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Abstract Computer simulations of friction between poly-

mer brushes are usually simplified compared to real sys-

tems in terms of solvents and geometry. In most sim-

ulations, the solvent is only implicit with infinite com-

pressibility and zero inertia. In addition, the model ge-

ometries are parallel walls rather than curved or rough

as in reality. In this work, we study the effects of these

approximations and more generally the relevance of sol-

vation on dissipation in polymer-brush systems by com-

paring simulations based on different solvation schemes.

We find that the rate dependence of the energy loss

during the collision of brush-bearing asperities can be

different for explicit and implicit solvent. Moreover, the

non-Newtonian rate dependences differ noticeably be-

tween normal and transverse motion, i.e., between head-

on and off-center asperity collisions. Lastly, when the
two opposing brushes are made immiscible, the friction

is dramatically reduced compared to an undersaturated

miscible polymer-brush system, irrespective of the slid-

ing direction.
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1 Introduction

Polymer brushes consist of macromolecules that are at-

tached by one end to surfaces or interfaces at a high

density such that the polymer-grafts stretch in the di-

rection normal to the tethering plane [1]. Over the last

decades, many applications have been devised using

such polymer brushes [2]. They are employed, for ex-

ample to stabilize colloidal suspensions [3], in oil re-

covery [4], for protein analysis [5], as anti-fouling coat-

ings [6, 7] and as ‘smart’ responsive systems [8], such
as drug-delivery systems [9], nano sensors [10, 11] and

‘pick-up and place’ systems [12]. Especially promising

is the utilisation of polymer brushes in a biomimetic

approach as low-friction surface coatings [13–20], e.g.,

in artificial joints [21] or industrial applications [22].

In biological systems, such as human joints, the fric-

tion coefficient is very low: it is less than 0.02 [23] even

at local pressures up to 50 atmospheres [24]. One of

the reasons for this is that sugar chains in the syn-

ovial fluid attach to cartilage tissue and protein back-

bones [25]. The hydrophilic sugar chains keep a water-

based, low-viscosity liquid in the joint cavity, result-

ing in low friction upon relative sliding motion. When

polymer brushes are kept in good solvents, the poly-

mers stretch upward [26, 27] and, in a similar fashion

as in joint lubricants, keep the solvent in the brush on

condition that the potentially applied pressure is lower

than the osmotic pressure in the solvent [28]. There-

fore, polymer brushes are actively studied in the effort

to develop biomimetic lubricants.
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Computer simulations have been very helpful in pro-

viding a better understanding of polymer brushes and

the origin of friction is these systems [29]. Early molecu-

lar dynamics (MD) simulations, which allow for visual-

izing the positions of polymers, exposed that the macro-

molecules of opposing brushes interdigitate [30]. More-

over, the inter-brush overlap was observed to correlate

with the frictional response of opposing brushes [31,32].

The shear stress on the interpenetrated polymers tilts

them such that the overlap zone is reduced with in-

creasing velocity. Therefore, polymer brushes in rela-

tive sliding motion can show shear-thinning [31, 32].

Computer simulations of generic, bead-spring models

for polymer brushes found that the dissipation in these

shear-thinning systems can be described by a sub-linear

friction-velocity relation of F ∼ vκ [33, 34], with κ =

0.54−0.57 [33–35]. Experiments revealed that interdig-

itation can result in high friction [36,37] and cause wear

due to chain pull-out and scission [15,38].

Recent simulations [39] suggested that studies of

polymer brushes in simplified geometries, in particu-

lar the regularly employed parallel-plate geometry, only

see part of what is responsible for dissipation. Engi-

neering surfaces and the exterior of joint implants are

rough [21,40] so that new modes of motion and thus dis-

sipation mechanisms can occur in addition to those tak-

ing place in a parallel-plate geometry. Firstly, transient

interdigitation [41] during an asperity collision must be

expected to alter the effective contribution of brush-

overlap to the dissipation. Secondly, brushes on curved

surfaces deform as they slide past each other, which

leads to a viscoelastic hysteresis, which is well known

from rubber friction [42,43]. Thirdly, when the brushes

are deformed, the solvent is partly squeezed out and

needs to be re-absorbed. This also causes viscous dissi-

pation [44], which is believed to dominate the friction

upon normal approach [45, 46] in completely solvated

systems. Finally, when different brush-covered asper-

ities move past each other, contacts are formed and

broken. This can result in capillary hysteresis, espe-

cially in applications where the system is not fully sat-

urated with solvent. All these dissipation mechanisms

affect each other and the resulting frictional response is

a composition of the different mechanisms [39].

In the last years, several methods have been de-

veloped to reduce [47] or even prevent [20] interdig-

itation of the polymers in opposing brushes. In one

method [47], a modulated electric field is applied to

tune the degree of overlap between polyelectrolyte brushes.

In another method [20], the opposing brushes are chem-

ically distinct such that each brush has its own pre-

ferred solvent, e.g., one hydrophilic and one hydropho-

bic brush, which are immiscible and thus do not inter-

penetrate. There is only a thin effective overlap zone

due to long-wavelength thermal fluctuations of the in-

terface [20]. Consequently, the friction in these immis-

cible systems can be more than two orders of magni-

tude lower than the friction for traditional, miscible

systems [20]. Due to slip at the interface [48], the ef-

fect of the method described above is enhanced when

the two solvents are immiscible, but the method can

also work when the solvents are miscible, provided that

the solvents demix in the contact [49]. Additionally, in a

similar fashion as for contacting star polymers [50], it is

found that surface curvature can reduce brush interdig-

itation compared to parallel-plate geometries [49], be-

cause polymers can circumvent the effectively-repulsive

interaction with other polymers by moving into the pre-

ferred good solvent outside the contact.

In this paper, we report non-equilibrium MD sim-

ulations of two colliding cylinders that are decorated

with polymer brushes. We study how interdigitation

and capillaries affect the energy dissipated during an

asperity collision. Towards this end, we set up three

systems that are each solvated differently. In system 1,

the brushes are completely immersed in implicit sol-

vent. In this system, polymers can escape interdigita-

tion in the y direction (Fig. 1). In system 2, the brushes

are undersaturated in explicit solvent such that a cap-

illary forms in the contact. The surface tension of the

solvent bundles the polymers together such that the ef-

fect of interdigitation on the dissipation in this system is

strongly enhanced [49]. System 3 consists of two immis-

cible polymer brushes, where preferred absorbance of

two immiscible solvents in the two chemically different

brushes prevents interdigitation of the macromolecules

of the opposing brushes. By moving the cylinders in

the y-direction (Fig. 1) we mimic off-centre collisions

between asperities of rough surfaces, while for motion

in the normal direction (z-direction, Fig. 1) we mimic

head-on asperity collisions. We note that real engineer-

ing surfaces do not consist of periodic cylinders, but

instead have a roughness distribution over many length

scales [51]. Since the relative importance of the vari-

ous dissipation mechanisms depends on many different

dimensionless variables [39, 52], it is unlikely that our

system precisely mimics the mix of dissipation mecha-

nism in a particular brush system. The analysis of our

generic model yet allows one to deepen the understand-

ing of how solvation affects qualitatively interdigitation,

capillaries, and energy dissipation during asperity col-

lisions.
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2 Model and Methods

The polymers and the solvent molecules in our simula-

tions are represented by the Kremer-Grest model [53],

which is known to qualitatively describe the static and

dynamic properties of end-anchored polymers [29], surface-

adsorbed molecules [54], polymer melts [55] and poly-

mers in solvent-mixtures [56]. In the Kremer-Grest model,

chemically bonded entities are connected via finitely ex-

tendable nonlinear elastic (FENE) springs imposed by

the potential,

VFENE =
1

2
kR2

0ln

[
1−

(
rij
R0

)2
]

(1)

with a stiffness of kFENE = 30 ε/σ2 and a maximum

extension of R0 = 1.5 σ. Here, the parameters ε and

σ are used to define the units for energy and length,

respectively. Typical values are ε = 30 meV and σ =

0.5 nm [57]. Thus, our unit for pressure is [p] = ε/σ3 ≈
40 MPa. Short-range repulsion and long-range attrac-

tive van der Waals interactions are modeled by the

Lennard Jones (LJ) potential with the functional form

VLJ(rij) = 4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

+ Vc ij , (2)

for rij < rc ij , where rij is the distance between two

beads and rc ij is a cutoff beyond which the energy is

set to zero. The constant Vc ij is chosen so that the po-

tential is continuous at the cutoff. When chosing rcij =

21/6 σij , the LJ interaction is purely repulsive, while it

contains a significant adhesive tail for rc ij = 2.5 σij Un-

less mentioned otherwise, σij = σ and εij = ε. The LJ

interaction between “bonded” beads is always purely

repulsive, while that between any other entities needs

to be defined for each application. The beads represent

Kuhn units. The Kuhn length is generally the length

of 3− 5 monomers. Thus, the unit of mass can be cho-

sen to be [m] = 10−22 kg so that the unit of velocity

becomes [v] ≈ 7 m/s.

Figure 1 shows the simulation cells of the three sys-

tems studied in this article. They consist of two cut-off

cylinders (radius R = 100 σ and height h = 35 σ),

which are built up of a single layer of surface-atoms in

fcc [111] lattice having a nearest-neighbor spacing of

r0 = 1.2 σ. Nearest-neighbor wall atoms are connected

to each other by nonlinear springs of the functional form

Vnl(rij) =
εb(rij − r0)2

λ2 − (rij − r0)2
, (3)

with εb = 10.3 ε and a maximum extension of the

spring of λ = 0.4 σ. In addition, the wall atoms are

connected to their lattice sites with harmonic springs

System	  1	  

System	  2	  

System	  3	  

x 
y 

z 

Fig. 1 Snapshots of the three types of setups used in this
study. Each time, the system consists of two polymer-bearing
cylinders. In system 1, the brushes (dark blue) are physically
and chemically the same and completely immersed in an im-
plicit solvent (light blue). In system 2, the brushes (dark blue)
are again physically and chemically the same, but undersat-
urated in explicit solvent (light blue), which is in equilibrium
with its gas-phase. In system 3, the two brushes have identi-
cal physical but different chemical properties. Brush 1 (blue)
prefers solvent 1 (light blue) and brush 2 (yellow) prefers sol-
vent 2 (red) such that the polymers of the opposing brushes
do not want to interdigitate. The snapshots are rendered us-
ing VMD [58].

(kwl = 32 ε/σ2) to prevent drift. On each surface we

graft 15048 polymers of degree of polymerization N =

30 beads (test runs using N = 100 beads showed qual-

itatively similar results). The grafting density α is ap-

proximately 2.2 times the critical grafting density αc

above which brushes form [26, 27]. We chose a rela-

tively large interaction length of σbw = 1.6 σ for the

interaction between individual beads and wall-atoms.

This choice together with elastic coupling between wall

atoms prevents polymers or solvent molecules from pen-

etrating into the wall. Also, the interaction between the
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polymers and wall is made repulsive, because attractive

interactions can shift αc to higher values [59], in which

case we would need longer or more polymers. The den-

sity profiles of brushes on curved surfaces can deviate

from those on flat surfaces [60]. Therefore, we made sure

that in our system the ratio Nσ/R is small enough for

these effects to become unnoticeable [61].

Periodic boundary conditions are applied in x and y

direction. We use the velocity Verlet algorithm, as im-

plemented in LAMMPS [62], to solve Newton’s equa-

tions of motion. The time step is set to 0.005 σ
√
m/ε

(test simulations using a timestep of 0.001 σ
√
m/ε gave

statistically indistinguishable results). The temperature

is kept constant at T = 0.6ε/kB. We keep the brushes

in relative sliding motion by moving the lattice sites

of both surfaces in opposite directions, with constant

velocities ±v/2 in x, y, or z. To mimic the effect of

asperity collision in a multi-asperity contact we chose

constant separation over constant normal pressure.

In system 1 (Fig. 1) the two brushes, which are

chemically and physically alike, are fully solvated in

an implicit solvent. The thermodynamic effect of the

implicit solvent is realized by a short-range cutoff for

the LJ interaction, which induces an effective repul-

sion between beads as they experience it in a good

solvent. The effect of the solvent viscosity is approxi-

mated by a dissipative particle dynamics (DPD) ther-

mostat [63] using a time-constant τ = 1.0 σ
√
m/ε.

Such a model captures qualitatively the solvent-induced

damping and random forces between non-bonded poly-

mer segments while keeping the correct (underdamped)

behavior of long-range density fluctuations of sliding

polymer brushes in the parallel-plate geometry [64].

In system 2 (Fig. 1) the brushes are also chemically

and physically the same, but undersaturated in explicit

solvent. For every polymer bead in the brush, there

is one solvent bead. Our explicit solvent consists of

dimers, because single monomers can induce undesired

layering close to walls [33]. The interactions between

any two non-bonded beads are now long ranged, specif-

ically rcut = 2.5 σ, and thus adhesive. Only the inter-

actions between polymer beads had a reduced cutoff of

rcut = 1.6 σ, which still implies some adhesion. The LJ

energy parameters between non-connected dimer-units

deviated from the default value, εss = 0.5 ε. This re-

duced value allowed the solvent to remain liquid within

the full pressure range from zero to 25 ε/σ3, which acts

locally for the highest loads. In turn, the interaction

parameters between solvent and polymer are increased

to εps = 1.2 ε, which results in good solvent condi-

tions and miscibility. We note that due to our choice

of interaction parameters, the Flory Huggings param-

eters [65, 66] of systems 1 and 2 are different. This is

one reason why our results for the fully solvated (sys-

tem 1) and undersaturated (systems 2 and 3) simula-

tion setups can only be qualitatively (and not quanti-

tatively) compared. Another reason is that implicit sol-

vent polymer brush systems often show higher friction

than systems described with an explicit solvent [64].

Temperature is kept constant using a Langevin thermo-

stat (time constant τ = 1.0 σ
√
m/ε) which only acts

on the wall-atoms normal to shear and shear-gradient

direction such that there is no measurable effect of the

thermostat on the friction forces [67].

In system 3, we set up an immiscible polymer brush

system. The two opposing brushes are chemically dif-

ferent and each prefer their own solvent while being

mutually insoluble. To create systems 3, we used the

same setup as for system 2, except that opposing poly-

mers (P and P), different solvents (S and S) and poly-

mers with the non-preferred solvents (P and S / P and

S) are made incompatible by shifting the cut-off to the

potential minimum; rcut = 21/6 σij .

3 Results and Discussion

3.1 Motion in transverse direction

We start the discussion of how different solvent methods

affect energy dissipation during the collision of brush-

bearing asperity in the case of an off-center collision,

in which case, the two contacting surfaces are moved in

the y-direction. Figure 2 shows selected snapshots of the

three investigated systems. Differences between them

are revealed most clearly when the center-of-masses of
the two asperities are on top of each other, that is, for a

(reduced) transverse coordinate of y = L/2, where L is

the length of the periodically repeated simulation cell in

the y direction (L = 200 σ). In implicit-solvent simula-

tions, i.e., system 1 mimicking fully immersed systems,

the brushes overlap but the sliding-induced asymme-

try is not obvious to the eye. In explicit-solvent sim-

ulations of a partially wetted homogeneous brush pair

(system 2), the interdigitation appears reduced and a

clear shape asymmetry becomes visible. In contrast, the

brushes of system 3, where immiscibility is induced by

the solvent, show a thin depletion zone between the

two brushes and no obvious asymmetry. One can also

note that brushes collide earlier in the implicit than

the explicit-solvent simulation, despite the absence of a

capillary inducing a long-range attraction in the latter,

undersaturated system. This difference is caused by the

solvation method. In system 1, the polymers are free to

stretch into the surrounding solvent [49] and the den-

sity profiles show the typical gradual decay in polymer
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Fig. 2 Snapshots of the three systems upon relative sliding motion (v = 0.01 σ/τ) in the transverse direction. The images in
the left column show system 1 at y/L = 0, 0.25, 0.5 and 0.75 from top to bottom. The images in the middle and the right
columns show systems 2 and 3, respectively, at the same distances as system 1. The opposing brushes are colored differently
for clarity, even when brushes are alike (as in systems 1 and 2). For all systems the distance between the cylinder-apices is
14.6 σ at y = L/2 (L is the length of the box in y of L = 200 σ for all systems in these simulations). The snapshots are rendered
using VMD [58].

density for increasing distances from the surface charac-

teristic for swollen polymer brushes [28,68–70]. In con-

trast, in system 2 and 3, the undersaturation of solvent

confines the polymers. In these brushes, the polymer

density is higher than in system 1 and the density pro-

files resemble a step function with a slightly enhanced

solvent density at the surface due to our choice for the

interaction parameters [71]. Consequently, the radius of

gyration in the direction normal to the surface is much

larger for the solvent-immersed brushes in system 1 and

thus, contacts are earlier formed compared to systems 2

and 3.

Not only the snapshots but also the instantaneous

lateral forces Fy, or force traces, strongly depend on the

solvation method. Fig. 3 shows typical force traces for

systems 1 (top), 2 (middle) and 3 (bottom) for various

velocities v and for v → 0. To minimize the computa-

tional costs, we reduced the box size in y compared to

Fig. 2 for system 2 and 3 to L = 168 σ and L = 158 σ,

respectively. We remind the reader that y = L/2 is

a symmetry point for an equilibrium system, that is,

for a system moving at infinitely small velocity. This

symmetry implies that the free energy is a symmetric

function with respect to y = L/2, so that its deriva-

tive, the equilibrium force indicated by an orange line,

is asymmetric with respect to that point. To obtain

the forces for v → 0 for system 1 and 3 (Fig. 3, orange

lines), we first projected out the (v → 0-forbidden) sym-

metric contributions to the force trace by calculating

Fas(y/L, v) = (Fy(y/L, v)− Fy(1− y/L, v))/2 for each

y/L and for each velocity v. Next, the forces F0(y/L)

at v → 0 were obtained by fitting the anti-symmetrized

forces Fas(y/L, v) according to Fas(y/L, v) = F0(y/L)+

constvκ. This procedure was not sufficient for system 2,

because the deviation between finite-velocity and equi-

librium friction traces could not be represented by a

single contribution scaling as a simple power law of ve-

locity.

To obtain the forces for v → 0 for system 2 (Fig. 3,

orange line), we positioned the cylinders at fixed equi-

librium distances y/L and monitored the evolution of

Fy(y/L). The forces as a function of time were each fit-

ted with the function Fy(y/L, t) = F0(y/L) + Ce−t/τ ,

where C and τ are adjustable parameters describing

the decay to the fitting parameter F0(y/L) that we

used as an estimate for the position-dependent force

at v → 0. Next, the force F0(y/L) was fitted on the

domain 0.2 ≤ y/L < 1 with

F0 = A1sin

{
2π

L′
(y − L/2)

}
+A2sin

{
4π

L′
(y − L/2)

}
,

(4)

where A1 and A2 are fitting parameters and L′ the

length over which a given capillary does not become



6 Sissi de Beer et al.

unstable. Thus, F0 does not represent the mean lat-

eral force in full equilibrium but only in a “restricted”

equilibrium, in which the top asperity forms a capillary

with the bottom asperity centered at y = L/2. Since the

mean lateral force in this restricted equilibrium goes to

zero at y = L/2 ± L′/2, we can use a sine expansion,

which we truncate after two terms in eq. 4.

The latter parameter turned out to slightly exceed

L so that our fit implicitly includes higher-order har-

monics, albeit at the expense of being discontinuous at

the periodic boundary. The fit to this function is the

orange line in Fig. 3 for system 2.

When comparing the force traces at finite veloci-

ties for the different systems, it becomes clear that the

shape of the force traces of systems 1 and 3 are quite

similar, while that of system 2 is distinctively differ-

ent. Since the main difference between system 2 and

systems 1 and 3 is the absence of capillary hysteresis in

the latter, the qualitative difference in shape of the force

traces for system 2 is determined by contact-formation

and -break-up during sliding. Another distinct differ-

ence is the stochastic noise observed in system 1 com-

pared to systems 2 and 3. In system 1, the polymers are

free to move into the solvent resulting in much larger

interfacial fluctuations than in system 2 and 3. This

causes larger fluctuations in the temporal force.

After subtracting off the v → 0 force from the traces

of systems 1 and 3, a single peak remains, which is

almost symmetric around y = L/2. The height and the

width of the peaks depend on the velocity, which we

quantified by fitting the traces with a Gaussian:

F0 = Fpeak exp

{
− (y − L/2)

2

2w2

}
, (5)

where Fpeak is the maximum of the peak and w is the

Gaussian width of the peak. The dissipation in sys-

tem 1 and 3 is caused by different mechanisms. In sys-

tem 3 only solvent flow (hydrodynamic interactions)

and shape hysteresis contributes to the dissipation, while

in system 1 also interdigitation can contribute. Since

the force traces of both systems can be fitted quite well

using eq. (5), we can conclude that all these dissipation

mechanisms induce a single peak with a maximum near

the symmetry point y = L/2.

For systems 1 and 3, both Fpeak and w vary with

the sliding velocity and can both be fitted with the

generic power-law relation Fpeak ∼ vκ or w ∼ vω.

Even though the shape of the peak is the same for sys-

tems 1 and 3, the velocity dependency of Fpeak differs

distinctly from that of w. For system 1, Fpeak increases

linearly with velocity (κ = 1), while w decreases very

slightly with velocity (ω = 0.08). Only for velocities

higher than v = 0.4 σ/τ does the non-equilibrium, ex-

cess peak height start to scale sub-linearly with velocity

(κ = 0.64) and the width of the peak starts to decrease

more strongly with increasing velocity. For system 3,

Fpeak increases sub-linearly with velocity (κ = 0.51),

while w decreases stronger with velocity (ω = 0.15)

than system 1. The shear-thinning exponents of sys-

tem 1 and 3 are different and thus provide an indication

of the dominating dissipation mechanisms. But, as dis-

cussed before [39], it is difficult to assign shear-thinning

exponents to different dissipation mechanisms, because

the mechanisms are intertwined resulting in an effective

exponent that is determined by the relative contribu-

tion of the mechanisms.

Figure 4 contains a more in-depth analysis of the

asperity collision in system 2. The finite-velocity force

trace is best discussed together with the snapshots shown

in Fig. 2. At y/L ≈ 0.1, the lateral force shown in

Fig. 4(a) is equal to zero, implying that the brushes, in-

cluding their solvation shell, do not touch. Upon sliding,

a negative, i.e., attractive force acts between the two

brushes, which can be readily interpreted as a capillary

attraction. At y = L/4, the lateral force is already posi-

tive, although the polymers of opposing brushes do not

yet see each other directly. This force results from the

solvent not being very compressible while having finite

inertia. The excess force ∆F = F (v = finite)−F (v = 0)

then shows a prominant maximum and clearly visible

shoulder. The maximum is located near the symme-

try point y = L/2, which is where the polymers start

to interditate as well as to reach a state of high com-

pression. The shoulder (which becomes a clearly visible

peak when subtracting the excess force associated with

the first peak) lies near y/L = 0.75, which is where

the polymer gets stretched due to the capillary trying

to minimize its surface. This latter process is absent in

systems 1 and 3, which is why they only have one ex-

cess peak. Interestingly, the two dissipation processes

of system 2 show a similar rather dependence on rate:

as one can see in Fig. 4(b), both excess contributions

scale proportionally to v0.68±0.01. This degeneracy can

be fortuitous but we argue it is more likely that it re-

sults from the dissipation mechanisms being strongly

intertwined, since in both cases viscoelasticity plays a

prominent role. Note that the mean excess force 〈∆F 〉,
which one can equate with the friction force, can show

different scaling than of the two peaks discussed so far,

because the capillary formation and break-up process

are strongly asymmetric.

A summary of the total energy dissipation during an

off-center asperity collision is presented in Fig. 5, which

shows the integrated force traces W =
∫ L
0
Fy(y)dy of

Fig. 3, which related to the mean kinetic friction force
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Fig. 3 Force Fy traces for cylinders sliding at constant height
in the transverse direction at various relative velocities v for
system 1 (top), system 2 (middle) and system 3 (bottom). L is
the length of the box in y, L = 200 σ for system 1, L = 168 σ
for system 2 and L = 158 σ for system 3. The orange line
indicates the mean force for v → 0. For system 2, the mean
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asperity forms a capillary with the bottom asperity located
at y = L/2. The corresponding orange line is solid where the
capillary is mono-stable and dotted where a broken capillary
is (meta-) stable.

(a) 

(b) 

κ = 0.69 

κ = 0.67 

2nd peak 

1st peak 

Fv  0  
Fv  0 +  
2nd peak 

Fv  0 +  
1st peak 

Fv = 0.01  

10-3 10-2 10-1

v [σ/τ]
102

103

104

F pe
ak

 [ε
/σ
]

0 0.2 0.4 0.6 0.8 1
y / L

0

1

2

F y
 [1

03
ε/
σ
]

Fig. 4 (a) The total friction force Fy (black line) obtained
while sliding the cylinders of system 2 at a relative velocity
of v = 0.01 σ/τ in the transverse direction over one period
image (L denotes the box length of the simulation cell in y).
The blue lines depict the force composed of the force in the
limit of v → 0 (orange line) plus the Gaussian function fitted
to the first (dash) or the second (double dot dash) peak in
the simulated force trace (black line). (b) The height Fpeak

of the Gaussian functions fitted to the first peak (circles) and
second peak (triangles) versus the sliding velocity v. The lines
are fits to the power law relation Fpeak = vκ.

by Fk = W/L. It reveals that the two symmetric brush

systems (systems 1 and 2) have different prefactors and

show different rate dependences according to ∆F ∝ vκ
despite having many of the dissipation mechanisms in

common. One might argue that we slide at different ve-

locities compared to to the critical shearrate for shear-

thinning or Weissenberg number for interdigitation as

the dominant cause of friction. However, system 2 shows

a larger exponent of κ = 0.67 also outside linear re-

sponse. In contrast to explicit solvent simulations [39],

the shear-thinning exponent in these implicit solvent

simulations is found to be independent of the viscos-

ity (damping-coefficient of the DPD thermostat). This

implies that a different dissipation mechanism is domi-

nating the friction for asperity collisions simulated us-

ing implicit solvent compared to explicit solvent. The
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κ = 0.57 

κ = 0.55 

κ = 1 
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104
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 [ε
]

Fig. 5 The work W per asperity collision versus velocity v for
system 1 (black circles), system 2 (blue squares) and system 3
(orange triangles). The solid lines are fits to the power law
relation W = vκ

lower exponent for system 2 is most likely caused by

capillary hysteresis in combination with the different

mix of intertwined dissipation mechanisms. The dissi-

pated energy in the mutually insoluble brushes (sys-

tem 3) display a similar shear thinning exponent as

system 1, though these asymmetric systems have much

reduced prefactor of the average friction.

3.2 Motion in normal direction

We repeated our rate-dependence analysis of dissipated

energy per asperity collision for head-on collisions, i.e.,

for motion in the direction normal to the (mean) sur-

face director. Corresponding snapshots are presented
in Fig. 6. Differences between different solvation meth-

ods can be detected, although differences are smaller

than for the off-center collisions. The interdigitation

is largest in the implicit-solvent simulations, the rea-

son being again that the implicit solvent only adds

some damping but does not need to get squeezed out

during the asperity collision. An adhesive neck is only

present in the understaturated, explicit-solvent simula-

tions, while overlap between the brushes is only avoided

in the mutually insoluble brushes with explicit solvent.

Force traces corresponding to the figure discussed

in the precedent paragraph are shown in Fig. 6. They

are again sensitive to the solvation method. In partic-

ular, the hystersis is strongest for the undersaturated,

explicit-solvent miscible brush simulation (system 2),

which shows a jump-into-contact instability and very

large pull-off forces when moving the two brushes out

of contact again. The implicit-solvent, fully saturated

system (system 1) shows practically no visible hystere-

sis. In fact, at the given level of approximation (generic

0 5 10 15 20 25
∆z

-4

-2

0

2

4

F z [1
02

ε/
σ
]

Fig. 7 Force Fz versus ∆z = z − z0 upon moving the cylin-
ders in the normal direction at v = 0.01 σ/τ for system 1
(black), system 2 (blue) and system 3 (orange). For all sys-
tems the minimum distance between the cylinder-apices is
14.6 σ, which we chose as z0.

bead-spring models), it is so small that it proved diffi-

cult to obtain meaningful values for the dissipated en-

ergy per compression cycle, which would clearly exceed

the stochastic noise. The (unavoidable) hysteresis for

the asymmetric system 3 is much smaller than for the

miscible, explicit solvent system 2. It is nevertheless

larger than the hysteresis in the implicit-solvent simu-

lations of system 1. The latter can be expected, since

the dissipation in the normal direction results from the

squeeze out of explicit solvent, which is not realisti-

cally captured by a DPD thermostat. Moreover, the in-

creased polymer-density in the undersaturated immis-

cible system enhances the drag force on the solvent.

The area between compression and decompression

traces in Fig. 7 give the energy dissipated during a

(head-on) asperity collision (Fig. 8). As for the off-

center collision, solvent-induced miscible and immisci-

ble polymer brush systems reveal similar scaling for the

head-on collisions. The pertinent exponent differs from

the previous one, i.e., this time the lost energy scales

according to v0.385±0.015. Seeing different exponents for

rate dependence in normal and transverse direction is

not surprising [72–74], because even simple fluids in lin-

ear response show a direction-dependent effective in the

presence of a (symmetry-breaking) wall [75, 76].

4 Conclusions

In this work, we scrutinized how different solvation meth-

ods affect the dissipated energy when two polymer-

brush decorated asperities collide into each other. We

found that different factors, which are often dealt with

half-heartedly in simulations of pertinant systems such
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system 1 

system 2 

system 3 

approach 

approach 

approach 

retract 

retract 

retract 

Fig. 6 Snapshots of the three systems upon relative motion (v = 0.01 σ/τ) in the normal direction at y = L/2 and ∆z =
z− z0 = 2.5 σ, where z0 is the distance of velocity-inversion, which we chose to be at a distance of 14.6 σ between the cylinder-
apices. The opposing brushes are colored differently for clarity, even when brushes are chemically alike, as in systems 1 and 2.
The images on the left show the contact at approach and the images on the right show the contact upon retract. The snapshots
are rendered using VMD [58].

κ = 0.37 
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v [σ/τ]
103

104

105
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 [ε
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Fig. 8 The work W per indentation-cycle in the normal di-
rection versus velocity v for system 2 (blue squares) and sys-
tem 3 (orange triangles). The solid lines are fits to the power
law relation W ∝ constvκ

as the parallel plate geometry, can affect not only the

prefactors but also the functional form of how dissi-

pated energy depends on shear or compression / de-

compression rate. Because the overall dissipation (pref-

actors and shear-thinning exponents) is determined by

the mix of dissipation mechanisms, the exact solvation-

method strongly affects the frictional response to rela-

tive motion. Moreover, (shear-thinning) exponents dif-

fer between normal and transverse motion. Decompos-

ing the direction-dependent shear thinning into the ex-

act relative contribution of the different dissipation mech-

anisms requires further research.
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39. S. de Beer, M.H. Müser, Soft Matter 9, 7234 (2013)
40. N. Wang, A.M. Trunfio-Sfarghiu, D. Portinha,

S. Descartes, E. Fleury, Y. Berthier, J.P. Rieu, Colloids
Surf. B 108, 285 (2013)

41. W.J. Briels, Soft Matter 5, 4401 (2009)
42. D. Tabor, Rubber Chem. Technol. 33, 142 (1958)
43. B.N.J. Persson, J. Phys. Chem. 115, 3840 (2001)
44. P.A. Nommensen, M.H.G. Duits, D. van den Ende,

J. Mellema, Phys. Rev. E 59, 3147 (1999)
45. J. Klein, Y. Kamiyama, H. Yoshizawa, J.N. Israelachvili,

G.H. Fredrickson, P. Pincus, L.J. Fetters, Macro-
molecules 26, 5552 (1993)

46. S.M. Balko, T. Kreer, P.J. Costanzo, T.E. Patten,
A. Johner, T.L. Kuhle, C.M. Marques, PLoS ONE 8,
e58392 (2013)

47. C. Drummond, Phys. Rev. Lett. 109, 154302 (2012)
48. J. Koplik, J.R. Banavar, Phys. Rev. Lett. 96, 044505

(2006)
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