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We present a study of the compression of polymer-grafted surfaces using the dissipative
particle dynamics (DPD) method at constant chemical potential. We demonstrate the
importance of performing simulations of compression at ﬁxed chemical potential of the
solvent by comparing the simulated force-compression curves at constant chemical potential
and density with the experimental proﬁle determined for poly(ethylene-propylene) chains
grafted onto mica surfaces in a cyclohexane solvent. The simulated force-distance and friction
proﬁles are presented as a function of the polymer grafting density, the shear rate and the
nature of the solvent. We also study the inﬂuence of the steepness of conservative potential
between polymer segments and the size of the solvent elements (particles) on the form of the
force-compression and friction-compression proﬁles.

1. Introduction
The effective friction coefﬁcient between two smooth
solid surface immersed in toluene when they are in
lateral motion under a given normal load is about 0.6.
Covering these surfaces with polystyrene dramatically
reduces the friction by as much as two orders of
magnitude [1]. This type of surface layer formed when
polymers are grafted by a chain end to a surface at a
high coverage is called a polymer brush. It is used in a
variety of applications including the protection of
surfaces and their lubrication.
Over the past ten years, the surface force apparatus
(SFA) has been used extensively to measure both static
and dynamic forces between smooth and grafted
polymer surfaces. The SFA was initially used to
determine normal forces between polymer brushes at
equilibrium [2–4]. The technique has been extended to
measure simultaneously the normal and shear forces
between two polymer bearing surfaces in relative lateral
motion [5–9]. A large number of normal and shear force
proﬁles have been determined experimentally as a
function of the surface separation and these results
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have been interpreted using both theory [10–14] and
simulation [15–18].
A molecular understanding of the friction between
compressed polymer brushes is difﬁcult to access
experimentally [9, 16, 19, 20] and a suitable simulation
method has to explore the length and time scales for
polymer relaxation in the presence of a solvent. This
points us towards a coarse-grained model of the system
and a mesoscopic simulation method. We have already
established that dissipative particle dynamics (DPD)
can reproduce the equilibrium [21] and rheological [22]
properties of polymer brushes. In a recent paper [23], we
have calculated the force-distance proﬁles of compressed
polymer brushes using DPD in the grand canonical
ensemble, where the solvent between the two surfaces is
in equilibrium with a reservoir of the bulk ﬂuid at the
same temperature and chemical potential. We have
shown that under conditions of constant chemical
potential the shape of the force-distance proﬁle agrees
well with experiment and with the SCF theory if the
appropriate assumptions are made about the shape of the
polymer density proﬁle.
In this paper, we extend the DPD simulations of
equilibrium polymer brushes in the grand canonical
ensemble to study compressed polymer brushes
under shear. We are concerned with understanding
how the polymer and solvent properties can inﬂuence
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the friction as a step towards a molecular understanding
of friction. In particular, we address the following
questions:
(1) How does the friction coefﬁcient change under
compression at constant chemical potential of the
solvent?
(2) Does the presence of the solvent affect the friction
coefﬁcient?
(3) How do the grafting density and the shear rate
change the frictional forces?
(4) How does the steepness of the conservative
potential between polymer segments and the size
of solvent particle affect the friction?
The paper is organized as follows. In section 2, we
describe the DPD model. In section 3, we outline
the polymer brush system and we present the thermodynamic, rheological and structural properties calculated in this work. We demonstrate the stability of the
method at ﬁxed chemical potential in section 4 and we
discuss the inﬂuence of the shear rate and grafting
density on the friction proﬁles for wet and dry brushes
in section 5. Section 6 considers the inﬂuence of
the form of conservative potential between polymer
segments and the size of the solvent elements or particles
on the friction coefﬁcient. Section 7 contains our
conclusions.

2. The DPD simulation method
DPD describes a system in term of N particles with mass
mi, whose positions ri and velocities vi move according
to the Newton’s equation of motion

R
rij > rc . The dissipative f D
ij and random forces f ij are
given by



f ijD ¼  !D ðrij Þ eij  vij eij

ð4Þ

1=2
fR
ij ¼  !R ðrij Þ ij eij ðtÞ

ð5Þ

where t is the time step, vij ¼ vi  vj . !D ðrij Þ and !R ðrij Þ
are additional dimensionless weighting functions, also
vanishing for rij > rc .  and  are the dissipation strength
and noise strength, respectively. ij is a independent
random Gaussian variable with zero mean and unit
variance for each pair (i, j) of particles. ij ¼ ji is required
to satisfy the Newton’s third law. The DPD method has
been shown to produce a constant-NVT ensemble as the
following relations are satisﬁed [24]
!D ðrij Þ ¼ ð!R ðrij ÞÞ2

dvi
¼ fi
mi
dt

 2 ¼ 2kB T

ð6Þ

where kB is Boltzmann’s constant, T is the temperature.
In our DPD model, the units are dimensionless.
All the particles are equal mass, mi ¼ m ¼ 1. The unit
of length is rc and the unit of energy is kB T. All
the simulations are carried out using kB T ¼ 2:0. The
particles in DPD do not represent individual molecules
or atoms but rather describe the position and momentum of a region of the ﬂuid or a group of monomers
in the case of the modelling of polymer chains. To be
consistent with this coarse-graining description, any
conservative force introduced would be soft and mainly
repulsive. The weight functions !D ðrij Þ and !R ðrij Þ are
chosen as in previous work [21–23, 25] and are of the
form
2

!D ðrij Þ ¼ ð!R ðrij ÞÞ ¼
dri
¼ vi ,
dt

and



ð1  rij =rc Þ2
0

ðrij < rc Þ
ðrij  rc Þ

ð7Þ

ð1Þ

where t represents time, f i the total force acting on the
ith particle. The total force f i contains three pairwise
additive contributions

X
fi ¼
f ijC þ f ijD þ f ijR :
ð2Þ

For computational convenience, we keep the conservative force truncated at the cutoff radius rc. Usually
[21–23, 25], the weighting function !C ðrij Þ takes the form

!C ðrij Þ

ð1  rij =rc Þ
0

ðrij < rc Þ
ðrij  rc Þ:

ð8Þ

j6¼i

The conservative repulsive force f ijC derives from a soft
interaction potential and is expressed as follows

aij !C ðrij Þ eij ðrij < rc Þ
f ijC ¼
ð3Þ
0
ðrij  rc Þ
where aij is the maximum repulsion between particles i
and j, rc is the cutoff radius and rij ¼ ri  rj , rij ¼ jrij j
and eij ¼ rij =rij . The weight function !c ðrij Þ vanishes for

Throughout this paper, we also use two other analytical
expressions for this weighting function in order to study
the inﬂuence of the conservative interaction on the
friction coefﬁcient. In all cases, the conservative force
remains truncated at rc. The decrease in the particle size
will be accomplished by decreasing the cutoff radius
rc for all the weighting functions. The equations of
motions are integrated using a modiﬁed version of the
velocity-Verlet algorithm [25] using a timestep t of 0.02
in reduced units.
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The presence of the random and dissipative forces
apparently makes the DPD similar to the Brownian
dynamics (BD). However, we see that all the forces
in DPD are pairwise additive, central and obey
Newton’s third law leading to a conservation of linear
and angular momentum. Theses features are essential to
recover hydrodynamics behaviour. In BD, the momentum is not longer conserved and the macroscopic
behaviour will not be hydrodynamic. Additionally, in
most applications of BD, the solvent is not simulated
explicitly.

3. Simulation of the polymer brushes system
The model used to describe the polymer brush system is
composed of polymer chains, solvent particles and two
planar surfaces. The periodic boundary conditions are
applied in the x and y directions; in the z direction
the particles are conﬁned by the two grafted surfaces.
The polymer chains are grafted to the surfaces to form
two polymer brushes, one on the top and the other
on the bottom of the box, as shown in ﬁgure 1. Two
different grafting densities  g (1/3 and 1/6) are used here.
An additional conservative spring force is used to
connect the neighbouring beads of the homopolymer
chain. Each grafted linear chain contains 20 beads. The
simulations are carried out in good solvent conditions by
making both the aij parameter for the polymer-solvent
interactions equal to 40 and the aij for the remaining
interactions equal to 60. We deﬁne h as the distance
between the grafting surfaces and h0 as the distance
between the surfaces at which the interpenetration between the two layers vanished. The system for
which the distance between the grafted surfaces is h0 is
considered as the reference system and h=h0 is called
the compression.
Previously, we have established a methodology in the
grand canonical ensemble for the study of the compression of equilibrium grafted polymer brushes [23] and we
have checked the thermal, mechanical and chemical
equilibrium of the DPD method in the constant-VT
ensemble. In this paper, we extend the methodology to
the study of the compressed polymer brushes under
shear. We take care to use sufﬁciently high values of 
and  ( ¼ 7.07,  ¼ 12.5) in order to maintain a
constant proﬁle of temperature across the pore. The
methodology for keeping the chemical potential of the
solvent constant under shear remains the same as that
used at equilibrium, except for choosing the velocity of
the created solvent particle. In the case of no shear,
when a creation is accepted, the velocity of the solvent
particle is chosen
from a Gaussian distribution with zero
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mean and ðkB TÞ variance. To take into account the
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shear along the x-direction, the x-component of the
solvent particle’s velocity is changed by the addition of
the x-component of the streaming velocity. The shear is
induced by moving the lattice points associated with
particles of the surface in the top and bottom surface in
opposite directions along the x-axis by a distance x
deﬁned by
x ¼ ð1=2Þ_a Lz t

ð9Þ

where _a is the steady uniform shear rate and Lz is the
dimension of the cell along the z direction. Throughout
this work, two typical values of _a are used: _a ¼ 0.1 and
_a ¼ 0.05. Further details concerning both the structure
of the system and the simulation can be found in a
previous paper [23].
3.1. Thermodynamic properties
The components of the pressure tensor along the
z-axis is calculated using the Irving-Kirkwood [26, 27]
deﬁnition. The proﬁles of the pressure are calculated
as a function of z by splitting the cell into slabs of
width z. The p component is composed of a

Figure 1. Typical conﬁgurations for the polymer brushes
system in good solvent conditions under shear at two surface
separations. (a) h=h0 ¼ 0:77 and (b) h=h0 ¼ 0:35. The polymer
chains are represented using sticks and the open circles
represent solvent particles. The grafted surfaces are
represented by bigger grey open particles.

2678

F. Goujon et al.

conf
kinetic contribution pkin
 ðzÞ and of a virial part p ðzÞ
deﬁned as

*

pkin
 ðzÞ ¼



1 X
Hðzi Þmi ðvi Þ  ðuÞ ðvi Þ  ðuÞ
V i, , 

+

ð10Þ

where h  i denotes the conﬁgurational average and
 and  represent x, y and z directions, mi and ðvi Þ
are the mass and velocity of particle i, respectively.
V ¼ Lx Ly z is thus the volume of the basic slab, Hðzi Þ
is a top-hat function and ðuÞ is the  component
of the streaming velocity. Whereas ðuÞx is a measure of
the induced ﬂow ﬁeld, ðuÞy and ðuÞz are essentially zero
for all z.
pconf
 ðzÞ

1
¼
A

*

N
1 X
N
X
i¼1

1
z  zi
zj  z

ðrij Þ ðfij Þ

jzij j
zij
zij
j>i

+

where fij represents the sum of the conservative, random
and dissipative contributions and  is a unit step
function.
For a system with an inhomogeneity in density in the
z direction, the conﬁgurational chemical potential
conf ðzÞ [28–30] depends on the z position, so
conf ðzÞ ¼ kB T ln

ðzÞ
expðU test =kB T Þ

The mean square radius of gyration is usually used to
deﬁne the characteristic size of a polymer chain and is
deﬁned as
R2g ¼

Nb XD

2 E
1 X
ðri Þ  ðrc:o:m Þ
Nb i¼1 

#
ð12Þ

where (z) is the number density and U test is the
interaction energy of the test particle, at height z, with
the other N particles in the box.
3.2. Rheological properties
The appropriate rheological properties of the system
are the friction coefﬁcient and the viscosity. The proﬁles
of the friction coefﬁcient and viscosity are calculated
along the z-axis as
ðzÞ ¼ 

hpxz ðzÞi
hpzz ðzÞi

ð13Þ

ðzÞ ¼ 

hpxz ðzÞi
:
dux ðzÞ=dz

ð14Þ

Previous [22] study showed from the viscosity proﬁles
that the minimum of the viscosity was observed in the
middle of the pore in the region of the highest solvent
density. The value of viscosity used in this paper
represents the viscosity in the middle of the pore.

ð15Þ

where Nb is the number of beads within the polymer
chain, the subscript com refers to the chain centre of
mass and  represents x, y or z directions. The overlap
between the two opposite layers can be quantiﬁed
via the calculation of an interpenetration coefﬁcient I
deﬁned as
R Lz =2
I ¼ R 0Lz =2

dz 1 ðzÞ

Lz =2 dz 1 ðzÞ

ð11Þ

"

3.3. Structural properties

:

ð16Þ

The height h of the brush layer is estimated from the ﬁrst
moment of the brushes as
R Lz =2

L =2 dz z 1 ðzÞ

h ¼ R Lzz =2

ð17Þ

Lz =2 dz 1 ðzÞ

where 1 ðzÞ is the density proﬁle of a single brush.
As the polymer brush system is sheared, the polymer
chains tend to tilt in the direction of the imposed shear.
The average orientation of the layer can be thus
characterized by the director, d. It is the eigenvector
corresponding to the largest
eigenvalue of the Q tensor
P
deﬁned as Q ¼ ð1=NÞð i ei ei  ð1=3ÞIÞ where the sum is
over all polymer chains. The internal ordering against
the director can be estimated from the order parameter
P1 as
*
+
1 X
ei  d :
P1 ¼
N i

ð18Þ

4. Thermodynamic stability of sheared polymer brushes
in the constant-lVT ensemble
In the original DPD approach, the linear momentum,
the number of particles and temperature are conserved.
In this case the DPD model satisﬁes the condition of
Galilean invariance [31] and detailed balance [32]. This
makes DPD an attractive method to treat the problem
of polymer-grafted surfaces under shear ﬂow where
hydrodynamics interactions may be signiﬁcant. We have
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also established that the use of the DPD model in the
grand canonical ensemble is an efﬁcient technique for
determining the force-distance proﬁles of compressed
equilibrium polymer brushes [23]. If we wish to study the
rheological properties in the constant-VT ensemble,
we need to check the inﬂuence of the non-conservation
of the total number of particles and momentum on the
non-equilibrium properties such as the friction and
shear viscosity.
To address this issue, we compare the thermodynamics, rheological and structural properties of the
polymer brushes calculated from a simulation in the
constant-VT ensemble with those from a number of
simulations in constant-NVT ensemble over the corresponding values of N. These comparisons are shown
in table 1. Typically, for a system under moderate
compression at h / h0 of 0.6, the average number of
solvent particles in the acquisition phase of the constantVT simulation is equal to 4905  10, a variation of
0.2%. We have performed constant-NVT simulations
across this range of N. In table 1, we show the
thermodynamic properties (pressure components,
chemical potential) and the rheological (friction and
viscosity) properties as well as the structural parameters
(layer width, orientational order, director). The results
from the constant-NVT ensemble are unchanged within
the estimated error when the total number of solvent
particles varies by 10 units. Additionally, we show that
the properties calculated at constant-VT match
those from the range of constant-NVT simulations.
Once the equilibrium is reached in the grand ensemble,
the variation of the number of solvent particles during
the production phase does not affect the rheological
properties of the system and we can conﬁdently use of
the DPD method in the grand canonical ensemble for a
system under shear.
The equilibration phase in the grand canonical
ensemble is an essential step to obtain the appropriate
number of solvent particles for a given compression.
We note that the variation of the number of solvent

particles during equilibration between two consecutive
surface separations can reach 800.
Figure 2(a) shows the conﬁgurational chemical
potential proﬁle conf ðzÞ, calculated in the simulation
of a sheared polymer brush system at constant chemical potential. As required the conﬁgurational chemical
potential is constant for all z even if the solvent density
proﬁle is nonuniform. We also check that the calculated
conf ðzÞ from the Widom insertion technique is equal
to the externally ﬁxed chemical potential. Figure 2(b)
shows the conﬁgurational chemical potential calculated
at constant-VT and constant-NVT simulations at all
compression ratios. The average value of conf ðzÞ
deviates by less than 1% from the ﬁxed chemical
potential at all compressions, whereas at constant
density the conﬁgurational chemical potential decreases
dramatically with compression. Such constant-NVT
simulations cannot be expected to model the experimental SFA where the solvent is in equilibrium with the
reservoir at a ﬁxed temperature and chemical potential.
Although, we do not show these explicitly, the proﬁles
of the local temperature and pressure components
are also constant with z as required for thermal and
mechanical equilibrium. These checks demonstrate
both the efﬁciency and the stability of our methodology
for polymer brushes under shear where the chemical
potential of the external solvent is ﬁxed.
The difference in the two approaches is illustrated
in ﬁgure 3, which shows the total force between the
surfaces as a function of the compression. This proﬁle
can be directly compared with experiment. In the ﬁgure,
the experimental force-compression proﬁle has been
determined for poly(ethylene-propylene) chains grafted
to mica surfaces in cyclohexane [9], the theoretical
curve is obtained from the Alexander-de Gennes model
[10, 12]. The experimental and theoretical curves are
shifted vertically to match the simulated curves and we
should only compare their shapes. In the simulation,
these proﬁles are calculated by subtracting the normal
pressure at the reference state, h=h0 ¼ 1 from the

Table 1. Thermodynamics (Pxz , Pzz , conf
), rheological ( , ) and structural ðRg2 , I, h, d, P1 Þ properties calculated in both
z
constant-NVT simulations with different number of solvent particles (N) and constant-VT simulations at h=h0 of 0.6. All the
properties are deﬁned with their symbols in the parts of section 3.
N

Pxz

Pzz

Constant-VT ensemble
490510

5.351

116.23

0.04612

Constant-NVTensemble
4905
4895
4915

5.462
5.472
5.471

115.83
115.63
116.03

0.04722
0.04732
0.04722

conf
z

Rg2

I

h

d

P1

3.621

44.31

12.52

0.0121

4.625

44.01

0.901

3.611
3.611
3.611

44.31
44.21
44.41

12.62
12.62
12.62

0.0131
0.0131
0.0131

4.645
4.645
4.645

44.11
44.01
43.81

0.901
0.901
0.891
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Figure 2. (a) The solvent density ðzÞ (dashed line) and
the conﬁgurational chemical potential conf ðzÞ (solid line)
proﬁles from a constant-VT simulations at h=h0 ¼ 0:6. (b)
The calculated conﬁgurational chemical potential from the
constant-NVT simulations at a constant density (black circles)
and from the constant-VT simulations (open circles)
calculated from the Widom particle insertion method. The
solid line shows the ﬁxed value of chemical potential of
the external resevoir.

Figure 3. A semi-log plot of the experimental and simulated
force-compression proﬁles. The solid line represents the proﬁle
calculated from the Alexander-de Gennes equation. The
experimental and theoretical results have been shifted
vertically to obtain the best agreement with the simulated data.

average normal pressure at h. The normal component is
calculated from equations (10) and (11) and averaged
over the z-dimension of the simulation box. We ﬁnd
excellent agreement between the simulations at constant-VT and those from the SFA experiments [9].
Furthermore, the simulated proﬁle is also in good
agreement with that predicted by the Alexander-de
Gennes theory. In contrast, the results obtained at
constant density (i.e. from constant-NVT simulations
with ﬁxed at all compressions) do agree well with the
experiments particularly at high compression but are
poorer at low compressions. This result has been already
observed in the compression of equilibrium polymer
brushes [23] but the discrepancies between the two
models are more pronounced in the case of polymer
brushes under shear.
Figure 4(a) displays the friction coefﬁcient proﬁle
calculated from equation (13) averaged over the
production phase of the simulation for two compressions. Firstly, we show that the friction coefﬁcient is
constant with z, allowing the calculation of a reliable
average friction coefﬁcient value. The inset shows the
friction coefﬁcient averaged over z as a function of
time. The friction coefﬁcient evolves around an equilibrium value with relative small deviations and the
small ﬂuctuation in the number of the solvent particle
during the production phase affects neither the average
value of or its evolution as a function of time.

5. Inﬂuence of the solvent, shear rate and surface
coverage on the friction coefﬁcient
This section contains the principal results of the paper.
Figure 4(b) shows the friction coefﬁcient as a function
of compression for wet and dry brushes at two grafting
densities and different shear rates. A dry brush consists
of the grafted polymers without any solvent particle
and consequently these simulations are performed in the
constant-NVT ensemble. At ﬁxed surface coverage and
shear rate, we observe two quite different behaviours of
the friction coefﬁcient as a function of compression for
the dry and wet brushes. The friction coefﬁcient of dry
brushes reduces exponentially as the system is compressed whereas it increases slightly with compression
of the brushes in the presence of solvent. In all cases, the
friction coefﬁcient of the dry brushes is larger that that
of the wet brushes indicating the lubricant properties
of the solvent: the solvent particles assist the sliding of
the brushes. As expected, the friction coefﬁcients for the
dry and wet brushes converge to the same value at
the strongest compression, as the number of solvent
particles in the layer is reduced.
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Figure 4. (a) The friction coefﬁcient proﬁles for two separation distances accumulated over the total production phase of the
simulation. The inset shows the variation of the mean friction coefﬁcient at the same compressions. The friction ðtÞ is averaged both
across the pore and over short periods of time. (b) The mean friction coefﬁcient as a function of the compression for dry and wet
brushes at different shear rates and surface coverages. The inset shows the friction coefﬁcient proﬁle calculated in previous BD
simulations [16].

The reduction in the friction of the dry brushes as the
pore width is decreased is attributed to the fact that
the grafted chains are only weakly entangled in the
interfacial region [6] (the measured interpenetration
coefﬁcient is small) and that the tangential pressure
increases more slowly than the normal pressure with
a disordered ﬂuid of polymer beads offering little
resistance to shear. The main difference between this
and the wet system occurs at 0:8 < h=h0 < 1:0 when
the polymers layers are weakly interpenetrating.

As shown in ﬁgure 2(a), the solvent particles are
present both in the polymer region and in the interfacial
region with a slightly higher density in the middle of the
pore. Indeed the shear tends to reduce the height of the
brush and forces more solvent particles into the central
region. Under shear, the polymer chains escape the
compression by tilting in the direction of the shear
with an angle between the director of the layer and
the normal to the surface close to 80 at the highest
compressions. In these circumstances, the pure solvent
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between layers acts a strong lubricator reducing the
friction coefﬁcient at this separation by one to two
orders of magnitude. On further compression the
solvent leaves the polymer brushes and the region
between the plates and
rises slightly to the same
value as the dry brush.
There is some uncertainty in the SFA experiment
on the precise surface coverage of the polymers. The
simulations allow us to investigate this effect. For wet
brushes lowering the surface coverage of the polymer
reduces the friction and this more marked at weak
compression. At the same external chemical potential
more solvent must be introduced into the inter-layer
region at lower coverage and the friction reduces.
Interestingly, the opposite effect is seen with the dry
brushes where increasing the surface coverage reduces
the friction. In both cases, the shape of the frictioncompression curve changes with coverage.
A reduced shear rate of 0.1 represents the top of the
experimentally accessible range. If we decrease the shear
rate by a factor of 2, the friction coefﬁcient is reduced
for both wet and dry brushes. The shape of the frictioncompression curve is unchanged.
The friction coefﬁcient calculated from the DPD
simulations are in the range 0.05–0.1. These are slightly
higher than values of 103 to 0.05 determined by Klein
from SFA experiments [6]. We feel that the relative
magnitudes of the normal and tangential forces is
reasonably well reproduced by the DPD model.
However, since the friction coefﬁcient is the one
absolute comparison that we can make with experiment,
we would like to see more detailed work on
as
a function of compression, surface coverage and
shear rate from the SFA. The friction-compression
proﬁle would be a particulary useful experimental
measurement.
The inset to ﬁgure 4(b) shows the friction coefﬁcient
proﬁle
determined
from
Brownian
dynamics
simulations [16] of a polymer brush under steady and
oscillatory shear. In this study, the solvent particles are
not explicitly represented but treated as a continuum.
The resulting friction proﬁle is similar to that calculated from DPD simulations on dry brushes with approximately the same shape and absolute magnitude.
The explicit presence of solvent particles dramatically
changes this curve and should form a more reliable
comparison with experiment as this becomes available.

6. Inﬂuence of the interaction conservative potential and
of the solvent size
In this section, we consider two details of the DPD
that might be expected to change the force and

friction-compression curves and to estimate the size of
these effects.
Firstly, we consider the inﬂuence of the steepness
of the conservative potential between the segments of
the polymer chain on the rheological properties. The
random and dissipative forces are kept unchanged.
These do not inﬂuence the interaction potential but
could potentially inﬂuence the rheological properties.
However, we feel that the form of the conservative
potential is likely to make the most signiﬁcant difference. From equation (3), the conservative force is
written in terms of a weighting function !C ðrij Þ.
As DPD has been designed to model systems at a
mesoscopic level, any weighting function !C ðrij Þ which
we introduce should be repulsive and soft so that we can
continue to model Kuhn segments of the polymer and
still use a comparatively ‘long’ reduced time-step to
allow for equilibration of these systems. Previous work
on a truncated and shifted Lennard Jones potential in
DPD [33] indicates that small timesteps are required and
we were unable to obtain equilibration in our system
with this type of model. Instead, we employed a simple
extension of DPD model, where the conservative force is
modelled as a linear ramp, by increasing the exponent of
the weighting polynomial from 1 to 4 as follows
!C;1 ðrij Þ ¼ ð1  rij =rc Þ
!C;2 ðrij Þ ¼ ð1  rij =rc Þ þ ð1  rij =rc Þ2
!C;3 ðrij Þ ¼ ð1  rij =rc Þ þ ð1  rij =rc Þ2
þ ð1  rij =rc Þ3 þ ð1  rij =rc Þ4 :

ð19Þ

These analytical expressions of the conservative forces
are shown as an inset in ﬁgure 5. The other inset in
ﬁgure 5 shows the pair correlation function g(r) of a
pure DPD ﬂuid calculated using each weighting function
¼ 5:0 and T ¼ 2.0. As expected, the addition of the
higher order polynomial contributions in the conservative interaction increases both the excluded volume
between particles and the magnitude of the ﬁrst peak
in g(r). We have performed the compression of polymer
brushes at constant chemical potential using both
the !C;2 ðrij Þ and !C;3 ðrij Þ weighting functions. As the
thermodynamics of a DPD system is governed by the
conservative force, we need to calculate the conﬁgurational chemical potential values of the solvent in the
reference system for !C;2 ðrij Þ and !C;3 ðrij Þ weighting
functions. They are equal to 55.6 and 59.4 for !C;2 ðrij Þ
and !C;3 ðrij Þ, respectively. For !C;1 ðrij Þ, the chemical
potential was maintained at 44.4. We check that
changing the potential does not affect the thermodynamical, mechanical and chemical equilibria of our
systems. The structural properties of the polymer
brushes are unchanged along the compression curve
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Figure 5. The normal force-compression proﬁles calculated in polymer brushes using the different forms of the conservative
potential. The leftmost inset shows the shape of the conservative force and the rightmost the corresponding pair correlation function
g(r) for a pure DPD ﬂuid with the different conservative potentials.

when the potential becomes more repulsive. Obviously,
the magnitude of the pressure components increases
with the repulsiveness of the potential. However, ﬁgure 5
shows that the normalized force-compression proﬁle
does not depend on the precise analytical forms we have
used for the conservative potential over the range that
we have employed. In addition, the friction-compression
proﬁles, ﬁgure 6(a), show that the friction can be
considered to be independent of the shape of the
conservative potential in this range. It is not possible
to extract a correlation between the friction and the
repulsiveness of the potential. In all cases, the variations
observed when we change the potential are very small
compared to those caused by the change of the shear
rate or the surface coverage. We conclude that changes
in the form of the conservative potential in this range do
not affect the structural properties, the force-distance
and friction proﬁles.
In the DPD model the solvent is represented as a
soft particle often of the same size as the polymer bead.
In this study, we will explore how the size of the solvent
particle might affect the friction coefﬁcient by changing
the cutoff radius of the solvent-solvent interactions from
1.0 to 0.5. The cutoff radius for the solvent-polymer
interactions is


rpolsol
¼ 0:5 rpolpol
þ rsolsol
c
c
c

ð20Þ

while the cutoff value is kept at 1.0 for the polymer–
polymer interactions. When the cutoff radius was set to
1.0 for all the interactions, the number of solvent

Figure 6. (a) The friction coefﬁcient proﬁles calculated
for each of the three conservative potential forms and for a
smaller size of solvent particle ðrc ¼ 0:5Þ. (b) The monomer
and solvent density proﬁles calculated for three sizes of solvent
particles.
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particles in the reference system ðh ¼ h0 Þ was around
8300. Decreasing the cutoff for the solvent–solvent
interactions to 0.5 means increasing number of solvent
particle close to 40000 to keep the packing fraction of
the solvent approximately constant. This increases the
simulation time by a factor of ca. 10. Figure 6(b) shows
the polymer density proﬁles as function of the cutoff
radius. We observe that they are unchanged when the
size of the solvent is decreased. An analysis of the
amount of interpenetration, the brush thickness and
orientational ordering conﬁrms that the structural
properties of the polymer brushes do not depend on
the size of the solvent particle. Figure 6(b) also shows
the proﬁles of the solvent particles for three sizes of
solvent. Theses proﬁles are scaled by ðrsolsol
Þ3 to effect a
c
sensible comparison. The scaled proﬁles of the solvent
density become slightly ﬂatter in the middle of the pore
when the size is smaller whereas they are identical in the
polymer regions. We would expect the solvent density
proﬁle to become more uniform as the solvent becomes
more discrete. In ﬁgure 6(a), the black circles show
that the reduction of the solvent particle decreases
the friction coefﬁcient slightly but does not change the
shape of the friction proﬁle. Again these effects are small
compared to changes in shear rate and surface coverage.

solvent in the wet brushes. This effect is more marked
than the change in the force-compression proﬁle.
We have established that the variations of the friction
coefﬁcient as a function of the separation kept the same
shape when the surface coverage and shear rate have
been reduced. The magnitude of the friction coefﬁcient
depends on both the surface coverage and the shear
rate. The normal force-distance and friction proﬁles
have been shown to be independent on the form of
the conservative potential so long as the conservative
potential is kept repulsive and soft. We do not detect
any major inﬂuence of the size of the solvent particle on
the structural properties of the brushes or on the friction
coefﬁcient proﬁle. The change in the magnitude of the
friction caused by the reduction of the solvent particle
size is small compared to those induced by the changes
in the shear rate or grafting density.
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