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Understanding nanorheology and surface forces of confined thin films
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Understanding the nanorheology and associated intermolecular/surface forces of fluids in confined geom-
etries or porous media is of both fundamental and practical importance, providing significant insights into
various applications such as lubrication and micro/nanoelectromechanical systems. In this work, we briefly
reviewed the fundamentals of nanoreheolgy, advances in experimental techniques and theoretical simulation
methods, as well as important progress in the nanorheology of confined thin films. The advent of advanced
experimental techniques such as surface forces apparatus (SFA), X-ray surface forces apparatus (XSFA) and
atomic force microscope (AFM) and computational methods such as molecular dynamics simulations pro-
vides powerful tools to study a wide range of rheological phenomena at molecular level and nano scale. One
of the most challenging issues unresolved is to elucidate the relationship between the rheological properties
and structural evolution of the confined fluid films and particles suspensions. Some of the emerging
research areas in the nanorheology field include, but are not limited to, the development of more advanced
characterization techniques, design of multifunctional rheological fluids, bio-related nanorheology, and
polymer brushes.
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1. Introduction

1.1. How confinement influences forces?

Nanorheology is the study of rheological properties of
materials in confined geometries and involves adhesion,
friction and lubrication between particles and surfaces in
nanometer scale or dimension of interacting molecules/
particles. In general, the interactions between the mole-
cules and particles in the confined fluids determine their
rheological properties. Understanding the intermolecular
and surface interaction mechanisms involved in confined
thin liquid films is essential in many industrial and
bioengineering applications such as stabilization or desta-
bilization of colloidal suspensions, thin film lubrication,
and lab-on-a-chip devices. Some of these important inter-
molecular and surface interactions include van der Waals
forces, electrostatic double-layer force, steric force, sol-
vation force, hydrogen bonding and hydrophobic inter-
actions. The sum of the van der Waals and electrical
double-layer forces between two surfaces can be described
by the Derjaguin-Landau-Verwey-Overbeek (DLVO) the-
ory. The DLVO theory predicts that the interaction energy
per unit area between two flat surfaces can be given in
Equation 1, where 4,,; is the Hamker constant of two sur-
faces 1 across confined liquid 2, D is the separation dis-
tance, & is the dielectric permittivity of free space, ¢1is the
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dielectric constant of confined liquid, e, is the elementary
charge of a single electron, //k is the so-called Debye
length (viz. the characteristic decay length of the elec-
trostatic double-layer interaction given in Equation 2:
is the surface potential of flat surface, k; is the Boltzmann
constant, T is temperature), p,; is the number density of
ith ion in the bulk solution and z; is the valency of the ith
ion. It is noted that van der Waals force is almost insen-
sitive to solution conditions while double-layer force can
be significantly affected (Israelachvili, 2011). As a result
of these differences, DLVO forces can be repulsive or
attractive depending on separation distance, solution con-
ditions and surface properties, thus affecting the rheo-
logical properties of the confined liquid films

Worvo = A1/ 1272D° + 64 w6k T/ ze,)” x
(k/2m)tanh’(ze, yy/AkyT)e 2, (1
k= (eyeksT/S poieic)” )

In general, when a liquid is confined between two
approaching surfaces and the separation distance is at
molecular scale (e.g. less than 10 molecular diameters),
the very thin liquid film between the two surfaces ceases
to behave as structureless continuum in bulk state (Ruths
et al., 2011). Classic models of van der Waals and double-
layer forces often fail to fully describe the interaction
between confined surfaces, and both the properties of lig-
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Fig. 1. (Color online) The solid curve shows oscillatory solvation
force that acts on two smooth surfaces, the dashed curves illus-
trate the continuum van der Waals attraction and electrostatic
repulsion, and the inset shows the schematic of liquids or poly-
mers confined between two flat surfaces.

uid molecules and surfaces should be taken into consid-
eration (Israelachvili, 2011). The confined liquids can
form ordered layers and lead to an oscillatory force as
shown in Fig. 1, which alternates between attraction and
repulsion acting on the surfaces.

The oscillatory force is related to the density profiles
and interaction pair-potential of the liquid molecules,
which generally oscillate with distance with a periodicity
close to the molecular diameter of the confined liquid
within a range of a few molecular diameters (Israelachvili,
2011). Therefore the oscillatory force largely depends on
the size and shape of confined liquid molecules. Rigid
sphere molecules normally exhibit shorter range structural
force than easily deformable molecules with higher con-
figurational freedom such as hexane (Ruths ez al., 2011).
The magnitude and range of molecular ordering in con-
fined liquids can be normally enhanced by increasing the
external pressure and lowering the temperature. The oscil-
latory force arises not only because liquid molecules tend
to structure into semi-ordered layers on surfaces, but also
due to the disruption or change of this ordering during the
approaching of the two surfaces (Ruths et al, 2011).
Oscillatory forces have been directly measured by exper-
imental techniques such as surface forces apparatus (SFA)
for both simple liquids and polymers (Israelachvili et al.,
1972; Horn and Israelachvili, 1981; Christenson et al.,
1983; Horn and Israelachvili, 1988), and also confirmed
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by theoretical simulations (Allen et al.,1990; Aoyagi et
al., 2001; Jabbarzadeh et al. 2006). It has been proposed
that the oscillatory force law may be described by Equation
3 in a first approximation (Israelachvili, 2011), where D is
the separation distance, ¢ is the characteristic decay length
and close to the mean dimension of the liquid molecules.
For example, for simple hydrocarbon liquids, tetradecane
0~0.4 nm, cyclohexane J~0.5 nm, octamethylcyclotetrasi-
loxan (OMCTS) 6 ~0.9 nm, while for water 6~0.27 nm
(so-called hydration force)

W= W,cos(2nD/8)e ™ . ?3)

1.2. Friction & lubrication forces: Stribeck curve

When two surfaces originally in contact are subjected to
relative movement against each other a certain amount of
force is required to initiate the movement which is known
as the static friction force. The force which then resists the
relative movement of the two surfaces is referred to as the
kinetic friction force (Zeng, 2013). The molecular origin
of friction forces is generally considered to be due to the
energy dissipation as molecules of one surface past along
the other surface (Israelachvili, 2011). The total friction
force F, between two surfaces under normal load F, can
be given by Equation (4) (Israelachvili, 2011),

Fy= uF, + oA 4)

where  is the friction coefficient, o is the shear stress and
A is the contact area. The total friction force in Equation 4
is comprised of two terms which are load-controlled fric-
tion and adhesion-controlled friction, respectively. The
load-controlled friction depends on the structure and
topography of the surfaces and the adhesion-controlled
friction depends on both the topography and intermolecular
forces between the surfaces. Equation 4 shows that for
adhesion-controlled friction, the friction force would not be
directly proportional to the applied normal load as pre-
dicted by the empirical Amonton’s laws.

Friction can cause severe wear and damage in many
industrial machines where intimate contact between dif-
ferent parts and surfaces occurs. Lubricants are commonly
used to decrease friction and prevent machinery failure.
The pioneering scientific studies of Iubrication started in
the 19" century by Petrov, Tower and Reynolds in which
two surfaces were separated by a relatively thick film (e.g.
tens of micrometers) of lubricant. In this regime of lubri-
cation also known as the fluid-film lubrication, the lubri-
cant behaves like a bulk fluid and the pressure, velocity
and stress profiles within the lubricant film can be
obtained by applying general governing equations of fluid
motion and the corresponding boundary conditions.
Another lubrication regime is normally referred to as the
boundary lubrication in which the thickness of the lubri-
cant film is comparable with the size of the molecules.
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The third lubrication regime is known as the intermediate
or mixed regime, and the rheological properties of the
lubricant film fall between the boundary lubrication and
fluid-film lubrication regimes. The correlation between
the friction or lubrication forces and the corresponding
film properties is generally illustrated by an empirical
curve known as the Stribeck curve. Fig. 2a shows the
schematic of a typical Stribeck curve, viz. friction/lubri-
cation forces or friction coefficients as a function of slid-
ing velocity, bulk viscosity of the Iubricating fluid, and the
applied normal pressure. The Stribeck curve provides an
overall view of friction variation in the entire range of
lubrication which includes the three regimes described
above (Ruths et al., 2011).

For thick liquid lubricant films confined between two
parallel planes, the friction or lubrication forces are simply
hydrodynamic or viscous drag force (viz. in hydrody-
namic lubrication regime) which can be described by the
bulk properties of the fluids. The friction force F is pro-
portional to the bulk viscosity 7 of the fluid and the shear
velocity V|, F,=nV, A/D , where A4 is the surface area, D
the confined film thickness (or surface separation dis-
tance). The shear rate is defined as y=V,/D. It is noted
that at high shear rates, the properties of certain fluids may
become non-Newtonian, viz. the effective viscosity of the
fluids may increase or decreases with the shear rates,
referred to as shear-thickening fluids and shear-thinning flu-
ids, respectively. Surface deformations can also occur for
the sliding surfaces due to the large hydrodynamic forces,
which may alter the hydrodynamic lubrication forces, gen-
erally referred to as elastohydrodynamic (EHD) lubrication.

As the liquid film thickness becomes only a few (i.e. 4-
10) molecular diameters of the liquid, the properties of the
confined film can be significantly different from its bulk
properties. Generally, the confined fluid film becomes
non-Newtonian and viscoelastic, and the effective vis-
cosity of the fluid is usually higher than the bulk viscosity.
Previous experimental studies have shown such an inter-
mediate mixed lubrication regime and change of the fluid
properties of the confined liquid films when D is about 2-
5 nm for simple liquids (e.g. hexadecane) or less than 2-
4 R, of polymer fluids (Granick, 1991; Klein et al., 1993;
Klein et al., 1994(a); Klein et al., 1994(b); Luengo et al.,
1996). R, is the radius of gyration of polymers. For freely
jointed polymer chain, viz. the monomers of the polymer
chain are able to rotate freely about each other in any
direction and their movement is not affected by the mono-
mer-monomer interaction, the polymer molecule has a
random coil conformation and the radius of gyration (R,)
is given by R,=1/N/6, where [ is the monomer length
and N is number of monomer units per polymer chain.

As the confined liquid film thickness is below 4-10 molec-
ular diameters, the lubrication of such molecularly thin films
is normally referred to as boundary lubrication. For these
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confined molecularly thin liquids films, if the surface-fluid
interactions and/or the confinement induce the liquid mol-
ecules to solidify, the molecular configuration during sliding
can become quite complicated, and the film may alternately
melt and freeze during the motion. So-called “stick-slip”
friction has been reported to occur associated with the
boundary lubrication of certain fluids (Rhykerd et al., 1987;
Thompson and Robbins, 1990; Israelachvili et al., 1990), in
which the frozen state gives rise to the static friction force
and the molten state gives rise to the Kinetic friction force
(Bhushan et al., 1995; Bhushan, 2005). Molecular dynamic
simulation results also suggest that periodic solidification
and subsequent melting of the confined films can lead stick-
slip (Thompson et al., 1990).

A general friction map of effective viscosity 7., as a
function of effect shear rates y and a friction map of friction
force F as a function of sliding velocity V|, were proposed
by Luengo, et al. (Luengo et al., 1996) and are shown in
Fig. 2b and 2c. As mentioned above, generally, with
increasing normal load and/or decreasing the confined film
thickness, Newtonian flow in the -elastohydrodynamic
(EHD) lubrication regime crosses into the boundary lubri-
cation regime where non-Newtonian flow typically occurs.

In addition to lateral forces, the adhesion force between
confined surfaces is also important for understanding var-
ious rheological and interfacial phenomena (especially for
highly deformable materials) such as surface adhesion,
wear, and agglomeration of colloidal particles. The
research on contact mechanics and adhesion mechanics
has steadily progressed for over one century, beginning
with the pioneering work by Hertz in 1882 (Israelachvili,
2011), followed by the Johnson-Kendal-Roberta (JKR)
theory (Johnson et al., 1971), Derhaguin-Muller-Toporov
(DMT) theory (Derjaguin ef al., 1975), and Maugis model
(Maugis et al, 1992). These classic models well describe
the adhesion and deformation of two curved purely elastic
surfaces (Zeng et al., 2007(a); Zeng et al., 2007(b); Zeng
et al., 2007(c)). The JKR theory and DMT theory predict
the adhesion force F,y between two curved surfaces of
radii R, and R, as given in Equation 5 and Equation 6
respectively, where R=R,R,/(R,+R,) is the equivalent
radius and W, is the work of adhesion per unit area. The
JKR theory is usually applicable to soft materials with
large surface energies and radii, and the DMT theory
applies to small, rigid spheres (or asperities) with low sur-
face energies (Zeng et al., 2007(c))

JKR model: F,=(3/2)aRW,,, (5)

DMT model: F,=27RW,,. (6)

For confined thin films of viscoelastic or pure viscous flu-
ids, fingering instabilities and surface patterns have been
commonly observed associated with the normal adhesion or
tensile tests (Zeng et al., 2007(a); Zeng et al., 2007(b)).
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Fig. 2. (Color online) (a) Stribeck curve shows different rheology regimes of fluid films confined between two surfaces; (b) a general
friction map of effective viscosity 7., (arbitrary units) as a function of effect shear rates  (arbitrary units) on logarithmic scales pro-
posed by Luengo et al.; (c) a friction map of friction force F,= nV,A/D as a function of sliding velocity V|, in three different tri-
bological regimes proposed by Luengo et al., where De refers to so called Deborah number (viz. ratio of characteristic relaxation time
of confined fluid to characteristic time of the experiment). In general, with increasing normal load and/or decreasing the confined film
thickness, Newtonian flow in the elastohydrodynamic (EHD) lubrication regime crosses into the boundary lubrication regime where
non-Newtonian flow typically occurs. (Panes (b-c) after reference (Luengo et al., 1996), ©1996, with permission from Elsevier Science)

Nase et al. observed a transition between bulk deformation
mechanism and interfacial crack propagation during the
tensile tests of confined thin layers of poly(dimethylsilox-
ane) with different degrees of cross-linking (Nase et al.,
2008). Zeng et al. discovered that self-organized transient
fingering pattern and instability generally exist during the
adhesive contact and coalescence of two thin films such as
polystyrene, poly(dimethylsiloxane), and polybutadiene, in
the viscous or viscoelastic state (Zeng et al., 2007(a); Zeng
et al., 2007(b); Zeng et al., 2007(c)). Interesting transition
from liquid-like viscous fingering to sharp solid-like crack-
ing failure mechanism was also found during the tensile

6

adhesion tests of confined thin polymer films (Zeng et al.,
2010; Faghihnejad and Zeng, 2012).
2.Two Main Experimental for
Nanorheology Study

Techniques

Two major experimental techniques for studying the
rheological behaviors of confined liquids include atomic
force microscope (AFM) and surface forces apparatus
(SFA). AFM and SFA have been widely used to measure
normal and lateral forces between a tip (or a colloidal
probe) and a flat surface (in AFM) or between two curved
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surfaces (in SFA) with high force sensitivity (<10 pN and
<10 nN for AFM and SFA, respectively). Force mea-
surement principle in both AFM and SFA techniques is
based on Hooke’s Law: F = k-AX, where F' is the mea-
sured force, AX is the spring deflection and & is the spring
constant.

AFM is a very sensitive technique for both qualitative
and quantitative analysis of various material surfaces with
nanoscale spatial resolution. AFM has been widely
applied for both topographical imaging and force mea-
surements. The force measurements in AFM are usually
conducted in two different modes: contact mode and
dynamic mode. In contact mode, the AFM cantilever tip is
moved toward the substrate in the normal direction at a
desired approaching speed, and the deflection of the can-
tilever is recorded through a laser beam deflection tech-
nique. During the measurements, a laser beam is directed
toward the top surface of the cantilever near the tip, and
the reflected laser beam is detected by a photodetector.
The differential signal detected by the four quadrants of
the photodetector can provide a direct measurement of the
cantilever deflection, which can be converted to force-dis-
tance profiles based on Hooke’s Law. While in dynamic
mode, the AFM tip vibrates in the vicinity of the substrate,
the amplitude and phase change (also called amplitude
modulation mode) or the frequency shift and the damping
(also called frequency modulation mode) are recorded,
respectively (Maali et al., 2008). Colloidal AFM probes
have also been widely employed in force spectroscopy for
better control of the geometry between the probe and sam-
ple surface (Kappl et al, 2002; Laurent et al., 2013).

Using an AFM, the solvation force interactions in a lig-
uid (i.e. octamethylcyclotetrasiloxane, dodecanol) near a
solid wall (graphite, mica) were investigated by Oshea et
al. (Oshea et al., 1992; Oshea et al., 1994). Their results
showed evidence of the ordered layers of confined liquids
at solid-liquid interfaces. The forces and structure of con-
fined room-temperature ionic liquids were studied by Atkin
et al. using AFM, which revealed the oscillatory behavior
of three different room-temperature ionic liquids, ethylam-
monium nitrate (EAN), propylammonium nitrate (PAN),
and 1-ethyl-3-methylimidazolium acetate (C2mimAc) con-
fined between a Si;N, tip and a flat solid substrate (i.e.
mica, silica and graphite), with the size of the oscillations
corresponding to the dimension of the ion pairs (Atkin et
al., 2011). Very recently the time-varying deformations
and forces between a deformable surface and a solid sub-
strate or between two deformable surfaces (e.g. bubbles,
liquid droplets) and the drainage of the confined liquid
films have been directly probed using an AFM and quan-
titatively analyzed (Dagastine er al., 2006; Vakarelski et
al., 2010; Chan et al., 2011; Tabor et al., 2011). It is noted
that the direct experimental determination of absolute sur-
face separation, local geometry and contact area can be a
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challenging issue in conventional AFM force measure-
ments for soft materials and deformable surfaces.

The SFA has been widely used to study both static and
dynamic properties of molecularly thin films sandwiched
between two molecularly smooth surfaces, which was
originally developed by Tabor, Winterton and Israelachvili
(Tabor et al., 1969; Israelachvili ef al., 1972; Israelachvili
et al., 2010; Israelachvili, 2011). SFA uses a multiple
beam interferometry (MBI) technique to probe the abso-
lute separation distance or confined film thickness in situ
and in real time with a resolution of <0.1 nm, and fringes
of equal chromatic order (FECO) is used to visualize local
geometry, surface deformations, and properties of con-
fined materials (e.g. refractive index) at the interaction
region or shearing junction. The SFA technique has been
significantly advanced over the past three decades, and
various attachments have been developed for normal and
lateral force measurements (Israelachvili et al., 2010). In
a typical SFA friction measurement, the surfaces can be
sheared past each other by using a motor-driven microme-
ter to move the upper surface in the lateral direction, or by
using a piezoelectric bimorph slider. The friction force is
detected through the deflection of two vertical double-can-
tilever springs with four semiconductor or resistance strain
gauges attached symmetrically to oppositely bending arms of
the springs. The typical friction/lubrication force range and
sliding speeds in SFA are about 107 to 10" N and 107" to
107 m/s, respectively (Israelachvili e al., 2010).

SFA has been applied to probe the oscillatory solvation
forces of confined simple liquids, such as octamethyl-
cyclotetrasiloxane, benzene, tetrachloromethane, cyclo-
hexane, isooctane, n-tetradecane and n-hexadecane (Horn
and Israelachvili, 1981; Christenson et al., 1983; Chan et
al., 1985; Israelachvili, 1988). SFA has also been widely
applied to probe the rheological properties of confined
thin liquid films (e.g. water, simple hydrocarbons) and
polymer melts (Israclachvili, 1986(a); Israelachvili, 1986(b);
Israelachvili, 1988; Israelachvili, 1989(a); Israelachvili,
1989(b); Israelachvili, 1990; Granick, 1991). Recently,
SFA was used to probe the friction behaviors between
immiscible polymer films confined between two mica sur-
faces, to study the characteristic relaxation times of inter-
digitation and disinterdigitation process at both the static
and shearing interfaces of polybutadiene (PBD) and poly-
dimethylsiloxane (PDMS) (Zeng et al., 2009). Kristiansen
et al. used an SFA to study the tribological behavior of
confined carbon nanotubes (CNTs) suspended in aqueous
humic acid (HA) solutions (Kristiansen et al., 2011). It
was found that adding CNTs to the HA solution changes
the friction forces between two mica surfaces from “adhe-
sion controlled” to “load controlled” (Kristiansen et al.,
2011). Very recently, the anisotropic (off-axis) friction-
induced motion of confined liquids was studied using a
modified 3D-SFA, and it was demonstrated that aniso-

7



Jun Huang, Bin Yan, Ali Faghihnejad, Haolan Xu and Hongbo Zeng

tropic friction force between mica surfaces separated by a
nanometer-thin film of hexadecane can induce complex
transient and steady-state motions (Kristiansen et al.,
2012).

Although the basic principles of force measurements are
similar, SFA and AFM are complementary techniques,
which allow researchers to directly probe the rheological
properties of confined thin films and the associated inter-
molecular and surface forces. SFA measures the interac-
tions between two curved surfaces of relatively large radii
(typically from ~I mm to several cm). AFM usually
probes the interaction between a sharp tip with radius of
tens of nanometer and a sample surface. AFM normally
provides relatively higher force sensitivity (<10 pN) than
SFA (<10 nN) because of the softer spring (i.e. AFM can-
tilevers) commonly used. Based on the multiple beam
interferometry technique, SFA is able to provide infor-
mation such as absolute separation distance, confined film
thickness (with a resolution of <0.1 nm) and surface
deformation in situ and in real time, which is extremely
useful for the investigation of surface forces, rheological
properties and structure-property relation of confined
complex fluids and deformable materials (Israelachvili et
al., 2010). Such information would usually be more dif-
ficult to extract from AFM measurements (especially for
soft materials).

3. Molecular Dynamics Simulation of the
Dynamics Of Confined Films

Rapid development of computer hardware and meth-
odologies enables the study and modeling of tribological
processes at the molecular scale. Molecular dynamics
(MD) simulations have the advantage of obtaining high
resolution structure and force information simultaneously
of confined thin films between surfaces, which has been
widely employed for studying rheology behaviors of var-
ious molecular systems (Allen ef al., 1990; Jabbarzadeh et
al., 2006).

For monomeric systems such as small spherical mol-
ecules, computer simulation studies are able to provide a
clear picture for the dynamics of confined films. (Bitsanis
et al., 1987; Schoen et al., 1994). For confined polymer
system, simulation results indicate that the static structure
of polymers under confined system can be understood by
dividing the system into a surface layer region and a bulk
region (Jabbarzadeh ef al., 2006; Aoyagi et al., 2001). The
bulk region is considered to have the same properties as
the bulk polymeric liquids, while the surface layer is more
solid-like (i.e. glass) rather than liquid-like. Coarse-
grained molecular dynamics simulation of a bead-spring
polymer model for polymer melt confined between two
solid walls indicates that a surface layer exists near the
walls, with the thickness about R,-1.5R,. Those adsorbed
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polymer chains result in an attractive wall-polymer inter-
action, while the spatial confinement of polymer chains is
independent of the wall-polymer interaction (Aoyagi et
al., 2001). Results from molecular dynamics simulations
of polymer melts confined by weak attractive crystalline
surfaces also show a distinct maximum exists in the veloc-
ity dependence of the friction coefficient (Priezjev et al.,
2012). The reason for this maximum is due to the shear-
induced alignment of semiflexible chain segments in the
first fluid layer near solid walls (Priezjev et al., 2012).

Polyelectrolytes are important rheological fluids for the
design and application of microfluidic devices, which nor-
mally behave differently from neutral polymer melts
because of charged functional groups with long-range
electrostatic interactions. The polyelectrolytes can be clas-
sified as flexible, semi-flexible or rigid depending on the
intrinsic rigidity and ionic strength of solution medium.
Chun et al. conducted Brownian Dynamics (BD) simu-
lation study on the structure and dynamics of anionic
polyelectrolyte xanthan in bulk solution and in confined
spaces of slitlike channel by applying a coarse-grained
model with nonlinear bead-spring discretization of a
whole chain (Chun et al., 2009). The impact of the elec-
trolyte solution (e.g. screening effect) on confined poly-
electrolyte chains was also faithfully characterized with
BD simulations (Jeon and Chun 2007; Chun 2012). The
simulation results were verified through single molecule
visualization based on fluorescein-labeled xanthan using
an inverted fluorescence microscope. The experimental
results on the conformational changes in xanthan chain in
electrolyte solution were found to agree well with the pre-
diction by BD simulations (Chun et al., 2009).

When the molecules are sheared between two highly
confined surfaces, (i.e. molecularly thin films), the large
number of molecules involved and the long adaptation and
relaxation time is one of the major challenging issues for
micro- and macro-scale molecular simulation (Gee et al.,
1990; Kristiansen et al., 2012; Drummond et al., 2000).
More details about the molecular dynamics simulation of
nanorheology can be found in a recent review (Jabbarza-
deh et al., 20006).

4. Perspectives

The rheological properties of liquids, polymers, and par-
ticle suspensions confined between two surfaces are of
key importance in understanding lubrication and fluid
flows in confined geometries or porous media or in
microfluidic and nanofludic devices (Klein et al., 1995).
Nanorheology has received increasing attention over the
past two decades with the advances in nanomaterials,
bioengineering, microfluidics and nanofludics. Despite the
significant process, there are still many remaining chal-
lenges in the field. For example, it is still experimentally
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Fig. 3. (Color online) Several emerging research areas in nan-
orheology.

challenging to determine the detailed structure informa-
tion of confined fluids in many systems. In this section,
the perspectives of nanorheology research will be briefly
discussed from several emerging areas including charac-
terization methods, design of multifunctional rheological
fluids, bio-related nanorheology, and polymer brushes on
surfaces, as illustrated in Fig. 3.
4.1. Characterization Methods: modified SFA or
AFM

One important emerging area in nanorheology is to com-
bine conventional rheology characterization technique with
other advanced techniques for structural characterizations of
confined fluids or suspensions, such as optical spectros-
copy, X-ray spectroscopy, and conductivity measurements.
Therefore the composition and structure evolution of con-
fined materials can be monitored simultaneously with rhe-
ology measurements to elucidate their structure-property
relationship (Israelachvili, 2011).

(1) Nanorheology integrated with X-ray spectroscopy

The second generation x-ray surface forces apparatus
(XSFA-II) developed by Israelachvili, Safinya and their
co-workers allows for the simultaneous in situ small-angle
x-ray scattering and surface force measurements (Golan et
al., 2001). Golan et al. (2001) used the XSFA-II to mon-
itor shear-induced orientational transitions in a lyotropic
model lubricant system composed of sodium dodecyl sul-
fate (SDS, surfactant), pentanol (cosurfactant), dodecane
(oil), and water. The formation of an orientational bound-
ary layer at the shearing surface was observed by XSFA-
I1, and time-resolved x-ray diffraction (XRD) revealed the
gradual transition to shear-favored orientation by growth
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of the boundary layer (Golan et al., 2001). Integrating
XRD technique to molecular and surface force measure-
ment techniques allows researchers to simultaneously
measure forces and probe structure and structural evolu-
tion in confined thin liquid films. Improving the spatial
resolution and time resolution of XRD experiments in
these integrated techniques will allow combined dynamic
force and structural measurements of thin films of various
thicknesses (ranging from boundary lubrication to hydro-
dynamic lubrication regimes), which is critical to eluci-
date the structure-property correlation and fully
understand the interfacial and dynamic processes.

(2) Optical spectroscopy integrated with force measurements

The SFA technique has also been integrated with var-
ious optical visualization techniques to study the tran-
sition mechanisms of confined films between liquid-like
snapping and solid-like failure at nano- and micro-scales
(Zeng et al., 2007(c); Zeng et al., 2010). SFA technique
integrated with non-linear optical spectroscopy also
shows that the liquids confined between two surfaces are
not uniform in density profile across the contact zone,
displaying large variation in molecular diffusion from
ordered solid-like to liquid-like behavior (Frantz et al.,
1997). Very recently Contreras-Naranjo and Ugaz
reported a nanometre-scale resolution interference-based
probe of interfacial phenomena between microscopic
objects and surfaces based on reflection interference
contrast microscopy (RICM) technique (Contreras-
Naranjo et al., 2013). This improved RICM technique
provides almost instantaneous reconstruction of an arbi-
trary convex object's contour next to a bounding surface
with nanometer resolution, which also allows direct
observation of femtolitre-scale capillary condensation
dynamics underneath micron-sized particles (Contreras-
Naranjo et al., 2013). Therefore, it is possible to inte-
grate this improved RICM technique with force mea-
surement techniques such as AFM to simultaneously
probe the forces, surface deformations, separation dis-
tances and other properties of confined liquid films.

(3) Integration of force and conductivity measurements

Simultaneous force and conductivity measurements of
hexadecane confined between a conducting AFM tip and
a graphite surface have been reported (Gosvami et al.,
2007), which showed the discrete solvation layering of the
hexadecane near the surface. Integrating force and con-
ductivity measurements provide another new way to
investigate the force-structure relationship of confined thin
fluid films.

4.2. Design of multifunctional rheological fluids
Multifunctional rheological fluids (e.g. mostly colloidal

suspensions) are of both fundamental and practical
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Shear Shear
& &
Applied Extenal Field Confinement

Induced Ordering

Fig. 4. (Color online) Schematic diagram of smart ER and MR
rheology fluids (A), confinement and shearing can lead to the
ordering of the particles in the confined thin films of suspensions

(B).

importance in rheology research and various applications.
Wen et al. reported the giant electrorheological effect
(GEF) in suspensions of urea coated nanoparticles with a
yield stress over 100 kPa (Wen et al., 2003). Tian et al.
reported a reversible shear thickening of electrorheolog-
ical (ER) fluids above a low critical shear rate (<1 s™)
and a high critical electric field strength (>100 V/mm),
which could be characterized by a critical apparent vis-
cosity by shearing ER fluids between two concentric cyl-
inders (Tian et al., 2011). The friction force between the
electrorheological zeolite particles was considered to be
responsible for the lateral shear resistance of the bulk ER
fluids, and the applied electric field strengths could be
used to modulate the extent of shear thickening (Tian et
al., 2011). Another type of smart materials of suspen-
sions, whose rheological properties can be significantly
modulated by an applied magnetic field, is called mag-
netorheological (MR) fluid (Zeng, 2013). The rheological
properties of smart ER and MR fluids are responsive to
an external field (i.e. E-field or magnetic field), and the
particles can reversibly form particle chains to drastically
modulate the rheological behavior of the suspensions as
illustrated in Fig. 4, which have very promising appli-
cations such as dampers, clutches, brakes, and valves. It
is also possible to introduce E-field and magnetic field
into force measurement techniques such as SFA and
AFM to simultaneously probe the field-sensitive forces
and visualize the structural evolution of the confined thin
films (Zeng et al., 2008).

It is noted that confinement and shearing can lead to the
ordering of the particles in the confined thin films of sus-
pensions (Fig. 4), as confirmed experimentally and theo-
retically (Cohen ef al., 2004), thus contributing significantly
to the evolution of the rheological properties. Micro-sized
probe particle or fluorescent molecules have also been
used to dope rheological fluids for rheology study. By
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analyzing the Brownian motion of these tracer particles or
molecules, mechanical properties of the fluid medium can
be obtained. Techniques such as single-particle tracking
combining optical tweezers and fluorescence-based single
molecule probing may open new doors in rheology study
of confined thin films (Mukhopadhyay et al., 2011).

4.3. Bio-related nanorheology

Rheology in soft tissues and biological fluids play a
critical role in numerous biological activities. Cartilage
lubrication is one of the most interesting bio-related rhe-
ology problems. Articular joints show excellent lubrica-
tion and wear resistance, and typically cartilage surfaces
show no signs of wear over a quite long time (~75 years).
It is reported that cartilage surfaces in the synovial fluid
support pressures up to ~20 MPa (Morrell et al., 2005).
The mechanical, structural, and fluid flow responses of
cartilage under compression and shearing have been
extensively studied for over 60 years, and the lubrication
mechanism and lubrication-structure relationship of car-
tilage are still not fully understood (Raviv et al., 2003;
Klein, 2006; Benz et al., 2004; Greene et al., 2010;
Greene et al., 2011). SFA was applied to measure the nor-
mal and friction forces of the human glycoprotein lubri-
cin, the major boundary lubricant in articular joints,
adsorbed on various hydrophilic and hydrophobic sub-
strates, which suggests that the presence of biological
polyelectrolytes on the cartilage surfaces (Zappone et al.,
2007) plays an important role in the boundary lubrication
and wear protection in articular joints. Recently, nuclear
magnetic resonance (NMR) was applied to investigate the
in situ mechanical response, structure change, diffusion
and flow of interstitial water in a full-thickness cartilage
sample under compressive load (Greene et al., 2010). The
force amplification response of actin filaments (a major
component of the cell cytoskeleton) under confined com-
pression between two mica surfaces was also probed
using a SFA (Greene et al., 2009). It was found that the
actin filaments stiffen under compression, which
increases the bending modulus, generating opposing
forces even larger than the compressive force (Greene et
al., 2009). These nanomechanical characterization and
analysis help to better understand the molecular-level
mechanisms and dynamics of polymerizing actin during
force generation. A better understanding of the nanorhe-
ology and microrheology involved in various biological
systems is critical for the development of new bioma-
terials, biosensors and biochemical/biomedical processes,
which is another emerging area in the research field.

4.4. Nanorheology of polymer brushes

Polymer brushes are long chain macromolecules end-
attached to a surface via covalent bonds with desired
grafting density. The chain length and terminal linking

Korea-Australia Rheology J., Vol. 26, No. 1 (2014)
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Fig. 5. (Color online) Alexander-de Gennes (ADG) scaling model for neutral polymer brushes in a good solvent (A), and polymer
brushes can significantly reduce the friction/lubrication forces between surfaces in a good solvent (B).

groups can be modulated based on the types of substrates
and applications, and grafted polymer brushes have great
potential applications in boundary lubrication, especially
in micro- and nano-electromechanical systems (MEMS
and NEMS). Various polymer brushes have been devel-
oped to modulate the surface forces of confined thin liquid
films, for example, to significantly reduce the friction
forces in good solvents of the polymers (Klein, 1993;
Klein, 1994 (a); Klein, 1995). The low friction forces and
friction coefficients were proposed to be due to the long-
ranged repulsion between brushes (e.g. steric repulsion for
neutral brushes, electrostatic repulsion for charged
brushes) which acts to keep the surface apart with a rel-
atively fluid layer at the interface, as illustrated in Fig. 5
(Klein et al., 1994 (a); Klein et al., 1994 (b)). For neutral
polymer brushes in good solvent, their normal interactions
are generally interpreted in terms of the Alexander-de
Gennes (ADG) scaling model (Equation 5, which gives
the repulsive steric force per unit area between two flat
surfaces), where L is the thickness of the brush layer, D is
the separation distance, s is the mean distance between the
attachment points of adsorbed polymer chains, k3 is the
Boltzmann constant (1.381x10% J K), T is temperature,
as illustrated in Fig. 5
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Several methods have been employed for the prepara-
tion of polymer brush surfaces. One common approach is
to selectively adsorb end-functionalized polymers or block
copolymers with terminal group or one block (chemically
or physically) binding to the substrate surface. These sys-
tems, however, usually have a rather low grafting density
(Yamamoto et al., 2000). Another commonly used method
is through surface-initiated polymerization which can pro-
vide relatively high grafting density and well-controlled
brush length.

Despite the fact that surface forces and lubrication of
polymer brushes were largely investigated using SFA
(Israelachvili, 2011; Zeng, 2013), AFM has also been
employed for studying the morphology and lubrication
behavior of polymer brushes. Takahara and his coworkers
measured the swollen thickness of poly(2-methacryloy-
loxyethylphosphorylcholine) (PMPC) and poly[3-(N-2-
methacryloyloxyethyl-N,N-dimethyl)ammonatopropane-
sulfonate] (PMAPS) polymer brushes in solutions of var-
ious salt concentrations based on the force-distance curves
from AFM measurements (Kobayashi et al., 2013). Low
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friction coefficients were measured by AFM using col-
loidal probes immobilized with high-density poly(methyl
methacrylate) (PMMA) brushes in toluene (Yamamoto et
al., 2000). Takahara and coworkers have investigated the
lubrication behavior of zwitterionic and cationic poly-
electrolyte brushes using AFM. Polyelectrolyte brushes
based on surface-initiated ATRP of 2-methacryloyloxy-
ethyl phosphorylcholine (MPC) and 2-(N,N-dimethy-
lamino) ethyl methacrylate (DMAEMA) show low fric-
tion coefficient and low adhesion force in both water and
NaCl solutions of various concentrations (Kobayashi et
al., 2009).

The unique lubrication behaviors of polymer brushes
shed new insights into liquid and polymer structures adja-
cent to surfaces, with important implications in different
areas (e.g. coatings, lubricants, biosensors and functional
polymers). Development of self-cleaning and antifouling
surfaces is one of these research areas which have
attracted much attention.

5. Conclusions

Understanding the nanorheology of fluids in confined
geometries or porous media is important for various appli-
cations such as nanocomposites, lubricants, and MEMS/
NEMS devices (Aoyagi et al., 2001). The advent of
advanced experimental techniques such as SFA, XSFA
and AFM and computational methods such as molecular
dynamics simulations provides powerful tools to study a
wide range of rheological phenomena at molecular level
and nano scale. Despite the significant progress made over
the past few decades, the understanding of the funda-
mental principles of nanorheology, particularly the rela-
tionship between the rheological properties and structural
evolution of the confined thin liquid films and particle
suspensions, still remains incomplete. Some of the emerg-
ing research areas in the nanorheology field include, but
are not limited to, the development of more advanced
characterization techniques, design of multifunctional
rheological fluids, bio-related nanorheology, and polymer
brushes.

References

Allen, M.P. and D.J. Tildesley, 1989, Computer Simulations of
Liquids, Oxford University Press, USA.

Aoyagi, T., J. Takimoto and M. Doi, 2001, Molecular dynamics
study of polymer melt confined between wsalls, J. Chem.
Phys. 115(1), 552-559.

Atkin, R. and G.G. Warr, 2007, Structure in confined room-tem-
perature ionic liquids, J. Phys. Chem. C 111(13), 5162-5168.

Benz, M., N.H. Chen and J.N. Israelachvili, 2004, Lubrication
and wear properties of grafted polyelectrolytes, hyaluronan and
hylan, measured in the surface forces apparatus, J. Biomed.

12

Mater. Res., Part A T1A(1), 6-15.

Bhushan, B., J.N. Israelachvili and U. Landman,, 1995, Nan-
otribology-friction, wear and lubrication at the atomic-scale,
Nature 374(6523), 607-616.

Bhushan, B., 2005, Nanotribology and nanomechanics, Wear
259, 1507-1531.

Bitsanis, 1., J.J. Magda, M. Tirrell and H.T. Davis, 1987, Molec-
ular-dynamics of flow in micropores, J. Chem. Phys. 87(3),
1733-1750.

Chan, D.Y.C. and R.G. Horn,, 1985, The drainage of thin liquid-
films between solid-surfaces, J. Chem. Phys. 83(10), 5311-
5324.

Chan, D.Y.C., E. Klaseboer and R. Manica, 2011, Film drainage
and coalescence between deformable drops and bubbles, Soft
Matter 7(6), 2235-2264.

Christenson, H.K., 1983, Experimental measurements of sol-
vation forces in non-polar liquids, J. Chem. Phys. T8(11),
6906-6913.

Chun, M.-S., 2012, Conformational transition of polyelectrolyte
chains extending over the de Gennes regime in slitlike
nanochannels, Korea-Aust. Rheol. J. 24(3), 249-253.

Chun, M.-S., C. Kim and D.E. Lee, 2009, Conformation and
translational diffusion of a xanthan polyelectrolyte chain:
Brownian dynamics simulation and single molecule tracking,
Phys. Rev. E 79(5), 051919, 1-10.

Cohen, 1., T.G. Mason and D.A. Weitz,, 2004, Shear-induced con-
figurations of confined colloidal suspensions, Phys. Rev. Lett.
93(4), 046001, 1-4.

Contreras-Naranjo, J.C. and V.M. Ugaz, 2013, A nanometre-scale
resolution interference-based probe of interfacial phenomena
between microscopic objects and surfaces, Nat. Commun. 4, 1-9.

Dagastine, R.R., R. Manica, S.L. Carnie, D.Y.C. Chan, GW.
Stevens and F. Grieser, 2006, Dynamic forces between two
deformable oil droplets in water, Science 313(5784), 210-213.

Derjaguin, B., V. Muller and Y.P. Toporov, 1975, Effect of con-
tact deformations on the adhesion of particles, J. Colloid Interf.
Sci. 53(2), 314-326.

Drummond, C. and J.N. Israelachvili, 2000, Dynamic behavior of
confined branched hydrocarbon lubricant fluids under shear,
Macromolecules 33(13), 4910-4920.

Faghihnejad, A. and H.B. Zeng, 2012, Hydrophobic interactions
between polymer surfaces: using polystyrene as a model sys-
tem, Soft Matter 8(9), 2746-2759.

Frantz, P., F. Wolf, X.D. Xiao, Y. Chen, S. Bosch and M. Salm-
eron, 1997, Design of surface forces apparatus for tribology
studies combined with nonlinear optical spectroscopy, Rev. Sci.
Instrum. 68(6), 2499-2504.

Gee, M.L., PM. McGuiggan, J.N. Israelachvili and A.M.
Homola, 1990, Liquid to solidlike transitions of molecularly
thin films under shear, J Chem. Phys. 93(3), 1895-1906.

Golan, Y., A. Martin-Herranz, Y. Li, C.R. Safinya and J.N.
Israelachvili,, 2001, Direct observation of shear-induced ori-
entational phase coexistence in a lyotropic system using a
modified X-ray surface forces apparatus, Phys. Rev. Lett. 86(7),
1263-1266.

Gosvami, N.N., S.K. Sinha, W. Hofbauer and S.J. O'Shea, 2007,
Solvation and squeeze out of hexadecane on graphite, J. Chem.

Korea-Australia Rheology J., Vol. 26, No. 1 (2014)



Understanding Nanorheology and Surface Forces of Confined Thin Films

Phys. 126(21), 214708.

Granick, S., 1991, Motions and relaxations of conned liquids,
Science 253, 1374-1379.

Greene, GW., T.H. Anderson, H. Zeng, B. Zappone and J.N.
Israelachvili, 2009 Force amplification response of actin fil-
aments under confined compression, Proc. Natl. Acad. Sci.
U.S.A. 106(2), 445-449.

Greene, GW., B. Zappone, O. Soderman, D. Topgaard, G. Rata,
H.B. Zeng and J.N. Israelachvili, 2010, Anisotropic dynamic
changes in the pore network structure, fluid diffusion and fluid
flow in articular cartilage under compression, Biomaterials.
31(12), 3117-3128.

Greene, GW., X. Banquy, D.W. Lee, D.D. Lowrey, J. Yu and J.N.
Israelachvili, 2011, Adaptive mechanically controlled Iubri-
cation mechanism found in articular joints, Proc. Natl. Acad.
Sci. U.S.A. 108(13), 5255-5259.

Horn, R.G. and J.N. Israelachvili, 1981, Direct measurement of
structural forces between two surfaces in a nonpolar liquid, J.
Chem. Phys. 75, 1400-1411.

Horn, R.G and J.N. Israelachvili, 1988, Molecular organization
and viscosity of a thin film of molten polymer between two
surfaces as probed by force measurements, Macromolecules
21(9), 2836-2841.

Israelachvili, J.N. and D. Tabor, 1972, The Measurement of van
der Waals Dispersion Forces in the Range 1.5 to 130 nm, Proc.
Roy. Soc. (London) A331,19-38.

Israelachvili, J.N., 1986(a), Measurement of the Viscosity of Lig-
uids in Very Thin-Films, J. Colloid Interf. Sci. 110(1), 263-271.

Israelachvili, J.N., 1986(b), Measurements of the viscosity of thin
fluid films between two surfaces with and without adsorbed
polymers, Colloid Polym. Sci. 264(12), 1060-1065.

Israelachvili, J.N., 1988, Measurements and relation between the
dynamic and static interactions between surfaces separated by
thin liquid and polymer-films, Pure Appl. Chem. 60(10), 1473-
1478.

Israelachvili, JN., S.J. Kott and L.J. Fetters, 1989(a), Mea-
surements of dynamic interactions in thin films of polymer
melts: The transition from simple to complex behavior, J.
Polym. Sci., Part B: Polym. Phys. 27(3), 489-502.

Israelachvili, J.N. and S.J. Kott, 1989(b), Shear properties and
structure of simple liquids in molecularly thin-films the tran-
sition from bulk (continuum) to molecular behavior with
decreasing film thickness, J. Colloid Interf. Sci. 129(2), 461-
467.

Israelachvili, J.N., P. Mcguiggan, M. Gee, A. Homola, M. Rob-
bins and P. Thompson, 1990, Liquid dynamics in molecularly
thin-films, J. Phys.. Condens. Matter. 2, SA89-SA98.

Israelachvili, J.N., Y. Min, M. Akbulut, A. Alig, G. Carver, W.
Greene, K. Kristiansen, E. Meyer, N. Pesika, K. Rosenberg and
H. Zeng, 2010, Recent advances in the surface forces apparatus
(SFA) technique, Rep. Prog. Phys. 73(3), 1-16.

Israelachvili, J.N., 2011, Intermolecular and Surface Forces, 3rd
Edition, Academic Press, Santa Barbara.

Jabbarzadeh, A. and R.I. Tanner, 2006, Molecular dynamics sim-
ulation and its application tos nano-rheology, Rheol. Rev., 165-
216.

Jeon, J. and M-S. Chun, 2007, Structure of flexible and semi-

Korea-Australia Rheology J., Vol. 26, No. 1 (2014)

flexible polyelectrolyte chains in confined spaces of slit micro/
nanochannels, J. Chem. Phys. 126(15), 154904, 1-10.

Johnson, K., K. Kendall and A. Roberts, 1971, Surface energy
and the contact of elastic solids, Proc. Roy. Soc. (London) A
324(1558), 301-313.

Kappl, M. and H.J. Butt, 2002, The colloidal probe technique and
its application to adhesion force measurements, Part. Part.
Syst. Char. 19(3), 129-143

Klein, J., Y. Kamiyama, H. Yoshizawa, J.N. Israelachvili, GH.
Fredrickson, P. Pincus and L.J. Fetters, 1993, Lubrication
forces between surfaces bearing polymer brushes, Macromol-
ecules 26(21), 5552-5560.

Klein, J., E. Kumacheva, D. Perahia, D. Mahalu and S. Warburg,
1994(a), Interfacial sliding of polymer-bearing surfaces, Fara-
day. Discuss. 98, 173-188.

Klein, J., E. Kumacheva, D. Mahalu, D. Perahia and L.J. Fetters,
1994(b), Reduction of frictional forces between solid-surfaces
bearing polymer brushes, Nature 370(6491), 634-636.

Klein, J. and E. Kumacheva,, 1995, Confinement-induced phase
transitions in simple liquids, Science 269(5225), 816-819.

Klein, J., 2006, Molecular mechanisms of synovial joint lubri-
cation, P I. Mech. Eng. J-J. Eng. 220(J8), 691-710.

Kobayashi, M., H. Yamaguchi, Y. Terayama, Z. Wang, K. Ish-
ihara, M. Hino and A. Takahara, 2009, Structure and Surface
Properties of High-density Polyelectrolyte Brushes at the Inter-
face of Aqueous Solution, Macromol. Symp. 279(1), 79-87.

Kobayashi, M., Y. Terayama, M. Kikuchi and A. Takahara, 2013,
Chain dimensions and surface characterization of superhy-
drophilic polymer brushes with zwitterion side groups, Soff
Matter 9(21), 5138-5148.

Kristiansen, K., H.B. Zeng, P. Wang and J.N. Israelachvili, 2011,
Microtribology of aqueous carbon nanotube dispersions, Adv.
Funct. Mater. 21(23), 4555-4564.

Kristiansen, K., X. Banquy, H.B. Zeng, E. Charrault, S. Giasson
and J.N. Israelachvili, 2012, Measurements of anisotropic (Off-
axis) friction-induced motion, Adv. Mater. 24(38), 5236-5241.

Laurent, J., A. Steinberger and L. Bellon, 2013, Functionalized
AFM probes for force spectroscopy: eigenmode shapes and
stiffness calibration through thermal noise measurements, Nan-
otechnology 24(22), 225504, 1-13.

Luengo, G, J.N. Israelachvili and S. Granick, 1996, Generalized
effects in confined fluids: new friction map for boundary lubri-
cation, Wear 200(1-2), 328-335.

Maali, A. and B. Bhushan,, 2008, Nanorheology and boundary
slip in confined liquids using atomic force microscopy, J.
Phys.: Condens. Mat. 20(31), 315201, 1-11.

Maugis, D., 1992, Adhesion of Spheres - the JKR-DMT Tran-
sition Using a Dugdale Model, J. Colloid Interf. Sci 150(1),
243-269.

Morrell, K.C., W.A. Hodge, D.E. Krebs and R.W. Mann, 2005,
Corroboration of in vivo cartilage pressures with implications
for synovial joint tribology and osteoarthritis causation, Proc.
Natl. Acad. Sci. U.S.A. 102(41), 14819-14824.

Mukhopadhyay, A. and S. Granick, 2001, Micro- and nanorhe-
ology, Curr. Opin. Colloid Interface Sci. 6(5-6), 423-429.

Nase, J., A. Lindner and C. Creton, 2008, Pattern formation dur-
ing deformation of a confined viscoelastic layer: From a vis-

13



Jun Huang, Bin Yan, Ali Faghihnejad, Haolan Xu and Hongbo Zeng

cous liquid to a soft elastic solid, Phys. Rev. Lett. 101(7),
074503, 1-4.

Oshea, S.J., M.LE. Welland and T. Rayment, 1992, Solvation
forces near a graphite surface measured with an atomic force
microscope, Appl. Phys. Lett. 60(19), 2356-2358.

Oshea, S.J., M.E. Welland and J.B. Pethica, 1994, Atomic-force
microscopy of local compliance at solid-liquid interfaces,
Chem. Phys. Lett. 223(4), 336-340.

Priezjev, N.V., 2012, Interfacial friction between semiflexible
polymers and crystalline surfaces, J. Chem. Phys. 136(22),
224702, 1-10.

Raviv, U., S. Giasson, N. Kampf, J.F. Gohy, R. Jerome and J.
Klein, 2003, Lubrication by charged polymers, Nature 425(6954),
163-165.

Rhykerd, C., M. Schoen, D. Diester and J. Cushman, 1987, Epi-
taxy in simple classical fluids in micropores and near-solid sur-
faces, Nature 330, 461-463.

Ruths, M. and J.N. Israelachvili, 2011, Surface Forces and Nan-
orheology of Molecularly Thin Films, in Nanotribology and
Nanomechanics II, Springer.

Schoen, M., D.J. Diestler and J.H. Cushman, 1994, Fluids in
Micropores. The behavior of molecularly thin Cconfined films
in the grand isostress ensemble, J. Chem. Phys. 100(10), 7707-
7717.

Tabor, D. and R. Winterton, 1969, The direct measurement of
normal and retarded van der Waals forces, Proc. Roy. Soc.
(London) A 312(1511), 435-450.

Tabor, R.F., D.Y.C. Chan, F. Grieser and R.R. Dagastine, 2011,
Anomalous stability of carbon dioxide in pH-Controlled bub-
ble coalescence, Angew. Chem. Int. Edit. S0(15), 3454-3456.

Thompson, P.A. and M.O. Robbins, 1990, Origin of stick-slip
motion in boundary lubrication, Science 250(4982), 792-794.

Tian, Y., M.L. Zhang, J.L. Jiang, N. Pesika, H.B. Zeng, J.N.
Israelachvili, Y.G. Meng and S.Z. Wen, 2011, Reversible shear
thickening at low shear rates of electrorheological fluids under
electric fields, Phys. Rev. E 83(1), 011401, 1-8.

Vakarelski, 1.U., R. Manica, X.S. Tang, S.J. O'Shea, GW.

14

Stevens, F. Grieser, R.R. Dagastine and D.Y.C. Chan, 2010,
Dynamic interactions between microbubbles in water, Proc.
Natl. Acad. Sci. US.A. 107(25), 11177-11182.

Wen, W.J., X.X. Huang, S.H. Yang, K.Q. Lu and P. Sheng, 2003,
The giant electrorheological effect in suspensions of nano-
particles, Nature Mater. 2(11), 727-730.

Yamamoto, S., M. Ejaz, Y. Tsujii and T. Fukuda, 2000, Surface
interaction forces of well-defined, high-density polymer
brushes studied by atomic force microscopy, Macromolecules.
33(15), 5608-5612.

Zappone, B., M. Ruths, GW. Greene, GD. Jay and J.N.
Israelachvili, 2007, Adsorption, lubrication, and wear of lubri-
cin on model surfaces: Polymer brush-like behavior of a gly-
coprotein, Biophys. J. 92(5), 1693-1708.

Zeng, H., Y. Tian, B. Zhao, M. Tirrell, L.G Leal and J.N.
Israelachvili, 2007(a), Transient surface patterns during adhe-
sion and coalescence of thin liquid films. Soft Matter, 3, 88-93.

Zeng, H., Y. Tian, B. Zhao, M. Tirrell and J.N. Israelachvili,
2007(b), Transient interfacial patterns and instabilities asso-
ciated with liquid film adhesion and spreading. Langmuir,
23(11), 6126-6135.

Zeng, H., Y. Tian, B. Zhao, M. Tirrell and J.N. Israelachvili,
2007(c), Transient surface patterns and instabilities at adhesive
junctions of viscoelastic films. Macromolecules 40(23), 8409-
8422.

Zeng, H., Y. Tian, T.H. Anderson, M. Tirrell and J.N. Israelach-
vili, 2008, New SFA techniques for studying surface forces and
thin film patterns induced by electric fields, Langmuir. 24(4),
1173-1182.

Zeng, H., Y. Tian, B.X. Zhao, M. Tirrell and J.N. Israelachvili,
2009, Friction at the liquid/liquid interface of two immiscible
polymer films, Langmuir. 25(9), 4954-4964.

Zeng, H., B.X. Zhao, J.N. Israelachvili and M. Tirrell, 2010, Lig-
uid- to solid-like failure mechanism of thin polymer films at
micro- and nanoscales, Macromolecules. 43(1), 538-542.

Zeng, H. (ed.), 2013, Polymer Adhesion, Friction, and Lubri-
cation, John Wiley & Sons, Hoboken, NJ, USA.

Korea-Australia Rheology J., Vol. 26, No. 1 (2014)



