is
a material property. In this low friction regime, the asperities are likely permanently
flattened by the applied load (Figure 2.7b) and only other dissipative dynamics
(bonding/debonding, polymer entanglement, etc) remain.

To summarize the effects of asperity size and substrate modulus, we show how the
frictions coefficient and the decrease thereof depend on these factors in Figure 2.7.
Friction is highest for small asperities and high moduli. ., is much less dependent
on these mechanical features; in this regime, flattening has already occurred and
remaining dissipation is due to other mechanisms. We schematically show the
envisioned mechanism in Figure 2.7b.
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Friction on substrates with a systematic surface roughness

As the sandpaper surfaces are patterned randomly, the asperities vary not only in
size but also in location and distribution on the surface. To evaluate our suggested
asperity-flattening mechanism, we compare regularly patterned uGel and xGel
surfaces at 15% gelatin content. We specifically designed and 3D printed molds
with desired asperity sizes. The distance and height of the asperities are kept
constant while the diameter of the asperities is varied. The surface pillars were
designed to have a height of 200 ym and a distance of 500 ym between the centers,
so both surfaces were decorated with 4 pillars per mm?. We designed molds with
two different asperities diameters; 50 ym and 400 pm. (Figure 2.8).

Pillar
diameter

xGel 50 um xGel 400 pm

Figure 2.8: Friction coefficients for patterned xGel and uGel surfaces (top). X-ray tomography
(XRT) images of xGel with asperities of 50 ym (left) and asperities of 400 ym (right) in diameter
(bottom). The asperity height and distance was kept constant at 200 ym and 500 pum respectively.

For 15% uGel and xGel with regularly patterned surfaces again we find a second
frictional regime. For xGel samples we find higher friction than for uGel samples
(Figure 2.8).
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Asperities with a diameter of 50 ym give p; = 0.26 and i1 = 0.11 for xGel and
uGel respectively, well within the range of the randomly patterned surfaces. Values
in the second regime, 1., approach values found for both the natural and the
sandpaper patterned surfaces; 0.16 (xGel) and 0.07 (uGel) (see previous sections),
which is yet more evidence for the friction coefficient in the second regime to be
a material-specific constant. However, for the uGel samples with larger 400 ym
pillars y5 is found to be 0.17, larger than previously found for uGel (uy ~ 0.1).
For the sandpaper samples, we also found the decrease in friction to be smaller
for hydrogels with low moduli. This relatively small decrease in friction is likely
related to the deformability of the probe and the soft pillars. Within this limit of
material stiffness and asperity size, the force applied is most likely not enough to
deform the relatively large 400 um pillars. As the dimensions of each asperity are
now known, the compression AL of each pillar can be approximated by means of
the simple relationship AL = FyL/AE, where AL is the deformation calculated
from the normal force Fy, the initial length L, the area of the asperity A, and the
Young’s modulus F, respectively.

The deformation for the pillars of 400 ym diameter is about 60 times smaller
compared to the 50 um pillars due to the difference in aspect ratio. While the 50
pum pillar can be flattened to large extent, the 400 micron wide pillars experience
limited compression. It appears that the regularity of the surface patterning plays
an important role: irregularly patterned surfaces have a wide distribution of
asperity heights. This leads to the normal force applied being distributed over the
few asperities sticking out at every compression level. In contrast, the regular pillar
height of the patterned rough substrate imposes that at all times, the normal force
applied will be distributed over many pillars. By creating large and evenly sized
pillars, the ability to flatten the asperities has been restrained, leading to a limited
decrease in friction. Patterning the hydrogels in a controlled manner is thus an
efficient way to tune the friction coefficient and its sensitivity to changes in normal
force.

Friction on substrates with a natural surface roughness

In what way does friction of samples with an imposed surface roughness resemble
the behavior of hydrogel surfaces generated in smooth molds? Hydrogels including
gellan, polyvinyl alcohol (PVA), and poly(2-acrylamido-2-methylpropanesulfonic
acid) (PAMPS) cast on smooth surfaces all show different frictional behavior when
sliding against glass substrates. [8, 22, 32] This is commonly evaluated in terms of
molecular interactions between the hydrogel-glass interface. However, in previous
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sections, we have seen how important the role of surface roughness is. This makes
it interesting to wonder whether roughness could have played a role and thus it is
important to know how the chemical composition of a hydrogel affects its surface
structure.

We use four hydrogels with varying network structures: physically cross-linked
gelatin (uGel), chemically cross-linked gelatin (xGel), agar, and polyacrylamide
(PAAm). Gelatin is known to form a triple helical structure while agar forms double
helices. [39, 40] PAAm, a synthetic polymer, forms short and rigid cross-links due
to the presence of bisacrylamide chains that cross-link the longer polymer strands.
[41] Due to the differences in network formation and polymer concentration,
we obtain gels with different moduli. Physically cross-linked gelatin provides the
lowest modulus (0.1 MPa), followed by agar (0.2 MPa) and PAAm (0.5 MPa) and
chemically cross-linked gelatin (0.5 MPa). It appears that the chemical structure
of the gel affects not only the bulk properties of the hydrogels, but also their
surface properties. To differentiate between the different degrees of naturally
occurring surface roughness, we performed cryo-SEM imaging on the hydrogel
surfaces (Figure 2.9). The top surfaces of the hydrogels, on which we also perform
tribological tests (see below), are seen above the dashed lines; the internal gel
structures are visible below the line. In addition, we show the schematic network
structure that is typically expected for these hydrogels.

The PAAm hydrogel (Figure 2.9a) with short and linear chemical cross-links has
the smoothest surface according to our cryo-SEM results. The lack of structure
in the assembling molecules gives the gel a tightly bound structure resulting in a
flat surface. Agar and gelatin hydrogels show a rougher surface (Figure 2.9b, c,
and d). This relatively rough surface may be caused by coil-like helical structures
that build up the hydrogels [39, 40]. The covalent chemical cross-links formed
by glutaraldehyde transform the wavy gelatin surface (Figure 2.9¢) into a rather
bumpy landscape (Figure 2.9 d). The chemical cross-linker irreversibly brings
polymer chains closer together leading to a stiffer network with a higher degree
of roughness. By varying the polymer constituents and the interactions between
them, we have obtained four hydrogels with distinct bulk and surface properties.
Figure 2.10 shows the results of the lubricated friction between physically cross-
linked or untreated gelatin (uGel), chemically cross-linked gelatin (xGel), agar, and
polyacrylamide (PAAm) tribopairs in water. The values of the friction coefficients
in both frictional regimes (x; and p») and the difference between the two regimes
(Ap) together with the Young’s moduli of the hydrogels are also shown here.
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Figure 2.9: Cryo-SEM images of the surface and internal structures of a) PAAm, b) agar,c) uGel,
and d) xGel on the left with the proposed schematic polymer network structure shown on the right.
Microscope images were obtained using scanning electron microscopy with a magnification of 8000
times at cryogenic temperatures. North of the dashed line represents the surface. Below the dashed
line the internal structure of the hydrogels can be seen.

Each hydrogel has a distinct friction coefficient that can be related to the degrees of
roughness observed in the cryo-SEM images (Figure 2.9). The frictional behavior of
these diverse samples further demonstrates that the normal force dependency is a
robust property of hydrogel friction. Interestingly, the decrease in friction is absent
in dry, solid friction experiments and extremely low for lubricated PAAm friction.
This is likely because the asperities in dry solids are too stiff to be deformed at the
normal forces used here. The PAAm surface is smoother than that of the remaining
hydrogels, with no irregularities to be deformed in a second regime. The hydrogels
submerged in water give low friction coefficients in a range from 0.008 to 0.31. In
the second regime, xGel shows the highest friction coefficient followed by uGel and
agar. PAAm has the lowest friction coefficient in this regime. Samples made of xGel
and PAAm have similar Young’s moduli (0.5 MPa), yet we see large differences
in the friction coefficients of these two hydrogels (Figure 2.10). The low friction
coefficient found for PAAm in the first regime can be related to the smooth surface
as observed by cryo-SEM (Figure 2.9): there are no asperities to flatten and the
molecular structure of PAAm does not give rise to other dissipative mechanisms,
producing a dissipation during sliding that is only borderline detectable in our
setup. The hydrogels with a more pronounced surface roughness all show two
regimes of friction and higher friction coefficients than PAAm. Hydrogel-hydrogel
friction thus depends on a combined effect of bulk and surface properties.
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Figure 2.10: Friction curves of untreated, physically cross-linked gelatin (uGel), chemically cross-
linked gelatin (xGel), agar and polyacrylamide (PAAm) tribopairs at 0.1 rps. We find two normal
force dependent friction coefficients (11 and p2) for all hydrogels. The calculated friction coefficients
and the Young’s modulus of each sample are shown in the table on the right.

The role of polymeric lubrication

Physical mechanisms that are commonly discussed in hydrogel friction include the
presence of a fluid layer [20], gel relaxation [10, 29] poroelastic effects [18, 42]
and surface adhesion. [27] These mechanisms are potentially also involved in the
decrease of friction we find in our hydrogels. As our measurements are carried
out in water, we do not expect adhesion between the hydrogels to be of large
influence. A thin film of water being squeezed out of the hydrogel is not expected
to significantly further decrease the friction, as measurements are carried out in
large amounts of water and a fluid layer is already present. [8] In addition, the
asperities of rough gels would expel more water than flat gels under an applied
load as the asperities undergo a large compression. [20] This would lead to a larger
decrease in friction for rough gels, which we do not observe in our measurements.

We look further into the drop in friction coefficient by performing measurements
with longer duration and lower sliding velocities, to determine whether time
or velocity-dependent effects are at play in hydrogel-hydrogel friction. For this
purpose we selected xGel, as this chemically cross-linked material is stable over
a long period with respect to swelling. Since the cross-linking is performed in a
water-bath with glutaraldehyde and the gel is then immediately submerged and
stored in water, maximum swelling is already attained. The results in Table 2.1
show that the friction between two cross-linked gelatin hydrogels is time and
velocity independent within the available velocity range of our equipment. Friction
coefficients ;1 and -, for xGel remained constant within the measuring range of
0.005 to 0.1 rps. The rate and time independence found for xGel indicates that the
decrease in friction is indeed not caused by adhesion or fluid film formations at
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the interface as these are rate-dependent phenomena. We also do not observe any
significant wear effects in these soft materials. Frictional measurements performed
on the same substrate and probe pairs consistently yielded reproducible results
over several weeks. Time-dependent effects such as fluid migrating to the interface,
relaxation phenomena, or serum release, do not seem to be the main driving forces
behind the normal force dependence found for hydrogels. Another effect leading to
a decrease in friction in hydrogels might be the loosening or dissolving of polymers
within the hydrogel network. [8, 32] A viscous layer could be formed on the
hydrogel interface which promotes a decrease in friction. In chemically cross-linked
substrates this effect would be less profound as the polymers are covalently bound.
However, we do find a large drop in friction coefficient in our chemically cross-
linked xGel, eliminating the loosening of polymer layers as the main cause for the
normal force dependence. Repeating a full cycle of measurements with the same
samples yields highly reproducible results. Loosening or permanently dissolving
polymer chains are thus an unlikely source of the reduced friction in the second
regime.

Table 2.1: Friction coefficients for xGel at 0.1, 0.05, 0.001 and 0.005 rps in the low-load (x1) and

the high-load (u2) regime. The measurements at different velocities were carried out with the same
hydrogel probe and substrate.

Angular
velocity
(rps)
0.1

0.05

0.01

0.005

Discussion

With the combined results of the imposed regular, irregular, and naturally rough
surfaces it is clear that elastic deformation of the surface asperities plays a key
role in the observed drop in friction coefficient. This is concretely observed by
making direct comparisons: we find that for materials with the same stiffness (xGel
and PAAm) the difference in their surface roughness leads to a large difference in
friction coefficients in both regimes. When comparing two relatively rough materi-
als (xGel and uGel), our results demonstrate that stiffness plays an increasingly
large role. The appearance of a second frictional regime at high normal forces
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thus appears to be a function of the stiffness and surface roughness (imposed or
induced by the polymeric nature of the hydrogel) regardless of the length scale
of the asperities. Further parameters contributing to the friction coefficients of
hydrogels include the difference in chemical make-up along with the mesh sizes
and network structures for each of the samples.

We can further elucidate the flattening hypothesis by estimating the asperity
deformation at a normal force Fy of 0.2 N and maximum probe displacement of
400 pm. The contact area is then approximately 6 mm? as estimated using Hertz
theory. The hardest gel surface (xGel) has asperities with a radius of roughly r,
= 1.5 pym as estimated from Figure 2.9. The number of asperities with which the
probe is in contact is then approximately 2 x 10° if we assume all asperities are
hemispherical and completely cover the surface. Every asperity thus experiences a
contact force of ~ 1 x 1077 N. To estimate the deformation of a single naturally
occurring asperity, we assume that every single substrate asperity equally exerts
1 x 1077 N on the probe, which due to the separation of length scales can be
considered a flat plane. We would like to again highlight that this is an underes-
timation: due to the irregularity of the surface, the applied normal load is most
likely not evenly distributed over all contacts, but instead focused on only a few
asperities. We then estimate the deformation of an asperity under such load again
with Hertz theory, F, = %Eré/ 253/% to be da/Tq ~ 0.1: in this limit, the deforma-

tion predicted by Hertz’ theory is already ten percent of the asperity radius. This

3Fy
4ESprp *

is in fact independent of r,: the relative deformation of an asperity is 6, /r, =

This supports our hypothesis that the deformation of asperities plays a signif-
icant role, even for the stiffest gels used. The less stiff gels are easier to deform
or flatten and therefore give an even larger drop in the friction coefficient in the
second regime. This estimation gives a clear suggestion of the physical mechanisms
behind the asperity flattening. However, it does not include the height of the asperi-
ties which can not be estimated from the cryo-SEM images. The spatial variability of
the pressure in the Hertz solution, a possible deviation from incompressibility, and
deformation coupling between asperities have been omitted from the estimation
for simplicity. Recently, it was found in “Gemini” hydrogel pairs, that an increase
in normal force leads to a decrease in friction in the speed independent regime
[19]. Hertzian contact mechanical behavior was observed for these hydrogels and
the contact area, friction coefficient, and normal force were found to be directly
related to one another (u F&l/ 3). As we have shown here, Hertzian behavior
alone would not suffice to accurately describe the two distinct regimes observed in
hydrogel friction with our rough substrates.
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Conclusions

Friction on soft substrates is influenced by many factors including material surface
properties such as roughness, and bulk properties such as the elasticity of the
surfaces. We measure friction on a range of patterned hydrogels with different
chemical composition using a home built tribotool. The frictional dynamics
observed are strongly normal-force dependent in our soft lubricated contacts.
When increasing the normal force, a drop in friction coefficient is found, defining
two distinct frictional regimes. The first frictional regime is sensitive to the nature
and the length scale of the asperities (synthetic or naturally occurring) on the
hydrogel surface. The friction coefficient in the second regime appears to be a
material property. For samples made of the same polymeric materials, we find
that lower Young’s moduli lead to lower friction in both regimes regardless of the
surface roughness. The decrease in friction coefficient is likely to be induced by
the deformation of the soft surface asperities leading to a smoother surface. In
the second regime, dissipative dynamics are determined by other bulk or surface
properties. The experimental tribology we have introduced in this chapter, enables
tribologists to explore the complexity behind lubricated hydrogel-hydrogel friction
over a wide range of material types, surface characteristics, and lubricants.
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Abstract

Soft and slippery surfaces such as hydrogel surfaces are known for their low friction
coefficients, especially in the presence of aqueous lubricants. Hydrogels can also be
easily modified to have a particular surface roughness, changing their frictional
properties. In the previous chapter, we showed that the surface roughness has a strong
influence on the friction coefficient of hydrogel surfaces. Here, we show how several
roughness parameters (height, diameter, distance between pillars) can be used to alter
the friction coefficient in hydrogel-hydrogel friction. While a smooth (unpatterned)
hydrogel surface gives friction coefficients around 0.31, using different patterned
surfaces we were able to generate friction coefficients that are 50% lower or higher. We
show that each surface roughness parameter has a specific contribution to the friction
coefficient. Slender pillars conjure a higher friction coefficient, which we attribute to
their bending and hence larger contact area. In contrast, we measure low friction
coefficients when the sparse presence of pillars reduces the effective contact area. Our
findings thus provide a clear path towards optimization of frictional properties of
patterned surfaces. Hydrogels with tunable roughness and friction coefficients can find
applications in soft solids where friction plays an important role.

This chapter was submitted as:
Rudge, R.E.D., Scholten, E., and Dijksman, J. A. Is there a pattern? Frictional
properties of micro-patterned hydrogels.
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Introduction

The frictional properties of two sliding surfaces are often influenced by the specific
properties of the surface, including the material type and the surface roughness.
The impact of surface properties on friction, lubrication and wear, also known
as tribology, has been the focus of various studies. [1-8] Surface roughness can
be used as a tool to control the friction coefficient of a specific tribosystem. This
approach has been used successfully to control the frictional and adhesive proper-
ties of various soft surfaces such as elastomers [9, 10] and hydrogels. [7, 8, 11]
Controlling the frictional properties is of importance for many materials in contact.
Low friction is often required for biomimetic applications such as skin replace-
ments,[12] artificial joints [13-15] or oral lubrication during food consumption. [9,
16] Systems that require high friction for optimal performance include car brakes,
or tires.[17, 18] Controlling the frictional properties of materials by manipulating
the surface roughness can thus lead towards the optimization of various processes
where contacting surfaces are involved.

Even surfaces that are visually smooth may have micro or even nano-scale asperities
that affect their contact mechanics and frictional behavior as also seen in Chapter
2. These asperities play a role in the contact mechanics and deformation of the
surface, leading to variations in friction and wear. [6, 8, 19] When asperities are
present on the surface, the real contact area between opposing surfaces is often
far smaller than the apparent area of contact. It is commonly thought that a larger
degree of surface roughness leads to a smaller contact area and with that less
adhesion and lower friction coefficients. [20, 21] Paradoxically, also high friction
coefficients have been found for rough surfaces [22], for example due to asperity
interlocking events occurring between asperities. Such an increase in friction
coefficient was found for patterned polydimethylsyloxane (PDMS) surfaces paired
with rough surfaces [23] and for polyurethane surfaces decorated with nano-scaled
asperities, sliding against smooth mica surfaces. [6] Our findings in Chapter 2
also confirmed the importance of roughness, as we showed that hydrogels with a
larger number of surface asperities give higher friction coefficients than apparent
smooth surfaces. Our optically smooth hydrogel surfaces displayed low friction and
surfaces with a degree of micro-scale roughness gave higher friction coefficients. [8]

Existing work in the field of soft, rough substrates thus shows that the effect of
surface roughness on the frictional behavior of a tribosystem is still not completely
understood. For most surfaces used in tribological studies, the roughness is not
well defined as surfaces are randomly rough. This makes it difficult to relate
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friction to specific roughness parameters and identify which parameters play the
most important role in defining frictional behavior. To understand which asperity
characteristics are important regarding the frictional behavior, the roughness
parameters (asperity height, distance, diameter) need to be changed independently
from each other to obtain proper control over the surface roughness spectrum. [24]

In this chapter, we therefore designed hydrogel surfaces with controlled properties:
we cover the surface with asperities that have a variable height, radius and spatial
distribution. Hydrogels are of interest to researchers in different fields thanks to
their biocompatibility and their ability to hold large amounts of water and form
a soft material with solid like properties.[25, 26] By systematically varying the
surface topography of the soft materials, we aim to unveil the effect of each of
the individual roughness parameters on the friction coefficient. This systematic
exploration on the relationship between the type of surface roughness and the
friction coefficient will provide us with new methods to effectively design surfaces
with desired frictional properties by simply varying the surface characteristics of
the contacting surfaces.
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Experimental section

Hydrogel tribopair preparation

Hydrogel probes and substrates were made using 15 wt% porcine skin gelatin
(Sigma-Aldrich) according to a method presented in Chapter 2. [8] In short, we
used 3D-printed molds to make negative rubber molds (Moldstar 20T, Smooth On).
The gelatin solution was poured into negative rubber molds to obtain hydrogel
surfaces with similar surface asperities as the 3D-printed samples. The method
used is shown schematically in Figure 3.1.

Elastomer fluid Gelatin fluid
P4 P4
N N

3D printed mold Elastomer negative mold Patterned gelatin

Figure 3.1: Method used to obtain patterned gelatin surfaces with a 3D-printed mold by first
making elastomeric negative molds and subsequently pouring the gelatin solution into the negative
mold to obtain the desired surface pattern. A result of this type of patterning is shown in the figure
on the bottom as an example, with a ruler to indicate the size of the pillars. The distance between
two black lines is 1 mm.

After samples were stiffened by cooling the gels down at 4 °C and removed from
the mold, we obtained hydrogels with varying surface structures. The surface
structures include pillars varying in height, diameter, spacing and pattern type.
Solidified samples were chemically cross-linked using a 10 times diluted solution
of glutaraldehyde (50% in water, Sigma-Aldrich) as a cross-linking agent. The disk-
shaped samples were 86 mm in diameter and 10 mm in height. The hemi-spherical
hydrogel probe was 20 mm in diameter.
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Frictional measurements using a gel-on-gel tribometer

To measure the friction coefficient, a customized rheo-tribometer (Figure 3.2)
was used. Technical details on this device were described in Chapter 2. [8] The
hemi-spherical probe is inserted into the 30 mm long arm, attached to a rheometer
(Anton Paar MCR 501) which we used to measure hydrogel-hydrogel friction in a
gap-controlled manner. Measurements were carried out at normal forces from 0 up
to 0.2 N and at speeds of 0.005 revolutions per second (rps), which corresponds
to 1 mm/s. The average values and corresponding error bars we report, are based
on two measurements using two different sets of hydrogel tribopairs with two
rotations performed at each gap size. We use five different gap sizes to obtain
a range of normal forces. We calculate the total friction coefficient by averaging
over all the friction coefficients measured while the probe is travelling over the
substrate, as long as these friction coefficients are measured at small normal forces
(< 0.2 N). This cut-off normal force is determined by the normal force at which
the asperities are expected to not be flattened by the probe. Such flattening would
lead to an undesired transition into another frictional regime, which was shown
and discussed in Chapter 2. [8]
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Figure 3.2: Side view of the gel-on-gel tribometer used in this study. The gel probe attached to
a rheometer is rotated over our patterned surfaces with an arm length of 3 cm. Probe diameter
is 2 cm while substrate disks have a diameter of 86 cm. The rheometer records the normal force
(Fn) and the torque (7). The measuring container has a height (z) of 10 cm. Measurements are
performed under fully submerged conditions.
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Results and discussion

We measured the friction coefficient for a smooth hemi-spherical hydrogel probe
sliding against a hydrogel substrate. The hydrogel substrate was designed to
have cylindrical pillars on the surface to alter the surface roughness. During
measurements, we obtained the torque and normal forces using a rheometer
(Figure 3.3a). We previously estimated the contact area diameter of the same
hydrogel probe against the (unpatterned) substrate to be 1.7 mm using Hertzian
contact mechanics. [8]
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Figure 3.3: a) Raw torque and normal force signals measured during rotation. The different
colors show different intervals. b) The same torque and normal force values as shown in (a) after
smoothing the data. c) Friction force against normal force, from which the friction coefficient is
determined.

Due to the irregular surface of the hydrogels, the obtained data has a strong angular
displacement (location on the gel) dependence. Therefore, we group the data into
50 sections (bins) to obtain a better overview of the various measuring intervals.
The normal force and torque values were used to calculate friction coefficients as
i = Fr/Fy and Fr = 7/R with FF the friction force and 7 the torque and R, the
arm length, of 3 cm. The friction coefficient was calculated from the slope of the
linear F- vs Fy plots (Figure 3.3c). As indicated, smoothing the raw data gave
only minor changes in the friction coefficient (Figure 3.3b). We use this 3D-printed
tribotool to measure the friction coefficient of patterned hydrogels with different
asperity sizes. The ranges in height, diameter (width) and distance used, are shown
in Table 3.1.
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Table 3.1: An overview of the different asperity parameters for the patterned substrates used in
this study. We describe the patterned surfaces in terms of asperity height, diameter (width) and
distance.

Height (um) Diameter (um) Distance (um)

Height Series 250 500 1000
500 500 1000
1000 500 1000
1500 500 1000

500 250 1000
500 500 1000
500 1000 1000
500 1500 1000

Diameter Series

Distance Series 500 500 555
500 500 600
500 500 750
500 500 1000
500 500 1500

Radial pattern 500 500 1700
500 500 3500
500 500 16000
500 500 310000
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Asperity height: flexible beams as barriers

To investigate the effect that asperities on a substrate surface have on the frictional
behavior, we use micron-sized pillars with controlled height (/), diameter (D)
and distance or spacing (.5). The cylindrical surface pillars have a flat top and are
ordered on a square lattice. The pillars are designed to have a centre-to-centre
spacing of 1000 ym between the pillars and the pillars have a diameter of 500 pm.
Using a custom-made tribotool [8], we find that the presence of short pillars (250
pm) on the hydrogel surface leads to similar friction coefficients as found for a
smooth, unpatterned (u) gelatin surface (., = 0.31, pg250 = 0.32).

With taller pillars (500, 1000 and 1500 pm in height) present on the surface, we
find an increase in friction coefficient, which reaches a maximum of almost 0.5 for
pillars that are 1500 ym in height as shown in Figure 3.4. As the top surface area
of the pillars is the same for all pillar heights, the increase in friction coefficients
is likely due to other factors than the actual surface area. An increase in friction
coefficient with pillar height was also found using soft polymer surfaces with
nano-patterned asperities [27] and micro-patterned asperities. [10]
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Figure 3.4: Friction coefficients of hydrogel-hydrogel friction with patterned substrates at 1 mm/s.
Pillars on the surface were varied in height ranging from 250 pm to 1500 pym. A blue dashed line
was added to represent the average friction coefficient of an unpatterned gelatin hydrogel.

In a soft substrate tribology experiment, it is in general not easy to disentangle the
role of asperity or substrate deformation on the ratio of shear and normal stresses.
This is the case because one cannot independently control (or even measure) the
relevant variables such as probe and substrate deformation and effective gap size.
We can, however, hypothesize a mechanism for the enhancement of friction for
taller pillars. The relatively high friction forces for tall pillars may be due to the
bending of the pillars. The bending ability of the pillars depends on the height and
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the aspect ratio of the pillars. As the width of the pillars is the same (500 ;zm), short
pillars thus bend less than tall pillars under the same shear force. The extent to
which the pillars can bend by the sliding or friction force (F) of the probe can be
estimated by beam bending theories, which describe how the height (/), diameter
(D) and second moment of area (/) of a beam influence the maximum deflection
(0): 6 = FpH?/3EI with E the Young’s modulus and I = 7wD*/4 (schematically
shown in Figure 3.5). [28-30] The absolute values for 6 we find, are in the order
of 20 pum for the Hsy pillars. Pillars that are three times larger in height (e.g.
Hi500 compared to Hsgo) will show a 30-fold increase in deflection 4 at the same
applied force. The much larger deflection of the tallest pillars makes that the side
of the pillars also comes in direct contact with the probe, and the increased contact
area may also increase the friction coefficient. Qualitatively consistent, we find
an increase in the friction coefficient of H;5y) compared to that of Hjyy, of about a
factor 1.3.

Probe I:F 3
D
5
H
Flexible pillar S

Figure 3.5: A schematic depiction of the pillar bending mechanism as caused by the contacting
probe. The parameters used to estimate the deflection angle § of the pillar are indicated in this
Figure.

Asperity diameter: The effect of contact area

In the previous section it appeared that the observed high friction coefficients are
due to the fact that tall pillars are more easily bent due to their high aspect ratio.
The bending can increase the contact area, as also the pillars’ sides are in contact
with the probe when the pillars are bent. To test whether indeed this change in
contact area can explain the changes in friction coefficient, we changed the contact
area of the pillars by varying the D from 500 pm to a lower value of 250 ym and
higher values of 1000 and 1500 pm. By varying the pillar diameter while keeping S
constant, we investigate both the effect of deformation (due to differences in aspect
ratio) and the effect of contact area. In these experiments we keep the height and
interpillar distance constant at 500 ym and 1000 pm, respectively.
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As shown in Figure 3.6, we find that increasing the D increases the friction
coefficient. However, the range of friction coefficients obtained by increasing
the diameter is relatively small and the friction coefficient does not reach values
over 0.35. The values obtained here are all higher than values obtained for a
unpatterned, flat gelatin substrate (i, = 0.31).
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Figure 3.6: Friction coefficients of patterned surfaces with surface pillars varying in diameter from
250 pm to 900 pm. The blue line represents the friction coefficient of an unpatterned gelatin surface.

The values for the diameter series are lower than the ones observed in Figure 3.4
where we studied the effect of pillar height. This indicates that effective contact
area alone is not the reason for the relatively high friction coefficients observed
when increasing the pillar height. The increase in friction coefficient when we
increase the pillar diameter, is likely caused by the increased contact area from
0.05 mm? for the narrower pillars to 0.64 mm? for the widest pillars. A 13-fold
increase in contact area thus gives an increase in friction coefficient from p = 0.27
to 0.36. Such an increase with contact area is similar to trends seen for dry, solid
surfaces [31] and for soft surfaces. [25]

When we increase the pillar diameter, we also strongly decrease the ability of
a pillar to bend, as § scales with D*. The maximum degree of deflection of a
pillar with a diameter of 250 um is then 16 times larger than that of a pillar
with a diameter of 500 ym. While varying D, we find that the asperities with the
larger deflection give lower friction, as opposed to the trend observed with the H
variation. The much slender bending pillars apparently do not contribute as much
to an increase in contact area: their smaller radius results in a smaller contact area,
even when strongly bent. We suggest that pillar bending changes friction, and that
the bending-related effect is radius dependent: wider pillars enhance the contact
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area and give an increase in friction as observed in Figure 3.4, while slender bent
pillars are too narrow to create extra surface area and reduce friction.

Pillar density: Contact area and number of physical barriers

We can also change the contact area by changing the pillar-to-pillar distance S at
constant D and H values. We do so by placing the pillars further away from one
another while keeping the same contact area per pillar, decreasing the pillar density.
The space between the centers of the pillars ranged from 555 to 2000 ym. The
smallest size used here gives a distance of 55 um between the edges of the pillars.
This small distance is close to the smallest size our printer can provide, which
means the distance may be larger or the pillars may actually be fully in contact.
This is why we also use a surface with 600 ;m distance between the pillars as a
more reliable sample. The largest distance used here is similar to the estimated
diameter of the contact area between the probe and a (flat) substrate (1.7 mm).
Pillar height and width were both kept constant at 500 ym. The number of pillars
ranged from 0.2 pillars/mm? for the pillars with the largest distance between the
pillars to 3.25 pillars/mm? for the patterned surfaces with the smallest distance
between the pillars. We find that larger spacing of the pillars (lower contact area)
gives lower friction coefficients (Figure 3.7).
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Figure 3.7: Friction coefficients of patterned surfaces varying in center-to-center distance between
the pillars from 555 pm to 2000 pm. The blue dashed line indicates the friction coefficient for
unpatterned gelatin.

In the case of smaller interpillar distance and thus high pillar densities and large
contact areas, high friction coefficients are found, in agreement with the results
shown in Figure 3.6. As already discussed, samples with high pillar density and
thus larger contact areas, give similar friction coefficients as the native gelatin
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surfaces without pillars with values around 0.31, which is likely due to similarities
in the total contact area.

It has to be noted that due to the lower number of pillars, also the shear load
distribution per pillar changes. The pillars on the surfaces with a low pillar density
will have to sustain a higher load per pillar which increases the likelihood of pillar
bending. This bending could have an additional effect on the friction coefficient,
as bending would lead to more probe resistance and higher friction forces due to
contact area enhancement, as described above. The results indicate that even for
higher loads per pillar (easier bending) in the case of larger pillar distance, friction
coefficients are still lower than for lower loads per pillar. This confirms that in this
case, changes in contact area influence the friction coefficient more than bending
events.

Friction coefficient and contact area

The previous results suggest that the frictional behavior of soft patterned hydrogels
is mostly determined by their net contact area. To test whether contact area is
indeed the main source of dissipation, we compare the previously discussed data
on samples with the same contact area, but with a different number of pillars per
mm?. These samples are a combination of the pillars varying in diameter, D, (blue

squares) and varying in space between the pillars, S, (black circles). The results
are displayed in Figure 3.8.
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Figure 3.8: Friction coefficients of hydrogel-hydrogel friction with patterned substrates as function

of the contact area of the surface asperities. Substrates are decorated with pillars either differing in
pillar diameter, D, or in space, S, between the pillars.
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In general, we observe that the friction coefficient increases with contact area for
both series. However, the data from the D variation experiment show lower friction
coefficients. Friction coefficients are therefore not only determined by contact area.
The absolute number of barriers appears to be relevant as well: reducing the total
surface area by decreasing S is more effective in reducing p.. Thus far, we have
identified the following potential parameters to contribute to the friction coefficient
in our patterned hydrogels: (I) the total contact area, (II) the number of physical
barriers to overcome, (III) pillar bending, which affects the net contact area.

Star patterned substrates: effect of pillar positioning

The reduction of i, with larger spacing cannot go on monotonically with increasing
S: at some point the pillars are spaced so far apart that the contact area of the
hemi-spherical probe at given normal force is small enough to fit in between two
pillars entirely. To test this limit and create a better understanding of the friction
mechanisms of patterned hydrogel surfaces, we designed patterned surfaces, for
which the probe travels over a smaller number of pillars, and even over one row of
pillars at a time. With individual pillar-probe interaction becoming relevant, we
need to guarantee that the probe approaches all the pillars from the same angle.
To achieve this, we designed surfaces with a radial, star-like pattern instead of a
square-like pattern. This star pattern ensures that the probe will slide over the
symmetrically placed pillars periodically. An image of the 3D designs used to print
the molds for the stars-shaped pattern is shown in Figure 3.9.

Figure 3.9: 3D designs of the star-shaped patterns. Samples were made with 4, 8, 36 and 72 rows of
pillars on the surface with distances of 31, 16, 3.5 and 1.7 mm, respectively. The distance between
the pillars within the rows remained constant at 1 mm.

The pillars are placed in lines that originate in the centre of the substrate, with
specific (angular) distances between each line. The distance between each line at
the contact region (3 cm from the center of the probe) is 1.7, 3.5, 16 or 31 mm,
which corresponds to 72, 36, 8 and 4 lines of pillars, respectively. We keep both
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the diameter and the height of the pillars constant at 500 ym. Also here, the top
of the pillar is flat. The radial distance between the pillars placed on one line is
1000 ym (1 mm). At the normal forces used here, we previously estimated the
diameter of the contact between the probe and the substrate gel to be around
1.7 mm using Hertzian deformation laws for soft surfaces in contact.[8] At a
contact diameter of 1.7 mm, the probe is thus expected to constantly be in contact
with pillars for the most dense star pattern as the spacing for the 72 lines pat-
tern is also 1.7 mm. The probe is then not able to touch the base between the pillars.

For larger distances, we expect the probe to be able to contact the base between the
pillars. At larger distances, the probe slides across the base, and has to overcome
just one row of pillars at a time. This allows us to gain information on the effect
of one separate physical barrier on the friction coefficient. The probe contact
area is large enough compared to the radial pillar distance to always require the
interaction with at least one pillar, at most two. Using the star patterns, we observe
a strong decrease in friction coefficient as a function of the number of pillar rows
(Figure 3.10).
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Figure 3.10: Frictional behavior of hydrogel substrates pattered with a radial pattern as a function
of the number of rows of pillars. Dashed line indicates the frictional value for unpatterned gelatin-
gelatin friction.

At a distance of 1.7 mm (72 rows), the friction coefficient is lower than for a larger
distance of 3.5 mm (36 rows). We thus find that the friction coefficient decreases
with the number of pillars, so a decrease of friction with increasing pillar-probe
contact area. This is a striking opposite to what we have seen in the previous
section, where we saw an increase in friction coefficient with an increasing contact
area for the square patterned surfaces (Figure 3.7).
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We should note the relevance of the hemi-spherical probe contact area here, which
is of the order of 1-2 mm. For larger number of rows, the pillar spacing is 1.7
mm and hence the probe remains in contact with pillars while essentially sliding
directly from pillar to pillar without touching the base. This explains the low
frictional values measured for densely packed pillars compared to pillars with
larger distances between them. At larger distances between pillars of the star
pattern, when there are fewer rows of pillars, the probe starts to contact the
substrate base more frequently than it touches pillars, and more probe-base contact
is obtained. In addition, the probe also needs to “climb” over the height of an
entire pillar. Due to the increased probe-base contact area, the friction coefficient
approaches that of an unpatterned gelatin substrate ( = 0.31). Similarly, if we
were to design a denser radial pillar pattern, we would expect an increase of the
friction coefficient, as in that limit the probe would also start to interact with a
virtually continuous gel surface. The nature of the substrate making process makes
it however challenging to obtain denser radial patterns.

The friction coefficients we measured for these star patterned surfaces are all
somewhat lower than for the unpatterned hydrogel (blue dashed line in Figure
3.10). We have no clear explanation for this, but perhaps there is always a
systematic reduced contact between the probe and the substrate due to the presence
of pillars. Additionally, we would like to highlight that the substrate pattern is
organized such that the hemi-spherical probe always moves orthogonal over a row
of pillars. For the square pillar pattern, the pillar-probe interaction is much more
path-specific. The effective reduction of friction of already four radial lines of pillars
may point towards the relevance of this “angle of attack” on the friction coefficient.

Is there a pattern?

So far, we have seen low friction coefficients when the distance between substrate
pillar shaped asperities is large and the contact area between the pillars and the
probe is low, providing that the probe does not touch the hydrogel base. We find
high friction coefficients when the number of pillars is too high leading to high
contact areas (Figure 3.7). When the number of pillars is too low, probe-base
contact occurs, which increases friction as we observed for the star-shaped pattern
with 4 rows of pillars in Figure 3.10. We summarize these findings in Figure 3.11
where we have combined the results of Figure 3.7 and Figure 3.10. In this figure,
we see that an optimum (low) friction coefficient exists when the pillars are at
sufficient distance to create moderate contact areas while avoiding base contact.
Additionally, low friction coefficients are expected when the effective pillar height is
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low enough to keep the influence of bending events limited, and when the number
of physical barriers is relatively small. These results demonstrate the impact of the
different roughness parameters (height, distance, and diameter) on the frictional
properties of soft materials. Limited contact between the probe and substrate, and
a low number of pillars acting as physical barriers as well as limited insertion of
the probe between the asperities seem crucial to obtaining low friction coefficients.
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Figure 3.11: Results of the hydrogel patterns varying in space for the square pattern and star
pattern combined together with a schematic view of the proposed frictional mechanism. The data

shown here originate from Figures 3.7 and 3.10. We show the friction coefficient of an unpatternd
gelatin gel by means of a blue dashed line.
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Single pillar friction coefficient

For our patterned surfaces we find that the larger effective height of a pillar (e.g.
from the base over an entire pillar rather than sliding from pillar top to pillar top),
the higher overall friction coefficient is measured. We observed this using both the
tall pillars and short pillars where tall pillars gave higher friction coefficients than
short pillars and the star pattern discussed in the previous section. The friction
coefficient is calculated from the normal force and torque values measured by
the rheometer during rotation. A closer look at the deflection angle(#)-dependent
signal of both Fy and Fr reveals that pillars indeed obstruct the motion of the
probe and temporarily lead to higher frictional values. While the probe is sliding
over the base or over the pillars, we measure friction events at different locations
on the hydrogel surface. If we look at the torque signals for our four different
patterns (4, 8, 36 and 72 rows of pillars), we can see exactly when the probe
collides with a pillar by the distinct peaks seen in the torque signal (Figure 3.12).
This peak pattern shows an increasing number of sharp peaks as the number of
rows increases. For the 72-row substrate, the sampling of the torque and normal
force signal by the rheometer becomes too slow to distinguish individual peaks. The
torque signal also increases with increasing indentation depth or smaller gap size,
shown here in a darker shade of blue. Also, as our measurements are gap controlled,
the probe is not always in contact with the surface due to natural height variations
on the hydrogel surface. We see this in Figure 3.12 as the torque occasionally drops
to values of zero, indicating little or no contact between the probe and the substrate.

Using the torque values and the normal values, we can calculate the friction
coefficient separately for each peak for the pattern with 4 rows and 72 rows. The
friction coefficient based on the three tallest peaks of the 4 line pattern (at the
beginning, halfway and at three quarters of a rotation), provides values of 0.35,
0.63 and 0.20. On the 72 line pattern, the friction coefficients for peaks at around
the same deflection angle used for the 4 line pattern give values of 0.29, 0.14 and
0.17.
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Figure 3.12: Torque signals as function of deflection angle for the star-pattern with 4, 8, 36 and
72 lines of pillars during one full rotation of the probe alongside the substrate. Darker blue colors
indicate larger indentation depths. Sharp peaks suggest probe-pillar contact.

The friction coefficients of these peaks are lower than the peaks of the 4-row
pattern. This shows how the friction coefficient of individual pillars contribute
to the total friction coefficient. Our observations strongly suggests that the high
values measured for 4 lines of pillars are due to a larger net height of the physical
barrier, i.e from the base to the top of the pillar, that the probe needs to overcome
when sliding over the row of pillars. A study by Zhang and co-workers using atomic
force microscopy and a colloidal probe indeed showed that such “collision” events
between the probe and the surface pillars are responsible for the high friction and,

as also seen here, while contact with few pillars at the same time led to low friction.
[32]
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Based on the systematic study presented here we can thus differentiate between
three ways in which asperities influence the friction coefficient. (I) An optimum
(low friction coefficient) is found when the number of pillars (contact area) is
low, while still maintaining constant contact between the probe and the pillar
thus preventing probe-base contact. (II) The friction coefficient increases when the
contact area is high. This is either due to a large pillar diameter, small interpillar
distance or due to enhanced contact with the side of the pillar, caused by bending
of the pillars. (III) The friction coefficient also increases when the distance between
the pillars is too large and the probe is able to enter the space between the pillars.
The probe may then contact the base and has to climb over the entire pillar, leading
to a large effective asperity height as was previously shown in Figure 3.11. To
obtain the interpretation presented here, we neglect any pillar-pillar interactions
that may occur. [33, 34]

Conclusions

We used 3D-printing as an affordable and accurate method of micro-patterning
pillar shaped asperities to provide hydrogel surfaces of different friction coefficients.
We studied the impact of individual roughness parameters such as asperity height,
diameter and interpillar distance on hydrogel-hydrogel friction. Using this method,
we demonstrated that the friction coefficient of these patterned hydrogels increases
with contact area and effective pillar height. The pillar height causes an increase in
the friction coefficient as the probe is essentially held back by these physical pillars.
Additionally, tall pillars may bend, leading to an increase in the contact area. By
studying the frictional behavior of individual pillars, we observed that the friction
coefficient is lowest when probe insertion between the pillars is limited and the
probe can slide directly from one asperity to another without touching the hydrogel
base between the pillars. We measure high friction coefficients when the probe
touches the base and needs to overcome a large physical barrier by climbing over a
pillar while colliding with the side or top of the pillar. We thus identified contact
area, effective pillar height and probe-base contact as the main contributors to high
friction coefficients in soft patterned hydrogels. The findings presented here can be
used to design pillared soft surfaces with controlled frictional behavior that have
applications in medical implants, biomimetic robots and food materials.
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Abstract

Rolling ball bearings are widely known and applied to decrease friction between
two surfaces. More recently, hydrogel-hydrogel tribopairs have also revealed good
but rather complex lubrication properties. Here, we combine both mechanisms to
elucidate the way soft spherical particles have nontrivial rate-dependent lubrication
behavior. Unlike Newtonian lubrication or dry solid friction, hydrogel particles in
suspension transition through four frictional regimes as function of sliding velocity.
We relate the different regimes to the deformation of the particles at different gap sizes,
which changes the effective contact area between the sliding surfaces. By systematically
varying the particle characteristics and the surface properties of the sliding surfaces we
assign potential mechanisms for each of the different lubricating regimes as function
of velocity: () relatively high friction due to particle flattening and direct contact
between interacting bodies, (II) decrease of friction owing to the presence of rolling
particles, (III) large inflow of particles in a confined space leading to compressed
particles, and (IV) the formation of a thick lubricating layer. Using these suspensions
with soft, deformable particles as a ball-bearing system, we provide new insights into
soft material friction with applications in emulsions, powders, microgels or other
granular materials.

This chapter was published as:

Rudge, R.E.D., Van De Sande, J. P., Dijksman, J. A., and Scholten, E. (2020).
Uncovering friction dynamics using hydrogel particles as soft ball bearings. Soft
Matter vol. 16, no. 15, 3821-3831.
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Introduction

Friction is of importance for the functionality of many different mechanical systems
such as car tires, steel bearings, biomedical implants, and even human joints. There
are numerous mechanisms known to influence friction between two surfaces. In
general, ;1 can depend on velocity, normal force, adhesion, roughness as shown
in the previous chapters. A simple strategy to obtain lubrication is to keep sliding
surfaces from physically touching each other. It should be noted that low friction
can also be obtained when surfaces are in contact with one another. In the case
of hydrogels, it has been shown that a decrease in friction can be obtained with
increased contact areas. [1, 2] To decrease the high frictional values caused by
increased contact, the contact area between surfaces in motion can be minimized in
many ways. The simple presence of a thin lubricating fluid layer or polymer coating
can already decrease the friction coefficient by orders of magnitude by preventing
the surfaces to come into close contact. [3, 4] Additionally, solid spheres are able
to decrease friction (Figure 4.1a).

a) Solid ball bearing lubrication b) Hydrogel — hydrogel lubrication

000 | =-
C—p— ]

c) Soft ball bearing lubrication d) Hydrogel microparticle lubrication

TS | Rooed”

Figure 4.1: Examples of frictional mechanisms for different combinations of surfaces and lubricants.
a) The traditional solid ball bearing lubrication involves rolling spheres between hard surfaces,
sometimes grease-lubricated. b) Hydrogel-hydrogel friction with two hydrogels sliding directly
against one another. There is commonly a thin layer of water present between the soft surfaces. c)
Hydrogel spheres as soft ball bearings. Here deformability strongly influences the friction coefficient.
d) Hydrogel particles in contact with a hard/soft rough surface.

Solid spheres between two sliding surfaces can decrease friction by separating
the sliding surfaces. Although the spheres themselves are in direct contact with
both surfaces, their ability to roll provides a lubrication mechanism. This is known
as the ball-bearing mechanism [5-7] or third body friction [8] and this mecha-
nism plays an important role in most machinery with rotating parts and can be
found in applications from kitchen appliances [9] to space crafts. [10] Due to the
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smoothness of the sphere’s surface, the presence of rolling bearings can reduce
the friction coefficient, much more compared to sliding surfaces in direct contact.
[11] By using ball bearings that are by themselves of very low (rate-dependent)
friction, one can ask how the bearing contact friction affects the ball-bearing
mechanism. Second, ball bearing or substrate deformation is often not considered
in ball-bearing mechanisms, as ball bearings are typically stressed much below
their internal strength. Deformation of ball bearings might significantly affect
the lubrication behavior of ball bearings. For soft, slippery ball bearings we can
thus expect nontrivial lubrication behavior. To explore this potentially nontrivial
lubrication behavior, we consider hydrogels. Hydrogels have become immensely
popular in the past decades and these materials have, more recently, been the
subject of a broad range of frictional studies. [1, 12-15] Hydrogels exhibit unique
frictional behavior and friction coefficients as low as 0.01 have been reported
for hydrogel-on-hydrogel friction (Figure 4.1b) as we have already discussed in
Chapters 2 and 3. [2, 16] This is similar to friction coefficients in synovial joints.
The exact mechanism by which these low friction coefficients in hydrogels come
about is still under debate with many proposed mechanisms including the presence
of hydrated polymeric brushes on the surfaces. [13, 17-20]

Here, we present a hybrid lubricant that combines the rolling ability of spherical
particles with the slipperiness of hydrogels (Figure 4.1c¢) and show that using soft
hydrogel particles as ball bearings indeed induces unique lubricating properties. To
achieve this, we use a suspension containing custom-made gelatin microparticles
as a lubricant. These gelatin microparticles allow us to tune the frictional behavior
by varying the particle properties, such as particle deformability and size. We show
that when combined with real-life rough surfaces, soft slippery ball bearings indeed
bring an additional lubrication effect. (Figure 4.1d) By systematically exploring the
role of different particle characteristics, we elucidate the microscopic mechanism
behind the lubricating behavior of soft hydrogel suspensions.

Particle suspensions have been studied before for their lubricating efficiency.
Previous studies have addressed the effect of the polymer content of the lubricating
particles [21], particle volume fraction in suspension [22], along with changes in
the continuous phase [23, 24] and the tribopairs used. [25] From these studies it
becomes evident that hydrogel particles enhance the lubrication behavior over a
range of velocities and past authors have proposed several different mechanisms to
interpret their findings. While it was suggested that the particles are not yet present
between the surfaces at low velocities [21, 26], this interpretation contradicts
the findings of other authors. [27] The different results obtained by various
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authors may be in part due to the use of different tribometers and different types
of particles. As a tribological measurement strongly depends on the properties
of the entire system (measuring device, lubricant type, velocity, etc.), [28, 29]
comparing results of different studies is often difficult. In the present work, we
present a systematic study highlighting the rate-dependent dynamics of hydrogel
ball-bearing lubrication. We vary the volume fraction of the particles in suspension,
the deformability of the hydrogel particles, and the particle size, and ensure that all
measurements were carried out under the same conditions. In addition, we show
the importance of the surface roughness of the interacting surfaces on the frictional
behavior over a range of velocities. Our soft particles show frictional behavior
that deviates from fluid lubricated systems as commonly described by means of a
Stribeck curve which predicts a boundary, mixed and hydrodynamic regime. [11]
In the case of particle suspensions, four or even more frictional regimes can be
observed. [21, 28] The exact mechanisms behind the frictional behavior of soft
particle suspensions are however not fully understood. [26, 28, 30]

To contribute to a better general understanding of soft particle lubrication, we
introduce gelatin microparticles as soft ball-bearing spheres. The deformability
of the particles introduces the four rate-dependent regimes for rolling lubricating
particles. We discuss possible underlying mechanisms for the different regimes.
Overall, our soft sphere suspensions show that limited contact between the sliding
surfaces gives rise to easy sliding and low friction coefficients. This is the case
for high volume fraction suspensions, hard particles, and large particles, as these
samples are well able to separate the sliding surfaces. The suspension of soft
spherical particles we introduced can function as a model system to thoroughly
understand the frictional behavior of powders, pastes, and suspensions commonly
used in agriculture, pharmaceutics, and foods.
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Experimental section

Gelatin Microparticle Preparation

We use gelatin microparticles (Figure 4.2) as our soft hydrogel particles. To obtain
the gelatin microparticles, we first make gelatin solutions of the relevant weight
percentages (w/w%). This is done by adding gelatin powder (Type A, Sigma-
Aldrich) to Milli-Q water. The mixture was shaken and left at room temperature
to allow the gelatin powder to hydrate before the mixture was heated to 60 °C to
dissolve the gelatin. The gelatin solution was then added in a 1:4 ratio to a mixture
of sunflower oil and 2.5 wt% emulsifier polyglycerol polyricinoleate (PGPR) at 60
°C. A gelatin solution-in-oil emulsion was created by premixing the gelatin solution
with the 0il-PGPR mixture for 15 minutes using a magnetic stirring bar. The pre-
mixed emulsion was further homogenized using rotor-stator homogenization (IKA
Ultra Turrax) after which the emulsion was immediately cooled down in an ice
bath to induce gelation of the gelatin and create the hydrogel particles. Mixing
time and mixing speed was varied to alter the droplet size. A complete overview
of the mixing times and speeds used for each sample can be found in Table 4.1.
To collect the gelatin hydrogel particles, the bulk amount of oil was removed by
centrifugation for one cycle of 30 minutes at 16000 rpm and 4 °C. The residual oil
was removed by dispersing the gelatin microparticles in acetone overnight.

Figure 4.2: a) Densely packed (“100%”) gelatin microparticle suspension made with 15 wt% gelatin
placed on a 50 mm serrated rheometer plate. b) Microscopic image of diluted gelatin microparticle
suspension in water.

Acetone with the dissolved oil was removed by filtration, and further drying by
air resulted in a dry powder. To prepare the hydrogel particle suspensions, dried
particle powder was added in an excess of water to rehydrate the particles. The
rehydration returns the particles to their original spherical form and can be done
repeatedly. To avoid agglomeration of the hydrogel particles, we homogenized the
suspension for 1 minute using an IKA Ultra Turrax and then for four cycles (one
cycle at 40 bar followed by three cycles at 80 bar) using a LAB Homogeniser (Delta
Instruments). To confirm the particles remained spherical after treatment, we

82



Uncovering friction dynamics using hydrogel particles as soft ball
bearings

imaged the particles using brightfield microscopy (Figure 4.2b). To further increase
the hardness of certain microgel particles, we chemically cross-linked gelatin using
the treatment described in Chapters 2 and 3. [2] After filtration, we obtained a
densely packed hydrogel particle suspension, which was used for rheological and
tribological measurements. We refer to this densely-packed suspension as “100%”,
which refers here to maximum packing. The actual volume fraction of particles
is much lower, as the maximum packing of spherical, monodisperse particles is
theoretically between 64 and 74%. [31] In reality, due to the polydisperse and
deformable nature of the particles, the volume fraction may be slightly higher; we
hence refrain from making claims about the specific value of the packing fraction
and label it as “100%”. This densely packed 100% suspension is diluted with Milli-Q
water to obtain 50%, 25%, and 10% of the maximum packing by weight.

Young’s moduli

The stiffness of the microparticles was estimated by measuring the elastic modulus
of macroscopic gels, assuming that the properties of the gels at the two different
length scales are comparable. Gelatin gels with the same ingredients as used for the
particles were cut into disks of 26 mm in diameter with a height of 20 mm. A uni-
axial compression was performed using a TA.XT Plus Texture analyzer (Stable Micro
Systems Ltd) loaded with a 50 kg load cell and equipped with a disk-shaped acrylic
indentor of 100 mm diameter moving at a speed of 1.0 mm/s. We determined the
stress-strain ratio in the linear regime to obtain the Young’s modulus for samples of
5, 10, 15, 20, and 25% (w/w) of gelatin.

Particle Size

The size distribution and polydispersity of the gelatin hydrogel microparticles were
investigated using static light scattering (Malvern Mastersizer 2000 (Malvern
Instruments Ltd.). The average particle size was determined by the volume-
weighted mean which is referred to as the D[4,3] value. Additionally, particle shape
and size were examined using bright-field optical microscopy (Zeiss Axioskop 50
+ AxioCam HRc) with a 63x objective oil lens. To obtain clear and informative
microscopy images, the samples were diluted with MilliQ water with a dilution
ratio of 1:9 as displayed in Figure 4.2b.

Rheological Properties

The rheological properties of the densely packed hydrogel particle suspensions were
determined using an Anton Paar MCR 502 Rheometer equipped with a plate-plate
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Table 4.1: An overview of the preparation methods used to obtain gelatin microparticles of different
volume fractions, particle deformability (Young’s modulus, (YM)) and particle size.

Gelatin Young’s Modulus Mixing time and

concentration (wt%) (35 speed

Microparticle
content
“100%" 15 150 10 min, 6000 rpm
“50%” 15 150 10 min, 6000 rpm
“25%" 15 150 10 min, 6000 rpm
“10%" 15 150 10 min, 6000 rpm

Microparticle
deformability

YMS50 10 50 10 min, 6000 rpm
YM90 15 90 10 min, 6000 rpm
YM150 20 150 10 min, 6000 rpm
YMS500 15 500 10 min, 6000 rpm

Microparticle size

Size 15 150 15 min, 20000 rpm
Medium 15 150 10 min, 6000 rpm
Large 15 150 5 min, 500 rpm
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geometry (measuring plate PP50/P2 profiled 1x0.5 and Inset 50 mm profiled plate)
at 20 °C. Serrated plates were used to reduce the influence of wall slip. The sample
was placed on the serrated plate and the viscosity was measured as a function of
decreasing shear rate of 100-0.1 s~* (logarithmic ramp) during 468 seconds.

Tribological Properties

The tribological properties of densely packed gelatin hydrogel particle suspensions
were investigated using an Anton Paar MCR 302 rheometer with a tribocell setup
(measuring shaft BC 12.7 with a spherical glass probe (diameter: 12.7 mm) and
three cylindrical polydimethylsiloxane (PDMS) substrates (diameter: 6 mm height:
6 mm) as schematically displayed in Figure 4.3. The rough surface of the glass
probe has asperities of sizes ranging between 10 and 100 pym as visualized using
a light microscope (section Surface-particle interactions). From atomic force
microscopy (AFM) measurements, we estimate the surface asperities of the PDMS
substrate to be well below 1 ym. Our measurements were performed at a fixed
normal load of 1 N and a temperature of 20 °C. Using these settings we ensure that
the hydrogel particles do not melt or fracture. At this normal force, the diameter of
the contact area is estimated to be 2.2 mm using Hertzian contact mechanics for a
spherical object with a modulus of 50 GPa and a flat plane with a modulus of 3
MPa. The corresponding contact pressure is then around 0.4 MPa.

Each measurement consisted of four measuring intervals, in which the rotation
speed was logarithmically increased from 0.1 to 1000 rpm (approximately 0.05 to
500 mm/s) in the first and third interval and decreased from 1000 to 0.1 rpm in
the second and fourth interval, respectively. The duration of one interval was 300 s,
a complete measurement lasted 1200 s. The friction coefficient (1) is determined
using the frictional force () and the normal force (F) as shown in equation 4.1.

p=Fp/Fy “4.1)

The results of the first interval consistently deviated from those from subsequent
intervals. This is likely because the sample was not fully entrained between the
surfaces or because the system had simply not arrived at an equilibrium state. The
results of the first interval were therefore discarded, and only results from the
second, third and fourth interval were used for data analysis as these intervals were
highly reproducible. The samples were measured in triplicate. Results of particle
suspensions presented in the same data set are measured with the same PDMS
and glass probe pairs to minimize the effect of small differences in the (surface)
properties of the probe and the substrates.
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PDMS pins

Figure 4.3: Anton Paar tribocell equipped with a rough glass ball rotating against flat PDMS pins.
The sample is placed in the cup and the velocity and normal force is controlled and monitored. The
friction coefficient is obtained from the ratio between the friction force and the normal force as
described in equation 4.1.

Results

To explore the lubrication properties of soft particles between relatively hard
surfaces, we use hydrogel microparticle suspensions. We measure the friction
coefficients using a tribometer equipped with a glass ball and polydimethylsiloxane
(PDMS) pins. We first show friction curves for our suspensions at maximum packing
fraction, here referred to as 100% (Figure 4.4). The particles in the suspension
contained 15% gelatin and had an average particle size of 8 ym. We compare
our gelatin particle suspension to a gelatin solution containing the same total
gelatin concentration. Both the gelatin solution and the gelatin particle suspension
give much lower friction coefficients than water. Gelatin can, both in the form
of a biopolymer solution and as a solid particle suspension, reduce the friction
coefficient efficiently. This is not surprising, as biopolymers are known to give low
friction coefficients. [2, 13, 32-34] As can be seen, the friction coefficients for both
gelatin samples are both similarly low, although the shape of the curves is rather
different.

Differences in friction coefficient are often driven by the viscosity. [24, 35-38]
These hydrogel particle suspension, in general, has a rate-dependent viscosity; at
a shear rate of 1 s~! it is 12.5 Pa-s, and the gelatin solution has a viscosity of 12
mPa:s at the same shear rate. Although the viscosities of both gelatin samples are
very different, the samples show similar friction coefficients. Similarly, although
the viscosity of the gelatin solution (12 mPa-s) is relatively close to that of water (1
mPa-s [39]) the friction coefficients are very different. For such complex lubricants,
the friction coefficient is not simply driven by the lubricant viscosity.
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Figure 4.4: Lubrication properties of water (black), a suspension containing hydrogel particles
(dark grey) and a gelatin solution with the same dry gelatin content as the particle suspension
(light grey). Frictional measurements were performed between a glass probe and PDMS substrates
at increasing velocity.

Comparing fluid lubrication to suspension lubrication

The gelatin solution presumably lowers friction simply by forming a thin, hydrated
lubricating layer that can keep the surfaces from directly interacting. The particle
suspension, however, is expected to lubricate the surfaces utilizing a ball-bearing
mechanism where the individual hydrogel particles roll while collectively sus-
taining the load and keeping the surfaces apart (Figure 4.1). For the hydrogel
particle suspension, we find that the friction coefficient transitions through mul-
tiple regimes, beyond the expected boundary, mixed and hydrodynamic regimes
for most fluid lubricants, as also seen for the gelatin solution. For our particle
suspensions, the friction coefficient is initially rather constant as expected in the
boundary regime. We find a decrease in friction with increased speed, followed
by an increase in the friction coefficient upon further increasing the velocity up
until around 2 mm/s. The steep decrease after 20 mm/s again resembles typical
Stribeck behavior in the mixed regime; a strong decrease in friction is seen as
the thickness of the lubricating layer increases. At the maximum velocity of 500
mm/s, the system still appears to be in the mixed regime. If the system had entered
the hydrodynamic regime, an increase in friction coefficient would be expected.
These velocity dynamics highlight the complexity of lubricants containing soft ball
bearings.

Similar frictional regimes have been found for other soft dispersed systems,
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such as agar particles and whey protein solutions. [21, 26, 28] In these works,
these regimes were suggested to originate from the different fluid or gel particles
entering the gap separately at specific velocities. In the boundary regime, at low
velocities, it is expected that only fluids or small hydrocolloids can enter the gap.
[21, 26, 40] As the velocity increases, the gap size is also thought to increase,
and once the gap size increases beyond a critical gap size, particles begin to enter
the contact zone. [6, 30, 41, 42] This may initially lead to an increase in friction
due to decreased mobility of the two surfaces. Once the lubricant is able to form
a uniform layer, the friction decreases steeply as one would expect in the mixed
regime. The descriptions found in literature as summarized above, however, do
not fully capture the behavior we find for our gelatin particle suspensions. We
find different friction coefficients for all of our samples in the boundary regime
as will be described in the following sections. These results indicate that particles
are already present in the gap at low velocities, suggesting that the mechanisms
currently described in literature are unable to explain the dynamics in our soft
hydrogel lubricant. By varying the particle volume fraction, deformability, and size
of the particles we will now systematically investigate the main contributors to the
frictional behavior of soft ball bearings. An overview of the hydrogel microparticle
suspensions that will be described in the following sections are displayed in Table
4.2.
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Table 4.2: Gelatin microparticle characteristics for the different samples used. For the deformability
series, YM refers to the Young’s modulus of the macroscopic gelatin disks in kPa. The viscosity (Pa-s)
of the suspensions at a fixed shear rate of 1 s~! is also shown here.

Gelatin concentration Particle size Viscosity (Pa.s)
(Wt%) D[4,3] (um) at shear rate 11

Microparticle
content

“100%” 15 8 12.5

Microparticle
deformability

YM50 10 6 0.1

YM90 15 3 12.5
YM150 20 11.2 127.7
YM500 15 3 76.5

Microparticle size

Small 15 12 16
Medium 15 33 12.5
Large 15 150 20

Particle packing fraction

Friction coefficients are expected to be lowest when direct contact between
interacting surfaces is minimized. For (semi-)solid spheres as ball bearings, varying
the number of spheres separating the surfaces would thus be an efficient way to
influence the friction coefficient. We vary the volume fraction of particles present
in the suspension to study the effect of particle number on the lubricating ability of
soft spheres. The particles used contained 15% gelatin and had an average particle
size of 8 ym. A densely packed suspension with maximum packing fraction was
obtained by removing as much water as possible by means of centrifugation and
subsequent draining of the fluid suspension through a filter. Figure 4.5 shows the
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friction coefficients measured for the different volume fractions.
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Figure 4.5: Tribological behavior of densely packed suspensions (100%) and suspensions diluted
to 50%, 25% and 10%.

The sample with the highest volume fraction of hydrogel particles, “100%”, gives
the lowest friction coefficients if we take all regimes into account. When the
volume fraction decreases, the maximum friction coefficient increases from fi,,,4,
= 0.42 for the 100% samples to ., = 0.53 for the 10% sample. An increase
in friction coefficient with a decrease in particle volume fraction has also been
found previously for whey protein particles, which were made by fracturing
hydrogels using a hand blender. [22] This increase in friction coefficient with
decreasing particle volume fraction is not surprising as the particles are largely
responsible for keeping the surfaces separated. With a decreasing volume fraction,
the friction coefficient is mostly determined by the lubricating ability of water.
As water has a low affinity for the hydrophobic PDMS interface, the measured
friction coefficients become as high as 0.7 for pure water (Figure 4.4). When
diluting the particle suspension to 10% particles, the viscosity decreases more than
600 times compared to the original densely packed suspension. The difference
in frictional behavior cannot be explained by this large decrease in viscosity as
was also seen in the previous section. It thus appears that the friction coefficient
is a result of the lubricating ability of the ball-bearing particles and not the viscosity.
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The hydrogel particle suspensions transition through multiple frictional regimes,
especially at high particle volume fractions (Figure 4.5). At lower volume fractions,
the four regimes are less easy to distinguish. Particularly, the separation between
the second and third regime becomes less obvious and the drop in the friction
coefficient in the second frictional regime decreases. This can be explained by the
deformable nature of the particles. The applied load, the same in all experiments
is divided over the present particles, so as the number of particles decreases, the
load on each particle increases proportionally. Such a higher load would cause
a higher degree of deformation of the gelatin hydrogel particles, leading to a
lower ability of the particles to separate the surfaces and to roll. This decreased
rolling ability and a smaller gap size leads to more asperity contact between the
surfaces, which explains the higher friction coefficients for suspensions with a lower
volume fraction of soft hydrogel particles (Figure 4.6). The deformability of the
particles, therefore, seems to play an important role in the frictional behavior of
the suspensions.

Low particle density High particle density

M}_fi O o000
Figure 4.6: A comparison between low particle volume fractions and high particle volume fractions.
At low volume fractions, the load per particle is relatively high leading to geometrical deformations

of the particles. At higher volume fractions the load per particle is relatively low and particles retain
their spherical shape.

Particle deformability

The ball-bearing mechanism is strongly dependent on the ability of a particle to
retain its spherical shape during rolling and sliding. The results in the previous
section already indicated that the load applied on each sphere influences the
frictional behavior: particles that are more likely to deform give higher friction
coefficients. When particles deform into an ellipsoidal shape, the contact area
between the particles and the glass and PDMS surface increases, and limits rolling
and sliding. To examine how the deformability of soft spheres influences their ball
bearing-ability, we have varied the stiffness of the gelatin hydrogel particles in
suspension. This was done by using a range of gelatin concentrations (10 to 20%)
in the initial solution used to make the gelatin-in-oil emulsion, which consequently
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altered the gelatin content in the hydrogel particles. As it is challenging to measure
the modulus of a single soft particle on a micrometer scale, we measured the Young’s
modulus of macroscopically large gelatin disks of similar gelatin concentration. The
Young’s moduli for gels with different gelatin concentrations are given in Figure
4.7a. The suspension packing fraction used in all these experiments, was “100%” as
previously defined. As the volume fraction of particles in the suspension is assumed
to be the same, but the gelatin concentration within the particles differ, the total
gelatin concentration of the suspension should also change proportionally.

Particle characterisation

To determine if the suspensions of different gelatin microparticles indeed had a
similar volume fraction, we measured the dry weight of the particle suspensions.
After evaporating the water from the suspensions overnight, we found that the
dry gelatin content in 20% gelatin particle suspensions was indeed twice as
much as found in the 10% particle suspension. We therefore assume that the
gelatin microparticles indeed contained the desired gelatin content, i.e., no particle
swelling or shrinking occurred, and that the Young’s moduli of the particles in the
suspension are well represented by the moduli of the macroscopic gels. The different
particles had a similar particle size ranging from 5 to 11 um, where the particles
with a higher gelatin content were slightly larger than the ones with low gelatin
content. We assume that the relatively small differences in average particle size
have a limited effect and that these particles thus mainly vary in their deformability.
An additional sample with particles with a much higher stiffness was obtained by
chemically cross-linking the 15 wt% gelatin samples using glutaraldehyde. The
Young’s modulus of the chemically cross-linked samples (YM500) is 500 kPa as
we described in Chapter 2. [2] This value is a factor five higher than the modulus
for the original 15 wt% gelatin gel (YM90). The chemical cross-linking of gelatin
did not change the particle size (Table 4.2). The viscosity profile of these particle
suspensions with particles with different Young’s moduli (YM) is shown in Figure
4.7b. As can be seen, the viscosity increased for stiffer particles, although the
difference in viscosity between samples with particles of Young’s modulus 150 kPa
and 500 kPa was limited.

92



Uncovering friction dynamics using hydrogel particles as soft ball
bearings

Q
—
S

4
200 1 10
= — o
2 150} X o2
3 3
>0 &
T 100t =
£ JE | »n
S ,~0l
> 2 10
3 50f Y >
N .
0 5 10 15 20 25 30 10'1 100 101 ‘IO2
) Gelatin (wt%) Shear rate (1/s)
C
0.5 ' d) 0.5
YM50 ’
O YM90
= 0.4rf ~ YM150 ] 204r¢
5 + YM500 £
(& 2
& 0.3 203t
ot |
5 O\ 5
3 \ g
A M\b ] = 0.1
PR o v > 3 0 ' )
10 10 10 10 10 10 20 30 40 50
Velocity (mm/s) Temperature (C)

Figure 4.7: a) Young’s moduli of physically cross-linked gelatin gels at different concentration. b)
Flow curves of microparticle suspensions of particles with different Young’s moduli. ¢) The friction
curves for particles of Young’s moduli 50, 90, 150 kPa physically cross-linked gelatin and 500 kPa
chemically cross-linked gelatin. d) A temperature sweep of particles of 90 kPa at 50 mm/s.

Friction depends on particle modulus

The tribological data of the suspensions with particles varying in deformability are
displayed in Figure 4.7c as a function of velocity. The softest particles with a low
modulus of 50 kPa (YM50) show the highest friction coefficients, especially at lower
velocities. We find that the friction coefficient decreases with decreasing particle
deformability (increasing modulus). The lowest friction coefficients are found for
the stiffest particles (YM500). These stiff particles are able to provide a low friction
coefficient of around 0.1 already in the boundary regime. These results strongly
suggest that deformability is the main contributor to the differences in frictional
behavior, especially for lower velocities, i.e. boundary regime. In literature, it is
often argued that in the boundary regime the gap size is too narrow for particle
entrapment, and that friction is mainly dominated by the continuous fluid phase.
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[21, 26] In our case, we measure distinctly different friction coefficients in regime I.
For the softest particles, we find i,¢gimer =~ 0.4 and for the hardest particles, we find
Lregimer = 0.1, even though the continuous fluid phase is the same. It thus appears
that particles are already present between the surfaces at low velocities (regime I
or boundary regime). The continuous aqueous phase would give relatively high
friction coefficients, therefore water alone cannot be responsible for lubricating the
surfaces in the first regime.

Interpreting the frictional curves

The suspensions containing softer particles give higher friction coefficients and
appear to be less able to act as ball bearings. We expect these particles to be
deformed easily during compression and shear, leading to a more ellipsoidal shaped
particle. Due to this geometrical change, the particles have a decreased rolling
ability, limiting the mobility of the glass-PDMS contact surfaces. This leads to high
friction coefficients for the soft particles. For the stiffer, chemically cross-linked
samples (YM500), the particles are hard enough to retain their spherical shape
under the applied load, which gives low friction coefficients over the entire velocity
range (Figure 4.7c). We also see that these particle suspensions do not display
the four regimes we previously observed. Instead, the friction coefficient remains
rather constant over the entire velocity range. The four regimes are present for the
soft (YM90, YM150) particles. For the softest YM50 particles, however, the second
and third regimes are less pronounced. This is probably due to differences in the
gap size as a result of the deformation of the particles. The deformation of the
particles () can be approximated with Hertzian-type contact mechanics, adapted
to the deformation of soft spheres (equation 4.2). [43, 44]

3(1—v?)]*?
’= { iERlz)} e “2

In this equation F is the Young’s modulus of the particles, Fyy is the applied load,
R is the radius of the particles and v is the Poisson ratio. Here, we assume a value
for v = 0.5 for incompressible materials. [45] From the light wear track observed
on the PDMS pins after the measurement, we estimate the contact area between
the glass ball and the three PDMS pins to be 7 mm?. Using the average particle
sizes, we estimate the force per particle: the deformation for the hardest particles
with a Young’s Modulus of 500 kPa is then around 24% while the softest particles
are fully flattened with calculated values over 100% deformation with respect to
their original size. To more accurately calculate these values, the exact number
of particles present between the surfaces needs to be known at each velocity, as
well as the presence of multiple lubricating layers. This is however currently not
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possible for us to measure in situ. The equation used here does not include the
roughness of the surfaces, which may alter the exact contact area and with that
the number of particles. With the current estimation, however, we do get a better
perception of the difference in deformation between relatively hard and relatively
soft particles. When the particles are flattened to a larger extent, the gap size
remains small, and the surfaces come in closer contact. This explains the high
friction coefficients found for the softest hydrogel particles and the absence of four
distinct frictional regimes.

Thus far, we have found that the multiple regimes disappear in two cases: (I) when
the particle number is small or the particles are too soft to separate the surfaces,
leading to glass — pdms contact and (II) when the particles are hard enough to
continuously separate the surfaces under the applied load. In the first case, there
is a high degree of constant contact between the surfaces, while the latter case
describes a situation where the surfaces are at distance with a low degree of contact
over the entire velocity range. It seems that the regimes are visible when there are
fluctuations in contact (area) between the glass ball and the PDMS pins instead of
continuous contact or separation.

The role of effective suspension viscosity

To ensure that the differences in friction coefficients are caused by surface properties
and not by bulk or rheological properties, we measured the viscosity of our samples
as shown in Figure 4.7. For many lubricants, high viscosity is thought to allow the
creation of a stable film to avoid direct contact between the entraining surfaces
and as such decrease friction [35, 37], or to shift the regimes commonly observed
on the Stribeck curve. Here, we find similar viscosities for the YM150 and YM500
samples, with the latter showing a slightly lower viscosity (Figure 4.7b). The YM500
suspension with the lower viscosity, however, gives much lower friction coefficients
and different friction dynamics with a rather monotonous curve. In the case of our
particle suspensions, the viscosity is therefore not responsible for the differences in
the frictional behavior. Instead, the presence of rolling particles most likely plays
the most important role when it comes to lubrication.

Melting particles

We change the particle deformability in situ by changing the temperature during a
constant rate tribological test. To test the temperature dependence, we performed
measurements at a fixed velocity of 50 mm/s and 1 N while we gradually increased
the temperature from 20 to 50 °C (Figure 4.7d). As the temperature increases, the
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thermosensitive gelatin particles become softer as the gelatin network destabilizes.
This process continues until a polymer solution is obtained at around 40 °C due to
disruption of hydrogen bonds responsible for the network formation. During the
initial stages of the temperature increase from 20 to 35 °C, the friction coefficient
increased from around 0.25 up to 0.33. As the particles become softer at higher
temperatures, they easily deform, making the particles less able to roll and keep
the surfaces apart. As the temperature further increases, the particles start to
melt, which decreases the particle size and stiffness even further. This reduced
the rolling ability and led to an increase in friction. Above 37 °C, we observe a
decrease in the friction coefficient. This is above the melting temperature for the
type of gelatin used here. [46] Upon melting, the gelatin network collapses and
the particles completely disintegrate, turning the suspension into a gelatin solution.
We thus exploit the low melting point of gelatin to test the role of particles in
lubrication. A transition occurs from a ball-bearing type mechanism to a simple
fluid film separating the surfaces as was seen in Figure 4.4. Once the fluid film
has formed, a friction coefficient of 0.23 is obtained. A closer look at Figure 4.7d
reveals more fluctuations in the friction coefficient at low temperatures, when the
particles are still solid. Solid particles can be expected to give changes in gap size
as particles enter and exit the gap. This explains why fluid samples give smoother
frictional curves. Once the particles melt at 37 °C a smoother curve is obtained.
The increase in frictional values for the softened particles around 35 °C strengthens
our hypothesis that the ball-bearing ability is decreased with decreased particle
stiffness.

Particle size influences the friction coefficient

From previous sections, it appears that the friction coefficient is determined by the
ability of the soft spherical particles to keep the sliding surfaces apart. Here, we
try to vary the distance by using particles of different sizes. We prepared hydrogel
particles of different average sizes by varying the mixing speed when making
the initial gelatin-in-oil emulsion (Table 4.1). We have labeled the samples based
on the D[4,3] average radii of the particles: small (12 ym), medium (33 pm),
and large (150 um). The particles were made with 15% gelatin and the particle
suspensions were prepared at the maximum packing fraction (100%). The friction
coefficients of the hydrogel particle suspensions, with particles varying in size, are
shown in Figure 4.8a. Measured particle size distribution and viscosity profiles of
the suspensions can be found in Figure 4.8b. By varying the particle sizes we find
differences in the actual friction coefficients and more importantly, in the overall
frictional behavior. The viscosity profiles of these particle suspensions however only
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show minor differences (Figure 4.8b), again showing that the viscosity is not the
main contributor to the frictional behavior observed here.
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Figure 4.8: Friction coefficients (a) and flow curves (b) obtained for suspensions with microparticles
with varying particle sizes. Inset shows the particle size distribution. Particle characteristics can be
found in Table 4.2.

We find the lowest friction coefficients for the largest particles. This was expected
as large particles are able to keep the surfaces at a larger distance, leading to
minimal direct contact between the surfaces. However, the low friction coefficient
for the large particles is only observed after a velocity of around 5 mm/s, and the
suspension does not transition through the four frictional regimes. The suspensions
with small and medium-sized particles (12 and 33 pm, respectively) do display the
frictional curves consisting of the four regimes, as expected based on the previous
results.

Surface — particle interactions

In the first lubrication stages, the largest particles and smallest particles show
similarly high friction coefficients. For the small particles, this may be caused by
asperity contact between the glass ball and PDMS pins. Atomic force microscopy of
the PDMS surface showed that the peak height and width of the surface asperities
was around 500 nm, much smaller than the size of the particles. The surface
roughness of the glass probe is shown in Figure 4.9.

These asperities are larger than the smallest particles (12 m). These small particles
are therefore small enough to be trapped between the surface asperities of the glass
ball. The entrapped particles would then be unable to separate the surfaces, which
results in a high degree of contact between the substrate and the probe.
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Figure 4.9: Microscopy image of the spherical glass probe, showing the relatively high degree of
roughness of the surface.

This makes these small particle suspensions a less efficient ball-bearing lubricant.
The large particles with an average size of 150 ym also show lower lubricating
ability in the boundary regime. As the large particles are expected to be larger
than the surface asperities of the glass ball and PDMS pins, these particles are
not trapped between asperities and do have the ability to separate the surfaces.
Due to the larger particle size, however, fewer particles fit on the same surface
area, which increases the applied load per particle. Under this relatively high load,
these particles may be deformed to a more elliptical shape. Using equation 4.2, we
estimate the large particles (150 xm) to be deformed to a final height of 35 ym.
This deformation reduces the lubricating properties as the contact area between the
particles and the surfaces increases and the rolling ability decreases. Although the
deformed large particles have a similar height (35 xm) as the size of the medium
particles (33 um), the friction coefficient for the medium particle suspensions is
lower. This can be explained by the number of particles. The number of medium-
sized particles is at least 100 times larger than the number of large particles. The
expected load per medium particle is therefore much smaller than for the large
particles and as a result, the deformation of these particles is also expected to
be smaller. The medium-sized particles, therefore, remain mostly spherical. We
attribute the low friction coefficients of the medium particles thus to their ability
to roll due to a lower deformation, and inability to be trapped between surface
asperities. These results show that there is an optimum in particle properties; they
should be small enough to provide a large number of particles that do not deform,
but they should be large enough not to get trapped within the asperities. This
makes the suspension with the medium particles an efficient ball-bearing lubricant,
especially in the first regimes as shown in Figure 4.8a.

Frictional regimes for different particle sizes

Both the medium-sized (33 pm) and small particles (12 pm) show the four
frictional regimes as described in previous sections. For the large particles, the
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frictional behavior is noticeably different and the four regimes are less pronounced.
Specifically, the increase in friction in regime III is absent. The phenomenon
responsible for the increase in friction thus does not occur in suspensions with large
particles as the increase in friction expected for the third regime is not seen here. In
regime IV, the last regime, the friction coefficient becomes the smallest for the large
particles. In this regime, we assume that a large number of particles can be present
between the surfaces as the gap size increases. As the large particles are well able
to keep the surfaces at a relatively large distance, these low friction coefficients
are to be expected. Again, we find that the low friction coefficients are obtained
with particles that can act as ball bearings by keeping a distance between surfaces
while rolling over the surfaces easily, regardless of the rheological properties of the
suspension.

Interpretation of soft particle lubrication

For soft ball-bearing systems, small particles, soft particles and a low volume
fraction of particles in suspension lead to relatively high friction coefficients. On
the other hand, low friction is found for hard, large particles and when particles
are present in large amounts. The systems with high friction coefficients have
an important characteristic in common: a poor ability to separate surfaces and
particles with a low ability to roll. These aspects are of high importance for the
ball-bearing mechanism. Instead of the well-known three regimes, e.g. boundary,
mixed and hydrodynamic regime, our particle suspensions transition through four
frictional regimes. Similar frictional zones have been found before for lubricants
containing solid-like particles. [21, 26] We have shown the importance of the
particle properties in the occurrence of the different frictional regimes. When
particles are too soft, too hard, or too large, the particle suspensions do not
transition through all four frictional regimes.

Based on our findings with systematic variations in particle properties, we provide
new insights regarding the interpretation of the different frictional regimes for
soft particles in a fluid matrix. In previous works, it has been suggested that high
friction arises from low particle number entrainment [21, 26], due to a large
particle size compared to the gap size or a result of local build-up of particles
around the probe [27]. However, we find different friction coefficients for all of our
samples in the boundary regime or regime I, and the most solid-like, chemically
cross-linked particles, are unaffected by the changes in gap size (Figure 4.7). This
strongly indicates that particles are already present between the sliding surfaces
even at relatively small gap sizes at low speeds. High friction coefficients are
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therefore expected to arise from the deformation of the soft particles. Low friction
coefficients are then found in the case the particles are spherical and able to
roll. The increase in gap size will also lead to the presence of a large number of
particles, collectively acting as a good lubricant due to good rolling ability and
large separation of the surfaces. As the particles have less contact with the surfaces,
the properties of the particles become less relevant. Based on these observations,
we, therefore, propose the following lubrication mechanisms for the four different
regimes for soft hydrogel particle suspensions between rough surfaces as shown in
Figure 4.10.
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Figure 4.10: Schematic representation of our proposed four frictional regimes of hydrogel
microparticle suspensions as the velocity and gap size increase.

Regime I : At these small gap sizes, a limited number of particles is present be-
tween the surfaces and depending on their size, the particles may become trapped
within the cavities on the rough glass surface (Figure 4.9) carrying relatively high
loads. The compressed particles lose their spherical shape and rolling ability and
are dragged along the PDMS surface. In this case, relatively large contact areas
between the glass and PDMS surfaces are expected, leading to rather high friction
coefficients in this boundary regime.

Regime II: As the velocity increases, the gap size increases. More particles
enter between the glass — PDMS surfaces and the deformable particles regain their
original spherical shape. The improved rolling ability of the particles provides
sufficient lubrication and gives rise to a decrease in the friction coefficient until a
certain minimum value where the particles are assumed to be completely spherical.

Regime III: At even higher velocities, the change in friction coefficient can
be attributed again to geometrical changes of the particles during sliding. As the
velocity increases in regime III, more space between the PDMS and glass surfaces is
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created, probably at a distance comparable to or larger than the particle size. Such
an increase in gap size leads to an inflow of more particles. An excess of particles
between the surface may lead to jamming of the particles, compression of particles,
and perhaps even the formation of multiple lubricating layers. All effects would
limit the ability for the particles to roll, hence an increase in the friction coefficient
is expected.

Regime IV: In the mixed regime, the gap size is thought to further increase.
Firstly, this causes the layered particles to regain their original shape and rolling
ability. Secondly, this makes it possible for more particles to enter the gap quickly
as the velocity increases. The suspension can now form a viscous lubricious layer
where direct contact between the surfaces and the particles is reduced. The ball-
bearing mechanism becomes less relevant, and lubrication by a fluid film becomes
more dominant. The strong decay in friction coefficient in the mixed regime
(regime IV) is typical for rate-dependent frictional curves and shows similarities to
a gelatin solution or water (Figure 4.4). We summarize our proposed mechanism
schematically in Figure 4.10.

This mechanism explains the important role of the particle properties combined
with the surface properties in the lubrication behavior of hydrogel particle
suspensions. We point out the importance of the deformable nature of the particles
for the appearance of the specific behavior observed in regime II and III. These
regimes are absent for particles that are less sensitive to deformation. For small
particles, we find high friction, likely because particles are trapped between surface
asperities.
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Smooth surface lubrication

To demonstrate the important role of particle trapping within the surface asperities,
we carried out measurements using a smooth steel ball instead of a rough glass
ball. Using a different surface allows us to study the effect of surface properties.
For this polished steel ball, we expect the surface asperities to be far smaller
than our particles which are several ym in size. Particle trapping will thus be less
probable in the case of this smooth steel ball. Indeed our measurements performed
with the smooth steel ball show different rate-dependent lubrication behavior
than previously seen; the frictional regimes observed when using a smooth steel
ball are different from those seen for the glass ball (Figure 4.11). For the rough
glass ball, we related the decrease in the second regime and increase in the third
regime to particle trapping and deformation. The steel ball however shows a rather
steady decrease in friction coefficient in regimes II and III. It thus appears that
the fluctuations in particle trapping that result in changes in contact between the
sliding surfaces are different for a smooth ball.
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Figure 4.11: Frictional curves of hydrogel particles of 90 kPa measured with different spherical
probes. We use a smooth steel probe and a rough glass probe against relatively smooth PDMS pins.
Dashed lines are placed at the transition points for the rough glass spherical probe.

Aside from the different frictional regimes, the steel ball also seems to display higher
friction coefficients for the majority of the measured velocities. With the smooth
ball, fewer particles are being trapped between the surfaces meaning more particles
are excluded from the sliding interface. This leads to more contact between the
steel ball and the PDMS surface resulting in higher friction coefficients. The smooth
ball has a larger contact area with the PDMS surface than a rough ball where only
several asperities are in contact with the flat substrate. Sliding experiments with
PDMS using rough surfaces have shown lower friction coefficients compared to
friction with smooth surfaces [47, 48] which is also observed here. This decrease
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in friction is likely due to the relatively high adhesive forces of PDMS. [49, 50]
In addition, with the smooth ball, fewer particles could be trapped between the
surfaces meaning more particles are excluded from the sliding interface. This leads
to more contact between the steel ball and the PDMS surface resulting in higher
friction coefficients. By varying the surface properties and the particle properties we
have shown how the complex frictional behavior of particle suspensions depends
on both the properties of the lubricant and the surface properties of the interacting
bodies.

Conclusions

In this chapter, we elucidated how and why soft hydrogel suspensions act as
good lubricants. We find four frictional regimes as a function of velocity. By
systematically exploring the relevant physical characteristics of particles and
surfaces involved we can propose a physical lubrication mechanism for each regime.
We identified variations in gap size and particle deformability as the main cause for
the rate-dependence. Additionally, we showed that when a large degree of contact
between the interacting surfaces is to be expected (presence of small, soft, and
limited number of particles), large friction coefficients are obtained. Low friction
coefficients are measured when particles diminish surface-surface interaction, and
in addition, easily roll over the surfaces. This is the case for large particles, hard
particles, and particles present in high volume fractions. Additionally, we show that
different surface characteristics give way to entirely different friction dynamics.
Our hydrogel particle suspensions are thus efficient lubricants and are also a useful
model system to better interpret the complex frictional behavior of soft materials.
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Abstract

Soft materials often have interesting and unexpected frictional behavior owing
to their deformable nature as has we have shown using hydrogel materials in the
previous chapters. In this chapter, we use soft polydimethylsiloxane (PDMS) surfaces
lubricated by hard glass spheres to study how this deformability influences particle-
based lubrication. For particles between 100 and 2000 pum in size, we observe a
nontrivial rate dependence and three frictional regimes. (I) A rolling friction regime
where the rolling particles keep the surfaces apart sufficiently to give low friction
coefficients. This is mainly found for large particles and smooth surfaces. (II) A sliding
friction regime with high friction coefficients where the surfaces are partially in
contact, which is found for small particles, rough surfaces and high normal forces. (III)
A PDMS - PDMS contact regime where the particles are fully inserted into surfaces
and the surfaces are in contact. We interpret the friction dynamics in terms of the
Hertzian contact deformation effects in the indentation of the PDMS surfaces.

This chapter was accepted for publications as:

Rudge, R.E.D., Theunissen, K., Stokes, J.R., Scholten, E., and Dijksman, J. A.
(2021), Tribology of hard particles lubricating soft surfaces., Physical Review
Materials.
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Introduction

To reduce the friction between two sliding surfaces under given normal load,
typically one uses either a lubricating fluid film or solid ball bearings. Lubrication
films have been studied for a long time; Reynolds already proposed an equation
based on hydrodynamic pressure for such films. [1, 2] Ball bearing lubrication
has also been a subject of much interest throughout the past century. [3-7] The
ability of ball bearings to reduce friction, wear, and subsequent energy losses have
made these rolling elements of great importance to society with applications from
computer components [8] to aerospace machinery. [9, 10] In many fluid lubricated
tribological systems, complex mechanics and nontrivial lubricant properties dictate
the frictional behavior, and complexity is often the rule rather than the exception.
The use of particles or third bodies between sliding surfaces should simply lead to a
smaller real contact area between the sliding surfaces and subsequently decreases
the friction coefficient. Many third-body lubrication studies consider only hard
surfaces with hard particles for which surface deformation is negligible. [11-13] In
soft material friction, however, the deformability of the involved materials becomes
an additional important factor when third bodies are introduced, which should
add interesting physics and potentially make it easier to clarify the physics of third
body friction, as pressures and time scales in tribological dynamics are reduced.

Several soft surfaces have been studied for their tribological behavior recently,
including rubbers, [14-16] hydrogels [17-19] and elastomers. [20-22] Such soft
materials are found in a variety of applications, such as biomimetics, [23] soft
robotics, [24] cosmetics [25] and food materials. [26] The majority of particle-
tribology studies involving soft materials use particles suspended in fluids instead
of dry particles. [27-31] For soft (hydrogel) particles in suspension it was found
that particle properties such as hardness, size and volume fraction cause significant
changes in the frictional behavior. [27, 28] Using hard particles suspended in
aqueous media it was found that continuous phase viscosity, volume fraction and
particle/matrix entrainment are important parameters influencing the friction
coefficient. [29] In general, more particles and less fluids leads to lower friction
coefficients. In addition, under thin-film (boundary) conditions, deformation of the
substrate promotes entrainment of spherical particles, which have the ability to
roll. Entrainment in the thin-film regime is also found to depend on fluid - particle
— surface interactions. [29]
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Due to the complex interplay of the effect of suspended particles, fluid and substrate,
most studies, however, shed little light on how the particle phase influences
the tribological behavior of the system in the absence of fluids. In the current
chapter, we aim to uncover the particle contribution to friction and, in particular,
the contributions of rolling/sliding mechanisms behind dry particle lubrication.
To isolate particle — substrate interactions from fluid hydrodynamics and focus
specifically on the effect of the lubricating particles on the frictional behavior
of soft surfaces, we use dry hard glass particles and soft polydimethylsiloxane
(PDMS) surfaces. Using this hard-soft tribosystem, we also consider the changes in
contact area associated with hard particles contacting soft substrates. Soft surface
deformation is expected to cause (partial) particle penetration into the surfaces,
which leads to increased contact area between the particles and the surfaces but
also between surfaces for large degree of deformation. These changes in contact
dynamics could limit particle rolling ability. We test this hypothesis by systematically
varying the surface roughness (smooth and rough) of the PDMS substrate, the
measuring speed (4 mm/s to 100 mm/s), particle size (100 to 2000 xm), particle
number (10 to 100% surface coverage) and the ratio at which the surfaces slide
alongside one another. Using such a systematic approach allows us to study how
particles influence the frictional behavior in the absence of fluids. The results are
presented in terms of probe roughness, normal force and number of spherical
particles covering the surfaces.

Experimental section

In this study a Bruker UMT Tribolab tribometer (BTL, Figure 5.1a) was used
to measure the friction coefficient between a rough or smooth hemispherical
probe (R = 2 cm) and flat substrate (5.9 x 4.4 x 0.4 cm) all made of
polydimethylsiloxane (PDMS, Sylgard 184 elastomer kit, 1:10 base:catalyst ratio).
The rough probe (asperity size ~ 100-400 xm) was obtained using a stainless steel
mold (Eppicotispai Kitchenware). The tribological set-up used here consists of a
reciprocating substrate and a stationary probe. The oscillatory sliding distance is
fixed at 10 mm and measurements take place at velocities from 4 mm/s to 100
mm/s at a fixed load of 0.5 N. The lubricant used here consists of dry glass spheres
in sizes of < 106 um (140-finer U.S. sieve), 212-300 pm, 425-600 ym (Sigma-
Aldrich) and approximately 2000 ym (manufacturer unknown) to completely cover
the substrate surface. The number of particles needed by weight is determined
using the area of the substrate and the diameter of the particles together with the
density of the particles. These spherical particles are referred to as 100, 300, 600
and 2000 pum particles, respectively throughout the paper. The smooth PDMS probe
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combined with the smallest and largest particles are shown in in Figure 5.1b as well
as schematically in Figure 5.1c. It should be noted that the presence of the metal
screw inside the PDMS probe may decrease the deformability of the elastomer.

a) o)
I Normal Force control F‘:H
PDMS probe Wi’
COCOOOCOOOCOOCOOCOOCOOCO
PDMS Substrate %
) ) ) )0

<< > 1cm

Sliding speed/distance control

Figure 5.1: a) Schematic image of the measuring segment of the BTL tribometer. b) Image of the
2000 and 100 um particles between PDMS surfaces together with ¢) a schematic representation of
the particles between the surfaces.

To evaluate the effect of the relative speeds of sliding surfaces, we also use a PCS
Instruments Mini Traction Machine (MTM) tribometer with a PDMS probe and
substrate. The probe and the substrate on the MTM are driven by separate motors,
allowing for variations between the speed ratio of the two. This ratio is known
as the slide-to-roll ratio (SRR). The SRR is defined as SRR = Ugisi — Upatr/Umean
and (Upean = Ugisk + Upan) /2. [32-34] An SRR = 0 corresponds to so-called “pure
rolling”, the case where the ball and the disk rotate at the same speed in the same
direction. An SRR = 2 refers to the ball rotating while the disk is stationary and
vice versa. This is called “pure sliding”. This pure sliding movement is most similar
to the measurements performed with the BTL tribometer where the substrates
oscillates while the probe remains stationary.

Results

Dry PDMS surfaces in direct contact can give friction coefficients as high as
i = 3 due to the self-adhesive nature of PDMS. [20, 35] To modulate the friction
coefficient, we use spherical glass particles as our dry, solid lubricants. These
particles are placed on the flat substrate to fully cover the surface (referred to as
100%). The particle sizes are 2000, 600, 300 and 100 zm. As shown in Figure 5.2a,
these particles are able to generate a 100-fold decrease in friction coefficient with
respect to bare PDMS — PDMS contacts to values as low as 0.02.
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Figure 5.2: a) The friction coefficient as a function of maximum velocity for a range of lubricating
particle diameter at 0.5 N measured with a rough (asperity width 100-400 ym) PDMS probe. b)
The collapsed data obtained when . is multiplied by Rj°. The scaling of R)-° with Ff is shown in
the inset. The dashed lines represent an empirical fit through the data.

Particle size and sliding speed dependence

The results show that friction coefficient decreases with increasing particle size.
For the largest particles, the friction coefficient ranges from 0.02 to 0.08 over the
entire range of speeds, for the small particles from 0.12 to 0.22 (Figure 5.2a). In
the case of smaller particles, a larger number of glass particles is required to obtain
the same surface coverage. This gives a larger number of separate surface — particle
contacts which contributes to a higher friction coefficient of the entire system. The
number of contacts scales with glass particle radius R?, hence the strong particle
size dependence. The surface — particle contact area can be estimated by calculating
how much the particle is pushed into the soft material due to the applied load.
Using Hertzian theories, the displacement, d, can be estimated. This value shows
how much each particle is inserted into the PDMS surface as Fy = %E*Ré da. [36]
Here, Fy is the load per particle (0.5 N distributed over all particles on 2 mm?),
E* is the effective Young’s modulus of the PDMS (2.5 MPa). We use 2 mm? here
because this well above the estimated Hertzian contact area between the 2000
pm glass particle and the PDMS surface at 0.5 N (=~ 1 mm). At 2 mm? we can
thus assume that at least one 2000 um particle will be present between the PDMS
surfaces. For the particles of sizes 2000, 600, 300 and 100 pm, indentation depths
are estimated to be 282, 85, 42 and 14 um, respectively. The increase in friction
coefficient with decreasing particle size is thus likely due to the corresponding
increase in particle — substrate contact area. The theoretical contact area diameter,
a, of a glass particle indenting the PDMS surface is defined as a = (R,d)%® with R,
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the radius of the glass particle. Values of 481, 145, 72 and 24 pm are found for the
2000, 600, 300 and 100 um sized particles, respectively. The friction coefficient
thus appears to decrease with increasing contact area.

The speed curves for the different particle sizes all appear to follow a simi-
lar increasing trend. When we multiply x by R)® we find that the data collapse
onto a single line, shown here with a (dashed) trend line (Figure 5.2b). To under-
stand the origin of this dependence of 1 on R)® we assess the friction and normal
forces acting on the probe and a single particle (Figure 5.3) using the Hertzian
approach. For this we use the normal force the PDMS probe (Fl,) exerts on each
particle: Fy, = (a/R?)Fy,. We determine the normal force per glass particle as
Fy, = E*R)°d*?. Using these two equations we obtain Fi, = aE*(d/R,)*?. A
similar approach as used here for the normal force, can be used for the friction
force resulting in Fr, = (a/R?*)Fpr,. Assuming that F» o contact area, we then
find that Fp, o< R,d and thus F,  a(d/R,) Since i = Fr/Fx, we then find that
t = Fry/Fny o< E*(d/R)®). This would mean that pR)® should be constant at
given speed and normal force. This scaling with R, is verified in Figure 5.2b).

PDMS probe

PDMS Substrate

Figure 5.3: Schematic view of the normal and friction forces acting on the probe (Fy,, Fr,) and
on the particles (Fiv4, Fry) and the indentation depth, d.

When we increase the sliding speed, we see an increase in the friction coefficient
for all particle sizes (Figure 5.2a). At high speeds, particles may easily be pushed
out of the contact which could potentially lead to PDMS — PDMS contact. As the
escaping of particles from between the surfaces occurs at random, the relatively
large error bars observed here are to be expected. For the rough surfaces used here,
we expect smaller particles to be able to enter the space between the asperities.
When particles become trapped between asperities, their ability to roll could be
inhibited and friction coefficients are expected to increase. This was also found in a
previous study, where the friction coefficient of rough PDMS surfaces lubricated by
solid particles increased when particles were of similar size as the surface asperities.
[7] When we compare friction coefficients of rough surfaces lubricated by 100 ym
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particles to smooth surfaces lubricated by the same particles, friction coefficients
that are twice as high for the rough surfaces at high normal forces are found as will
be discussed in the next section. This shows that an increase in surface — surface
and particle — surface contact area causes an increase in the friction coefficient. We
will discuss this further in the following section. Although particles enter the space
between asperities, we do find that the friction coefficients of particle-lubricated
contacts are still far lower than the friction coefficient of a dry PDMS — PDMS
contact. This is an indication that the particles are still able to prevent complete
PDMS - PDMS contact.

Normal force dependence

Particle inclusion between the asperities is expected to be enhanced at higher
normal forces, due to the deformable nature of the surfaces. As the load increases,
the elastic substrates can cover and entrain the lubricating particles due to de-
formation of the PDMS around the particles, causing increased direct PDMS —
PDMS contact. From measurements at normal forces ranging from 0.25 to 1.5
N using both a rough probe and a smooth probe, we indeed find that higher
normal forces give higher friction coefficients for the smallest (100 pym) particles
(Figure 5.4a,b). The increase in friction coefficient as function of the normal
force is modest for larger particles, suggesting only a small contribution to the
total dissipation from the few normal-force strengthened surface — particle contacts.

For the 100 um particles we a three-fold increase in friction coefficient from ; =
0.15 to ;1 = 0.45 was found when the normal force is increased from 0.25 to 1.5 N
using the rough surface. While the contact area is expected to increase gradually
with increasing normal forces, there appears to be a threshold Fy above which the
friction coefficient increases strongly. This threshold force is most likely related to
particles becoming entrained between the asperities of the rough PDMS (asperity
size ~ 100 - 400 ym) and the deformability of PDMS, which leads to a sudden
change in contact dynamics with changes in Fy. When the normal force increases,
the indentation of the PDMS surfaces by the particles facilitates particle inclusion
between the asperities and generates larger contact areas between the two surfaces
and between the surfaces and the particles.
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Rolling and sliding friction

An increase in normal force from 0.25 N to 1.5 N for a glass particle on a PDMS
plane gives an increase in contact area from 115 to 380 ym?. This is related to an
increase in indentation depth from 7 to 24 pm. For the rough surfaces the actual
contact area will be higher as particles enter the space between the asperities, and
therefore more direct PDMS — PDMS contact will occur. In Figure 5.4b it can be seen
that the normal force dependence for smooth surfaces is much less pronounced
compared to surfaces with asperities. For surfaces under higher load, two separate
mechanisms are proposed that may affect the friction coefficient: (I) reduction in
rolling capacity of particles due to inclusion between asperities causing particles
to slide over the surface with increased particle — surface contact area, (II) direct
PDMS - PDMS sliding contact.

a) Rough b) Smooth
0.5 " . . 05 . .
100 pm 100 um
04l ¥ 300 um ] 0.4l 300 um
£ 600 um Sliding £ 600 um
03} $ 2000 um | _o03} £ 2000 pm
“0.2} - 0.2}
Rollin Rollin
0.1} 0.1} °
$ 4 L S i 3 LR R
0 : " . 0 L 4 X X
0 0.5 1 15 0 0.5 1 15
Fy (N) Fy(N)

Figure 5.4: Normal force F dependent friction for all particle sizes using a) a rough and b) a
smooth probe. The transition from rolling to sliding friction is highlighted in blue.

The transition from rolling to sliding friction is visible in Figure 5.4a where the
contact regime (sliding friction) is highlighted in blue. This shows the contact area
dependence of the friction coefficient. The smallest particles paired with the rough
surface are most sensitive to changes in normal force as the particle — surface
contact area increases rapidly for these surfaces where the asperities are of similar
dimensions as the particles. To observe how particles may be inserted between
PDMS asperities, we place particles between a (rough or smooth) PDMS probe
and a flat glass microscope slide. The particles are then pushed against the PDMS
surface at 0.5 and 1.5 N. In Figure 5.5a, in the top row, we observe PDMS-particle
contact at 0.5 N compared to 1.5 N for the smooth probe. The difference in contact
for the two forces is not very obvious, which is consistent with the similarity of the
friction coefficients.
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Note that to be able to obtain informative images, a lower surface coverage of
particles was used during imaging than used in the tribology experiments.

0.5N 15N 05N 15N

S Ee . T ® 4 % ? - :
moath @ =t sl O o enoh oA e® e

Figure 5.5: a) Microscopy images of smooth and rough PDMS surfaces in contact (white areas)
with particles (dark areas) at 0.5 N and 1.5 N for smooth (upper row) and rough (lower row)
surfaces. In b) the same images are shown with a black and white filter applied to emphasize PDMS
contact and particle contact. Larger white areas are seen at high Fy indicating larger contact areas
and particle insertion between asperities. Low surface coverage was used here for imaging purposes.
Scale bar represents 200 pm.

For the rough probe we see that particles are inserted between the asperities at both
low and high normal force. Additionally, we observe an increase in contact area at
higher normal forces. Applying a black and white image filter makes it even more
evident that more contact (white) is obtained at higher normal forces as particles
(black) are pushed further into the PDMS surface (Figure 5.5b). These results show
the major role that particle inclusion between the asperities and contact area play
in the frictional behavior of deformable surfaces.

Partially covered surfaces

We previously suggested that the friction coefficient increases with increasing PDMS
contact, for example due to increased normal forces or enhanced particle insertion
between asperities. To verify how the friction coefficient responds to increasing
PDMS - PDMS contact, we designed an experiment where we vary the number of
glass particles present on the surface. We eliminate the effect of particle trapping
by using a smooth PDMS probe against a smooth PDMS surface and limit sliding
speed to 10 mm/s and the normal force to 0.5 N. To maximize changes in surface —
surface contact, we use the smallest particles which initially already give a small
gap size of maximum 100 um, i.e. the diameter of the particles. We quantify surface
coverage via the total area of particles covering the flat PDMS surface; we used
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the particle diameter to calculate its effective surface coverage and present surface
coverage as a percentage of the total surface coverage (Figure 5.6).
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Figure 5.6: Friction coefficient as function of surface coverage for the 100 um particles between a
smooth hemispherical PDMS probe and a smooth flat PDMS substrate. Surface coverage is defined
with respect to the maximum number of particles that geometrically fit in a single layer.

Here, 100% refers to the substrate being completely covered with a randomly
packed monolayer of particles. At a low surface coverage of 1%, the friction coeffi-
cient is rather high (¢ ~ 2) and approaches the friction coefficient of dry PDMS
(u =~ 3). As there are only a few particles present to separate the surfaces, direct
PDMS - PDMS sliding contact is likely the cause for these high frictional values
due to surface deformation or indentation. We find a steep decrease in friction
coefficient as the percentage of particles increases. Higher particle surface coverage
corresponds to less deformation, i.e. larger gap sizes, and less PDMS — PDMS con-
tact, which leads to a decrease in friction as also seen in previous sections (Figure
5.4). At a surface coverage of 1, 2, 5 and 10% and a normal force of 0.5 N the esti-
mated indentation depth using Hertzian theories equals 12, 18, 157 and 250 um.
As the latter values of indentation are larger than the particle size (100 um) the par-
ticles become fully enveloped by the PDMS surfaces and direct PDMS contact arises.

The glass particles between PDMS surfaces already show optimal lubrication at only
10% surface coverage. For surface coverage values higher than 10% of particles, we
see a constant friction coefficient. We can thus expect that 10% particles distributes
the total normal force over enough particles that the PDMS substrates do not
deform enough to completely envelope the particles. Thus PDMS — PDMS contact
is limited, and the particles are able to roll between the PDMS surfaces. This
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regime of constant friction coefficient represents the rolling friction regime; values
for p here are indeed consistent with those shown in Figure 5.4. The surface
coverage dependence measurements of hard particle-lubricated soft substrates are
an additional confirmation that for these soft surfaces, there is a strong indentation
depth or contact area dependence. Contact area dependencies are not uncommon
for either soft or hard materials, and have been shown to occur in different systems,
such as elastic contacts [37] and, more specifically, hydrogels. [17, 18, 38]

Varying the tribometer motion

To assess the robustness of the observations under different tribological circum-
stances, we vary the relative sliding and rolling motion of the sliding surfaces.
To do this, we introduce an additional friction tester, the Mini Traction Machine
(MTM, Figure 5.7a), which is a double drive tribometer. This tribometer can give
additional insights into the sliding-rolling effects as the MTM is able to control the
rotating PDMS ball and the sliding PDMS disk independently. [20, 32, 34] The
MTM also allows us to answer an additional question: how does the surface motion
(e.g. rolling or sliding probe and substrate) influence the contact area dependent
friction coefficient? We use the 100 ym particles entrained between two smooth
PDMS surfaces at 10 mm/s as used previously, at a surface coverage of 100%. In
this case a normal force of 1 N is used to stay within the measuring range of the
tribometer and the probe is very similar to the probe used on the BTL (diameter
(hemi-)sphere on MTM tribometer: 19 mm, on the BTL: 20 mm). With the ability
to drive the probe and substrate separately, we have the possibility to vary the
ratio between the speed of the ball and the speed of the disk, also known as the
slide-to-roll ratio (SRR).

At a SRR of 2, where pure sliding of the surfaces takes place, the frictional values
are within the same range as observed previously for the same particles of 100 ym
in diameter ({4, ~ 0.17, Figure 5.7b). The expected transition from sliding to
rolling friction is also seen using the MTM. A strong decrease in friction coefficient
from 0.2 to about 0.008 is observed when decreasing the SRR from 2 to 0. When
the ball and disk are rotating at equivalent velocities, i.e. SRR = 0, the spherical
particles are easily maintained between the surfaces and are allowed to roll along
with the imposed motion of the PDMS surfaces. The rolling of the particles is
then driven by both the ball and the disk which results in extremely low friction
coefficients. At higher SRRs, the rolling of the particles is mainly driven by only
one of the surfaces at a time, while the stationary surface counteracts the rolling
motion of the particles. Additionally, at high SRR values, particles can be expected
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to leave the contact regime and accumulate around the probe which would result
in high friction as well. Once particles exit the gap, large PDMS contact areas lead
to increased friction coefficients. Particles exit the gap at different times and speeds
during each measurement, which explains the large error bars observable in Figure
5.7b. The increase in friction with decreased particle rolling ability shows that
restricted particle rolling motion causes an increase in friction coefficient, which
was also seen when varying measuring parameters including the normal force in
previous sections.
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Figure 5.7: a) Schematic view of the Mini Traction Machine with two PDMS surfaces and glass
particles as lubricant. b) Friction coefficient obtained using a double drive tribometer at various
slide to roll ratios.

Relating the friction coefficient to the contact area

We have highlighted the transition from rolling (particle) friction to sliding (surface
dominated) friction by varying the particle size, normal force, surface roughness,
number of particles and even by using an additional tribological device. As the
friction coefficient is often related to the contact area, we combine the friction
coefficients from the measurements in previous sections performed with the smooth
probe into one figure, as function of the contact area radius estimated using a
Hertzian approach (Figure 5.8).
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Figure 5.8: Frictional values of Figures 5.2, 5.4, 5.6, and 5.7 are combined to display the friction
coefficient as function of contact area radius (R,). The color bar represents R, — d, which results in
rolling, sliding or PDMS — PDMS contact friction.

Using this approach, we find that the friction coefficient in the rolling regime
scales with R, % with R, the radius of the contact area. The friction coefficient
thus decreases with increasing contact area for the particles with different particle
sizes. When the contact area increases due to increases in normal force or decrease
in surface coverage, the friction coefficient increases. In the latter case, particle
insertion and PDMS — PDMS contact causes the increase in friction coefficient.
We attempt to quantify the increase of particle - particle and surface — particle
contact and calculate the separation distance between the two PDMS surfaces by
subtracting the indentation depth from the particle size; when the indentation
depth is larger than the particle size, the PDMS surfaces are allowed to contact one
another.

From the colorbar in Figure 5.8 showing R, — d we see that an increase in this
value causes a decrease in the friction coefficient for the particles of different
sizes. For the 100 um particles, we find that when particles are pushed into the
soft surfaces and are still able to keep the surfaces separated (R, — d ~ 40 pm)
relatively low friction coefficients are obtained. Once PDMS — PDMS contact is
established (R, — d < Opm), a strong increase in the friction coefficient is seen
in this PDMS contact regime. This shows that each frictional regime has its own
complex relation with the contact area depending on the particle — surface and
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surface — surface dynamics.

The lowest friction coefficients are seen for the larger particles that are well able to
keep the surface apart (large R, — d values) in the rolling friction regime. When
the separation distance falls below 100 um, the particles are less able to separate
the surfaces. Below this gap size, particle insertion into the PDMS surface begins
to take place due to elastomeric surface deformation, and PDMS — PDMS contact
is enlarged. We therefore propose the following mechanism: As particles have
limited rolling ability, friction is dominated by sliding surfaces. This change from
rolling particles to particles being pushed into and deforming the surfaces marks
the onset of the sliding regime as indicated in Figure 5.8 in blue. Sliding here refers
to the limited rolling ability of the particles due to insertion into the surfaces and
enhanced particle — PDMS contact. The separation distance between the surfaces
decreases further as the normal force increases or when there are less particles
present on the surface. Both conditions lead to a higher normal force per particle,
i.e. more surface deformation and higher surface — particle contact area, and with
that, higher friction coefficients. When the glass-PDMS indentation depth is larger
than the particle size, negative values are found for the indentation depth. We find
indentation depths larger than the particle size at a surface coverage of 2% and
1%. At these percentages of surface coverage, particles are fully enveloped by the
surfaces and direct PDMS — PDMS sliding contact occurs.

This supports our suggested frictional mechanism: For large separations, low (or
even no) direct PDMS — PDMS contact occurs and low friction coefficients are
found. As the separation distance decreases due to a decrease in particle size,
particle number, or an increase in normal force, the overall indentation increases
and the friction coefficient increases accordingly. Once the surfaces are in contact a
large increase in the friction coefficient is measured. We thus show that the degree
of separation between the PDMS surfaces as caused by changes in normal force,
particle size of surface coverage determines in what contact regime the frictional
system is located. Based on the contact regime (PDMS contact, sliding or rolling),
the friction coefficient shows a positive or negative dependence on the contact area
of the contact between the glass particles and the PDMS surface.
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Conclusions

In this chapter, we used two tribometers to assess the frictional dynamics of
dry hard spherical particles lubricating soft surfaces. We find that the friction
coefficient increases with increasing normal force, when we decrease the number of
particles on the surface and when smaller particles are used. The increase in friction
coefficient in these cases is caused by enhanced surface — surface and particle —
surface contact. By manipulating different aspects of this soft-hard tribosystem, we
display three different frictional regimes: a rolling regime, a sliding regime and a
PDMS — PDMS contact regime. The rolling regime displays low friction coefficients,
attributed to the rolling motion of the particles. In the sliding regime, an increase
in friction coefficient is found as particles are inserted between asperities due to
similarity in size between particles and deformation of the surfaces. In this regime,
particle — surface and surface — surface interactions arise, leading to an increase in
friction coefficients. When the particles are fully covered by the surfaces (particle
insertion and PDMS deformation), direct PDMS — PDMS contact occurs and the
friction coefficient increases accordingly.
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Abstract

Interpreting the frictional behavior of soft surfaces is complex as a broad range
of parameters simultaneously influence the friction coefficient. The deformation of
the surfaces, the degree of wetting by the lubricant, and the viscosity of the lubricant
are examples parameters that strongly influence soft lubrication. This chapter aims
to reveal the interplay between the aforementioned parameters by evaluating the
frictional behavior of particle suspensions between PDMS sliding surfaces. We use
different percentages of hydrophilic and hydrophobic particles suspended in water, oil
and glycerol. Using these different particulate lubricants, different fluid — surface, fluid
— particle, and particle — particle interactions could be measured. The results show
that competition exists between fluid entrainment and particle entrainment, leading
to two frictional regimes; a sliding surface (fluid-dominated) and a rolling particle
(particle-dominated) regime. Fluid polarity as well as particle hydrophobicity are key
parameters leading to fluid and particle entrainment. A fluid-dominated regime was
observed in the case of low particle numbers, good fluid — particle wettability and low
matrix viscosities. We find that particle entrainment depends on the ability of the
matrix fluid to wet the particles as well as the number of particles present in solution.
Using different percentages of glycerol, it was found that fluids with high viscosities
facilitate particle entrainment as both the fluid and particles are able to increase the
gap size.

This chapter is in preparation for submission as:
Rudge, R.E.D., Shewan, H. M., Stokes, J. R., Dijksman, J. A., and E. Scholten.
Lubrication properties of hard particle suspensions between soft surfaces.
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Introduction

The friction or lubrication properties of particle suspensions are of interest because
of their applications in industries such as coatings [1, 2], cosmetics or pharma-
ceutics [3, 4], and foods. [5, 6] These frictional properties strongly influence
how the end-user appreciates the product. For example, a skin cream requires
specific lubrication properties to be applied to the body and remain on the skin
while forming a thin film. [7, 8] Similarly, a cream-based dessert is expected
to have specific in-mouth lubrication properties, which contribute to the liking
of the product. [9, 10] These lubricants often consist of multiple components,
such as deformable droplets or particles dispersed in a viscous fluid, and the
surfaces (tongue, skin) are relatively soft. In this chapter, we assess the lubrication
behavior of such multi-component lubricants. As discussed in previous chapters,
a regular Stribeck curve for simple Newtonian lubricants commonly consists of
a boundary regime, mixed regime and elastohydrodynamic (EHL) regime. [11,
12] Viscosity and hydrophobicity play an important role in the progression of
the lubrication curve. [13, 14] Correcting the Stribeck curve for the viscosity
often leads to a collapse of the data onto a single frictional curve for Newtonian
fluids as was very well illustrated by Bongaerts and coworkers. [15] The frictional
mechanisms become more complex for soft surfaces, especially when particle
suspensions are used instead of Newtonian fluid lubricants as we have shown
in the previous chapters. The presence of particles as an additional component
leads to a mechanism that is commonly referred to as third-body friction. [16,
17] While the rheological behavior of such particle suspensions is relatively well
understood, [18-21] the tribological behavior of such suspensions, however, has
received less attention in the available literature. As we have shown previously,
the lubrication behavior of such suspensions is affected by many parameters such
as the size of the particles, the hardness of the particles, the roughness of the
surfaces, etc, which provide different contact areas and interlocking events. [22-25]

In this chapter, we test hypotheses developed based on previous chapters where
particle lubrication was studied. For particle lubrication, we found in Chapters 4
and 5 that the friction coefficient is mainly determined by the surface — surface
and particle — surface interactions. [22] The deformation of soft surfaces, such
as the surface of hydrogels or elastomers, causes changes in contact areas and,
with that, changes in the friction coefficient. This often leads to multiple frictional
regimes, different from the commonly reported Stribeck regimes. [22, 26] It has
also been shown that fluid-matrix properties and surface properties are important
in determining the lubrication behavior. In a study by Yakubov et al., it was
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shown that the hydrophobicity of the surfaces influences the entrainment of 10
pm particles in the boundary regime while in the EHL regime, fluid lubrication
dominated the lubrication behavior. [27] These results were interpreted in terms
of adhesive contact between the particles and the surfaces and hydrodynamic drag
forces, which either cause particles to enter or escape from the gap. So far, limited
knowledge exists on the effect of fluid viscosity, polarity of the fluid molecules, and
particle hydrophobicity on particle entrainment and the overall friction coefficient.
In this chapter, we aim to further elucidate the effects of surface — particle — fluid
interactions and how these interactions influence particle entrainment and the
overall frictional behavior. To change the interactions within the third body system,
hydrophilic and hydrophobic glass particles (diameter 100 xm) suspended in
various Newtonian fluids varying in viscosity and hydrophobicity, are used in this
third-body lubrication system. With these suspensions, the effect of hydrophobicity,
particle interactions, particle volume fraction, and fluid viscosity on fluid and
particle entrainment is investigated. We hypothesize that particles can be entrained
into the contact together with the lubricating fluids at sufficiently large gap sizes.
Additionally, we expect low friction when the surfaces have favorable (attractive)
interactions with the fluid and the particles present in the suspension. With the
results obtained, we construct a schematic lubrication curve that represents the
different frictional regimes and the corresponding mechanisms.

Experimental section

PDMS preparation

Hydrophobic polydimethylsiloxane (PDMS) surfaces are used to measure the
friction coefficients. These relatively soft surfaces (= 3 MPa) surfaces are made
using Sylgard 184 in a 10:1 ratio following a commonly used protocol [28], and as
explained in Chapter 4, the fluid PDMS is then poured into the respective molds
to obtain spherical probes and smooth and patterned substrates used for rheology
and tribology.

Particle suspensions

The particle suspensions used here were made of glass particles (unwashed glass
particles <106 um, Sigma-Aldrich) suspended in Newtonian fluids. We used 10%
or 50% particles by weight, combined with the matrix fluid, and the particles
were dispersed into the fluid using a spatula. When sedimentation occurred, the
suspension was mixed again prior to measuring to ensure homogeneity of the
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system. The fluid matrices used were (mixtures of) ultra pure water (Milli-Q),
glycerol (ChemSupply), mineral oil (light, Sigma-Aldrich), corn syrup (Queen,
glucose syrup from corn), and ethanol (Merck).

Rheological measurements

A Haake MARS III stress-controlled rheometer was used to measure the viscosity of
Newtonian fluids and suspensions. This rheometer was equipped with a parallel
plate geometry. The 35 mm parallel plates were made of steel with a 35 mm
sandpaper disk attached to the bottom plate and a 35 mm PDMS disk attached to
the upper plate surface. Measurements were performed with a 1 mm gap and a
temperature of 20 ° C. The viscosity of the suspensions was measured between a
smooth PDMS plate and a rough sandpaper plate to simulate the wetting properties
of the tribometer while using a rough surface to keep poorly wetting fluids and
particles from being expelled from the gap. The measured viscosities for the
Newtonian fluids were similar to those obtained using smooth, solid surfaces.

Tribological measurements

The tribometer used here is the PCS Instruments Mini Traction Machine (MTM).
This setup consists of a rotating ball (diameter: 19 mm) and disk (diameter: 46 mm).
The device operated at speeds between 1 and 1000 mm/s and at a load of 1 N. We
set the slide-to-roll ratio (SRR) to be fixed at 0.5 and is calculated as SRR = Uy,
- Ugisk/Uiota- The measurements were carried out in bidirectional mode, which
means that both the probe and the substrate rotate in opposite directions. This
provides a sliding friction coefficient and a rolling friction coefficient. [29] Here, we
only report the sliding friction coefficient. We obtain an average friction coefficient
from five data points per sliding velocity. Our measurements were performed in
triplicate. Measurements were performed at decreasing speed from 1000 to 1 mm/s
followed by increasing speed from 1 to 1000 mm/s. For most particle suspensions,
however, a limited speed range from 100 to 1 mm/s was used as particles were
excluded from the gap at high speeds, making it impossible to obtain accurate data
at these high speeds. All measurements were performed at 20 °C.
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Results

Glass particles and glass particles suspended in water
Dry glass particles

The frictional behavior of glass particles between two PDMS surfaces was assessed
at complete surface coverage. Friction coefficients of around 0.1 were found for this
sliding system (Figure 6.1). With dry particles, we refer to 100% surface coverage,
the situation where a complete layer of glass particles covers the PDMS substrate.
As we showed in Chapter 5, above a certain particle percentage (10 %), the friction
coefficient remains unaffected by the addition of extra particles. The frictional
values we measured here on the MTM tribometer are very similar to our findings
presented in Chapter 5 where we discussed dry glass particles lubricating PDMS
surfaces measured on the Bruker tribometer. Such rolling particles can greatly
reduce the friction coefficient of dry PDMS contact (;2>2). The glass particles used
here, i.e. 100 pm, are much larger than the theoretical gap size in which was
estimated to be smaller than 5 um for these surfaces on the MTM at the sliding
velocities used here. [27] As such, it is not that straightforward that particles would
be entrained in the gap. However, due to the hard nature of the particles (Young’s
modulus (£) > 1 GPa) compared to the much softer nature of the PDMS surface
(E = 3 MPa), the PDMS surfaces can deform in such a way that glass particles can
enter the contact zone, separate the PDMS surfaces entirely and thus lubricate the
surfaces. [27]

These dry glass particles show a rather constant friction coefficient of around 0.15,
which indicates that no changes occur in terms of particle entrainment or surface
deformation over the entire velocity range. With these dry particles lubricating
elastomeric surfaces, the surface — particle interactions that decrease direct surface
— surface interactions dominate the lubrication behavior observed here.
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Figure 6.1: Tribological properties of water (grey dashed line), 10% (10% P in W) and 50% (50%
P in W) particles suspended in water (black circles) and dry particles (100% P, black dashed line).
In the case of dry particles, the substrate surface is completely covered with particles.

Glass particles in water

When combining glass particles with water and making a suspension of 50%
particles, the friction coefficient strongly resembles that of dry particles (Figure
6.1). This indicates that the fluid matrix has a limited effect in this case and
does not cause any significant changes in the frictional mechanisms behind glass
particle lubrication. This indicates that the frictional mechanisms behind both the
suspension and the dry particles are similar. This can be explained by the wetting
ability of the fluid. Water is poorly able to wet both the tribopairs and the particles,
[13, 30] hence the lubrication behavior of the suspension is similar to the case
where water is absent (dry particles). Even though the hydrophobic interactions
between the particles in water enhances particle — particle interactions than for the
dry particles, these interactions thus do not affect the rolling ability of the particles,
once present in the gap. It appears that the surface — particle interactions dictate
the friction coefficient, while the effect of particle — particle, fluid — particle, and
fluid — surface interactions remain limited due to the poor wetting properties of
water on glass and PDMS.

To potentially enhance the participation of the fluid matrix in the overall frictional
behavior, a suspension that consists of 90% water and only 10% of particles was
also measured (Figure 6.1). When fewer particles are present, the load per particle
is higher leading to larger surface deformations and larger contact areas. These
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suspensions show different frictional behavior than observed for the dry particles
indicating that fluid interactions or deformation effects begin to play an increasingly
large role. For 10% particles, we first observe a plateau (Figure 6.1, grey symbols)
around a friction coefficient of i &~ 0.8. This is lower than the friction coefficient of
i =~ 1.5 for water in the boundary regime (Figure 6.1, dashed line). Even at such
low concentrations of particles, particles can alter the lubrication behavior of water
by almost a factor 2. As fluid dominates the lubrication here, similar frictional
regimes are found for water and for 10% particles suspended in water. After the
boundary regime, both water and the 10% suspension show a steep decrease
in the friction coefficient, which resembles the Stribeck mixed regime. For pure
fluids lubricating (semi-)solid surfaces, this represents a transition from a surface —
surface contact dominated boundary regime, to a mixed regime where both asperity
contact and fluid - surface interactions play an important role, as the fluid starts to
form a lubrication layer. For the glass particle suspensions, a different mechanism
may be at play. In the first regime of the 10% particle suspension, particles must be
present between the surfaces, which is hypothesized based on the lower friction
coefficient found for particles compared to that of water alone, indicating that both
fluid - surface and particle — surface interactions are driving the frictional behavior.
Besides the fluid lubrication, the rolling ability of the particles also plays a role. As
the “mixed” regime starts around the same velocity, the fluid — surface interactions
appear to be more important. Using these particle suspensions, we thus find that
particle lubrication dominates at high particle percentages as the particles can
enter the gap due to surface deformations. For low particle concentrations, the
contribution of the fluid is more evident and Stribeck-type regimes are found.

Viscosity effects on particle lubrication

The properties of the tribosystem are changed by using a high viscosity fluid matrix.
As matrix fluids, glycerol solutions of 0, 1, 25, 50, 75, and 95% are used combined
with 50% particles. We first characterise the suspensions in terms of their viscosity
and then proceed to discuss the friction coefficients measured.

Rheological properties

The results in Figure 6.2 show how the low-shear viscosity of glycerol solutions
increases at higher percentages of glycerol in water (open symbols). Our results
are consistent with literature values. [31] Comparing the glycerol solutions to
the particle suspensions with glycerol, reveals that the addition of glass particles
increases the viscosity (Figure 6.2, closed symbols), as expected. For the particle
suspended in 25% of glycerol, we were unable to measure the viscosity, as the
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suspension was removed from the gap during measurement likely due to poor
wettability, low fluid viscosity and limited particle cohesion. The viscosity of the
particle suspension of 25% glycerol (Figure 6.2, dashed line) is estimated by using
the measured values of the other glycerol solutions and the Quemada model [18,
19]. The Quemada model gives the viscosity of the suspension based on the viscosity
of the matrix and the particle volume fraction as ns = 7 /(1 — ¢/Pmaz) 2. The
value for ¢,,,, used here is 64% assuming randomly packed hard spheres. [32] It is
important to note that we keep the particle weight percentage constant at 50%. For
the particles in glycerol, this means that the particle volume fraction is between 28
and 32% depending on the density of the glycerol/water mixtures. The Quemada
expression accurately describes the behavior of our non-interacting particles in
suspension as the theoretical values are in line with our experimental results.The
theoretical values are thus used as an indication of the suspension viscosity. The
suspensions viscosity will be used to assess the rate-dependent lubrication behavior
in the following sections.
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Figure 6.2: a) Measured viscosities of 50, 75 and 95% glycerol/water solutions (open symbols)
and of water/glycerol solutions containing 50% glass particles (closed symbols). The dashed line
represents the theoretical values obtained using the Quemada equation.

Tribological Properties

We found that the particle suspensions display the expected rheological behavior, i.e,
the viscosity increases with an increase in glycerol content. We can thus now explore
how the suspension dynamics affect the lubrication behavior. We measured the
friction coefficients of the glycerol/water mixtures and of 50% particles suspended
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in the same glycerol/water mixtures. We show the friction coefficients for different
glycerol/water mixtures in Figure 6.3 (dashed lines).
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Figure 6.3: Sliding friction coefficients of 25%, 50%, 75% and 95% glycerol/water solutions
(dashed lines) and of 50% glass particles suspended in 25%, 50%, 75% and 95% glycerol solutions
(filled symbols).

The frictional behavior of the 50% particles suspended in 25%, 50% and 75%
glycerol solutions show a strong resemblance to that of the glycerol fluids without
particles, especially at low velocities and viscosities as shown in Figure 6.3 (filled
symbols). This indicates that particles do not contribute to the lubrication behavior
at this stage. At higher speeds, the curve of the suspensions start to deviate from
those of the glycerol matrix and shows a plateau. This plateau indicates that
particles begin to contribute to the lubrication at high speeds. For the particles
in 50% glycerol/water, particle entrainment begins at 60 mm/s. The particle in a
75% glycerol/water solution shows particle entrainment at 10 mm/s as the curve
transitions to a plateau. The higher viscosity of the glycerol mixture thus enables
particle entrainment at lower speeds. This plateau overlaps with the friction
coefficients found over the entire velocity range for the particles suspended in 95%
glycerol. For 95% glycerol solutions, the viscosity is high enough to continuously
entrain the particles, even at low velocities. For 95% glycerol suspension, the
friction coefficient is determined by the glass particles over the entire velocity
range and is higher than the friction coefficient of the solution itself.

By multiplying the velocity by the viscosity of the glycerol/water matrix, a
typical Stribeck curve is obtained for the glycerol solutions in Figure 6.4. A
collapsed curve is obtained with a mixed, boundary and hydrodynamic regime. This
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hydrodynamic regime exists as the high viscosity lubricant separates the surfaces
completely at these velocities due to the increased hydrodynamic pressure. These
Newtonian lubricants thus show classical Stribeck behavior. For the suspensions
(filled symbols), however, we observe different regimes than the regular Stribeck
regimes. For the lubrication curves of the particle suspensions, we can either use
the matrix viscosity or the suspension viscosity to obtain a collapsed curve. When
correcting for the matrix (glycerol/water solutions) viscosity, the curves of the
suspensions and the fluids overlap in the boundary and the mixed regime in Figure
6.4a. Where the fluid shows a hydrodynamic regime, the particle suspensions show
a particle lubrication regime. This is similar to what the uncorrected data indicates.
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Figure 6.4: The sliding friction coefficients of glycerol/water solutions (25, 50, 75 and 95% dashed
lines) and 50% particles suspended in the different glycerol/water solutions (filled circles). The
viscosity was corrected for a) the matrix viscosity and b) the suspension viscosity. In both curves,
we find three frictional regimes: (I) boundary, (II) mixed, and (III) particle lubricated.

These results thus show that the fluid matrix lubricates the surfaces and determines
the frictional behavior at low Uz values and particle lubrication dominates at high
values. When we use the viscosity of the suspension instead of the fluid, we find
two separate collapsed curves for the fluids and the particle suspensions with very
limited overlap (Figure 6.4b). Using the suspension viscosity as a scaling factor,
gives results that are not in line with the uncorrected data (Figure 6.4a), as fluid
and suspensions overlap at low velocities in the uncorrected case (Figure 6.3).
This shows that the fluid matrix viscosity is the main driver behind the friction
coefficient in the fluid dominated regime. When we use the matrix viscosity as
a correction factor as shown in Figure 6.4a, we observe that particles are fully
entrained at Uy values of 400 uN/m. At a value of 400 uN/m, we estimated the
gap size to be below 5 ym using a method as presented in literature. [27, 29, 33]
Particle entrainment at these U values are not trivial as the gap size is far smaller
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than the size of the particles (100 xm). In this case, particles can be entrained
due to the deformability of the surfaces. This suggests that with softer surfaces
or softer particles, particle entrainment occurs at even lower values of the gap
size. The contribution of the viscous matrix fluid is especially important at low
sliding speeds. At these speeds, we see a similar behavior for the solutions and the
suspensions. At high sliding speeds, the contribution of the particles becomes more
visible, as we find two different sliding regimes for particle suspensions and for
glycerol solutions without particles. The effect of the particles is especially observed
for the suspension with 95% glycerol. As a hydrodynamic regime is absent for
the 95% glycerol suspensions, the contribution of the continuous viscous fluid
becomes less relevant: the size of the gap is caused by the particles and not by
the hydrodynamics of the fluid. A high matrix (fluid) viscosity allows particles to
be entrained between surfaces as the hydrodynamic pressure already increases
the gap size. Additionally, at high viscosities, drag forces on the particles are high
which means fluids can drag the particles into the gap. The drag force is quantified
as F; = 6wURn with U the sliding velocity and R the particle radius and 7 the
matrix viscosity. Hence, at high viscosities, i.e. high drag forces , particles remain
suspended in the fluid as migrating through the fluid is energetically unfavorable.
[34] For our particles suspended in glycerol, we thus find three frictional regimes.
(I) boundary regime where the lubricant determines the frictional behavior, (II) A
mixed fluid lubricated and asperity contact regime, (III) a regime where the friction
coefficient is dominated by particles lubricating the surfaces.

Comparing suspensions in water to suspensions in glycerol: wetting and

viscosity

It should come as a surprise that a 50% particles in 25% glycerol/water
suspension show such a different behavior than a 50% particles in pure water
suspension: the viscosity of 25% glycerol is very similar to that of water, as is
the (normalised) polarity (water: 1, 100% glycerol: 0.8). [35] Here we perform
frictional measurements using low percentages of glycerol and other solvents to
better understand the lubrication behavior. In this section, a 1% glycerol/water
solution (1 mPa-s) is measured. This solution is very similar to water in terms
of polarity and viscosity. We find that the friction coefficients of 1% glycerol and
water without particles overlap almost completely (not shown here). The friction
coefficients for particle suspensions with the previously mentioned solvents as the
matrix, however, again show large differences (Figure 6.5). For water the friction
coefficient is 0.1, while 1% glycerol, shows a much higher friction coefficient of
roughly 1 in the boundary regime.
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Figure 6.5: Friction coefficients of 50% particles suspended in 100% water, 1% (Glycl), 95%
glycerol (Glyc95), 1% ethanol (EtOH1), and 1% corn syrup (corn syrupl) in water.

The addition of 1% glycerol to water completely changes the frictional behavior
of the glass particle suspension between two PDMS surfaces. As the differences
in frictional behavior between 1% glycerol/water suspensions and pure water
suspensions cannot be explained by viscosity or wettability, the difference must
be due to specific interactions between the particles and surfaces and the glycerol.
One option would be specific hydrogen bond formation with the fluid. To test this
hypothesis, we perform an additional test using a 1% corn syrup (glucose) solution
in water (Figure 6.5). Glucose has multiple -OH groups, as does glycerol. These
-OH groups could be influencing the fluid — particle, fluid — surface, and fluid -
fluid interactions by means of hydrogen bonding. The viscosity of the corn syrup
solution is similar to that of 1% glycerol solution and pure water. The suspension
containing glass particles in 1% corn syrup shows similar behavior to particles in
pure water, but different than in a 1% glycerol solution. The differences, therefore,
seem to be very specific for glycerol.

For further comparison, we also used a 1% ethanol solution (relative polar-
ity ethanol: 0.65), [35] which slightly changes the overall polarity of the mixture
to a less polar fluid. In Figure 6.5, however, we find that the particle suspension in
1% ethanol shows very similar behavior to the particle suspension with water. It
thus appears that the fluid polarity does not influence the friction. The differences
between the different suspensions are thus more related to the particle lubrication.
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It remains unclear why 50% of particles in 1% glycerol show such striking differ-
ences in their lubrication behavior based on the range of frictional measurements
we have carried out. Glycerol appears to alter specific interactions between the
particles or the surface properties of the PDMS causing fluid lubrication to be
preferred over particle lubrication at low velocities. Further investigation into
the physical-chemical interactions between water and glycerol, glycerol and the
particles, and glycerol and the PDMS surfaces are needed to accurately describe
the behavior of glycerol/water suspensions compared to pure water suspensions.

Glass particles suspended in oil

In the previous sections, aqueous solutions of water and glycerol were discussed.
These fluids are poorly able to wet the hydrophobic surface and particles due to
their high polarity. To probe the role of fluid — surface interactions, we assemble a
tribosystem where good wetting between both the fluid and the particles and the
fluid and the surfaces exist. This is done by suspending hydrophobic glass particles
in mineral oil, measured between hydrophobic PDMS surfaces.

Water and oil lubrication

We first compare the lubrication behavior of mineral oil, the fluid matrix (Figure
6.6, yellow dashed line) to water (Figure 6.1, grey dashed line). It is immediately
clear that mineral oil is much better able to lubricate the PDMS surfaces and lower
friction coefficients are found for oil (j4,,., = 0.1) compared to that of water (14,4,
=1.5). This is easily explained by the better wettability of the hydrophobic surface
for oil, an non-polar fluid. While water shows a boundary and a mixed regime, for
oil the boundary regime seems absent, likely due to the differences in wettability
and viscosity (1), which allows oil ( = 17 mPa-s) to separate the surfaces at lower
velocities and gap sizes than water (n = 1 mPa-s). For these pure fluids, the fluid -
surface interactions drive the friction coefficient.

144



Lubrication properties of hard particle suspensions between soft
surfaces

100 ‘l I y
| I "
I I
< I 1
- "\~_~ 1 I
& 10!
§ .: | }.O.
% oo " ::000
® ¢ | o |
(@) YR I
(&) ; :
£'10°2 L
5 Qil | |
%) --100% P | i
® 50% Pin0O | !
;| ° 10%PinO .
10° SR
10° 10" 102

Velocity (mm/s)

I ! :_ 2. I . 1

Fluid lubricated Transition Particle lubricated

Figure 6.6: Lubrication curves of oil (yellow dashed line), dry glass particles (black dashed line),
and 10% and 50% glass particles (grey and black filled symbols respectively) in oil. The three
different sliding regimes are indicated with the grey dashed lines and the mechanisms for each
regime are shown below the graph. Regime I is fluid dominated, regime II is a mixed fluid - particle
lubricated regime and regime III is the particle lubrication regime.

Particle suspension lubrication

In Figure 6.6, the lubrication properties of 10% and 50% glass particles in oil (grey
and black filled symbols, respectively) are shown. Upon the addition of particles
to mineral oil, we find three frictional regimes for both the 10 and 50% particle
suspensions. These regimes consist of (I) a decrease in the friction coefficient with
an increase in velocity, followed by (II) an increase in the friction coefficient and
(IIT) a subsequent plateau. The curves for 10% and 50% particles in oil overlap
in regimes I and II. However, in regime (III) a higher friction coefficient is found
for the 10% suspension than for the 50% suspension. All the oil-based lubricants
do show lower friction coefficients than the water-based lubricants and the dry
particles. The potential mechanisms behind the three frictional regimes observed
here will be discussed in the next section.

The first regime in Figure 6.6 strongly resembles the first section of the mea-
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surement conducted with pure oil and the curves show some overlap. This is an
indication that particles are not yet present in this fluid lubricated regime and that
the behavior is just dominated by oil. This potential particle exclusion might be
a result of the good fluid — surface contact. Entraining a fluid with good wetting
properties is energetically favorable as it spreads easily over the surface. This fluid
lubrication is favored at low gap sizes. A second regime arises at 25 mm/s. At this
point, an increase in the friction coefficient is observed and the curve strongly
deviates from that of oil alone (Figure 6.6). This increase in the friction coefficient
in regime II is an indication of particle inclusion within the gap. This requires
the surfaces to deform, and once the particles are present between the surfaces,
they will contribute to the friction coefficient. As the oil itself has a lower friction
coefficient than the particles, particle inclusion thus causes an increase in the
overall friction coefficient. The second regime begins when particles are entrained
which gives way to an increase in the friction coefficient. This is quite the opposite
of what we saw for the water-lubricated surfaces where particle entrainment
caused a decrease in the friction coefficient. This increase in friction coefficient
appears to arrive at a plateau at 60 mm/s.

At this plateau, regime III begins. The friction coefficient remains constant,
indicating that no changes are taking place in terms of fluid entrainment, particle
entrainment, or surface deformation as particles are fully entrained. A particle-
dominated frictional regime was also observed for dry particles where no changes
in frictional dynamics occurred over a range of velocities. In this particle-dominated
regime, the friction coefficient is much higher than that of oil alone (x = 0.006).
For 10% glass particles, we find a plateau value of 0.06 and for 50% glass particles
in oil, this value is around 0.03. The lower value for the suspension with more parti-
cles is likely a cause of more surface separation and less surface deformation due to
the presence of more load-bearing particles, as was also discussed in Chapter 4 and
5. In this regime, the surface — particle interactions are most important. Surface —
particle interactions are also the dominating interactions for the dry glass particles.
However, the oil-suspended particles show a much lower friction coefficient than
dry particles ( = 0.15). This suggests that the surface — particle interactions
are more favorable in the presence of oil than for dry particles and particles in
water. Additionally, particle — particle friction is also expected to be lower in the
presence of oil, as oil is well able to wet these slightly hydrophobic glass particles.
For particles suspended in oil, lower friction coefficients than for particles in water
and for dry particles are thus found, owing mainly to the good surface — fluid and
surface — particle contact due to the compatibility of the non-polar fluid with the
hydrophobic PDMS surfaces and hydrophobic glass particles.
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Hydrophilic glass particles suspended in water and oil

The results so far showed that the interactions between the fluid with the surfaces
and the particles lead to diverse frictional behavior. In the previous experiments,
both particles and surfaces were hydrophobic. Next, the hydrophobicity of the
particles is adapted. To change the particle - fluid, particle — surface, and particle —
particle interactions, particles are made hydrophilic by coating the particles with
Decon 90, a surfactant. Treating glass with surfactants makes the glass surface more
hydrophilic, as the hydrophobic sites attach to the particles, while the hydrophilic
sites are present on the outside. [30] We refer to these surfactant coated particles
as hydrophilic particles for simplicity. We assume that the surfactants stay present
on the particles. However, we must note that surfactants may also detach from the
particles. These detached surfactant molecules could then remain in solution or
attach to the hydrophobic PDMS surface making the surface slightly hydrophilic.

Hydrophilic particles in water

As mentioned previously, we acknowledge that surfactant molecules may be present
in the solution. We, therefore, measure the frictional behavior of a 1% Decon
90 solution to gain insight in the effect of the surfactant alone. We find that the
surfactant solution (Figure 6.7, blue dashed line) shows lower friction coefficients
than water (1.5 in the boundary regime, Figure 6.1). We attribute this finding to the
adhesion of the hydrophobic segments of the surfactant to the PDMS surface. These
surfactants then form a lubricating film which renders lower friction coefficients
than pure water. [36] For our hydrophilic particles suspended in water, again we
observe multiple regimes. We first find a decrease in the friction coefficient from
0.4 to 0.04 up until 5 mm/s. Between 5 mm/s and 30 mm/s, an increase in the
friction coefficient is seen from 0.04 until 0.1. At this value, the friction coefficient
appears to plateau, something we have also seen in previous sections.

The first regime for these hydrophilic particles in water follows the lubrica-
tion curve of the Decon 90 solution. This is similar to regime I in Figure 6.6 where
we measured hydrophobic particles in oil and saw that the first regime overlapped
with the oil curve in that regime. Both oil and Decon 90 could be considered good
lubricants for these surfaces, which explains why their entrainment is favored
over particle entrainment. It thus appears that, in this first regime, limited or even
no particles are entrained as fluid — surface interactions dominate. The friction
coefficient increases again when particles begin to enter the gap as was the case
in regime II in the previous section (Figure 6.6). The friction coefficient increases
due to the surface deformations induced by the particles and the disruption of the
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lubricating layer by the particles as we previously discussed. The plateau-regime is
then the regime where particle-driven lubrication dominates the friction coefficient,
similar to regime III for the hydrophobic particles in oil (Figure 6.6). The friction
coefficient of hydrophilic particles suspended in water is lower than that of dry
particles, indicating that the fluid and/or the surfactant are contributing to the
lubrication behavior as well. For suspensions with fluids that are well able to wet
the surface (oil, surfactant solution), fluids lubricate the sliding surfaces at small
gap sizes. At larger gap sizes, more fluid enters the gap and particles can enter the
gap with the fluids as a result of the good fluid — particle contact. Once enough
particles have been entrained, particle lubrication dominates and the friction
coefficient reaches a constant value.
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Figure 6.7: Sliding friction coefficients of hydrophilic (surfactant coated) particles. Glass particles
(50%) were suspended in water and in oil (filled and empty circles respectively). We show oil
(yellow dashed line) as a reference as well as a 1% Decon 90 (D90) solution (blue dashed line) as
particles may become detached from the glass surface and dissolve in the fluid matrix. Dry particles
are added as a reference (black dashed line).

Hydrophilic particles in oil

In this section, a situation where poor fluid — particle wettability exists is
investigated. This is the case for hydrophilic (Decon 90 coated) particles in oil,
and the results are displayed in Figure 6.7. For these particles, a constant friction
coefficient is measured. The friction coefficients found here are lower than those
of hydrophobic glass particles in water and dry glass particles especially at lower
speeds. Both the hydrophilic particle suspension in oil and the dry particles show
a rather constant friction coefficient (Figure 6.7). We previously attributed such
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a constant friction to particle lubrication with limited effects of the surrounding
lubricant due to poor fluid — particle wetting. Poor fluid — particle wetting also
exists for the hydrophilic particles suspended in hydrophobic oil (Figure 6.7, open
symbols). In the case of poor fluid — particle wetting, the gap size is determined by
the entrained particles, independent on the interactions between the fluid and the
surface. As the fluid is unable to wet the particles, the fluid contribution is limited
in this case. One could, however, expect fluid (oil lubrication), to be preferred over
particle lubrication, especially at small velocities and gap sizes. Considering that
measurements start at high velocities, particles are immediately entrained at the
beginning of the measurement. As we decrease the velocity, the gap size decreases,
and fluids are expected to be squeezed out of the contact. However, as the oil is
unable to wet these hydrophilic particles, the particles remain between the surfaces
while the fluids are squeezed out of the contact. This effect becomes even larger
when we assume that free surfactants can also make the surface more hydrophilic.
We thus find that the gap size here is driven by the particles present in the gap.

Overview of mechanisms behind particle

suspension lubrication

Using hydrophobic and hydrophilic glass particles suspended in various Newtonian
fluids, we find that different frictional regimes arise depending on the fluid
properties and the particle properties. We have found fluid lubricated regimes,
particle lubricated regimes, and transition/mixed regimes. In this section, we will
provide an overview of the various mechanisms we have observed for these glass
particle suspensions in the different regimes.

Particle percentages

Using dry particles results in particle entrainment and lubrication over the entire
velocity range. This is represented by the black line in Figure 6.8 where the friction
coefficient is velocity (gap size) independent. For particles suspended in water and
in oil, we observed a fluid-dominated and a particle-dominated regime depending
on the measuring conditions. Particle entrainment occurs more readily at high
volume fractions (Figure 6.1 and 6.6). As there are more particles present, it is more
likely that particles become entrained between the surfaces reducing the surface
— surface contact while increasing the (rolling) particle — surface interactions.
As discussed in Chapter 4 and 5, with a low number of particles, the load per
particle remains relatively high, and larger surface deformations lead to larger
surface — particle contacts with subsequent higher friction coefficients. For the glass
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particles used here, we found two sliding regimes for low particle percentages:
fluid lubrication dominates at low velocities and particles are entrained as the
velocity-dependent gap size increases.

Fluid matrix viscosity

Using glycerol solutions to study the effect of matrix viscosity on particle suspension
lubrication, it was found that particle entrainment depends on matrix viscosity. At
high viscosities, fluids entrainment occurs as fluids are less likely to be squeezed
out and a steady fluid film is formed. This leads to low friction coefficients. At low
matrix viscosities, fluid film formation is less evident, and friction coefficients are
higher. When the viscosity of the matrix is high, particles remain entrained with
the fluid matrix, This leads to particle entrainment already at low velocities, and
the friction coefficient is then dominated by particle lubrication over the entire
velocity range. At low viscosity, even if the fluid is entrained, particle entrainment
does not occur until the gap size increased at relatively high velocities (Figure 6.8,
blue dashed line). In this case, the friction is mostly fluid-dominated, and particle
lubrication is only obtained at high velocities.

Wettability

Hydrophobic particles suspended in water and hydrophilic particles suspended
in oil were aso considerd. The contribution of the fluid matrix in both cases was
limited due to the poor wetting between the fluid matrix and the particles. This
led to constant particle lubrication over the entire speed regime as the gap size
was determined by the entrained particles. Poor fluid — particle wetting thus leads
to particle entrainment with limited effects of fluid — surface and fluid — particle
interactions. When there is good fluid — particle contact (good wetting), several
sliding regimes arise. At low velocities, fluid lubrication dominates and at higher
velocities, particles begin to enter the gap due to the increased gap size as indicated
in Figure 6.8. The effect of particle entrainment on the friction coefficient then
depends on the wettability of the fluid for the surface. When there is good fluid
— surface contact in terms of wettability (as in the case oil on PDMS surfaces),
particle entrainment leads to an increase in the friction coefficient (Figure 6.8,
yellow dotted line). In the case of poor fluid — surface contact (as in the case of
water on PDMS surfaces), particle entrainment gives a decrease in the friction
coefficient (Figure 6.8, blue dashed line).

To summarize, when good fluid — particle interactions exist, fluid entrainment
occurs at low velocities and particles enter the gap at higher velocities. Particle
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entrainment dominates in several cases: (I) high particle volume fractions, (II) Poor
fluid - particle wettability, (III) high viscosity. In Figure 6.8, we show a schematic
lubrication curve that shows the most important frictional regimes for particle
suspensions; a fluid lubrication regime and a particle lubrication regime. The fluid
regime shows characteristics of a Stribeck curve for Newtonian fluids. The particle
regime shows constant values of the friction coefficient due to a constant gap size.
In the figure, we have also displayed the mechanisms associated with each regime
and the specific conditions for these mechanisms.
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Figure 6.8: Schematic lubrication curve with the different regimes observed for particles in
suspension; Fluid dominated and particle dominated. The progression of the fluid-dominated regime
depends on the fluid — surface wettability and on the fluid viscosity. We show the mechanisms
behind fluid lubrication and particle lubrication schematically in the figure. The gap size in the
particle dominated regime is the size of the particles.

The results shown here were obtained using solid glass particles that are 100
pm in size. When we compare our results to findings in literature obtained using
suspensions made of hollow 10 pm glass particles [27], deviating frictional regimes
are found. In case of smaller particles, particle lubrication dominates at low gap
sizes, whereas an EHL regime is found due to the fluid formation of high viscosity
fluids. [27] Such an EHL regime is found as the fluid film thickness exceeds the
particle diameter. For our larger particles, the viscous fluid is unable to increase the
gap size to values larger than the particle size, and an EHL regime is not obtained.
These differences highlight the importance of the particle size on the frictional
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properties of suspensions. The friction coefficient is thus strongly dependent on the
characteristics of the system, including the type of particles and fluids used.

Conclusions

The frictional behavior of hard particles in suspension between two soft surfaces
was investigated in this chapter. The aim was to create a better understanding of
particle entrainment in relation to fluid — particle — surface interactions. It was
shown that particles can enter the gap in different situations, even at gap sizes that
are theoretically far smaller than the size of the particle. Particles and fluids can
enter the gap separately or simultaneously depending on the suspension properties.
When poor fluid - particle wetting exists, particles enter and remain in the gap while
fluids are excluded. However, when fluids are able to wet the particles, particles can
be dragged in and out of the contact with the surrounding fluids. These interactions
thus determine at what velocities the particles are entrained. Due to the differences
in the particle entrainment, we observed two main lubrication regimes; fluid
lubrication and particle lubrication. Fluid lubrication dominates at low particle
volume fractions, and in situations where particles are not entrained. This occurs at
low velocities, and when fluids are well able to wet the particles. Particle lubrication
dominates at high particle percentages, high matrix viscosities, and poor fluid —
particle wetting. Overall, we have shown that the frictional regimes for hard
particles lubricating soft surfaces are a direct consequence of the ability of particles
to entrain the surfaces. The entrainment is driven by the particle — fluid interactions
as well as the fluid — surface interactions. At velocities at which particles are able
to become and remain entrained within the gap, particle lubrication becomes
more dominant over fluid lubrication. Future investigations into similar systems
could study the effect of different particle sizes, surface hydrophobicity and surface
roughness on the friction coefficients of soft surfaces and particulate lubricants.
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Abstract

Astringency is one of the most complex oral sensations. This dry, puckering mouthfeel
occurs when consuming wine, tea, or other foods containing polyphenols. The exact
mechanism behind this dry mouthfeel is not completely understood. Here, we describe
a systematic tribological approach to measure model and real saliva to understand
the specific role of the salivary proteins (mucins and proline-rich proteins (PRPs)) on
lubrication-based astringency. Our approach reveals that there are two routes towards
lubrication losses, partly involving irreversible molecular mechanisms for which the
order of reactivity matters. For human saliva, we find two lubrication mechanisms:
(D) Using phenolic compounds, we find aggregation-induced lubrication losses due to
hydrogen bond formation, which depend critically on phenol size: large polyphenols
allow for aggregation-induced lubrication losses, but small phenols do not. (II) For
metal salts combined with saliva, we observe aggregation without lubrication losses
as a result of electrostatic interactions. We find that lubrication losses are caused
by the specific removal of the salivary PRP layer, whereas mucin aggregation in the
presence of PRPs does not lead to lubrication losses. We also show that the addition of
solvents that are able to reduce protein-polyphenol hydrogen bonding (e.g ethanol)
and highly viscous fluids (glycerol) are successful approaches to decrease the effect of
aggregation-induced lubrication losses.

This chapter was submitted as:

Rudge, R.E.D., Fuhrmann, P.L., Scheermijer R., Van der Zanden, E. M., Dijksman,
J.A., and Scholten. E.,
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Introduction

An astringent sensation is perceived as a dry and rough feeling in the mouth,
which can be experienced when drinking tea or red wine, eating unripe fruit, or
a variety of plant protein derived products. [1-3] Mouthfeel characteristics such
as astringency, dryness, and grittiness have recently gained a lot of attention, due
to their relevance in plant-based foods and the strong impact these mouthfeel
characteristics have on the hedonic response. [4-7] Astringency is often experi-
enced as a negative sensation, and efforts to understand the underlying dynamics
influencing this sensation have received increased attention. Currently, two models
are commonly accepted to explain the perception of astringency. The first one
assumes astringency is a receptor-based sensation where astringent compounds
would potentially activate trigeminal or taste nerves. [8, 9] However, astringent
sensations are also perceived on oral surfaces that do not accommodate receptors.
[10] This indicates that astringency is not only receptor-based. The second model
describes astringency as a friction-based sensation [9] Astringent compounds are
believed to interact with bulk salivary proteins, forming insoluble aggregates,
also relating to the word astringency itself, which is derived from the Latin term
“adstringere” which translates to “to bind”. These aggregates are then believed
to interact with the oral surfaces, thereby increasing the friction between oral
surfaces. [2, 4, 11-15] Additionally, it has been suggested that the aggregation
of the astringent compounds with the salivary proteins removes the lubricating
salivary film from the tongue, and the proteins are no longer able to lubricate the
oral surfaces. This provokes a dry and rough feeling. [16]

However, the exact mechanism behind salivary aggregation in the presence of
astringent agents and how this contributes to the friction coefficient is currently
unknown. Therefore, the objective of the present chapter is to investigate the
interactions between different salivary proteins and astringent molecules and the
impact these interactions have on salivary lubrication.

Although the proteins in saliva make up only 0.3% of saliva, they play an essential
role in the functionality of saliva. These amphiphilic salivary proteins adhere to
in-mouth surfaces and are able to form a lubricating biopolymer layer that helps to
protect the surfaces from wear and facilitates masticating and swallowing foods.
[17-19] Two groups of proteins are of specific interest in the context of lubrication
in general and astringency in particular: mucins and proline-rich proteins (PRPs),
which make up 30% and 70% of the total protein content of saliva, respectively.
[12, 20] Mucins are essential in providing (extensional) viscosity to saliva and in

161




A tribological approach to astringency perception and astringency
prevention

lubricating the oral cavity, as they are of polymeric nature. [17-19] PRPs appear to
be relevant for maintaining oral homeostasis and have a very different structure
than mucins. [14, 21] Although literature on macromolecular interactions underly-
ing astringency is abundant, [9, 22, 23] limited knowledge currently exists on how
these macromolecular interactions influence the frictional behavior. The latter will
determine whether astringency is a receptor-based or a friction-based oral sensation
(texture-based). It has previously been shown that large polyphenols can interact
with (muco)proteins using hydrogen bonding leading to an increase in the friction
coefficient. [12, 22, 24] It was also shown that mucins can interact with metal salts
which also leads to binding interactions (aggregation) and subsequent lubrication
losses. [25] Most lubrication studies have been performed with only mucin, but
limited (or even no) information is currently available on the role of salivary PRPs
and their interactions with astringent agents on lubrication losses. The interactions
between astringents and both mucins and PRPs have been reported based on
electrophoresis-based protein separation [26] and nuclear magnetic resonance.
[27] Unfortunately, in the aforementioned studies, no tribological measurements
were included. The exact role of the different salivary proteins and the effect of the
protein-astringent interactions on the lubrication behavior therfore remains unclear.

Here, we investigate the effect of a broad spectrum of different astringents
on salivary (protein) lubrication. The three types of astringent agents we use are
small phenols, large polyphenols, and aluminum salts. We measure the friction
coefficient and aggregate sizes of these combinations of astringent agents and
saliva, and mucin solutions, and PRP solutions separately. Additionally, we explore
how lubrication losses can be prevented by combining salivary-astringent mixtures
with different (non-astringent) solvents to investigate the competing effects of
polymer driven lubrication, aggregation, wettability, and viscous lubrication. The
findings presented here deliver new insights into in-mouth lubrication in general
and oral astringency specifically.
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Experimental section

Collection of saliva

For our frictional measurements, we use human saliva. Human saliva was collected
from three healthy, non-smoking, female subjects (age 19 - 26), following a
procedure described by Silletti and co-workers. [28] The subjects were asked to
refrain from eating and drinking for at least two hours before saliva was collected.
Before saliva collection, the mouth was rinsed with water, and the first 1 mL
of saliva was discarded. Non-stimulated saliva (10 ml) was then collected in a
centrifugation tube and placed on ice before centrifugation at 10000 g for 30 min
at 4 °C (Beckmann, Avanti TM J-25 I, JA-25.15) to remove debris.

Preparation of mucin solution

A mucin solution was prepared by dispersing porcine gastric mucin Type II in
Ultrapure water (Milli-Q, Purelab Ultra System, Germany). This type of mucin
is often used as a representative for human saliva. [29, 30]The concentration of
mucin was 0.1 wt% and the pH of the protein solution was adjusted to 6.8 using
0.1 M NaOH, similar to the pH of human saliva.

Preparation of PRP solutions

The method used for the separation of proline-rich proteins (PRPs) from human
saliva was adapted from a method previously developed. [31] In short, the
collected saliva was treated with trifluoracetic acid (TFA), and a 10% solution
was added to reach a final concentration of 0.1%. This was done to precipitate
high molecular weight proteins (e.g. mucins) and to inhibit protease activity. The
obtained solution was then centrifuged for 10 minutes at 12000 g at 5 °C to
remove the precipitated larger proteins and any residual particles. The supernatant
containing the PRPs was collected and dialyzed using a Spectra/Por 3 Cellulose
Membrane (SpectrumLabs, Sigma-Aldrich) with an exclusion size of 3.5 kDa. The
dialysis process was carried out using demineralized water at 5 °C for 48 hours.
Water was renewed after 4, 8, 16, 24, 32, and 40 hours. The dialyzed solution
was frozen for at least 24 hours and freeze-dried overnight to obtain a dry PRP-
rich protein concentrate. The PRP concentrate was redispersed in water at 0.2%
to obtain a similar concentration as present in saliva. Removal of mucins was
confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE, data not shown). Before measurements, the pH was adapted to 6.8 using 0.5
M HCI. The salivary protein (PRP) solution was then sonicated using a Branson 450
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Digital Sonifier at 20 kHz and amplitude of 50% (Branson Ultrasonics Corporation,
USA) to remove possible protein agglomeration. A cylindrical titanium probe with
2.7 mm was used, which was immersed 5 mm into the sample vessel.

Tribological measurements

We measured friction coefficients using a commercial (glass) ball on a three (PDMS)
pin setup, in a rheometer (Anton Paar Rheometer, MCR302). The measurements
were performed in triplicate at a constant normal force of 1 N, relevant for forces
occurring during oral processing. [32] Two procedures were used here. (I) Friction
coefficients were measured as a function of entrainment velocity, in repeated cycles
of in- and decreasing velocities of 0.047 mm/s- 470mm/s. For velocity-dependent
runs, the first run was excluded to allow the system to arrive at an equilibrium state.
(II) Friction coefficients were measured at a constant velocity (e.g. 1 mm/s) as a
function of time. Before measurements, the PDMS pins were coated with a layer
of saliva or individual salivary proteins (mucin or PRP concentrate) by allowing
the glass probe to slide against the PDMS pins while lubricated by 0.5 ml of the
protein solution for 300 s. The friction coefficient of this system was monitored
to assure that saliva components were indeed present on the PDMS pins. After
a constant friction coefficient was obtained, the astringent component (0.5 mL
solution) was inserted into the tribocup in a 1:1 ratio and the friction coefficient
was measured for an additional 300 s to detect changes in the lubrication behavior
(Ap). As astringents, we used epigallocatechin gallate, kindly donated by Taiyo
GmbH, tannic acid, gallic acid, caffeic acid (Sigma-Aldrich), and potassium alum
(KAI(SO,)2.12H,0, Nederlandse Drogisterij Service B.V.).

Particle size measurements

To determine the particle size, we used dynamic light scattering (DLS). For
this purpose, a Zetasizer Nanoseries (Malvern Instruments) was used. First, the
particle size of saliva, solutions of salivary proteins, and astringent solutions were
determined. The separate mucin, PRP, and astringent compounds solutions were
diluted 100 times. After that, the astringent compounds were added to the different
saliva and protein solutions in a ratio of 1:1, the same ratio as used for the
tribological measurements, and particle size was determined again to evaluate
changes in particle size.
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Results

Saliva is a key component in keeping the oral surfaces lubricated. The bio-lubricant
provides remarkably low friction coefficients (¢ = 0.2), despite only having about
0.3% protein present in saliva (Figure 7.1a). Its friction coefficient in the boundary
regime, i.e. low velocities, is about four times lower than that of water, even though
water makes up over 99% of saliva. Astringent compounds have been shown to
change these good lubricating properties of saliva. [4, 11, 12, 33] To investigate
what molecular interactions drive the physical changes in saliva responsible for the
change in the lubrication behavior, we use a variety of compounds that are known to
evoke astringency. The compounds used here are epigallocatechin gallate (EGCG),
tannic acid (TA), caffeic acid (CA), gallic acid (GA), and alum. These astringent
compounds can be divided into three categories: large phenolic compounds (EGCG,
TA), small polyphenolic compounds (GA and CA), and cationic metal salts (alum).
We measured the friction coefficient of 5 mM solutions of each compound without
the presence of saliva and found large similarities to the frictional behavior of
water only. The frictional curves with water as a reference are displayed in Figure
7.1b-f. Only the cationic astringent alum shows much lower friction coefficients
than water (Figure 7.1f). It has been found that the lubricating properties of the
anion of a salt depend on its ranking in the Hofmeister series. [34] Anions higher
in the Hofmeister series, such as the sulfate anion of alum, have a better water
holding capacity, which is related to a higher repulsive force and a higher local
viscosity, both increasing the lubricity. [34] Overall, it is seen that the astringent
agents do not contribute much to the lubrication properties of water.
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Figure 7.1: Frictional curves of a) saliva, large polyphenols: b), EGCG, c¢) TA, small phenols: d)
CA, e) GA, and metal salt: f) alum as function of velocity measured between a rough glass ball
and smooth PDMS pins. The astringent agents were dissolved in water prior to measurements. The
structures of the astringent compounds are added to each graph. Water is included as a reference in

all curves.
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Lubrication losses caused by large polyphenols

One of the existing models to explain oral astringency suggests that astringent
agents can interact with human saliva, thereby inducing aggregate formation
with the salivary proteins. Here, we examine whether the aggregation is also
accompanied by a change in the friction coefficient. An increase in friction can
occur when saliva is not able to lubricate the surfaces, i.e. lubrication losses take
place. To gain more insights into the mechanisms behind oral astringency and
lubrication losses, we first measure the friction coefficient of saliva over time at
a fixed speed of 1 mm/s. We observe a decrease in the friction coefficient during
the first 600 seconds of measuring saliva. This is likely due to the formation of a
lubricating protein layer during this period. Next, we add the large polyphenolic
astringent agents TA and EGCG. After adding the polyphenols, we indeed observe
the expected increase in friction coefficient as displayed in Figure 7.2a and b. This
increase is likely a result of the proteins interacting with the salivary layer formed
on the tribosurfaces.
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Figure 7.2: Friction coefficients of saliva (open symbols) with a) EGCG and b) TA added after 600
seconds (closed symbols). The particle size of saliva (black, dashed line) and saliva mixed with
astringent (grey, solid line) are shown in c¢) for EGCG and d) for TA.

As a result of the addition of these large polyphenols, the friction coefficient
increases from 0.1 to 0.4 in the first 30 seconds. We refer to this increase in
the friction coefficient Au (note that this is a different Ap than used in Chapter
2). A relatively large increase in friction coefficient (Ap = 0.3) is thus found,
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as the interaction between large polyphenols and saliva leads to loss of salivary
lubricity. This is similar to findings using mucoproteins and tannic acid where
an increase in the friction coefficient, as well as the particle size, was observed
as well. [22] For both EGCG and TA, we see an increase in the particle size
upon mixing with saliva, indicating that protein precipitation took place. We thus
confirm that the lubrication losses observed here are a direct consequence of the
aggregation between the lubricious salivary proteins and EGCG or TA (Figure 7.2¢c
and d). For large polyphenols, the astringency perception appears to come from
the precipitation of salivary proteins and the polyphenols, in combination with an
increase in the friction coefficient, as a direct result of the removal of the lubricious
salivary protein layer. These aggregates can potentially provide rolling friction
while separating the surfaces as extensively discussed in the “Particle lubrication”
section (Chapters 4, 5, and 6) of this thesis. As the aggregates formed between
saliva and polyphenols are not perfectly round or smooth, they generate relatively
high friction coefficients as they do not easily roll. The presence of such large and
rough particles would be perceived as dry and gritty during oral processing. [7, 35]
Figure 7.3 provides a schematic overview of the tribological mechanisms, where the
proteins initially provide a layer of hydrated polymer brushes, which are removed
through protein precipitation by the astringent agent.

Astringent agent
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Figure 7.3: The salivary film formed on the tribometer surfaces before and after the addition of
astringent agents that cause the salivary proteins to aggregate.

Small phenolic compounds are unable to aggregate proteins

To better understand how different types of astringent compounds affect both
the protein precipitation and the lubrication losses, we measured the change in
friction coefficient also for small phenolic compounds. The results of the increases
in friction, represented by Au, found for all astringent agents used here are

168



A tribological approach to astringency perception and astringency
prevention

summarized in Figure 7.4. As a reference, the addition of water only was taken
into account to be able to dismiss any dilution effects.
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Figure 7.4: Friction coefficient increase (Apu) after 30 seconds of adding different astringent agents
(EGCG: epigallocatechin gallate, TA: tannic acid, CA: caffeic acid, GA: gallic acid, and alum) to
saliva with water as a reference.

As mentioned previously, large polyphenols induce a strong increase in the
measured friction coefficient upon addition to saliva. Smaller polyphenolic moieties,
however, are less likely to interact with proteins due to their limited size and
insufficient protein binding sites. This was confirmed by particle size measurements,
as no increase in particle size was observed when GA and CA were added to saliva
(data not shown). This is also obvious from the friction measurements, as the
addition of CA and GA to saliva gave only a small increase in the friction coefficient
of 0.05 and 0.02, respectively (Figure 7.4). These values are similar to those found
for the addition of pure water (Figure 7.4). This strongly suggests that the changes
in friction coefficient are simply caused by dilution effects rather than an effect of
interactions taking place between the proteins and the compounds CA and GA.
Although no protein precipitation or lubrication losses were observed, CA and
GA have been described as astringent during sensory evaluation [33] with
astringency thresholds of 72 and 292 M respectively, [36] which is well below the
concentration used in this study (5 mM).
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For these small polyphenols, oral astringency, therefore, appears not to be caused
by physical changes in salivary lubrication. The astringent sensation perceived
with GA and CA is more likely to be a result of the small molecule binding to
a receptor, as was previously suggested. [8, 9] These results show that indeed
different mechanisms are responsible for the perception of different astringent
compounds. It has been reported that GA is perceived as less astringent than large
polyphenols such as TA. [37] The difference in astringency perception between
large and small polyphenols indicates that different astringent mechanisms are at
play. Low astringency could be obtained by receptor-based sensations only, whereas
enhanced astringency is related to the additional changes in friction coefficient and
protein precipitation. The specific structure of the polyphenol, therefore, determines
the mechanisms of action and the level of astringency. When the intramolecular
interactions induce precipitation and lubrication losses, increased astringency
perception occurs. This is mostly related to hydrogen bond formation between
polyphenols and proline groups of the proteins. [27, 38] GA and CA are thus too
small and lack sufficient degree of interactions with relevant protein binding sites
to induce protein precipitation and subsequent lubrication losses.

Cationic astringents cause aggregation without lubrication

losses

Potassium aluminum sulfate, better known as alum, is also known as an astringent
compound. [25] As alum is a small molecule, we would not expect much protein
precipitation. However, alum is a charged molecule and can interact with proteins
through different interactions. This may also change salivary lubrication. Results
in Figure 7.4 show that alum addition results in a small increase in the friction
coefficient that is not very different from results obtained when merely diluting
saliva, and is similar to the changes observed for the small polyphenols. However,
when we measure the particle size of a mixture of saliva and alum, we find a
shift from around 50 nm for saliva to 500 nm with the addition of alum. An
unexpected increase in the particle size in combination with a limited change in
friction coefficient is thus found. From the increase in particle size, it is evident
that protein precipitation takes place. This observation, however, seems to be in
contradiction with the results for small polyphenols that did not show any protein
precipitation nor changes in lubrication behavior. Aggregation of salivary proteins
can thus also take place without influencing the friction coefficient. It appears that
salivary proteins can interact with the astringent agent while maintaining good
lubricating properties. We present an overview of our findings for the different
astringent agents when combined with saliva in Figure 7.5.
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Figure 7.5: Schematic display of changes in particle size and in friction coefficient upon addition of
different astringent agents to saliva during tribological measurements.

Lubrication losses of PRP and mucin solutions

Based on our current findings, the interactions between salivary proteins and
astringent compounds depend on the characteristics (size, charge, conformation,
etc.) of the astringent compound. For metal salts such as alum, these interactions
appear to be charge driven and do not lead to lubrication losses with saliva.
For large polyphenols, the molecules and salivary proteins can undergo both
hydrophobic interactions and hydrogen bonding with compatible protein regions
[2, 24, 39] Specifically, the proline-rich regions of salivary proteins are expected
to provide good binding sites for polyphenolic rings. [27, 40, 41] In the case of
large polyphenols, we do measure an increase in friction when added to saliva.
This indicates that different salivary proteins interact with different astringent
compounds. Although much is known about salivary aggregation,[14, 27, 38, 42,
43] limited knowledge is still available on which salivary proteins are responsible
for the lubrication losses. We investigate the differences in lubrication losses when
different salivary proteins are used separately in the following sections.

Large polyphenols

From our results, it seems that protein precipitation does not always lead to
lubrication losses. Different salivary proteins and astringent agents appear to cause
aggregation and lubrication losses by different mechanisms. To obtain information
on which salivary proteins are responsible for those differences, we use solutions
containing only one group of the salivary proteins. Solutions of proline-rich proteins
(PRPs) or mucins were prepared, both at salivary pH (6.8). As a comparison, we use
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the large polyphenol EGCG and alum, which both showed aggregation with saliva,
but only EGCG led to lubrication losses. We also use the small polyphenol CA, which
showed minor changes in friction and did not show an increase in particle size
when combined with saliva. We combined 0.05% of our astringent solutions with
solutions of 0.2% of PRPs and 0.1% of mucins in a 1:1 ratio. The salivary protein
concentrations used here are similar to the concentration of those proteins present
in human saliva. [29, 44] A solution of 0.05% of EGCG, CA, and alum corresponds
with 1.09, 2.78, and 1.05 mM respectively. Figure 7.6 shows the changes in friction
coefficient in the presence of PRP solutions and for mucin solutions when combined
with different astringent components. In the case of EGCG, we measure an increase
in friction coefficient in the presence of both PRPs (Figure 7.6a) and mucins (Figure
7.6b). In both cases, also an increase in particle size is observed (Figure 7.6c and
d). This is similar to our findings with human saliva in the previous section (Figure
7.2). The increase in friction coefficient found for EGCG and PRPs shows roughly
the same increase as the increase in friction with saliva (Ap = 0.3). For EGCG with
mucins, a Ay of 0.2 is observed. The contribution of mucin precipitation is thus
lower than the PRP precipitation. In terms of average particle sizes, EGCG paired
with PRPs also shows larger particle sizes than mucins and PRPs, and an additional
peak above 1 um is observed (Figure 7.6¢ and d). Larger particle sizes thus appear
to correlate with larger increases in friction coefficient, which can be explained by
a lower number of unaggregated proteins to act as good bio-lubricants to provide a
lubricious protein film. A combination of protein precipitation and protein removal
from the surface, therefore, seems to be the cause for the large increase in friction
coefficient seen when EGCG is added to saliva.
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PRP solution and b) a 0.1% mucin solution. The PRP and mucin percentages used are based on
their presence in saliva. The changes in particle size upon the addition of the astringent agents are

shown in c-h: ¢) PRP + EGCG, d) mucin + EGCG, e) PRP + CA, f) Mucin + CA, g) PRP + alum h)
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Metal salts

As discussed, the addition of 5 mM alum to human saliva led to a minor increase
in the friction coefficient (Ayx = 0.05), while a considerable change in particle
size was seen. Alum thus causes aggregation while the aggregates do not influence
the friction coefficient. We first discuss the change in friction coefficient for the
combination with PRPs and mucins separately. Adding alum to PRPs gives a
small change in friction coefficient, and even shows a negative change, indicating
improved lubrication properties. This is likely a result of the good lubricating
properties of alum itself, as alum was able to lower the friction coefficient of water
(Figure 7.1). When adding alum to a layer of mucins on the surface, however,
an increase in friction coefficient of Ay = 0.1 is found (Figure 7.6a), which is
an indication that alum interacts with mucins present in saliva, but not with the
PRPs. This is also consistent with the changes in the particle size; no aggregates
are formed when alum is combined with PRPs (Figure 7.6g), but aggregation
does take place with mucin addition (Figure 7.6h). These results suggest that the
observed aggregation is more related to mucin precipitation, and lubrication losses
to interactions with PRP. The difference in interactions between the two astringent
agents can be explained by the chemical structures of these two compounds.
As mucins are negatively charged, and alum carries a positive charge, aggregate
formation and the subsequent friction increase (Figure 7.6b and h) can be explained
by electrostatic attraction. The multivalent ions are able to provide strong salt
bridges. PRPs on the other hand interact with EGCG mainly through hydrogen
bond interactions. [38, 42] Different interactions are thus responsible for the
aggregate formation of the different salivary proteins.

PRP and mucin layers

In the case of alum, no aggregation with PRPs is observed. So even though mucin is
removed from the salivary layer, the PRP layer remains attached to the hydrophobic
surface. In this case, the remaining PRP layer still provides enough lubrication to
prevent lubrication losses; aggregation of mucins alone is not enough to cause an
increase in friction coefficient when PRPs and mucins are both present. Aggregation
with PRPs is thus responsible for the lubrication losses measured in saliva. The
proteins in the salivary layer can thus be removed separately. This is most likely due
to the organization of the salivary proteins at oral surfaces. As part of the salivary
pellicle, PRPs have been proposed to better adsorb onto hydrophobic surfaces than
mucins, and PRPs, therefore, form a first layer of salivary proteins. Mucins in saliva
are thought to interact with the PRPs with their hydrophobic patches and form
a secondary layer of salivary proteins. [29, 45-47] Mucins can thus be removed
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without affecting the lubrication layer provided by PRPs. The proposed location of
these proteins on the oral surfaces is in line with our results as PRP precipitation
causes lubrication losses while mucin precipitation does not (Figure 7.7). The PRPs
mainly provide the necessary lubrication and only the removal of this layer leads
to sufficient lubrication losses to cause an astringent sensation.
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Figure 7.7: Aggregation of negatively charged mucins (large, blue) layer after addition of positively
charged alum while the PRPs (small, grey) layer remain adsorbed on the surface.

Caffeic acid

In previous sections, we showed that CA mixed with saliva does not lead to an
increase in particle size, nor a change in friction coefficient. When we add CA to
PRPs, we find a decrease in friction coefficient of 0.1 with a relatively large error
bar, suggesting enhanced lubrication. For CA paired with mucin an even stronger
decrease in friction coefficient is found. Interestingly, an increase in particle size is
observed for both PRPs and mucins combined with CA (Figure 7.6e and f), which is
unexpected based on our previous findings with human saliva for which no protein
aggregation was observed. Even though some large aggregates are formed, they do
not influence lubricating properties. Although CA may be interacting with some of
the PRPs, a sufficient number of salivary proteins are most likely still attached to
the surface to provide good lubricating properties. The interaction between CA and
mucins can be explained by the negative charge on mucins (-32.5 = 2.9 mV). Based
on a pKa of around 4 for caffeic acid, the charge at pH 6.8 will also be negative. The
electrostatic repulsion between mucins and CA is a potential cause for the decrease
in friction coefficient. Electrostatic repulsion could lead to a thicker protein layer
and, as a result, larger separations between the sliding surfaces. Such a form of
hydrated lubrication due to the presence of a water layer has been discussed in
literature for other charged polymer surfaces with repulsive interactions. [48-50]
We confirmed this effect of electrostatic repulsion by the simple addition of HCI
(1%, 1:1 ratio) to mucins, reaching the same final pH as when combining CA and
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mucin. As a result of the decrease in pH, a similar decrease in friction coefficient
was found (Ap ~ -0.4) when adding CA to mucins. This strongly indicates that
the observed changes in lubrication of CA in mucins are purely charge based.
Similar findings were also reported by Sotres and co-workers. [51] They showed
that at a lower pH, the friction coefficient of mucins decreased by more than an
order of magnitude. This was related to an increased amount of adsorbed mucins
molecules at the PDMS surface. Using circular dichroism spectroscopy (CD) the
authors showed that at low pH, mucin changes its conformation in a way that
exposes hydrophobic patches due to the protonation of polar regions. Having more
hydrophobic regions available causes enhanced anchoring to PDMS surfaces paired
with low friction coefficients.

We expect that the decrease in the friction coefficients we observed is thus
related to the exposure of hydrophobic sections of the proteins. These results
confirm that astringency perception and lubrication losses are related to different
mechanisms. Lubrication losses occur only when PRPs are removed from the
surfaces and accompanied by PRP precipitation. Mucin precipitation does not lead
to lubrication losses, as long as PRPs are able to lubricate the surfaces due to a lack
of PRP precipitation. When investigating the role of saliva, it is, therefore, necessary
to take the role of both proteins into account. The importance of using both mucins
and PRPs is also supported by other studies, which suggest that mucins alone are
poorly able to reproduce tribological effects observed using saliva. [25, 29]

Protein - polyphenol hydrogen bonding

We found clear increases in friction coefficient for EGCG combined with human
saliva and with PRP and mucins separately in the previous sections. The astringent
sensation experienced with EGCG or TA containing foods such as tea or wine is
thus related to the macromolecular interactions that cause changes in physical
lubrication. Both hydrophobic interactions and hydrogen bonding have been
proposed to cause salivary aggregation. [38, 52] Due to the large difference in
the structure of PRPs and mucins, it is not clear to what extent such interactions
affect the protein precipitation. To investigate the role of hydrogen bond formation
in lubrication losses, we have measured the changes in friction coefficient when
hydrogen bond formation was inhibited. To this end, we add the hydrogen bond
disruptor or chaotropic agent 1,1,1,3,3,3-hexafluoroisopropanol ((CF3)o,CHOH),
also known as HFIP. [53, 54] We again first allow PRPs and mucins to form a
layer on the sliding surfaces. We then add EGCG and allow the aggregates to form
for 300 seconds, which is accompanied by an increase in the friction coefficient,
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as discussed before. When the friction coefficient became constant, we added
the hydrogen bond disruptor as a 10% solution in a 1:1 ratio and immediately a
decrease in friction coefficient is observed (Figure 7.8).
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Figure 7.8: Effect of HFIP on the interaction between PRPs and mucins with EGCG added at 300s.
a) Friction coefficients of PRPs with HFIP added at 600 s. b) Friction coefficients of mucins with
HFIP added at 600 s. The particle size of PRPs and mucins (dotted line), after the addition of EGCG
(dashed line), and the addition of HFIP (solid line) are shown in ¢ & d, respectively.

A closer look at the friction coefficients in Figure 7.8 reveals that the friction
coefficient returns to that of the PRPs and mucins before the addition of the
astringent, and the salivary proteins, therefore, regain their good lubrication
properties. The decrease in friction coefficient is also accompanied by the disruption
of the formed protein aggregates, as the particle size again decreases. This
is a strong indication that hydrogen bond formation occurs for both types of
salivary proteins, and that this interaction is mainly responsible for both the
protein precipitation and the lubrication losses. The lubrication losses of salivary
proteins combined with large polyphenols such as EGCG and TA are thus caused
by aggregate formation induced by hydrogen bonding, while aluminum salts cause
aggregation by means of electrostatic interactions. Both PRPs and mucins appear
to have a unique contribution to oral lubrication losses and the exact mechanism
depends on the astringent agent involved. In Figure 7.9 we present a schematic
overview of the manner in which salivary lubrication losses occur. This overview
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highlights the importance of PRP aggregation, while mucin aggregation alone is
not enough to generate lubrication losses for saliva.
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Figure 7.9: A schematic representation of the route to astringency. Lubrication losses occur when
PRPsa alone or both PRPs and mucins are aggregated by astringent agents. When mucin alone is
aggregated, no salivary lubrication losses occur in the presence of PRPs.

Methods to prevent lubrication losses

We have highlighted that astringent lubrication losses are caused by extensive
aggregation of the salivary PRPs via hydrogen bond formation. In this section,
we will proceed to investigate whether hydrogen bond formation and subsequent
aggregation can be prevented by the addition of different (food) components
to prevent in-mouth lubrication losses. We use ingredients that are able to form
hydrogen bonds and are used as food additives; ethanol (1 mPa-s) and glycerol
(1400 mPa-s). Such complex mixtures are representative of red wines. [55, 56]
To investigate the effect of interactions between different ingredients, we add the
components in a different order, either separately, or in mixtures. In this section,
the first letter indicates the first added component (usually S of saliva) followed
by the additional components using their abbreviations; tannic acid (TA), glycerol
(G) ethanol (E). All solutions were added in a 1:1:1 volume ratio. Combinations
between brackets, for example (TA+G), refers to components that were pre-mixed
before they were added. For example, the addition of a premixed TA and G mixture
to saliva would be presented as S+ (TA+G).

Glycerol

We explore the possibility to prevent lubrication losses by adding glycerol to saliva
and tannic acid mixtures. Glycerol has a high viscosity and, as such, has a low
friction coefficient of 0.01 at 1 mm/s. Glycerol is known to provide lubrication by
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film formation of a thick glycerol layer in the hydrodynamic regime. [17, 57, 58]
We first measure saliva and find a friction coefficient of 0.20. When TA is added,
the friction increases to 0.30 (Figure 7.10a), as expected. We then add the highly
viscous glycerol and find a strong decrease in the friction coefficient from 0.30 for
S+TA to 0.04 for S+TA+GA (Ap= 0.26). The addition of glycerol is thus able to
restore the good lubrication. The formation of a thick lubricating film between the
surfaces contributes more to the friction than the presence of the aggregates. This
film has been estimated to be around 1 ym. [57]That is larger than the size of our
aggregates (in the range of 100 nm), which explains the lubrication effects seen
here. When we pre-mix the astringent TA and G and add that mixture to saliva,
(S+(TA+G)) we also find a decrease in the friction coefficient compared to that
of saliva alone (Figure 7.10b). In this case, a Ay value of 0.14 is found compared
to saliva alone, which is similar to the Ay value of 0.16 found in Figure 7.10a for
S+TA+G. Regardless of whether aggregates were already present or not when
glycerol was added, the glycerol always dominated the lubrication behavior. It
is also striking that glycerol is able to decrease the friction coefficient of salivary
aggregates by almost a factor of 10 (Figure 7.10a). The addition of high viscosity
glycerol to an astringent agent is thus an effective way to avoid lubrication losses.
Viscosity then dominates the lubrication behavior in the presence of aggregates.
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Figure 7.10: The friction coefficients of saliva (S), tannic acid (TA), and glycerol (G) when combined
in different orders. a) S+TA+G and b) S+ (TA+G).

Ethanol

We also examined the ability of ethanol to interact with saliva and polyphenols.
Ethanol owes its good lubrication properties to its good wetting properties (contact
angle of 31 °). Ethanol alone gives low friction coefficients of 0.15 at 1 mm/s. As
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previously seen, S+T gives an increase in the friction coefficient (Figure 7.11a).
When we add ethanol to the S+T aggregates, we find that the friction coefficient
slightly increases from 0.32 to 0.37. Ethanol is unable to decrease the friction
coefficient once aggregates have been formed. The friction coefficient here is
thus determined by the aggregates formed between S and TA. The good wetting
properties of ethanol are overruled by the presence of aggregates. The size of the
aggregates is likely larger than the thickness of the fluid film formed by ethanol. In
this case, the large particles separating the surfaces drive the lubrication behavior.
In the case of S+E, so when the ethanol is added before the aggregates are formed,
the friction coefficient of S remains unchanged (Figure 7.11b). So the ethanol
does not seem to influence the lubrication protein layer. Interestingly, upon the
addition of TA, the friction coefficient of S+E+TA remains constant as well. S
and TA are thus unable to form aggregates in the presence of ethanol, and saliva
maintains its lubrication properties. The same is found for S+ (E+TA) as shown in
Figure 7.11c. When ethanol and TA are premixed, S and TA are also unable to form
aggregates and no lubrication losses are measured. So when ethanol is present,
aggregation is prevented, and the salivary polymer brushes provide lubrication.
The lack of aggregation is thus due to the interactions with ethanol. As ethanol can
form hydrogen bonds, [59] ethanol addition may prevent hydrogen bond formation
between S and TA.
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Figure 7.11: Friction coefficients obtained when mixing saliva (S), ethanol (E), and tannic acid
(TA) in different orders. The combinations are a) S+TA+E, b) S+E+TA, ¢) S+ (E+TA). Note that
differences in salivary lubrication exist due to the usage of different batches and different (PDMS)
surfaces.

In the presence of aggregates, the addition of ethanol does not decrease the friction
coefficient, and the lubrication behavior is driven by the aggregates. However,
when ethanol is already present in the mixture, TA and S are unable to aggregate
to cause lubrication losses. These results suggest that ethanol does not necessarily
act as a lubricating agent, but simply prevents the aggregation by interacting with
tannic acid. To investigate whether ethanol can also influence the lubrication layer
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itself, we also start by adding ethanol first. As expected, this gives a low friction
coefficient of approximately 0.2. When we then add S, we find that the friction
coefficient increases to around 0.25. This value is within the range of values we
have measured for S alone. That would indicate that salivary proteins are able to
migrate through the ethanol and adhere to the PDMS surface. This confirms that
ethanol does not contribute to the lubrication behavior even though ethanol does
have good lubrication properties thanks to its good wettability of PDMS surfaces. In
this case, we find that protein brush lubrication dominates the friction coefficient
in the presence of ethanol.
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Figure 7.12: The friction coefficient of combinations of ethanol (E), saliva (S), and tannic acid
(TA). The components are added to the tribometer in various orders. a) E+S+TA b) E4+TA+S ¢)
E+(S+TA).

When TA is added to ethanol first (here labeled E+TA), we find that the friction
coefficient increases by 0.15, and then decreases again by 0,05 when saliva is
added (in the case of E+TA+S). As we already discussed before, S and TA are
unable to form large aggregates in the presence of E. The lack of large aggregates
explains the minor increase in the friction coefficient. The minor increase in the
friction coefficient is most likely an effect of dilutions. The lack of aggregation
is also obvious from the measurement where premixed S and TA (referred to as
(S+TA)) were added to E. In this case, the friction coefficient increases to 0.43,
much more than in the other cases where ethanol was always present when S and
TA were added together. When TA and S were pre-mixed, they aggregate more than
in the case ethanol is present, which confirms that hydrogen bond formation with
ethanol may indeed prevent interactions between TA and S. In this case, again,
the aggregates dominate the frictional behavior as the salivary lubrication layer is
disrupted by the polyphenols.
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Dominating mechanisms in salivary lubrication

By mixing saliva, tannic acid, glycerol, and ethanol in different orders, we have
shown the importance of the order of addition of the different components. When
we begin by adding saliva, the salivary proteins provide good lubrication. This good
lubrication is lost upon the addition of tannic acid due to aggregation. The obtained
high friction coefficient caused by the aggregation is reduced when glycerol is
added to the aggregates as caused by viscous lubrication. Without the use of a
viscous fluid, lubrication losses can be prevented by limiting particle aggregation.
We demonstrated this using ethanol which is able to prevent aggregation when
either saliva or tannic acid is already mixed with ethanol before saliva and tannic
acid are able to interact with each other.

This indicates that the viscous lubrication provided by glycerol provides a more
dominating lubrication type, and is the only mechanism that dominated particle
friction. These findings can be explained by the gap size the lubricant is able to
provide. A low viscosity fluid such as ethanol forms a relatively thin lubricating
film due to its inability to sustain large hydrodynamic pressures. Salivary protein
brushes are able to form a hydrated layer that keeps the surfaces apart, but the
thickness of the layer is still limited. The aggregates disrupt this salivary layer
and larger aggregates are formed that are larger than both the saliva and solvent
layer. Particle friction then takes over from solvent or salivary lubrication. The
addition of the highly viscous glycerol, however, leads to a thick lubricating layer
that lubricates the surfaces and the aggregates. We show our mechanisms in Figure
7.13, showing the lubrication hierarchy ranging from the least dominant to the
most dominant mechanism.
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Figure 7.13: Schematic representation of the hierarchy (from left to right) between mechanisms
occurring when combining ethanol (E), glycerol (G), saliva (S), and tannic acid (TA) in different

orders. The mechanisms can be divided into low viscosity fluid lubrication, salivary lubrication,
aggregation lubrication, and viscous lubrication.
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To form a more quantitative image of the saliva-surface interactions, approaches
such as Quartz crystal microbalance with dissipation monitoring (QCM-D) or
atomic force microscopy (AFM) could be used. This, however, is beyond the scope
of our present work. By measuring saliva and salivary proteins combined with
different compounds, we have provided a framework for the mechanisms behind
salivary lubrication in the presence of astringent agents, high viscosity, and good
wetting fluids. The mechanisms and hierarchy of these mechanisms can be used to
decrease unwanted astringency perception in foods. This can, for example, be done
by adding a viscous fluid or by adding an ingredient that limits hydrogen bonding
between salivary proteins and polyphenols present in food.

Conclusions

In this work, we unveiled the role of different salivary components in lubrication
losses related to astringent perception. Using a tribometer configured for in-mouth
conditions, we measured the lubrication behavior of saliva and different salivary
proteins when combined with astringent agents and other components commonly
found in astringent systems such as wine. Upon the addition of different types
of astringent agents to saliva, we found that two possible events took place: (I)
For phenolic compounds that have sufficient binding sites, both PRP and mucin
aggregation occurred and lubrication losses were observed, and (II) for metal salts,
mucin aggregation was observed without lubrication losses. To the best of our
knowledge, we have here shown for the first time that PRPs are the most important
proteins when it comes to salivary lubrication losses. Salivary lubrication losses only
occur when PRP aggregation takes place. The removal or aggregation of the mucin
layer alone does not lead to lubrication losses, as long as PRPs are still present
to provide polymer salivary lubrication. The strong increase in friction coefficient
measured when adding large polyphenols to saliva points towards astringency as a
lubrication-based sensation. For smaller phenols and metal salts, however, different
mechanisms (e.g. receptor-based responses) must be responsible for astringent
perception. Understanding these mechanisms behind astringency perception and
astringency prevention for different astringent agents and salivary proteins could
help to reduce astringent perception of new, plant-derived foods. For these food
materials, lubrication losses are often considered a negative sensory attribute and
should be prevented. We show that this can be achieved by the addition of simple
(food) components such as ethanol and glycerol.
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Fluid and suspension
lubrication using four
different tribometers



Abstract

Soft tribology is rapidly emerging as a tool to assess the frictional properties of
soft solids and dispersed systems with various applications. It is extremely challenging
to predict and understand the frictional behavior of soft materials, especially when
combined with complex lubricants, as the surface, lubricant, and tribometer properties
combined strongly influence the friction coefficient. The aim of this chapter is to
understand how the surface characteristics and the lubricant composition influence the
friction coefficient when measured on different tribometers. We present a comparison
of four tribometers: three state-of-the-art tribometers used in soft tribology (Anton
Paar (APT), Bruker (BTL), PCS Instruments (MTM)) and a custom-made tribometer
(CTT). We find that Newtonian lubricants display typical Stribeck lubrication behavior.
However;, the progression of the Stribeck curve (absolute values, slopes, transition
points) depends strongly on the surface type and the tribometer motion. Patterned
surfaces that are used here, generate lower friction coefficients in the boundary regime
and a less steep curve in the mixed and elastohydrodynamic regime. These findings for
patterned surfaces are related to smaller contact areas and fluid drainage between
the asperities. Patterned surfaces also have a less steep slope in the EHL due to fluid
drainage and the inability to efficiently form a uniform fluid layer between the surfaces.
For hydrogel suspensions as lubricants, each tribometer shows different lubrication
regimes. The exact progression of the curve and the resulting regimes are a result of
the way in which the tribometer is able to entrain and deform particles. With the
analysis exhibited here, a framework is established for understanding tribological
results produced by different tribological devices.

This chapter is in preparation for submission as:
Rudge, R.E.D., Mosselman, M. J., Shewan, H.M., Stokes, J.R., Dijksman, J. A., and
E. Scholten. Fluid and suspension lubrication using four different tribometers.
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Introduction

Friction and lubrication play an important role in any scientific field where moving
parts are involved. An enhanced understanding is therfore required concerning
how different system properties influence friction. As shown in previous chapters,
the friction coefficient is influenced by the nature of the interacting surfaces
and the properties of the lubricant. The interacting surfaces can vary in their
deformability (modulus), [1-3] adhesive properties, [4-6] and roughness. [1, 7,
8] High friction coefficients are often found for highly adhesive materials with
high surface-surface contact area. [9, 10] Friction coefficients can be decreased by
reducing the interactions, either by changing the surface material or by introducing
a lubricant, which separates the surfaces by providing a lubricating layer. This
viscosity-dependent behavior of a lubricant is captured in a Stribeck curve for
Newtonian fluids where the viscosity remains constant with the speed. [7, 11] As
discussed previously, the classical Stribeck regimes (boundary, mixed, elastohydro-
dynamic (EHL)) are usually observed for simple fluids. When the lubricant is more
structurally and rheologically more complex such as in the case of suspensions,
emulsions or polymeric lubricants, different frictional behavior is often found than
for Newtonian fluids. [12-15]

As has become evident from previous chapters, the friction coefficient is not
a fixed value but depends strongly on the conditions under which measurements
are performed, and friction coefficients are therefore a system-dependent value. As
tribological measurements are so dependent on the surface and lubricant properties,
the majority of tribological studies focus on varying the surface material [1, 16]
and surface roughness [6-8, 17, 18] or specific lubricant properties. [12-14, 19]
The effect of the type of tribological motion (e.g. rolling/sliding or different sliding
directons) on the friction coefficient has also been studied by several authours. [20,
21]

These studies all emphasize the system dependencies of a tribological mea-
surement. In this chapter, we seek to address the lack of comparisons in literature
on outcomes obtained of different types of tribometers. Differences in probe or
substrate motion (e.g. sliding or rolling) affect the type of contact and entrainment
and, with that, the overall frictional behavior. Additionally, tribometers can operate
in a normal force or a gap size controlled manner. These differences in tribometer
mechanisms make it challenging to compare lubrication behavior found in litera-
ture for the same lubricant system, as differences are often found to depend on
the exact measuring conditions. For a simple measurement using water between
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two smooth polydimethylsiloxane (PDMS) surfaces, boundary friction coefficients
ranging from 0.8 to 2 were obtained from different sources in literature. [7, 19, 22,
23]

To investigate how different tribometer motions influence lubricant, we use
four tribometers paired with simple Newtonian fluids as lubricants as well as
complex particulate lubricants. With the different tribological devices paired with
simple and complex lubricants, the aim is to elucidate how different measuring
mechanisms and different surface characteristics give way to differences in the
friction coefficient. Results are obtained using three commercially available tri-
bometers that are currently the state of the art in soft tribology (manufacturers:
Anton Paar, Bruker, PCS instruments) as well as a custom-made, 3D-printed
rheo-tribometer as introduced in Chapters 2 and 3. [1] These tribometers are
unique in their sliding motions (e.g. rolling, sliding, oscillating) and sliding speed
range. The way the probe moves relative to the substrate can lead to differences
in fluid entrainment and in the friction coefficient. We anticipate to observe
changes in Stribeck behavior when varying tribometer mechanics, surface material,
surface roughness and lubricant viscosity. We examine this hypothesis using four
different tribometers, six different tribopairs, two Newtonian lubricants and one
non-Newtonian fluid. This results in an overview of what system parameters mainly
influence the friction coefficient. The results presented in this chapter can be used
as a reference for tribologists who intend to compare their data with results (in
literature) measured on other tribometers.

Experimental section

Tribological measurements

The tribological measurements were performed using four different tribometers
with commercially available or custom-made surfaces. The probes used here were
glass, PDMS, or steel (hemi-)spheres. As a substrate, smooth, rough, or patterned
PDMS surfaces were used. All measurements were carried out at room temperature
(20 ° C) and at a normal load of 1 N. This normal force allows for a simple
conversion of the velocity to the Hersey or Sommerfeld number by simply correcting
the velocity for the viscosity. The sliding velocity was adapted depending on the
tribometer specifications. An overview of the tribometers and the parameters used
are displayed in Table 8.1 with schematic images of all four tribometers.
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Table 8.1: An overview of the four tribometers used in this study and their most important
characteristics. The tribometers used are the Anton Paar Tribocell (APT), Bruker Tribolab (BTL),
PCS instruments Mini Traction Machine (MTM) and a custom-made 3D-printed tribotool (CTT).

Anton Paar Bruker UMT PCS Instruments Custom-made
Tribocell (APT) TribolLab (BTL) Mini Traction Tribotool (CTT)
Machine
(MTM)
Tribometer type Ball-on-3-pins Ball-on-plate Ball-on-disk Pin-on-disk
Speed range 0.05 —500 1-80 1-1000 1 —26)
(mm/s)

Sliding motion

Probe Rotating Stationary Rotating Rotating
Substrate Stationary Linearly sliding Rotating Stationary
Probe materials |= Rough glass = Rough glass = Rough glass = Rough glass ball
= Smooth steel . - = Smooth steel Ll -
= - = Smooth PDMS  [= Smooth PDMS |= -

Substrate = Smooth PDMS  |= Smooth PDMS | = Smooth PDMS | = Smooth PDMS
materials = Rough PDMS = Patterned PDMS | = Patterned PDMS | = Patterned PDMS

Schematic view

Anton Paar Tribocell

For tribological measurements using the Anton Paar Tribocell (APT), we used an
Anton Paar rheometer (Modular Compact Rheometer (MCR) 302) with a MCR
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tribometer base set-up (T-PTD-200). The normal force control of this device occurs
via a feedback system that is installed in the tribometer base, which holds the
container and the pins. In this tribometer, a spherical probe was used and three
cylindrical pins. The spherical rough glass or smooth steel ball (diameter: 12.7 mm)
was attached to the rheometer shaft and rotated around its own axis as driven by
the rheometer. As substrates we used cylindrical pins (6 mm in diameter), which
were inserted into specially made pockets. The rough pins were provided by the
manufacturer and custom-made pins and rectangular plates (15 x 6 x 3 mm) had
a smooth surface. Measuring speeds ranged from 0.05 mm/s to 500 mm/s. The
normal force on each of individual pins was 1 N.

Bruker Tribolab

The Bruker Universal Mechanical Tester TriboLab tribometer (BTL) has a stationary
probe and an oscillating substrate (60 x 40 x 4.5 mm). The normal and friction
forces are measured via the sensors in the shaft attached to the tribometer probe.
A vertical motion of the shaft ensures that the normal force remains constant. For
these tribological measurements, we use a rough glass ball (12.7 mm, same as
used on the Anton Paar device) and a smooth, custom-made PDMS probe, which
slides against a smooth PDMS substrate or a patterned substrate with cylindrical
pillars (diameter 500 pm, height 500 ;m, and distance 1000 ym). The PDMS
surfaces were prepared as described in Chapters 2 and 3. The sliding speed range
is from 1 mm/s to 80 mm/s as this is the maximum speed range as specified by
the manufacturer. Due to the oscillating motion of the sliding container, the speed
varies in a sinusoidal manner and drops to zero at the extremum of each movement,
where the sliding container reverses its direction. The measuring software omits
these values automatically from the calculations of the friction coefficients.

Mini Traction Machine

The Mini Traction Machine (MTM) consists of a spherical probe and a flat disk-
shaped substrate. Both the substrate and the probe can rotate around their
respective axes and rotate separately. The friction force and normal force sensor for
this tribometer are present in the shaft attached to the rotating probe. This shaft is
able to move vertically to regulate the normal force. We used a slide-to-roll ratio
(SRR) of 0.5. This ratio indicates the relation between the sliding speed and the
average speed (SRR = Ugisk — Uaisk)/Utotar) a0 (Utotar = Udgisk + Upanr) /2 [7, 11]
We perform our measurements in bidirectional mode meaning both surfaces rotate
in opposite directions. As probe materials, we use a rough glass ball, a smooth
PDMS ball, and a smooth steel ball (diameter: 19 mm). As a counter surface,
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we used a smooth PDMS surface and a patterned PDMS surface, similar to the
patterned surfaces used in the other tribometers (pillar diameter 500 pm, height
500 pm, and distance 1000 pm). The diameter of the substrate was 46 mm. For
this device, we used a speed range of 1 mm/s until 1000 mm/s.

Custom-made 3D-printed tribotool

We used a custom-made 3D printed tribotool as a fourth tribometer. A detailed
description of this device can be found in Chapters 2 and 3. The tribometer set-up
consists of an arm (R = 30 mm) with a container to insert a hemi-spherical probe.
The hemi-spherical probe (R = 10 mm) slides alongside a flat substrate (R = 43
mm), which was fastened in the container holding the probe. For this tribometer,
we used a smooth PDMS probe and a smooth PDMS substrate. The sliding motion
is driven by the rheometer axis (Anton Paar MCR 501), which means that the
probe was in a rotational sliding motion, whereas the substrate was stationary.
This tribometer was used at a speed range from 1 mm/s until 20 mm/s. The “zero-
gap” distance is first determined by the rheometer. For this tribometer, the probe
is fixed at a specific height meaning the tribometer does not operate at a fixed
normal force. The probe height was fixed at the height where a normal force of 1
N was measured at a specific position on the substrate surface. However, due to
surface irregularities and surface deformations, the normal force fluctuates during
measurements. The friction coefficients were obtained from measured normal
force and torque (7) values, and were converted into friction coefficients using
pu = Fr/Fyand Fr = 7/R,.oe With R, the radius of the probe. [1]

Surface preparation

The glass and steel probes used on the APT and MTM tribometers were provided by
the respective tribometer manufacturers. Rough PDMS pins for the APT tribometer
were provided by the respective manufacturer as well. The rough PDMS surfaces
have an undefined roughness and we refer to them as “random rough” surfaces.
The smooth and patterned PDMS surfaces used on the different tribometers were
custom-made. We prepared the different PDMS surfaces following a common
procedure described previously (see Chapters 5 and 6 and reference [7]). In short,
we use a 1:10 (base to catalyst) ratio by weight of a two-part Sylgard 184 DOW
Corning silicone elastomer to obtain a polymer fluid. The polymer fluid was then
poured into molds and cured at 60 °C to obtain solid (hemi-)spheres, flat disks, or
patterned disks. To obtain patterned surfaces, we used 3D printed methacrylate
molds. These molds were designed using Solidworks and subsequently 3D printed
using a Formlabs Form 2 3D printer. The patterned surfaces used here have pillar-
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shaped asperities on the surface that are 1000 xm in height, 500 ym in width with
a distance of 1000 um between each pillar. Before use and between measurements,
surfaces were thoroughly rinsed using isopropanol or ethanol to remove lubricants
and possible contaminants in a similar way as described in more detail in previous
work. [16]

Atomic Force Microscopy

To obtain micrographs of the used surfaces, an Atomic Force microscope (multimode
8 AFM, Bruker) was used in tapping mode. The PDMS surface was first cleaned
consecutively with demineralized water and ethanol. To analyze the surface, a
topography scan with an imaging size of 10 x 10 xm was made using the ScanAsyst
mode. We then analyzed the images (e.g. surface height) using the NanoScope
Analysis 1.5 software.

Theoretical background

When considering the lubrication behavior of Newtonian fluids such as water and
glycerol, we can obtain a better overview of the viscosity effects on lubrication by
constructing a Stribeck curve. In such a plot, the viscosity (7, Pa-s) is multiplied by
the entrainment speed (U, mm/s). This provides a ;¢ (dimensionless) against Un
(uN/m) curve. The curves for different Newtonian fluids often overlap in different
regimes when the lubricants vary in viscosity but have similar wetting properties.
[3, 7, 24] An example of the friction coefficients for a low viscosity fluid is shown
in (Figure 8.1a) and a high viscosity fluid (Figure 8.1b).

A combination of the two curves (high and low viscosity), when multiplied by
the viscosity on the x-axis (Figure 8.1c), provides a so-called “master curve” for
Newtonian fluids with different viscosities, as shown with the red dashed line in
Figure 8.1c. This Stribeck curve provides a clear overview of the three regimes and
the transitions between the different regimes. These curves can be described by an
empirical equation [7] as

Mo — HEHL

—_ (8.1)
1+ (%2)m )

using upyr, = k(Un)™ as the friction coefficient in the elastohydrodynamic (EHL)

Htotal = HWEHL + (

regime and p;, = h(Un)! in the boundary regime.
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— — —

N

Low viscosity

Friction coefficient

Velocity

Friction coefficient

High viscosity
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~
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Figure 8.1: A schematic example of a) the friction coefficients of a low viscosity Newtonian fluid,
b) the friction coefficients of a high viscosity Newtonian fluid, and c) a Stribeck curve obtained by
combining Figure a and b and correcting for the respective viscosities on the x-axis. The red dashed
line shows an example of an empirical fit of the data.

In this equation, k represents the power-law coefficient which serves as a measure
for the start of the EHL regime, n the power-law exponent or the slope in the EHL
regime, h the initial friction coefficient in the boundary regime, [/ the slope of the
friction coefficient in the boundary regime and B the value of Un that marks the
end of the boundary regime (or beginning of the mixed regime). The relevant
sections of the Stribeck curve for all these parameters are indicated in Figure 8.1c.
Using this approach makes it possible to fit the experimentally obtained Stribeck
curve and extract tribological parameters related to the different regimes.

To investigate how the surface roughness and the surface motion influences the
lubricant entrainment an the friction coefficient, we use these Stribeck parameters.
The results of four different tribometers are analysed when using smooth surfaces
and patterned surfaces with a well-defined surface roughness of 0.5 mm in asperity
width and diameter with a distance of 1 mm. This is done to relate the Stribeck
parameters to various system properties including the degree of roughness of the
surface (e.g. smooth, random rough, patterned) as well as the type of motion that
drives the tribometer (e.g. rotational, linear).
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Results

To compare the frictional behavior of different tribometers, we attempt to create
a Stribeck curve that covers multiple frictional regimes. To obtain such a Stribeck
curve we measure over a range of sliding velocities and viscosities. Using Newtonian
fluids as lubricants, we can exclude effects of shear-dependencies. We use water
and glycerol as the low and high viscosity liquid, respectively, which have similar
polarities and wetting properties but very different viscosities. The viscosity of
Water is 1 mPa-s and of glycerol is 1400 mPa-s. The wetting contact angle on PDMS
for water 120° is and approximately 100° for glycerol. [16]

Anton Paar tribocell

We use a rough glass ball and (commercially obtained) PDMS pins as sliding
surfaces in the Anton Paar tribocell. These surfaces are commonly used in variousn
studies using this device. [25-28] The glass ball has a roughness of several ym
while the roughness of the PDMS pins is an order of magnitude smaller. We show
micrographs of both surfaces in Figure 8.2.
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Figure 8.2: a) Atomic force microscope (AFM) image of the rough side of a commercially obtained
PDMS pin. The size of the imaged section is 10000 x 10000 x 300 nm. b) Light microscope image
of the commercially available rough glass ball.

These surfaces are commonly used in tribology within a soft material context, for
example in the food sciences to simulate the hard, rough palate and the relatively
soft and smooth tongue and deformation (elastic hysteresis) of soft tribopairs. [26,
28, 29] Hence, we use this tribopair as a reference here. Additionally, we use the
rough glass ball with smooth PDMS pins and smooth PDMS plates and a steel
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ball against the rough PDMS pins to evaluate the effect of surface roughness and
material type on the friction coefficient. For all surfaces, we find that water shows
a boundary and a mixed regime while the highly viscous glycerol shows a mixed
regime and a hydrodynamic regime (Figure 8.3).

Boundary regime

In the boundary regime, surfaces are in close contact, and therefore, the surface
properties strongly influence the friction coefficient. We combine the frictional
results of the two aqueous lubricants (water and glycerol) by multiplying the
velocities with the respective viscosities. The outcome is a collapse of the data
which forms a complete Stribeck curve with three frictional regimes. Using the
approach previously introduced to assess the Stribeck parameters, we will proceed
to discuss the frictional results obtained using the following tribopairs: rough
glass ball — rough PDMS pins (Figure 8.3a), rough glass ball — smooth PDMS pins
(Figure 8.3b), rough glass ball - PDMS smooth plates (Figure 8.3c) and smooth
steel ball — rough PDMS pins (Figure 8.3d). We find the largest differences in
the friction coefficients in the boundary regime, as a result of the differences
in the surface roughness. In the boundary regime for the smooth PDMS plates
(Figure 8.3c) with a glass probe, we find a value of 0.25 and we find a much
higher value of 1.5 for the glass ball against the smooth PDMS surface (Figure 8.3b).

For the rough glass ball and the smooth steel ball against the rough PDMS
pins, we find similar friction coefficients of around 0.8 in the boundary regime. This
is surprising as these glass and steel probes vary both in roughness and wettability.
Overall, we do find that the results in the boundary regime are strongly affected by
the choice of tribopair.
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Figure 8.3: Tribological measurements obtained using the Anton Paar tribocell using different
tribopairs: a) rough glass ball — rough PDMS pins, b) rough glass ball — smooth PDMS pins, c) rough
glass ball — smooth PDMS plates, and d) smooth steel ball — rough PDMS pins.

PDMS pins and plates

The smooth pins and smooth plates (Figure 8.3b and c respectively) are made of
the same material and have the same roughness. However, they do show large
differences in the boundary regime; the pins give a friction coefficient of ;, = 1.5,
whereas the plates give a friction coefficient of © = 0.25. As the pins and the
plates have the same surface properties, the large difference in friction coefficient
is therefore not only due to differences in surface roughness. We suspect the
plate deformation to play a role. The PDMS plates are custom made in our lab.
Because of the deformable nature of the material, the PDMS plates could not be
clamped into the installation tightly which allowed the plates to move or deform
during measurements. The effect of the plates moving would be most evident in
the boundary regime where significant shear forces exist via large probe-plate
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contact. For the PDMS plates, we also find that the measurements of water (mainly
boundary regime) and glycerol give a poor collapse when corrected for viscosity,
and the friction coefficient in the mixed regime (glycerol) does not overlap. We
thus consider the results obtained using soft plates in the ball-on-three-plate set-up
as unreliable for Newtonian fluids and would not recommend using this setup with
deformable surfaces. Unlike the plates, the pins are stiffer, smaller, and can be
inserted in the set-up much better in specially made cylindrical pockets, limiting
the deformation and sideways movement of the substrate. The results obtained
with the PDMS pins are therefore more reliable and reproducible, as also confirmed
by the overlap of the two curves.

Mixed regime

To enter the mixed regime, the surfaces should become separated from one another
as we move from a contact dominated regime to an asperity/fluid dominated
contact. While part of a rough surface might be separated from the opposing
surface, large asperities form dry patches and are still in contact with the opposing
surface. This increases the critical speed for film formation and sufficient reduction
of surface-surface contact. We see that each tribopair has a different starting point
for the transition from the boundary to the mixed regime. The rough glass ball
against the rough pins shows a transition at 100 yN/m (Figure 8.3a). For the steel
ball against the rough pins, the mixed regime starts at around 20 xN/m (Figure
8.3b). The lowest value for the beginning of the mixed regime is found for the
rough glass ball and the smooth pins. For these surfaces, the mixed regime starts at
Un values of around 5 uN/m (Figure 8.3b). The mixed regime thus begins earlier
when the tribopairs are smoother as a fluid film is easily established.

The slope in the mixed regime also appears to be a function of the roughness of the
surface. A previous study revealed that smoother surfaces show a steeper slope in
the mixed regime. [7] This is in agreement with our findings. As the mixed regime
represents the transition from surface — surface contact in the boundary regime
to surface separation in the elastohydrodynamic (EHL) regime, the length of the
mixed regime in terms of Un, also depends on the surface roughness. We find that
the mixed regime is shortest for the rough PDMS surfaces: see Figure 8.3a and c.
The smooth surfaces (Figure 8.3b and d) show a more extended mixed regime. For
rough surfaces the mixed regime starts later and appears to be shorter than for
smooth surfaces. For the smooth PDMS pins paired with the rough glass probe we
also find the steepest slope in the mixed regime. The slope in this regime is thus
determined by the roughness of the substrates.
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EHL regime

After the strong decrease in the friction coefficient in the mixed regime, a minimum
value is obtained for all surfaces (Figure 8.3). This minimum value marks the
transition from the mixed to the EHL regime. In the mixed regime, there is limited
asperity contact while in the EHL regime, we expect the surfaces to be fully
separated as a relatively thick fluid layer begins to form between the surfaces. We
find that the rough tribopairs (glass — PDMS ) show higher ;. values at the mixed-
EHL transition point than smoother surfaces. This is similar to results previously
reported using PDMS surfaces with different degrees of roughness, for which the
smoothest surface also showed the lowest minimum value before entering the
EHL regime. [7] The low minimum found here is related to better wettability of a
smooth surface compared to a rough surface which facilitates fluid film formation.
[30] After this minimum value, the system enters the EHL regime. For all of these
surfaces, we find strong similarities in the hydrodynamic regime. The EHL regime
begins at similar Un values for all surfaces used (between 10% and 10* xN/m). The
slopes in this regime are all close to 0.5 which is the value theoretically predicted
based on Reynolds’ hydrodynamic theories as discussed in the work of Bongaerts et
al. and De Vicente et al. [7, 11] In this regime, the surface properties appear to be of
less importance than in the boundary and mixed regimes. This EHL regime is thus
tribopair independent and only depends on lubricant and tribometer properties.

Bruker UMT Tribolab

We also measured the friction coefficients of water and glycerol on the Bruker UMT
Tribolab (BTL). The probe of the APT tribometer discussed in the previous section
rotates around its axis. The probe in the BTL tribometer is static, and the substrate
moves in an oscillating sliding motion against the probe. The substrate is placed in
a container that also holds the lubricating fluid. This type of linear sliding motion is
more similar to certain real-life events, such as the sliding of the tongue against the
palate or rubbing skin cream on the skin. The BTL tribometer has a much smaller
speed range (1 mm/s until 80 mm/s) than available for the APT tribometer (0.05 —
500 mm/s). Even though the speed range of the BTL is limited, we are still able
to observe a boundary regime for water and a hydrodynamic regime for glycerol
(Figure 8.4).
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Figure 8.4: Tribological measurements obtained using the Bruker Tribolab tribometer using different
tribopairs: a) rough glass ball — smooth PDMS plate, b) smooth PDMS ball — smooth PDMS plate, c)
rough glass ball — patterned PDMS plate, and d) smooth PDMS ball — rough PDMS plate.

The values obtained in the mixed regime (and for some samples also in the
boundary regime) are limited. Similar to our approach in the previous sections,
we used the empirical formula to fit a Stribeck curve that allowed us to estimate
values in the mixed regime. From findings in the previous section, the surface
roughness is an important parameter when it comes to the frictional behavior. To
further investigate the effect of surface roughness, next to smooth PDMS surfaces
as used for the APT, we include also a patterned substrate that is covered with
pillars with distinct height, width and distance. The patterned PDMS substrate has
surface pillars with a diameter of 500 xum, height 500 ;m, and distance 1000 ym
between each pillar. We pair these patterned substrates with both a smooth PDMS
and rough glass ball as a probe probe. A combination of a rough glass ball and
smooth PDMS surfaces was also used in the APT tribometer. Since the substrate
surface area here is relatively large (60x40 mm), a larger number of 500 ym pillars
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could be placed on the surface than on the APT pins that are 6 mm in diameter.
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The patterns on this surface are thus more regular than the random roughness on
the commercially obtained PDMS pins of the APT tribometer. These well-defined
micron-scale asperities allow us to gain more insights than when nano-scale random
rough surfaces are used. We display the tribological results of the BTL tribometer
in Figure 8.4.

Boundary regime

For the BTL, we also find rather different behavior in the boundary regime for
each tribopair. The highest friction coefficient in the boundary regime is found
for the smooth PDMS ball against the smooth PDMS plate (©=2.5), as can be
seen in Figure 8.4b. This tribopair has the largest contact area as a result of the
two smooth PDMS surfaces. PDMS also is known for being self-adhesive and high
friction coefficients are found for PDMS — PDMS tribopairs. [16, 31, 32] As PDMS is
hydrophobic, water poorly wets the surface and therefore water is a “bad” lubricant
for PDMS tribopairs, which leads to more direct PDMS contact and high friction
coefficients. For the patterned PDMS substrate, there is less direct surface contact,
and therefore lower friction coefficients (=1.8) are found. In the case of the rough
glass ball, we find values around ;=1.2 for both the smooth and patterned PDMS
plate (Figure 8.4b and d). In this case, the surface material and not the surface
roughness dictates the friction coefficient. As the adhesive forces between glass and
PDMS are lower than those between PDMS and PDMS, the friction coefficient is
lower as well. We thus confirm that surface roughness (contact area) and adhesive
properties of the surface dominate the frictional behavior in the boundary regime
regardless of the tribometer type.

Mixed regime

As the speed range was limited and a complete Stribeck curve could not be
measured on the BTL tribometer, it is for most of the measurements difficult to
clearly state where the mixed regime starts. We estimate the values by taking
the best fit through the data points, but these values should be interpreted with
extreme caution. For the APT tribometer, we saw that smoother surfaces showed an
earlier transition from the boundary to the mixed regime. The smoothest surfaces
used in the BTL are the smooth PDMS probe and the smooth PDMS probe (Figure
8.4b). For this pair, we are actually able to see the transition to the mixed regime.
Using this tribometer, the transition for smoother surfaces also takes place at lower
speeds than for the other surface combinations. Similar to the results of the APT,
here, we also find the steepest slope in the mixed regime and low values for the
friction coefficient at the transition to the hydrodynamic regime for the smooth
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tribopairs. These results are comparable to findings in literature where it was also
found that smooth PDMS surfaces show a steeper slope (m) in the mixed regime
than rough surfaces. [7, 16]

For patterned PDMS surfaces, we observe different behavior at the transition
between the mixed and hydrodynamic regime. Patterned surfaces show a rather
flat plateau (Figure 8.4c and d). This indicates that no changes in asperity contact
or fluid film thickness take place for a small range of velocities. The EHL regime
starts once a sufficiently thick fluid film is formed. Having pillars on the surface
makes it challenging to form a steady fluid film to separate the surfaces and enter
the EHL regime. This plateau represents a transition regime where the fluid film is
being built up, and larger gap sizes (higher velocity, higher viscosity) are needed to
obtain hydrodynamic lubrication.

Although different characteristics (e.g. viscosity, roughness) have been inves-
tigated in various studies for their influence on the progression of the Stribeck
curve [7, 16], such a plateau between the mixed and EHL regime has not been
reported before. As we will see in later sections, a similar plateau is seen when
using the MTM tribometer with a larger velocity range which allows to obtain data
in all frictional regimes.

EHL regime

In the EHL regime as measured on the Bruker, we find slopes that are steeper
than the theoretically predicted value of 0.5. The slopes we find for this linearly
sliding tribometer are between 1 and 1.2. This indicates that the hydrodynamic
regime is not only influenced by the viscosity of the sample and that there is an
additional effect that is caused by the tribometer. We attribute this difference to
the tribometer motion. While oscillating, the probe constantly slides over a new
section of the substrate. This gives way to surface deformations and hysteresis
should be considered as a contributor to the overall friction coefficient. Additionally,
when the relaxation of the material is slower than the measurement speeds, the
deformation in the opposite direction may lead to hysteresis effects, visible in
the friction coefficient. Furthermore, fluids may be pushed out of the contact
during oscillation. The fluid then accumulates at the edges of the container as we
schematically display in Figure 8.5. The additional fluid can contribute to a drag
force on the probe, which would lead to higher friction coefficients. The Stokes’
drag force (Fp) is defined as 67y RU with n being the viscosity, R the radius of the
probe, and U the velocity. [33, 34] With the viscosity of glycerol (1.4 Pa-s), the size
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of the probe (diameter: 12.7 mm) we find drag forces in the range of 1072 to 102
N in the EHL regime. These drag forces are lower than the friction forces in the
EHL regime, which are in the order of 1072 to 10~! N. Drag forces may play a role
in the total shear stress measured in the BTL, yet we cannot entirely attribute the
friction coefficients in the EHL regime to such non-contact forces. The origin of the
steep increase in the friction coefficient in the hydrodynamic regime is thus not
clear. It is evident however that the EHL regime depends on the measuring device
and on the pattern on the surface when the asperities are large enough to disrupt
the formation of a fluid film.

Viscous fluid

._

Drag force

Sliding drive

< >

Figure 8.5: Schematic representation of fluids accumulating along the edges of the sliding
reciprocating drive of the Bruker leading to an increased drag force.

207




Fluid and suspension lubrication using four different tribometers

Mini Traction Machine

We have discussed the results when using stationary substrates and moving probe
(APT) as well as a stationary probe and moving substrate (BTL) in the previous
sections. In this section, we use the Mini Traction Machine (MTM), a tribometer that
operates using a rotating probe and a sliding substrate. Using such an additional
tribometer provides more information on which system parameters determine the
frictional values in each regime. In this case, we use the following tribopairs: a)
rough glass ball — smooth PDMS, b) smooth PDMS - smooth PDMS ball, ¢) smooth
PDMS ball — patterned PDMS, and d) smooth steel ball — smooth PDMS (Figure
8.6). The patterned PDMS surface contains cylindrical asperities that are 500 ym
in height and diameter, with a distance of 1000 xm between each asperity, similar
to those used on the BTL tribometer in the previous section. With these tribopairs,
we can compare our results to those obtained by the APT (glass — PDMS, steel —
PDMS) and by the BTL (PDMS — smooth PDMS, glass-smooth PDMS, and PDMS —
patterned PDMS). On the MTM tribometer, we use the largest speed range of all
tribometers used in this study (1 mm/s -— 1000 mm/s).

Boundary regime

In the boundary regime, where the surfaces are in direct contact, the highest
frictional values are obtained for the PDMS ball against the smooth PDMS substrate
(Figure 8.6b, 1i,,.,=1.6) as we saw in previous sections. The lowest frictional value
is found for smooth PDMS against patterned PDMS (Figure 8.6d, (j4,..=0.9), due
to the lower contact area. The end of the boundary regime or the start of the mixed
regime occurs at the latest stage for the patterned surfaces. The trends in the onset
of the mixed regime for Newtonian fluids are similar for all the tribometers we
have compared so far and thus do not show strong dependencies on tribometer
motion.
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Figure 8.6: Frictional measurements performed with the MTM using four different tribopairs.
Tribopairs used here are a) rough glass ball — smooth PDMS substrate, b) smooth PDMS ball —
smooth PDMS substrate, ¢) smooth PDMS ball — patterned PDMS substrate, and d) smooth steel ball
— smooth PDMS substrate. We used water and glycerol as lubricants to obtain the Stribeck curves.

The asperities on the surface, however, have a large influence on the initial
boundary friction coefficient, and the transition to the mixed regime. We thus
confirm the importance of surface properties in the boundary regime with our third
tribometer.

Mixed regime

The mixed regime is well visible for all surfaces on the MTM. For this device, we
find that the smooth steel ball against the smooth PDMS surface is the first tribopair
to enter the mixed regime followed by the smooth PDMS ball against the smooth
PDMS surface. Again, this is similar to what was observed for the other tribometers,
where smooth surfaces have a shorter boundary regime as a fluid film is easily
formed compared to a rough surface where dry asperities are still in contact with
the opposing surface at higher speeds. In the mixed regime, the slope is steepest
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for the smooth surfaces (smooth steel, smooth PDMS) and the least steep for rough
surfaces (rough glass, patterned PDMS). For the MTM we also find that smooth
surfaces show shorter mixed regimes and lower minimum values for the friction
coefficient at the transition between the mixed and EHL regime, similar the other
tribometers used here and similar to previous findings on the MTM. [7]

EHL regime

In the EHL regime, we find slopes close to the theoretical value of 0.5 as seen for
the APT tribometer. Only the patterned PDMS surface shows a less steep slope (a
slope of 0.5 is shown for comparison in the master curve in Figure 8.6c). The slope
in the EHL regime is thus also related to the surface pattern. This is only the case
when the roughness is large enough as the APT surfaces with smaller asperities
showed no differences in the EHL regime. With the patterned surface, the fluid can
easily flow into the space between the asperities. As a result, a steady fluid layer is
not easily formed and, therefore, the fluid film thickness remains relatively small.
In this case, not only the viscosity is important, but also the surface properties stay
relevant. For all other surface combinations, we do observe an increase with a slope
of 0.5 in the EHL regime, as expected from theory and also observed in previous
studies. [7] Similar to what we concluded for the other tribometers, the minimum
value at the transition between the mixed and EHL regime as well as the slope in
the EHL regime, thus appear to be characteristics of the tribometer motion as well
as the roughness of the surface that influences fluid film formation.

Smooth and patterned surfaces on the MTM and BTL

For both the MTM and BTL tribometers, we used a smooth PDMS probe against
both a smooth PDMS surface and a micro-patterned surface. In this section, we
will compare the results for both tribometers. We show the data of the rough and
smooth PDMS surfaces from Figure 8.6 and Figure 8.4 in one graph in Figure 8.7a
and b respectively. These two tribometers (BTL and MTM) show similar trends
when using the same probe-substrate combinations, even though the tribometer
motion is vastly different. For both tribometers, a smoother surface causes a shorter
boundary regime, steeper slopes in the mixed regime, lower minimum value for
the friction coefficient and an earlier start of the EHL regime. Interesting for these
patterned surfaces is the plateau region in the curve before entering the EHL
regime, especially for the BTL tribometer. After the plateau region (Figure 8.7b),
the patterned and smooth surfaces show rather similar behavior. The last data
points of the patterned surface measured on the MTM also show a very similar
slope as in the case of the last data points of the smooth surface as shown in the
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inset Figure 8.7a. At higher viscosities or speeds beyond the limit of this tribometer,
a slope of 0.5, as found for the smooth surfaces, could potentially be obtained for
the patterned surface as well. With the same surfaces, similar tribological trends
are thus found on different tribometers.
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Figure 8.7: Friction coefficients measured with the smooth PDMS substrate (closed symbols) and
patterned PDMS substrate (open symbols) against a smooth PDMS ball on the a) MTM Tribometer
and b) BTL tribometer.

3D-printed Tribotool

The fourth tribometer we use in this study is a custom-made tribotool (CTT). As
the effect of surface roughness is consistent with for the other tribometers, we
use only one tribopair (rough glass ball, smooth PDMS plate) as a comparison
for the tribometer mechanics. An important difference between the CTT and the
other tribometers is that the CTT operates in a gap-controlled instead of a force-
controlled manner. We use speeds from 1 to 20 mm/s here, as these are the speeds
where reliable and reproducible results could be obtained. Due to the limited speed
range, a mixed regime is absent when measuring water and glycerol (Figure 8.8).
With these data, we are still able to make estimations for most of the Stribeck
fit parameters in the boundary and EHL regime. The friction coefficient in the
boundary regime here is 0.93 + 0.05, rather similar to the values previously
measured using glass — PDMS combinations on the other tribometers. The results
do show a dependence on the tribological device used. From the available data, it
is hard to determine where exactly the mixed regime begins and what the slope in
this regime is, as we do not have enough data on the mixed regimes. The limited
data points we obtained in the in the EHL regime appear to follow the previously
observed hydrodynamic behavior. As a reference we show a line with a slope of 0.5
in Figure 8.8. Overall, our 3D-printed rheo-tribometer delivers similar trends for
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Newtonian fluids as obtained using commercially available tribometers. Due to the
limited speed range, it is impossible to obtain a complete Stribeck curve with the
two lubricants used here. We will, however, use the obtained data and proceed to
compare the results of all the tribometers used here in the following section.
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Figure 8.8: Tribological measurements obtained using a custom-made 3D printed tribotool with a
rough glass ball and a smooth PDMS plate.

Stribeck parameters of different tribometers

Using the APT, BTL, MTM, and CTT tribometers, we have already observed that
certain Stribeck parameters such as friction coefficients in the boundary regime
(h) and the slope in the mixed regimes (m) depend on the tribopairs used, while
other parameters, such as slope in the EHL regime, seem to be more related to the
tribometer type. To better understand how the measuring system influences the
frictional behavior, we obtain the Stribeck parameters for each tribometer from the
best fit to the curves and combined them in Table 8.2. Values are those obtained

for the rough glass ball and the smooth PDMS substrates as these surfaces were
used on all four tribometers.
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Table 8.2: Overview of the Stribeck parameters obtained for the APT, BTL, MTM and CTT
tribometers with a rough glass probe and a smooth PDMS substrate. It should be noted that
values for the BTL and CTT in the mixed regime are estimated based on the Stribeck fit and not
obtained from actual data.

Anton Paar (APT) | Tribolab (BTL) Mini Traction Tribotool (CTT)
Machine (MTM)
0.8 0.8 1 0.8

Contact area (mm?)

Sample volume (ml) 1 10 30 300

1.52 £ 0.08 1.25+0.23 0.66 + 0.05 0.93 +0.05
0.01 0.02 -0.01 0.05

1.9%103 28*10° 1.4*10° n/a
0.56 1.2 05 0.52

To obtain these values, we use the empirical Stribeck formula Eq. 8.1. When
multiple parameters are used to fit a curve, small changes in one parameter can
have large effects on other values, especially on a log-log scale. In addition, as
in some cases we do not have experimental data in the complete regime, fitting
becomes less accurate. To avoid these variations, we used several fixed values. These
values were either taken directly from the lubrication curve or a theoretical value
was used. One of these fixed values was the friction coefficient in the boundary
regime, h (Table 8.2, fipoundary,). We initially also set the slope of the EHL regime
(n) to the theoretically expected value of 0.5 [7, 11, 20] to obtain the remaining
Stribeck parameters (I, b, m, k). We then used these obtained values to determine
the actual slope in the EHL regime as reported in the table.

Boundary regime: Surface properties and surface motion

For the friction coefficient in the boundary regime, we find values between 0.66 and
1.52 for all tribometers with APT giving the highest value, whereas the MTM gives
the lowest value. The lowest value for the MTM can be explained by the different
sliding mechanism of the MTM compared to that of the other tribometers. The
MTM measuring method is different from other tribometers because of the sliding
surfaces. In this device, both surfaces rotate in opposite directions, allowing fluids
to enter the contact zone more efficiently than when only one of the tribosurfaces
moves. This leads to lower friction coefficients, which has been shown by MTM
measurements at different relative speeds (slide-to-roll ratios) between the probe
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and the substrate. [15, 35] When only one of the surfaces rotates (SRR=0, sliding),
the friction coefficient is lower than when both surfaces rotate simultaneously
(SRR=2, rolling). Another cause for the large difference between the MTM and
the other three tribometers might be the difference in the glass ball used. For the
APT, BTL, and CTT tribometers we use the same rough glass ball that is supplied
by Anton Paar. For the MTM, we use a rough glass ball that is supplied by PCS
instruments. It should be noted that these glass balls differ in diameter (APT: 12.7
mm. MTM: 20 mm), and may also differ in their surface structure or exact material

type.

The probe of the APT tribometer is in contact with three pins simultaneously,
which contributes to the higher values in the boundary regime. While the contact
area of one pin is 0.8 mm?, the total contact area will be three times this value.
The higher frictional values for the APT tribometer may be explained by a higher
surface area. Alternatively, the higher friction coefficient may also be related to the
specific sliding movement. [15] The APT tribometer operates in a manner that is
similar to pure sliding or a SRR of 2 on the MTM tribometer. In pure sliding mode,
only one of the surfaces rotates while the other remains stationary. When a SRR
of 2 was used (a stationary substrate and rotating probe) the friction coefficient
approached that of the APT tribometer. Similar sliding mechanisms thus results
in similar friction coefficients. For the boundary regime, we, therefore, conclude,
that the friction coefficient in the boundary regime predominantly depends on the
surfaces used and the type of tribometer motion.

Mixed regime: Fluid flow caused by tribometer motion

We observed that the beginning of the mixed regime (B) for three of the tribometers,
the APT and BTL occur at the same values of Ur (between 10 and 20 xN/mm),
whereas the MTM shows a larger value of Uy = 50 uN/mm. These differences
arise due to differences in tribometer motion and the larges probe size on the MTM
as suggested in the previous section. However, since the entire Un range studied
here spans over eight orders of magnitude, we consider these differences to be
relatively small. The length of the mixed regime in terms of Ur again varies for each
tribometer. The mixed regime for the MTM and the APT appear to be rather similar
at around 2*103. The BTL shows a larger range of 28*103. As the mixed regime
is the transition from the surface-surface contact zone to the fully separated zone,
a wide-range of the mixed regime indicates that this tribometer requires larger
gap sizes to reach full surface separation by entrainment of the fluid. As the MTM
has two moving surfaces, fluids are entrained more efficiently which is potentially
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why the MTM shows the shortest mixed regime range. The APT tribometer also
has a relatively limited range of friction coefficients in the mixed regime, which
indicates efficient fluid entrainment while transitioning from the contact regime to
the separated surface regime. The parameters in the mixed regime (e.g. starting
point and slope) are thus influenced by the tribometer motion as well.

EHL regime: Fluid viscosity and drag forces

The behavior in the EHL regime is determined by the ability of a fluid to generate
enough pressure to fully separate the sliding surfaces from one another. For the
exponent n, representing the slope in the EHL regime, we find similar values
around 0.5 for the three tribometers that slide in a rotational motion (APT, MTM,
CTT) when the same surfaces are used. This is consistent with theories that predict
a slope of 0.5 in the EHL regime.[7, 11] As discussed earlier, for the BTL we find
much larger values of 1. The friction coefficient in the EHL regime depends mainly
on the lubricant type and for the BTL also on tribometer motion, possibly due to
the contribution of drag forces, although the exact reason for this deviating value
is not completely clear.

Lubrication behavior of complex lubricants

Using simple Newtonian fluids, we found very similar trends even though the
devices used operate in completely different ways. The frictional regimes and
overall friction coefficients are comparable for all of the tribometers when the same
tribopairs are used. These Newtonian fluids all exhibit traditional Stribeck behavior
in the boundary, mixed, and hydrodynamic regime. However, many systems also
contain particles to form suspensions, emulsions, etc. Such soft solid suspensions
are present in foods, cosmetics, and other bio(-compatible) materials. In these
systems, the frictional behavior is not just determined by the viscosity, but also
by other aspects, as rolling and sliding events, particle interactions, et cetera.
To demonstrate how surface motions influence particle entrainment and particle
lubrication, densely-packed hydrogel microparticle suspensions are measured on
the different tribometers. In Chapter 4, using the APT tribometer, we showed
that these hydrogel particle suspensions do not show traditional Stribeck behavior
but, instead, transition through four frictional regimes. [12] These regimes were
attributed to the deformation and entrapment of the particles between the asperities
of the glass ball. In the first regime, at low speeds and theoretically small gap sizes
relative to the particle size, a small number of particles are already present between
the surface asperities as we described previously in Chapter 4. [12] However, due
to the small gap sizes, these particles can be compressed, which leads to high
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values of the friction coefficient due to large particle surface contact. In the second
regime, as gap sizes increase, these particles regain their spherical shape and their
ability to roll leading to a decrease in the friction coefficient. An increase in friction
coefficient is then seen again as a third regime arises, hypothesized to be due to
jamming of particles or particle compression as more particles are able to enter the
zone. When the gap size further increases, these jammed or compressed particles
return to their original shape and size leading to a rapid decrease in the friction
coefficient. For these systems, we have not observed a hydrodynamic regime. The
different regimes appear to depend on the ability of the particle to fit within the
asperities of the probe. Using these different tribometers we can also study the
effect of tribometer motion on complex soft suspension tribology.

Particle-based lubrication on different tribometers

For these four tribometers, again we use a rough glass ball and smooth PDMS
surfaces for comparison. As discussed before, the APT, BTL, and CTT tribometers all
use a glass ball with the same roughness and size, while the glass ball on the MTM
is larger in diameter (MTM: 19 mm, APT, BTL, CTT: 12.7 mm). The particles of the
suspensions used on the APT, BTL, and CTT have an average size of 12 ym. The
particles used on the MTM have a larger size of around 100 ym. These differences
arise due to differences in available equipment at the different facilities where each
tribometer is located. Although the particles are different in size, we still expect to
be able to demonstrate differences in tribological behavior between Newtonian
fluids and particle suspensions and to show the effect of different tribometers.

The results obtained with our four tribometers all show different frictional regimes
and they do not display many similarities at first sight (Figure 8.9). The differences
seen here are much larger than those observed for simple Newtonian fluids. The
APT tribometer shows the four frictional regimes, with alternating decreasing and
increasing friction coefficients over the entire speed range. These regimes are iden-
tical to findings presented in Chapter 4 for particles from 10 to 150 ym in size. [12]

For the other tribometers, due to the limited speed ranges (1 — 20 mm/s for
BTL and CTT, and 1 mm/s — 100 mm/s for MTM), not all four frictional regimes
are visible. Using the BTL we first see a rather flat section that resembles regime I
of the APT tribometer. The subsequent decrease is similar to the decrease in regime
IT of the APT. Alternatively, this might be related to regime IV as well. Both regimes
IT and IV are hypothesized to arise due to an increase in gap size. The increase in
gap size allows particles to regain their rolling ability resulting in a decrease in
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Figure 8.9: Frictional curves obtained for hydrogel microparticle suspensions on the APT, BTL,

MTM and CTT tribometers with a rough glass probe and smooth PDMS substrates. The hydrogel

microparticle size for the APT, BTL and CTT tribometers was 12 ym while the particles used on the
MTM were around 100 pym in size.

the friction coefficient. We see a shift in the appearance of these regimes, which
shows that although similar mechanisms take place, they do not occur at the same
sliding speed. The two regimes observed for the CTT also overlap with the first two
regimes of the APT but shifted to even higher values for the velocity. Alternatively,
these alternating increasing and decreasing regimes could also represent regime III
and IV. In this case, similar mechanisms are possibly responsible for the frictional
behavior.

In the case of the MTM, we see the appearance of three frictional regimes. We
must note that at speeds above 100 mm/s, the cohesive particle suspension was
visibly removed from the contact zone, making it impossible to obtain accurate
lubrication data for higher speeds. When we include a reliable speed range, we
first see a regime with a rather constant friction coefficient (1 — 3 mm/s), a regime
with a decrease in friction coefficient (3 — 10 mm/s), followed by a regime with an
increase in friction coefficient (above 10 mm/s). These regimes strongly resemble
the first three friction regimes observed for the APT tribometer. Similar to the CTT
and BTL, the different regimes appear to arise at different sliding velocities and the
slopes observed in the different regimes are less steep in the MTM tribometer.

If we attempt to relate our findings to the results obtained on the APT, the most
apparent mechanism is that particles can roll, thereby causing a decrease in friction
coefficient as happens in regime II of the curve obtained by the APT tribometer. The
increase could then be caused by particle jamming/compression of particles while
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more particles enter the contact zone as we hypothesized for the APT tribometer
as well. [12] The MTM shows lower frictional values, which can be related to the
differences in probe roughness and particle sizes used here. However, the MTM
also generated lower friction coefficients than the APT for the Newtonian fluids
which points towards the tribometer motion as being the main contributor for the
lower friction coefficients both for particle suspensions as for Newtonian fluids. For
a tribometer that has two sliding surfaces (MTM) particles can be easily entrained
compared to devices that can push particles away while sliding (BTL, CTT). Due
to the differences in sliding motion, particles become (de)compressed at different
sliding speeds. Consequently, the entrainment of fluid and particles is changes for
each tribometers, which has a large effect on the start of the frictional regimes. In
this case, particle entrainment occurs at various velocities due to differences in
sliding mechanisms.

Overall, we observed much more similarities for the Newtonian fluids mea-
sured on different tribometers than for the hydrogel microparticle suspensions.
For more complex systems, we find that tribometer mechanics have a much
larger influence on the friction coefficient than for Newtonian fluids. When using
suspensions, particle entrainment, particle deformation, and particle exclusion
occur under specific conditions. Particles can also be pushed out of the contact
zone, causing an increase in friction coefficient or particles can become entrapped
in the contact which would lead to particle compression and an increase in friction
coefficient. As the tribometers differ in the sliding motion, sliding direction, and
the contact area, this influences the entrainment of the particles, which affects its
rolling ability due to differences in gap size. Such effects are more important for
particle suspensions than for simple Newtonian fluids, which explains the large
differences in the lubrication behavior found for the different tribometers. For
lubricants consisting of particles, a comparison between different devices is much
more complicated due to the complex nature of the lubricant. This also makes it
challenging to compare results from different published studies.
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Conclusions

We used four tribometers that have different types of relative sliding motions
to measure the lubrication of Newtonian fluids and Non-Newtonian particle
suspensions. Using this approach, we aimed to gain more insight into how different
aspects of tribosystems (tribopairs, tribometer mechanics) influence the friction
coefficient. For Newtonian fluids, the boundary regime is influenced strongly
by the choice of surface material and roughness. The mixed regime both varies
strongly with the type of surface and the type of motion of the tribometer. Smooth
surfaces give a steep decrease in the mixed regime, and an early onset of the EHL
regime. In the EHL regime, the slope was similar for most rotating tribometers,
as expected from theory. However, for an oscillating sliding tribometer, a higher
slope was found. We also found that patterned surfaces give a less steep slope
in the EHL regime. The EHL regime thus responds to changes in tribometer
motion as well as surface roughness above a certain asperity size. When we used
a hydrogel particle suspension as a more complex lubricant, each tribometer
generated lubrication curves with different frictional regimes. Although similar
distinct frictional regimes were found for each tribometer, the transitions to the
different regimes varied substantially between tribometers. These transitions are
suggested to be related to particle entrainment and particle deformation, which
strongly depends on the sliding motion. Our findings highlight the strong system
dependency of a tribological measurement and shows that tribological results from
different tribometers cannot directly be compared, even when the same surfaces
are used.

Recommendations

It is challenging to compare results obtained using different tribological devices
due to differences in surface contact and fluid entrainment between the surfaces,
which yields specific lubrication curves for each tribological device or surface. As
the friction coefficient is system dependent, we recommend evaluating the friction
coefficient based on the characteristics of a specific device (e.g. roughness, surface
motion, speed range), especially when complex multi-component lubricants are
considered. Further research in this context is recommended to provide additional
insights into the lubrication behavior of multi-component systems using different
devices and surfaces. For both the BTL and the CTT a clear mixed regime was absent.
Using lubricants with different viscosities could fill the current absence of frictional
regimes. The BTL shows slopes in the EHL regime that deviate from existing
theories. Additional theoretical analysis is required to predict and understand
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the behavior displayed by this linear-drive tribometer. When considering particle
lubrication, different particles (sizes, deformability etc) can be measured to clarify
the mechanisms behind the different sliding regimes seen for different relative
surface motions. These future studies can provide experimental or theoretical
approaches which allow tribologists to relate their experimental (or theoretical)
data to results with different tribometers and perhaps even new empirical frictional
laws for soft surfaces and complex lubricants.
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Introduction

The complex interfaces described in this thesis, often do not show the expected
Stribeck behavior (e.g. boundary, mixed and hydrodynamic regime) [1-3]
commonly found for Newtonian fluids. [4-6] When soft polymeric surfaces are
considered, the molecular scale fluid — surface interactions become more difficult
to untangle. [3, 7, 8] Once a lubricant is included between soft surfaces, the
surface-fluid interactions begin to play an increasingly important role. Effects
such as wettability and viscosity can impact the friction coefficient to a great
extent. [9, 10] Interactions on the nanometer scale can thus have a large impact
on the friction coefficient of the entire system. When mixtures of molecules are
present in solution, these molecules may even interact with one another having
a deteriorating or synergistic effect on the friction coefficient. As mixtures often
exist in realistic applications, the tribological field could greatly benefit from a solid
scientific underpinning of the lubrication mechanisms behind these systems. When
lubricants consist of (semi-)solid ball-bearing particles, this so-called third-body
friction shows friction coefficients that respond to changes in particle size [11, 12]
and volume fraction, [6, 13-15] as well as properties of the surrounding fluids.
[13] In the presence of fluids, several frictional mechanisms play a role due to
the effects of particle, fluid, and surface interactions. All of these effects, however,
depend on the tribometer motion which causes lubricants to become entrained
or particles and surfaces to become deformed under specific conditions. [16, 17]
Soft tribological systems thus show many different mechanisms, depending on the
surface-lubricant and surface — surface combinations. In this thesis, the challenge
of uncovering the key mechanisms behind soft sliding systems was approached.
This was done by combining soft surfaces and complex lubricants with a range of
physical and chemical properties while using different tribometers.

Approach and main findings

The frictional behavior of soft materials and complex lubricants are influenced
by different parameters of a tribological system. To provide a framework that
interconnects the frictional behavior of different soft materials and complex
lubricants, several tribosystems were studied as represented by the three sections
of this thesis:

* (D) Hydrogel - Hydrogel friction (Chapter 2 and Chapter 3).
* (ID) Particle lubrication (Chapter 4, Chapter 5, and Chapter 6).
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 (IID) Tribological applications (Chapter 7 and Chapter 8).

A schematic overview of the systems investigated in each chapter and their
respective length scales are shown in Figure 9.1. In this figure, the main contributors
to the friction coefficient are stated as well. These parameters will be further
discussed in the following sections of this general discussion. We first provide a
summary of the systems studied throughout the thesis.

(ydrogel-hydrogel friction\ / Particle lubrication Tribological applications
(nm — pm) (um - mm) (nm - cm)

Chapter2 / Chapter 4 )%%)9?;9/) Chapter 7 ?%%%%/

0 g ) {

Chapter 3 E&hﬁ%%/ Chapter 5 3%?? Chapter 8 /
\ /

y f 7 )S o
Chapter 6 0%5‘%?

» Polymer properties * Particle properties = Aggregation

* Young’s modulus * Surface properties = Wettability

» Surface pattern * Fluid properties = Viscosity

\_ S / k- Deformation effectS/ K- Sliding motion j

Figure 9.1: An overview of the tribological systems studied in each chapter and the most relevant
control parameters that contributed to the friction coefficient. The relevant length scales are
indicated in the figure.

In Chapter 2, we used optically smooth but microscopically rough hydrogels
varying in polymer-network type and Young’s modulus. We studied the effect of
deformability of surface asperities and found two normal force-dependent frictional
regimes as a result of asperity flattening. In Chapter 3, These hydrogels were
modified using micro-patterning techniques which allowed us to investigate how
specific surface roughness parameters influence the friction coefficient. In this
chapter, it was found that the effective contact area was the most important
parameter contributing to an increase in the friction coefficient. We showed how
hydrogel particle properties influence lubrication behavior and give four velocity-
dependent frictional regimes in Chapter 4. In Chapter 5 and Chapter 6, the
lubrication behavior dry glass particles and particles in suspension were measured,
respectively. With these hard lubricants between soft surfaces two frictional regimes
were found in the dry case; a rolling and a sliding friction regime, depending on
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the effective gap size. For particles in suspension is was found that particles and
fluids are able to enter the gap separately as a fluid-lubricated and a particle-
lubricated regime was observed. The results in Chapter 7 demonstrated how
macromolecular interactions between salivary proteins and astringent agents cause
significant changes in the friction coefficient depending on the type of salivary
protein involved. The last experimental chapter, Chapter 8, we investigated all of
the four tribometers used throughout the thesis. As lubricants, Newtonian fluids and
hydrogel particle suspensions were measured between different tribosurfaces. The
results of this chapter showed that tribometer motion strongly affects the friction
coefficient and the frictional regimes found. We uncovered various mechanisms and
measured a range of friction coefficients. An overview of the friction coefficients
for each of the tribosystems investigated is displayed in Figure 9.2.
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Figure 9.2: Friction coefficients of the tribosystems studied. The frictional values used are obtained in the contact regime e.g. at relatively low
velocities. A schematic image of the high and low frictional systems is shown at the top and bottom of the graph respectively.
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Key frictional mechanisms in soft tribology

By using different surfaces, lubricants, and tribometers, with the aim to uncover
and understand the friction and lubrication mechanisms when soft surfaces
and complex lubricants are involved. In this section, the three most influential
frictional mechanisms are discussed: asperity contact, lubricant entrainment, and
deformation effects. Concretely, (I) soft asperities influence the contact mechanics
and the hydrodynamics (fluid flow) of the system, (II) lubricant and surface
properties lead to lubricant entrainment which causes surface separation and, (III)
deformation of the surfaces or (semi-)solid lubricants can lead to rolling and sliding
friction regimes. These mechanisms often exist in parallel and directly influence
one another. For example, deformation effects influence asperity contact which
affects lubricant entrainment. Similarly, once particles are entrained, deformation
occurs and asperity contact is enlarged leading to a transition from rolling to sliding
friction. This interconnection is exactly what makes interpreting tribological results
increasingly challenging.

Soft asperities, contact mechanics, and polymer networks

The majority of studies on (soft) surface roughness is carried out using randomly
rough surfaces. [18, 19] These surfaces are either naturally rough or patterned
using a rough counter surface. Using random rough surfaces makes it impossible
to specify which roughness parameter (height, diameter, distance) plays the most
important role in terms of the friction coefficient. Additionally, existing work often
focuses on one specific surface material (PDMS, Polyacrylamide (PAAm), etc). For
such materials it has been shown that the polymers present at the hydrogel surface
contribute to the friction coefficient. [7, 8, 20, 21] We confirmed the importance
of hydrogel polymer type in Chapter 2, as the polymer network type gave way to
different degrees of roughness. Changes in surface roughness and the subsequent
contact area are the main mechanisms behind the friction coefficient of soft hydro-
gels. This was concluded, as smooth surfaces gave much lower friction coefficient
than (naturally) rough surfaces. These differences were attributed to interlocking
of micron-sized asperities. Upon an increase of the normal force, the asperities were
flattened and the interlocking events diminished as was observed by the decrease
in the friction coefficient. Besides the micron-scale asperities, the polymers present
at the surface likely also have an effect on the friction coefficient. Understanding
the effect of the surface polymers requires complementary techniques such as IR
spectroscopy, [22] electron microscopy, small-angle X-ray scattering (SAXS), [23]
and atomic force microscopy (AFM). [24] The polymer network was kept constant,
while varying the micron-scale roughness in Chapter 3. The friction coefficients
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of patterned surfaces with cylindrical asperities showed that the pillar height,
diameter, and distance all have a different contribution to the friction coefficient.
When increasing the height of the pillar and keeping the number of pillars and
the diameter constant, the friction coefficient increased. This cannot directly be
related to the surface area of the sample as the surface area is the same for each
sample. When bending the tall pillars, the contact dynamics and hydrodynamics
change. Additionally, slender pillars bend more readily causing changes in the
friction forces and the effective contact area. The contact area effectively becomes
larger, as does the friction coefficient.

When considering rubbery elastomeric surfaces, similar trends were found as
for our (gelatin) hydrogels; enhanced contact areas give higher friction coefficients
in the boundary regime. This was shown in Chapter 8. In the mixed regime and
in the EHL regime, the slopes of the curve were less steep for patterned than for
smooth surfaces due to differences in fluid film formation. On a rough/patterned
surface, it is challenging to form a uniform lubricating film due to height differences
and the ability of the fluid to be drained from the surfaces. This means fluid is
present between the asperities, instead of forming a film on the top of the asperities.
In that case, higher speeds are needed to generate the same surface separation
as for smooth surfaces. For hydrogels and elastomers the friction coefficient thus
depends on the type of polymer in the polymer network, the microscopic roughness
of the natural asperities, and the resulting contact dynamics.

Surface, fluid, and particle interactions

We will now discuss the mechanisms behind the various frictional regimes that arise
for different lubricant types. These regimes are related to the interactions between
the surfaces, fluids and particles that occur simultaneously. Currently, there is no
theoretical lubrication curve that covers all the soft solid sliding regimes. Using a
range of fluid and particulate lubricants we, therefore, attempt to contribute to the
postulation of such soft tribological theories.

Newtonian fluids

Even when seemingly simple Newtonian lubricants are used, large influences of the
viscosity and wettability on the friction coefficient can be observed. We illustrate this
using preliminary results of a tribological study where we used alcohols, ketones
and polyols (diols and triols) differing in carbon chain length and side groups
and, with that, also in viscosity and polarity. Results of the alcohols are shown in
Figure 9.3a, ketones in Figure 9.3b and polyols in Figure 9.3c. The differences in
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molecular structure give rise to differences in the friction coefficient, especially at

low sliding speeds.
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Figure 9.3: The viscosity corrected friction coefficients of organic solvents with different side groups
as Newtonian lubricants. The figure shows a) alcohols, b) ketones, c) diols and triols. d) The results
of all solvents into one graph. e) The friction coefficient of the organic solvents as function of the
polarity of the fluids. The measurements were performed on the Bruker TriboLab tribometer (BTL)
with two smooth PDMS surface at 1 N and at room temperature.
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Alcohols have low polarities and low viscosities, ketones have high polarities and
low viscosities and diols have low polarities and high viscosities. This results in
entirely different lubrication curves for these Newtonian lubricants. We find a
boundary regime for the ketones, a mixed regime for all categories of samples and
a hydrodynamic regime for the polyols. The polyols have high polarities and are
thus poorly able to wet the PDMS surface. However, their high viscosity results in
efficient fluid entrainment and good lubrication in the mixed and EHL regime.
Beyond the boundary regime, polarity thus does not affect the friction coefficient
and viscous effects dominate. Ketones have relatively low polarities and should
be able to wet the PDMS surfaces reasonably well. Due to the low viscosity, the
curve starts early in the boundary regime and distinct boundary regimes emerge.
The maximum friction coefficient thus decreases with solvent polarity. For all
the lubricants with different side groups, we do find that the friction coefficient
decreases with the carbon chain length due to both an increase in viscosity and
polarity. The friction coefficient, specifically at low velocities in the mixed and
boundary regimes, also changes with the type of side group and the number of side
groups and the following trend is found: =0 > -OH > multiple -OH. The results of
all the solvents as function of polarity are shown in in one graph in Figure 9.3d
When considering the friction coefficients at low speeds (< 10 mm/s), we find that
the friction coefficient increases with the polarity for ketones and alcohols (Figure
9.3e), here wetting properties thus dominate. For the high viscosity polyols, a poor
relationship is found between the polarity and the friction coefficient as the viscous
effects begin to dominate. These results with simple Newtonian fluids as lubricants
highlight how even the molecular structure of fluids that have similar rheological
properties can cause differences in the friction coefficient. These differences occur
due to different interactions between the carbon backbone and the side groups
with the PDMS surface. As we have shown with glass particles in different solvents
(Chapter 6) and with salivary proteins mixed with different solvents (Chapter 7),
the fluid matrix plays a large role on the friction coefficient. The friction coefficient
is ultimately determined by the component that has the strongest interactions with
the surfaces and becomes better entrained. In the next sections we further discuss
the lubrication regimes when using complex non-Newtonian lubricants.

Fluid — surface interactions

When considering lubricants that consist of multiple components, the inter-
lubricant interactions need to be taken into account besides the lubricant-surface
interactions. The behavior of such lubricants was investigated in Chapter 7 using
biopolymer solutions. Upon the addition of polyphenols or metal salts to salivary
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proteins, three mechanisms can take place regarding the lubricating layer: (I)
protein aggregation occurs, leading to lubrication losses (II) protein aggregation
occurs and good lubrication is maintained (III) no protein aggregation occurs and
good lubrication is maintained. The favored mechanism depends on the type of
salivary protein and astringent agent involved.

Saliva is often represented by mucin solutions in tribological studies. [15, 25, 26]
We have shown that mucin alone is unable to accurately represent the components
present in saliva as different trends are found between mucin solutions and human
saliva. Trends between proline-rich proteins (PRPs) and saliva were much more
similar indicating the PRPs are the proteins involved in astringency perception.
It should be noted that our mucin/PRP solutions may not be fully representative
of actual saliva either. The effect of residual proteins, cells, and even residual
food particles that are present in saliva currently remains unknown. These effects
should be considered as cell-polyphenol interactions may occur and if residual
foods contain proteins, these may be interacting with the surfaces, proteins, and
polyphenols.

Particle interactions

For dry hard (glass) particles, surface — particle interactions (e.g. the contact
area between the two) are enhanced by higher normal forces, enhanced surface
roughness, decreased particle surface coverage, and smaller particle size (Chapter
5). These parameters all yield an increase in surface — surface interactions as well
and, as such, lead to an increase in the overall friction coefficient. The frictional
behaviour for such systems includes (I) a regime where sliding surface — surface
interactions exist and (II) a regime where rolling ball-bearing particles lubricate the
surfaces. When these glass particles are present in suspension, fluid — surface and
fluid-particle interactions begin to play a role which was discussed in Chapter 6. It
was previously shown that a fluid matrix can aid in the entrainment of particles by
means of drag forces.[13] We altered the hydrophobicity of the suspended particles,
the hydrophobicity of the fluid matrix, and the viscosity of the fluid matrix leading
to three frictional regimes: (I) fluid dominated, (II) mixed fluid/particle dominated,
and (IIT) particle dominated. The magnitude of the friction coefficient depends on
the surrounding fluid, showing that fluid-particle and fluid — surface interactions
should not be disregarded. To gain more insights into the role of the surfaces,
surfaces with different hydrophobicity could be paired with the suspensions as
well. To effectively study the contribution of surface-particle adhesion, magnetic
particles/surfaces could be considered. Ideally, such surfaces and particles would
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have controlled magnetic properties which can be achieved via a magnetic field.

For the densely packed hydrogel (gelatin) particles suspended in water, we
found in Chapter 4 that particle and surface properties were most dominant. Even
for suspensions with low volume fractions, we did not observe a fluid (water)
lubrication regime. This means particles were always entrained, even at low
volume fractions, or loose gelatin polymers contributed to the lubrication as
well. Due to applied forces, the particles are deformed, which leads to multiple
regimes. The four lubrication regimes found here with increasing speeds, were
related to (I) a limited number of particles with high surface — surface and surface
particle interactions due to deformation leading to high friction coefficients, (II)
An increasing number of particles, less deformation, and lower friction coefficients,
(IIT) An increase in the friction coefficient was found due to the influx of particles
which enhances particle-particle interactions, and (IV) an increase in gap size
caused a large number of rolling particles to effectively lubricate the surfaces with
limited particle-particle and surface-particle interactions.

Entrainment caused by tribometer mechanics

As we showed in Chapter 8 by measuring hydrogel particles on four different
tribological devices, only the Anton Paar tribometer (used in Chapter 4), gave four
frictional regimes while only two regimes were seen for the other three tribometers.
The exact frictional regimes found for soft particles between hard surfaces depend
on the particle properties, surface properties, and on the tribometer used to measure
the friction coefficients. This is an important finding for the tribological field, as
it limits the possibility to compare results between various tribological devices,
especially for more complex lubricants. A specific factor can perhaps be used to
correct the tribological data from different devices and, ideally, obtain a master
curve where results from different tribometers overlap.

Deformation-induced frictional regimes

When semi-solid surfaces and/or lubricants are in contact, deformation is in-
evitable. Surface and particle deformation give way to enhanced surface — surface,
surface-particle, and particle-particle interactions which influence the friction
coefficient. These deformation effects often lead to multiple frictional regimes. Due
to surface deformation, the naturally rough hydrogels in Chapter 2 transition from
() a high friction regime where asperity contact dominates, to (II) a low friction
regime when asperities are deformed (flattened) due to the increase in normal
force. In Chapter 5, we use dry surfaces and dry lubricants (PDMS surfaces and
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glass particles). Deformation effects gave way to two frictional regimes in this case:
(I) a rolling particle regime with low friction coefficients and (II) a sliding surface
regime with high friction coefficients. Good lubrication in this case depends on the
ability of particles to roll over the surface while maintaining sufficient distance
between the surfaces. Even when changing different components of the tribosystem
(surface coverage, normal force, tribometer type), the friction coefficient still
inversely scales with the effective gap size. In the case of these dry particles with
dry surfaces, enhanced normal forces cause an increase in the friction coefficient
rather than a decrease as was seen for fluid lubricated hydrogel surfaces.

The effect of soft surface deformation on the friction coefficient thus depends on
the nature of the surface and the lubricant. For relatively hard surfaces lubricated
by soft hydrogel particles in suspension (Chapter 4), strong effects of particle
deformations exist as well. For high loads per particle (low volume fractions)
the friction coefficient is higher than for low loads per particle. These trends are
similar to the deformation trends for hard particles between soft surfaces. As we
discussed in the previous section, four frictional regimes were observed for the
hydrogel suspensions and these regimes depend on particle deformation as well.
For these hydrogel particles, an increase in load was related to an increase in
friction coefficient due to enhanced particle deformations. This is different again
from hydrogel surfaces where a higher load gives lower friction coefficients.

Even when similar materials are used, entirely different mechanisms occur
depending on the surrounding elements of the tribosystem. These inconsistencies
add to the complexity of soft material friction. The deformation effects are also
relevant for patterned surfaces. For patterned hydrogel surfaces (Chapter 3):
an increasing height of the surface pillars caused bending deformation of the
pillars, which increased the friction coefficient. The (bending) deformation of these
relatively large asperities shows some similarities to hydrogel particle suspensions;
a larger degree of deformation gives higher friction coefficients. To fully grasp the
effect of deformation on the friction coefficient of hydrogel surfaces, surfaces with
different degrees of hardness could be considered as well. For a less stiff surface, an
even larger difference in deformation should be expected for tall pillars compared
to short pillars. When using hard surfaces where no surface deformation is expected
at all, the friction coefficient should then be independent of pillar height as the
effective contact area remains the same. Larger contact areas between particles and
surfaces as induced by deformation give higher friction coefficients. However, when
surface deformation leads to the flattening of asperities, the friction coefficient
decreases with increased deformation. We show a schematic representation of the
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key mechanisms found for these soft surfaces and complex lubricants in Figure

9.4. The exact contribution of each mechanism to the friction coefficient will also

greatly depend on the measuring conditions of the tribometer.
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Figure 9.4: A visual representation of the three most important frictional mechanisms as we
determined for soft surfaces and complex lubricants: (I) soft asperities influencing the contact
mechanics and the hydrodynamics, (II) lubricant and surface properties lead to lubricant
entrainment, (III) deformation of the surfaces or (semi-)solid lubricants. Each mechanism is
displayed as it surfaces in the various chapters of this thesis.
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Measuring friction on different tribometers

In this work, we had the advantage of having access to four tribometers: Anton
Paar Tribocell, Bruker TriboLab, PCS Instruments Mini Traction Machine, and a
custom-made, 3D-printed tribometer tool. We refer to these tribometers as APT,
BTL, MTM, and CTT respectively. A detailed explanation of each tribometer was
provided in Chapter 8 where we combined all the tribometers in one study. We
used the APT to measure hydrogel particle suspensions and salivary lubrication
(Chapters 4, 7).

The APT ball-on-three-pins tribometer has a large speed range (0.05 — 500
mm/s), which allowed us to observe frictional regimes for complex lubricants
that we were unable to capture on other devices. These frictional regimes were
important for the way we interpreted particle suspension lubrication. The APT
operates in a unidirectional sliding motion. Having the possibility to move the
surface in two directions could give interesting new insights into the tribological
properties of many systems as both wear and entrainment properties would change.
This possibility exists with the linear reciprocating BTL tribometer.

The BTL was the tribometer of choice in Chapter 5, used to study dry glass
particles. Although the tribometer has a limited speed range, it was still possible to
observ a rolling particle and sliding particle regime for these glass particles. We
also measured Newtonian fluids in Chapter 8 and found differences in EHL-regime
slope compared to other tribometers. The exact reason for this variation is not
completely clear. Drag forces caused by the sliding drive that holds both the lubri-
cant and the substrate appeared to contribute to this. The difference in EHL slope
might also be related to the fact that this tribometer is not originally designed to
accommodate soft surfaces. As such, effects that are of importance for soft surfaces,
deformation or hysteresis, for example, may be measured erroneously simply as
a friction force that contributes to the overall friction coefficient. An additional
soft surface module for this tribomete better relate results with results obtained on
other devices and existing theories, making the device more attractive for scientists
studying soft materials and increase the ease with which comparisons between
devices are made. For the dry glass particles, the surface coverage (number of
particles on the surface) was an important parameter determining the friction
coefficient. The flat, rectangular surface of the BTL was ideal for determining the
number of particles on the surface. As the surface is placed flat in the container,
no particles could roll or slide off the surface during measurement, which could
happen when surfaces are at an angle.
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The dry particles were also easily measured on the MTM as they could be
placed on the relatively large flat substrate. The MTM has two rotating surfaces;
a spherical probe and a disk-shaped substrate that is placed flat in the container
that holds both the substrate and the fluid. In this case, the substrate is driven
independently of the container. The speed of the probe with respect to the substrate
can be varied (slide-to-roll ratio, SRR). This gives many options for the type of
rotating motion, which influences fluid entrainment, contact type, and the overall
friction coefficients. Surface sliding options include two surfaces rotating at the
same speed in the same direction (SRR = 0) and one surface remaining stationary
while the other surface rotates (SRR = 2). For dry particles, measurements with
the MTM gave similar results as on the BTL when an SRR of 2 was used meaning
one surface was in motion while the other was stationary. This type of motion
is similar to that of the BTL which explains the similarities in friction coefficient.
The MTM has a large speed range available (1 - 1000 mm/s). The main purpose
of this device is to measure fluids, and limited possibilities exist when paste-like
suspensions are used. When suspended particles were measured on the MTM,
particles were removed from the contact by centripetal forces and we were limited
to a speed range of 1 — 100 mm/s. This speed range is still far wider than for the
CTT (1 and 20 mm/s) used to measure hydrogel friction in Chapters 2 and 3.

The CTT operates with a stationary flat substrate and a rotating probe inserted in an
arm. The 3D-printed CTT is available at a fraction of the cost of most commercially
available tribometers although a rheometer or other motorized device with a
normal force sensor is required to operate the CTT. Such 3D-printed tools are
practical when specific measuring characteristics are required or when limited
funds are available. As the field of soft tribology continues to grow, we expect
the emergence of more customized tribometers in the following years. However,
efforts are still needed to effectively relate results from different tribometers to one
another.
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Lubrication curve for soft surfaces and complex

lubricants

The various tribosystems described all display frictional regimes that depend on
different factors including the velocity, normal force, (aggregated) particle size
and fluid film thickness. Although different mechanisms are at play, ultimately
there is one common variable dictating the friction coefficient of soft surfaces and
complex lubricants: the gap size. We, therefore, present a lubrication curve where
we summarize our main findings as function of the gap size (Figure 9.5).
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Salivary aggregates
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Salivary proteins
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Figure 9.5: A schematic Stribeck curve for the soft surfaces and complex lubricants presented in
this thesis. The friction coefficient is displayed as a function of the gap size. We show the traditional
Stribeck curve (black), and lubrication curves for hydrogel-hydrogel friction (yellow), hydrogel
particle suspensions (blue), salivary lubrication (green), and glass particles.

In this figure, the traditional Stribeck curve with its three gap-size dependent
regimes ares shown as a black curve. The different regimes as observed throughout
this thesis are added to this figure as well. Hydrogel - hydrogel boundary friction is
high at low normal forces and large gap sizes and decreases as the normal force
increases and the gap size decreases as shown with the yellow dashed line in Figure
9.5. Hydrogel microparticle suspensions show four sliding regimes that are caused
by the deformation of the particles as a result of the changes in gap size during
measurement (blue dashed line). As we have shown, salivary proteins generate low
friction coefficients (green dashed line). However, the friction coefficient increases
when large aggregates are formed and the gap size increases. When glass particles
(red dashed line) are present between the surfaces, the gap size is relatively large
compared to the thickness of a fluid film. The friction coefficient decreases as the

241




General Discussion

gap size increases for example at lower normal forces, larger particle numbers and
larger particle sizes. With the regular Stribeck regimes, an increase in the gap size
is related to less surface — surface contact and decreases in the friction coefficient
are found from the mixed to boundary regime. When using hydrogel surfaces,
an increase in the gap size leads to the asperities resurfacing and an increase in
the friction coefficient. The effect of the gap size on the friction coefficient thus
depends on the type of contact between the surfaces. Whether the increase in
the gap size gives way to an increase or decrease of the friction coefficient also
depends on the nature of the surfaces and the components present in the lubricant.
More rolling glass or hydrogel particles cause a decrease in the friction coefficient
while a transition from biopolymer (saliva) lubrication to (non-spherical) particle
lubrication causes an increase in the friction coefficient. The way in which the gap
size influences the different systems demonstrates the complexity of the lubrication
behavior of the systems studied here. More experimental and theoretical work is
thus required in the field of soft tribology to fully untangle the interplay between
different mechanisms that occur simultaneously. Developing a coherent physical
picture to represent soft tribological parameters that predict the numerical value of
1, would be considered a large breakthrough in the field of soft tribology.

The future of food friction

The mechanisms behind food oral processing are rather challenging to compre-
hend and simulate. The recently awarded Nobel prize in physics on the topic of
supermassive black holes, [27] suggests that we know more about events taking
place thousands of light-years away than the processes inside our own mouths
while eating. Making use of the key frictional concepts described in this thesis,
some perspectives for the use of soft tribology in an applied context are provided.

Tribology in food science is often used to capture the friction between the soft,
rough tongue and palate as lubricated by complex food systems during oral
processing. [4, 5, 28-31] The friction coefficients obtained are often connected
(in)directly to sensory attributes such as creaminess, fattiness, or graininess as
perceived by a sensory panel. [25, 32, 33] To obtain better correlations between
“man and machine”, a food tribometer is often designed to closely mimic the
oral surfaces.[29, 32, 34] To accurately mimic the conditions and actions in the
mouth during consumption, substrates must ideally be rough, hydrophobic, and
subjected to a steady inflow of saliva. Swallowing could be represented by an
outlet valve where the obtained “bolus” could be removed from the contact in a
way that resembles food exiting the mouth by swallowing. Currently, different soft
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surfaces are used in a food context while comparisons are made to the pillared
tongue and ribbed palate. The use of surfaces and (model) lubricants that are
analogous to the in-mouth surfaces and actual foods (emulsions, pastes, etc.) is
also recommended. Furthermore, the measuring motions should also be selected
such that the movement of the tongue is well represented.

As highlighted in this thesis, the aforementioned characteristics of a tribosys-
tem strongly influence the frictional behavior. A schematic example of a potential
mouth-mimicking tribometer that could be applied in food tribology is displayed in
Figure 9.6. This tribometer includes a saliva inlet, a patterned tongue sliding sur-
face, a rough palate stationary surface, a food sample, and an outlet for “processed”
food. A food tribometer similar to the one suggested here makes it possible to study
the dynamics during food oral processing as saliva secretion, bolus manipulation,
and swallowing are mimicked here as well. This will further contribute to the
development of new theories that predict and describe the lubrication dynamics
involved in food oral processing.

=

Saliva
Palate mimic inflow
O
gi) ) :
Tongue al
mimic O g Saliva

() Food sample

Figure 9.6: A schematic design of a potential mouth-mimicking tribometer. In this tribometer, the
roughness of the tongue and palate, the movement of the tongue, the inflow of saliva, and the
outflow of processed foods are represented.
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Closing statements

Soft surface tribology is intrinsically different from hard, dry, solid tribology,
and as such, different frictional laws apply. This thesis aimed to determine the
key mechanisms that are involved in soft tribology. Using a broad range of
surfaces, lubricants, and tribological devices three main mechanisms that drive
the lubrication behavior of many of soft sliding systems were identified: (I) the
nature of the asperity contact, (II) the ability of a lubricant to be entrained into
the contact zone as caused by the surface-fluid-particle interactions, and (II) the
deformation of the surfaces or soft-solid lubricants. For rough surfaces, friction is
caused by interlocking effects and enlarged contact areas. The friction coefficient
can thus be controlled by means of the polymer network, asperity properties, and
the applied normal force. In the case of lubricant entrainment, friction is dominated
by surface — surface contact, lubricant viscosity and polarity, and particle properties
such as size, hardness and hydrophobicity. Varying the surface — fluid — particle
dynamics offers a wide range of friction coefficients and frictional regimes where
different parameters dominate. Many soft lubrication mechanisms thus exist and
the dominant mechanism depends on the exact design of the tribosystem, including
the type of tribometer, surfaces, and lubricant used. This makes it challenging
to currently state concrete frictional laws for soft solid friction. However, for
the systems used here, the frictional regimes all emerge at a critical gap size.
The findings presented in this thesis in predicting results for newly fabricated
tribosystems and in more specifically formulating follow up research questions to
provide solutions that allow advances in science, industry, and society.
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Summary

The friction between materials is an important aspect in any field where soft solids
in contact are considered. One can think of engineering machinery, medical devices
and food oral processing. Understanding the frictional or tribological behavior of
specific combinations of materials and lubricants, allows for the design of new
materials that have the ability to improve our daily lives. While friction of solid
materials has been studied for centuries, soft solid friction is a relatively new area
of study. Soft materials show complex frictional behavior due to the deformable
nature of the surfaces, which leads to changes in contact areas and lubricant
entrainment. A need thus exists for an enhanced comprehension of such soft
materials, specifically, when paired with non-Newtonian lubricants. We approached
this challenge by using soft surfaces with different degrees of deformability and
by varying the surface roughness of the surfaces. To unravel the complex mecha-
nisms behind soft tribology, soft surfaces were combined with various lubricants
ranging from Newtonian fluids to dry solid particles and particle suspensions.
These different surface and lubricant combinations allowed us to identify different
frictional regimes. These frictional regimes are mainly caused by changes in
velocity, roughness, polymer properties and deformability. All the aforementioned
triboparameters cause changes in the gap size between the interacting surfaces
which strongly impacts the frictional dynamics.

In Chapter 2, hydrogel surfaces with different degrees of roughness were used.
We manipulated the surface roughness of the hydrogels by using different polymer
materials and by using roughened molds. These hydrogels displayed two frictional
regimes: (I) a high friction regime at low normal forces and (II) a low friction
regime at high normal forces. The second regime emerges as the surface asperities
are flattened at higher normal forces. The friction in the first regime is influenced
by the polymer network type, the surface roughness and the hydrogel modulus.
The friction coefficient in the second regime only depends on the hydrogel modulus
as the asperities no longer influence the friction coefficient.



We proceeded to use hydrogel surfaces in Chapter 3. In this chapter, we systemat-
ically varied the surface roughness of the hydrogels. We used 3D-printed molds
to obtain hydrogels with pillars on the surface that differed in height, diameter
and distance between the pillars. Additionally, the type of pattern on the surface
was changed from a square lattice to a star-shaped pattern. Results obtained using
different surface designs, showed that the friction coefficient increases with increas-
ing contact area and with increasing effective height. Hydrogel-hydrogel friction is
thus not intrinsically low, but depends on the specific surface roughness parameters.

In Chapter 4, we transition from hydrogel surfaces to hydrogel particles. These
hydrogel particles in suspension are efficient lubricants as they provide ball-bearing
lubrication. The magnitude of the friction coefficient depends on the particle size,
modulus and volume fraction. For these hydrogel particle suspensions, we ob-
served four different frictional regimes, different from the three frictional regimes
traditionally found for Newtonian lubricants. Using different surface types and
particle types, we unveiled that the four regimes are caused by changes in gap size,
which influences particle deformation. This deformation alters the rolling/sliding
mechanisms and, with that, the friction coefficient in each regime.

The impact of rolling and sliding behavior on the friction coefficient was further
highlighted in Chapter 5 by using dry glass particles between polydimethylsiloxane
(PDMS) surfaces. For this third-body frictional system, we find a rolling and a
sliding frictional regime. When the gap size is large due to large particle sizes,
at low normal forces and high surface coverage, the friction coefficient is low as
particles are able to roll. However, when the gap size decreases and surfaces are
able to directly slide against one another, the friction coefficient increases. By
introducing an additional tribometer, we showed that the rolling/sliding motion
of the surfaces influences the friction coefficient as well. In this chapter, it was
concluded that the friction coefficient increases with decreasing gap size.

Glass particles were again used in Chapter 6. In this chapter, the hydrophobic
glass particles were suspended in polar and non-polar fluid matrices with different
viscosities. The results in this chapter show that fluid — particle interactions are the
most important driving factor behind particle entrainment. When fluids are unable
to wet the particles, particles remain entrained constantly. However, good fluid —
particle wetting makes it possible for the fluid to drag the particles in and out of
the contact zone.



Particles are also readily entrained when the matrix fluid is viscous enough to
provide increased hydrodynamic pressure and separate the surfaces, making it
possible for particles to enter the gap. Overall, for these particle suspensions with
relatively large particles, a fluid-dominated frictional regime exists as well as a
particle-dominated frictional regime. Particle lubrication dominates in the cases of
high particle volume fractions, poor fluid — particle wetting, high fluid viscosity and
large velocities. In all of these situations the gap size is relatively large as caused
by the particles or by the surrounding fluids.

In Chapter 7, the tribological findings were related to in-mouth lubrication.
We used saliva and salivary proteins (mucins and proline-rich proteins (PRPs))
and combined these biopolymers with compounds that are known to evoke an
astringent mouthfeel: large polyphenols, small phenols and a metal salt. In this
chapter, it was shown that astringency for large polyphenols is directly related
to lubrication losses. Large polyphenols precipitate both mucins and PRPs which
then loose their good lubricating properties. Metal salts are able to aggregate with
mucins. However, this is not enough to induce lubrication losses as the PRP layer
appears to be an important lubricating layer. Small phenols are unable to aggregate
saliva and salivary proteins and, as such, are unable to cause changes in the friction
coefficient. Besides showing the relationship between astringency perception
and lubrication, we also introduced methods to reduce or remove astringency
all together: (I) the addition of a viscous solvent causing viscous lubrication to
dominate particle (aggregate) friction and (II) the addition of molecules that
prevent protein-polyphenol interactions and lubrication losses.

As became clear from Chapters 2-7, the friction coefficient is a system pa-
rameter that depends on the surfaces as well as the lubricants and tribometer
settings used. What influence does the tribometer motion have on the friction
coefficient? This was the main research question of Chapter 8, where the four
different tribometers used throughout the thesis were compared to one another.
Three commercially-available tribometers and one tribometer that was designed
and 3D-printed in-house were used in this chapter, all with surfaces with different
degrees of roughness. For Newtonian fluids (water and glycerol), the boundary
regime as well as the mixed regime are influenced by the surface roughness and
the tribometer motion. The elastohydrodynamic (EHL) regime is mainly influenced
by the fluid viscosity. However, in specific cases surface roughness and tribometer
motion causes changes in the slope in the EHL regime. Besides Newtonian lubri-
cants we also use hydrogel particle suspensions and find multiple frictional regimes
on all tribometers. These frictional regimes are specific for each tribometer.



It was concluded that it is not possible to compare results obtained using different
tribometers for these complex suspensions.

By examining different surfaces, lubricants and tribometers, a better under-
standing of frictional processes in general and of soft lubrication specifically
was provided. The knowledge presented in this thesis is now available for food
scientists, biomedical engineers and other soft material scientists to use to better
interpret (biological) frictional processes and to create a new class of materials
that industry and society will benefit from in the near future.



Samenvatting

De wrijving tussen materialen is van belang in elk veld waar zachte materialen
met elkaar in contact zijn. Dit is het geval bij technische apparatuur, medische
apparaten en bij het verwerken van eten in de mond. Met een beter begrip van
de wrijvings- of tribologische mechanismen van verschillende oppervlakken en
glijmiddelen, kunnen nieuwe materialen worden ontwikkeld die ons dagelijks
leven kunnen vereenvoudigen. De wrijving van harde materialen wordt al eeuwen-
lang onderzocht maar de wrijving van zachtere materialen is een relatief nieuw
onderzoeksveld. Zachte materialen hebben complex wrijvingsgedrag vanwege de
vervormbare oppervlakken die zorgen voor veranderingen in het contactoppervlak
en in het entraineren en includeren van het glijmiddel. Het is dus van belang
dat er een beter begrip wordt gecreéerd van het wrijvingsgedrag van dit soort
zachte materialen, vooral in combinatie met niet-Newtoniaanse glijmiddelen. Wij
zijn deze uitdaging aangegaan door middel van het gebruik van zachte opper-
vlakken met verschillende hardheden en verschillende oppervlakte ruwheden. Om
de complexiteit achter de zachte tribologische mechanismen beter te begrijpen,
hebben we zachte oppervlakken gecombineerd met verschillende glijmiddelen
van Netwoniaanse vloeistoffen tot droge harde deeltjes en deeltjes suspensies.
Deze verschillende combinaties van oppervlakken en glijmiddelen, leidden tot
verscillende wrijvingsregimes. Deze regimes ontstaan door veranderingen in snel-
heid, ruwheid, polymeereigenschappen en vervormbaarheid. Deze triboparameters
zorgen voor veranderingen in de ruimte tussen de twee oppervlakken en dit heeft
een belangrijke invloed op de wrijvingsdynamiek.

In Hoofdstuk 2 is er gebruikt gemaakt van hydrogels met verschillende ruwheden
op het oppervlak. De ruwheid van de hydrogels is aangepast door verschillende
polymeermaterialen te gebruiken en door gebruik te maken van ruwe mallen.
De hydrogels vertonen twee wrijvingsregimes: (I) een regime met hoge wrijving
bij lage normaalkrachten en (II) een regime met lage wrijving bij hoge nor-
maalkrachten. Het tweede regime ontstaat wanneer de oppervlakte ruwheid wordt
platgedrukt bij hogere normaalkrachten. De wrijving in het eerste regime wordt
beinvloed door het type polymeer netwerk, de ruwheid van het oppervlak en de



modulus van de hydrogel. De wrijvingscoefficient in het tweede regime is slechts
afhankelijk van de hydrogel modulus aangezien de ruwheid niet langer van invloed
is op de wrijvingscoéficiént.

We hebben ook gebruik gemaakt van hydrogel oppervlakken in Hoofdstuk 3.
In dit hoofdstuk, veranderden we de ruwheid van de hydrogel oppervlakken
systematisch. Met behulp van 3D geprinte mallen hebben we hydrogels gemaakt
met pilaartjes op het oppervlak en de pilaartjes variéren in hoogte, diameter en
afstand tussen de pilaartjes. De pilaartjes zijn geplaatst in een vierkant matrix
en een stervormig patroon op het oppervlak. De vergaarde resultaten met op-
pervlakken met verschillende patronen toonden aan dat de wrijvingscoéficiént
stijgt met toenemende contactoppervlakken en effectieve hoogte van de pilaartjes.
Hydrogel-hydrogel frictie is dus niet intrinsiek laag, maar hangt af van de specifieke
ruwheid van het oppervlak.

In Hoofdstuk 4 gaan we over van hydrogel oppervlakken naar hydrogel deeltjes.
Deze hydrogel deeltjes suspensies zijn efficiénte glijmiddelen door middel van
een kogellager-achtige lubricatie. De omvang van de wrijvingscoéficiént hangt af
van de deeltjesgrootte, modulus en volumefractie. Voor deze hydrogel deeltjes
suspensies hebben we vier wrijvingsregimes geobserveerd, afwijkend van de drie
wrijvingsregimes die bekend zijn voor Newtoniaanse glijmiddelen. Met behulp van
verschillende oppervlakken en deeltjestype hebben we onthuld dat de vier regimes
veroorzaakt worden door veranderingen in tussenruimte wat de vervorming van
de deeltjes beinvloedt. Deze vervorming verandert het rol/glijmechanisme en,
daarmee, de wrijvingscoéficiént in de verschillende regimes.

Het gevolg van het rol- en glijgedrag op de wrijvingscoéficiént is verder on-
derzocht met glas deeltjes tussen polydimetylsiloxaan (PDMS) oppervlakken in
Hoofdstuk 5. Voor dit wrijvingssysteem hebben we een rol en een glij wrijv-
ingsregime gevonden. Wanneer de tussenruimte vergroot is door de grootte van
de deeltjes, bij lage normaalkrachten en hoge oppervlaktebedekkingen is de
wrijvingscoéficiént laag doordat de deeltjes kunnen rollen. Echter, wanneer de
tussenruimte kleiner wordt en de oppervlakken direct in contact komen, stijgt de
wrijvingscoéficiént. Aan de hand van een tweede tribometer toonden we aan dat de
rol/glijbeweging van de oppervlakken de wrijvingscoéficiént mede beinvloedt. In
dit hoofdstuk, concluderen we dat de wrijvingscoéficiént stijgt wanneer de grootte
van de tussenruimte daalt.



In Hoofdstuk 6 werd er wederom gebruik gemaakt van glas deeltjes. In dit hoofd-
stuk, is er een suspensie gemaakt van hydrofobe deeltjes in polaire en apolaire
matrix vloeistoffen met verschillende viscositeiten. De resultaten in dit hoofdstuk
tonen aan dat vloeistof — deeltjes interacties de belangrijkste drijvende kracht zijn
achter het entraineren van deeltjes tussen de oppervlakken. Wanneer de vloeistof
de deeltjes slecht kan bevochtigen, blijven de deeltjes tussen de oppervlakken.
Echter, wanneer de vloeistof de deeltjes wel kan bevochtigen, kunnen de deeltjes
in en uit de contactzone worden gesleept. Deeltjes kunnen gemakkelijk tussen
de oppervlakken terechtkomen wanneer de matrix vloeistof visceus genoeg is om
hydrodynamische druk te leveren die de oppervlakken uit elkaar duwt zodat de
deeltjes tussen de oppervlakken terecht kunnen komen. Voor deze deeltjes vinden
we een wrijvingsregime dat wordt gedomineerd door lubricatie door vloeistoflu-
bricatie regime dat wordt gedomineerd door deeltjeslubricatie. Deeltjeslubricatie
komt voor wanneer er een hoge deeltjes volume fractie wordt gebruikt, wanneer
de vloeistof de deeltjes slecht bevochtigd, bij vloeistoffen met een hoge viscositeit
en bij hoge snelheden. In deze gevallen is de tussenruimte relatief groot als gevolg
van de deeltjes- of vloeistofeigenschappen.

In Hoofdstuk 7, werden de tribologische metingen gerelateerd aan binnens-
mondselubricatie. We gebruikten speeksel en eiwitten uit speeksel (mucines en
proline-rijke eiwitten (PRPs)) en combineerden deze biopolymeren met compo-
nenten die bekendstaan om hun wrange, droge mondgevoel: grote polyfenolen,
kleine fenolen en een metaalzout. In dit hoofdstuk, is aangetoond dat het wrange
mondgevoel voor grote polyfenolen direct gerelateerd is aan lubricatieverlies.
De grote polyfenolen preciperteren mucines en PRPs die als gevolg daarvan hun
goede lubricatie-eigenschappen verliezen. Metaalzouten kunnen met mucines
aggregeren. Dit is echter niet genoeg om lubricatieverlies te veroorzaken aangezien
de PRP laag de belangrijkste lubricatielaag blijkt te zijn. Kleine fenolen kunnen
speeksel en de eiwitten in speeksel niet precipiteren en zorgen ook niet voor
veranderingen in speeksellubricatie. Naast de relatie tussen wrijving en wrangheid
aan te hebben getoond, hebben we ook enkele methoden geintroduceerd om het
wrange mondgevoel te bestrijden: (I) het toevoegen van een visceuze vloeistof
waarbij viscuezelubricatie het overneemt van deeltjes(aggregaten)wrijving en
(I het toevoegen van moleculen die eitwit-polyfenol interacties en daarmee
lubricatieverlies tegengaan.



Zoals we aangetoond hebben in Hoofdstukken 2-7 is de wrijvingscoéficiént een
systeemparameter die afhangt van zowel de oppervlakken als van de glijmiddelen
en de tribometerinstellingen. Hoe beinvloedt de beweging van de tribometer de
wrijvingscoéficiént? Dit was de belangrijkste onderzoeksvraag van Hoofdstuk
8 waar de vier tribometers die in de verschillende hoofdstukken zijn gebruikt,
met elkaar werden vergeleken. In dit hoofdstuk hebben we drie commercieel
beschikbare tribometers en een zelfgemaakte 3D geprinte tribometer gebruikt
met oppervlakken met verschillende ruwheden. Voor Newtoniaanse vloestoffen
wordt het wrijvingsgedrag in het grens wrijvingsregime en in het gemengde
wrijvingsregime beinvloed door de ruwheid en de manier waarop de tribometer de
oppervlakken beweegt. Het gedrag in het elastohydrodynamische (EHL) regime
wordt vooral beinvloed door de viscositeit van de vloeistof. In bepaalde gevallen
beinvloeden de ruwheid van het oppervlak en de beweging van de tribometer de
helling in het EHL regime. Wanneer we suspensies van hydrogel deeltjes gebruiken,
vinden we verschillende wrijvingsregimes op de verschillende tribometers. De
wrijvings regimes zijn specifiek voor de tribometer die gebruikt is voor het meten.
Concluderend is het niet mogelijk om resultaten die vergaard zijn op verschillende
tribometers met elkaar te vergelijken wanneer er complexe suspensies gemeten
worden.

Door gebruik te maken van verschillende oppervlakken, glijmiddelen en tribome-
ters, zijn er nieuwe inzichten geleverd voor wrijvingsprocessen in het algemeen
en voor zachte materialen lubricatie in het bijzonder. De kennis die gepresen-
teerd is in dit proefschrift is nu beschikbaar voor levensmiddelenwetenschappers,
biomedische technologen en andere materiaalkundigen die zich specialiseren op
het gebied van zachte materialen om een beter inzicht te krijgen in (biologische)
wrijvingsprocessen en om nieuwe materialen te ontwerpen waar de industrie en de
maatschappij van kunnen profiteren in de nabije toekomst.
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