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Elastocapillarity and Rolling Dynamics of Solid Nanoparticles on Soft Elastic Substrates
Yuan Tian, Heyi Liang, and Andrey V. Dobrynin*

Department of Polymer Science, University of Akron, Akron, Ohio 44325, USA

ABSTRACT: The motion of nanoparticles on soft surfaces is the result of interplay between
capillary, elastic and friction forces. To elucidate the importance of the different contributions
controlling nanoparticle rolling dynamics on soft surfaces, we performed molecular dynamics
simulations of solid nanoparticles in contact with soft elastic substrates. The nanoparticle motion
is initiated by applying a constant force resulting in stationary, steady rolling, and accelerating
states, depending on the nanoparticle-substrate work of adhesion, W, the magnitude of the net
applied force, F, and the substrate shear modulus G. In the stationary state, the restoring torque
produced in the contact area balances the torque due to the external force. The rolling force F,
determining the crossover to the rolling state, is proportional to the product of the work of
adhesion W and nanoparticle size Rp, Fr ~WR;. In the steady rolling state, F > F, the
nanoparticle maintains a constant rolling velocity which is a manifestation of the balance
between the rolling friction force and the applied force. The observed scaling relationships
between the applied force and nanoparticle velocity reflect a viscoelastic nature of the substrate
deformation dynamics. A nanoparticle begins to accelerate when the energy supplied to the
nanoparticle exceeds the energy dissipated in the contact area due to viscoelastic substrate
deformation. Using these simulation results, we have constructed a diagram of states in terms of

the dimensionless parameters F/WR, and W/GR,.
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INTRODUCTION

Elastocapillarity™ 2 plays an important role in controlling the contact mechanics of nano-
and microscale objects with elastic surfaces.®® It is responsible for particle-cell  ° and particle-
substrate”® interactions, reinforcement of interfaces between soft materials by particles **” and
interactions of an Atomic Force Microscopy tip with substrates of different rigidities® > & which
is widely used to study mechanical and surface properties of soft matter and biological systems.
6. 1820 In all these examples, the description of the equilibrium contact properties requires
simultaneous consideration of capillary and elastic forces acting in the contact and vicinity of the
contact area. For example, in the case of solid particles in contact with elastic substrates one has
to consider changes in the substrate and particle surface free energies due to substrate
deformation as the particle comes in contact with the substrate. This analysis shows that the
classical Johnson, Kendall and Roberts (JKR) model??* of the adhesive contact fails for soft
substrates and small particles such that a more general approach accounting for elastic and
capillary forces should be used to describe particle-substrate interactions. &%

While the effect of elastocapillarity on static properties of contact at nano- and
microscales is well understood,®* 13 its role in the dynamics of contact phenomena controlling
rolling and sliding friction still requires detailed examination.?>?" These phenomena, however,
are important for understanding the dynamics of self-propelled molecular machines, 32 particle
and dust aggregation, 3% flow and avalanche dynamics in powders and sands,® the dynamics of
cells and particle capture under flow conditions.®’*? In this paper, we study the effect of
elastocapillarity on rolling dynamics of solid particles moving along soft elastic surfaces. In our
approach, we use a combination of coarse-grained molecular dynamics simulations to mimic the

dynamics of rigid particles on elastic substrates and scaling analysis to describe general features
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of rolling dynamics uncovered by simulations. In the simulations, the particle rolling motion was
initiated by applying a constant external force. The motion of the particle begins with
overcoming the rolling resistance in the contact area between the particle and the substrate. By
changing the elastic properties of the substrate and the strength of the particle-substrate
interactions, we established different rolling regimes of particle motion as a function of the
applied force, particle rolling velocity, contact area, substrate shear modulus, and strength of
adhesion forces. In particular, we apply scaling analysis to describe these correlations and to

highlight the underlying physics controlling nanoparticle rolling dynamics.

Figure 1: (a) Snapshot of the solid shell with thickness do=13.5c and outer radius Rp=33.6 0
made of regular beads (grey), rigid body beads (blue) and beads under action of the external
forces (green). (b) Solid nanoparticle consisting of 206673 beads in contact with elastic
substrate made of 972800 beads. Beads belonging to fixed bottom layer of the solid substrate
made of 128000 beads are shown in red, elastic substrate beads are colored in yellow and dark
yellow. The substrate beads shown in dark yellow represent “heat sink” beads that make up a
dynamic group located outside of the spherical shell with a radius 60c with respect to the

center of mass of moving nanoparticle.
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RESULTS AND DISCUSSION

We performed coarse-grained molecular dynamics simulations of nanoparticles in contact
with elastic substrates to model nanoparticle rolling dynamics and to establish universal features
of nanoparticle motion. Solid nanoparticles having 206673 beads were modeled as solid shells
with thicknesses do=13.5¢ and radius R, =33.60 (Figure 1a) made of Lennard-Jones (LJ)
beads with diameter o arranged into a hexagonal closed-packed (HCP) lattice with a lattice
constant equal to . The inner shell of nanoparticle consisting of ten layers of 126002 beads (see
layers of blue beads in Figure 1a) was treated as a rigid body. Nanoparticles were placed on the
elastic substrates of 972800 beads made by cross-linking bead-spring chains consisting of LJ-
beads with diameter ¢ and connected by the harmonic springs (see Figure 1b). Substrate elastic
properties were controlled by changing the cross-linking density between linear chains. This
allowed us to have substrates with shear moduli equal to 0.21 keT/o® and 0.46 ksT/o® (ks is the
Boltzmann constant and T is the absolute temperature). The elastic substrate was attached to a

rigid substrate consisting of 128000 beads arranged into five layers. A constant force f with the

magnitude varying between 0.01 kgT/o and 0.26 keT/o was applied to a layer of 7391 beads (see
layer of green beads in Figure 1a) along the positive x direction. The temperature of the system
during the nanoparticle motion was maintained by using the part of a substrate as a “heat sink”
(see Figure 1b). The interaction parameters used in simulations and simulation details are
discussed in the Methods Section.

Equilibrium Contact of Nanoparticle with Substrate. We first studied equilibrium properties
of the contact between nanoparticles and elastic substrates. For solid nanoparticles in contact
with an elastic substrate (Figure 2) having shear modulus G and work of adhesion

W =y, +y, -7, With respect to nanoparticle (p) in contact with substrate (s) state (ys, y,, and
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Figure 2: Dependence of the nanoparticle reduced indentation 4h/Rp on the dimensionless
parameter W/GR,. Data corresponding to nanoparticles in contact with substrates having
shear modulus G= 0.21 kgT/o® (W=1.48 kgT/o?, 1.89 keT/c?, 2.22 kgT/c? ) and 0.46 kgT/c®
(W=1.52 kgT/o?, 2.25 keT/o?, 2.80 kgT/c? ) are show by inverted triangles and circles
respectively. Insets show typical substrate deformation and definition of the system

parameters.

Ysp are the surface free energies of the substrate, nanoparticle, and nanoparticle-substrate
interface, respectively) the system free energy change due to indentation Ah produced by
nanoparticle in the substrate has the following scaling form?3 44

AF (Ah) o “WR Ah +GR}?Ah®? (1)
The first term in eq 1 describes the surface free energy change due to nanoparticle-substrate

contact while the second term accounts for the elastic energy contribution due to deformation of
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the substrate produced by the nanoparticle. At equilibrium, the rate of change of the free energy

(eq 1) with indentation depth Ah is equal to zero, 0AF (Ah)/@Ah =0, resulting in

AhocR, (W /GR, )" 0)

In Figure 2 we test the relationship (eq 2) between indentation depth and the system
macroscopic parameters. For this plot, the value of the work of adhesion W and shear modulus G

of the substrate were obtained from a separate set of simulations as described in the Methods

0 2000 4000 6000 8000 10000
t[7]

Figure 3: Dependence of the velocity of the nanoparticle center of mass during simulation
runs with the net external force F: 73.91 kgT/o (blue line), 665.19 kgT/o (red line) and
1108.65 ksT/o (yellow line). Nanoparticles are in contact with substrates having shear

modulus G=0.21 kgT/a® and the work of adhesion W=2.22 ksT/o?. Insets illustrate evolution of

nanoparticle-substrate contact. t is the standard Lennard-Jones time.
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Section. The data follows the universal scaling dependence of the reduced indentation depth
Ah/Rp on the dimensionless ratio W/GRy, describing the relative strength of adhesion and elastic

energy contributions into the system free energy eq 1.
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Rolling Dynamics of Nanoparticles. To initiate the motion of the solid nanoparticle over the
substrate, we have applied a constant force f to a layer of 7391 beads as shown in Figure 1a. The
motion of the particle started from the equilibrium state which contact properties are summarized
in Figure 2. Under an action of the applied forces depending on the net force F, the nanoparticle

could be in a stationary, steady rolling, or accelerating state as shown in Figure 3. As one can

Wik Tlo”| Flk,T/o]

2.80 . 443.46 1699.938 1921.66
2.22 @ 443.46 886.92 . 1404.29 1773.84
1.48 960.83 1108.65

500

Figure 4: Evolution of the contact area as a function of the work of adhesion and magnitude

of the net applied force. Numbers inside shapes correspond to the net applied force in units of
keT/o. Shapes colors represent different states of nanoparticle. Blue color corresponds to
stationary state, red color shows contact area of nanoparticle in steady rolling stated and
yellow color represents accelerating nanoparticles. Mixed color scheme corresponds to

nanoparticles undergoing stick-roll motion.
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see from insets in Figure 3, when the nanoparticle starts to move, the asymmetry of contact

between nanoparticle and substrate begins to appear. In particular, the ridge in the front edge of
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Figure 5: (a) Snapshot of nanoparticle in contact with elastic substrate showing contact area
and definition of the center of mass displacement. (b) Dependence of the normalized

displacement &~ &£ /R, as a function of the reduced force F/WR, for different values of the

work of adhesion W and substrate shear modulus G: W=1.48 ksT/¢?> G=0.21 ksT/c> (purple
inverted triangles), W=1.89 ksT/o?> G=0.21 ksT/c> (green inverted triangles), W=2.22 kgT/c?
G=0.21 kgT/o® (cyan inverted triangles), W=1.52 kgT/o®* G=0.46 ksT/c® (purple circles),
W=2.25 kgT/o?> G=0.46 ksT/c®> (green circles), and W=2.80 ksT/o?> G=0.46 ksT/c> (cyan
circles).

the nanoparticle disappears while it grows at the back edge. This contact asymmetry is quantified
in Figure 4, showing evolution of shape of the contact area as a function of applied force F and

work of adhesion W. Note that the crossover to rolling state happens through stick-roll motion.
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Having established that the shape of the contact area of the moving nanoparticle
undergoes continuous transformations with the magnitude of the applied force, we can estimate a
force which is required to generate a nanoparticle’s rolling motion. The nanoparticle remains at
rest as long as the torque produced by applied forces is lower than that required to overcome the

adhesion in the contact area. The applied torque is estimated as a net force applied to all beads

forming nanoparticle F times the nanoparticle size Ry, M., o« FR, . This torque generates a

deformation of the adhesive contact in such a way that the center of the cross-section area of
contact is shifted by a distance & from the projection of the center of mass of nanoparticle on the
contact plane (Figure 5a). This displacement results in asymmetric pressure distribution in the
contact area, manifested in the appearance of the restoring torque M. Following results of refs?®
45 one can estimate the restoring torque as a function of the displacement & as follows:

M, o §GaAh ~ SWR, (3)
In rewriting eq 3 we take into account the expression for equilibrium indentation Ah (eq 2) and

for the equilibrium contact radius at small indentations, a o ,/RpAh . At equilibrium M_, =M

r

which results in center of mass displacement & ~ F /W . Figure 5b combines our results for
dependence of &~¢/R; on F/WR, . Note that WR; is proportional to the magnitude of the

critical detachment force in the JKR-model® of adhesive contact. It follows from this figure that
the center of mass displacement is a monotonic function of the net applied force. It first increases
with increasing the magnitude of the applied force, and then it begins to saturate.

In the interval of net applied forces F larger than the crossover rolling force Fr, a
nanoparticle undergoes a steady rolling motion. We call this regime the rolling regime. We can

adopt our approach developed to describe rolling motion of soft elastic shell on rigid substrates?’

10
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to the case of rolling dynamics of solid nanoparticles on elastic substrates. In the framework of
this approach, one can show that to maintain steady rolling, the energy supplied to nanoparticle
per unit time should be dissipated as viscoelastic loss in the contact area between the substrate
and nanoparticle. In particular, during the rolling motion of the nanoparticle, each section of the
substrate in the contact area is undergoing a time dependent deformation as the nanoparticle rolls
over undeformed substrate on the right at time t=0 and leaves it on the left at time

t=t,, =2a/v. The compression strain produced by substrate deformation can be approximated
by a sinusoidal strain function with magnitude &, ~ Ah/a and frequency o=z /t_,
e(t) ~ &, sin(wt) ~ (Ah/a)sin(zvt/2a) (4)

The average rate of energy density dissipation by substrate compression during the contact time

teon IS estimated as

t

Tna(t)de(t)ocg;a)G"(a)) (5)

0

U(w) =ty

con

where o(t) is the time dependent stress generated by the strain &(t), with dissipative (out of
phase) component estimated as &,G (@)cos(at) (G (@)is the frequency dependent shear loss
modulus ). The total rate of energy dissipation in the contact zone is obtained by multiplying u
by the substrate deformation volume a®

U(v)xa’siaG ()« AhVG' (V) (6)
In the steady rolling state, the work done per unit time by moving the nanoparticle (F - F,)v

with a constant velocity v is dissipated as viscoelastic loss in the substrate

(F=F)v=U(v)=AhVG (v) )

11
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This equation defines nanoparticle velocity v as a function of the net applied force. For the range

of rolling speeds v such that the substrate storage modulus is frequency independent and is equal

to the equilibrium shear modulus, G'(v)~ G, we can use eq 2 to estimate substrate deformation

Ah. Using eq 2 and taking into account that for small indentations contact radius

13

a~a,~,[R,Ah ~R (W/GR,) (8)
we can express Ah* ~Wa, /G . Substitution of this expression into eq 7 results in
(F-F)v~wWaG (v)/G~VvWa,tan5(v) 9)

Thus, the rate of energy dissipation is proportional to the rate of change of the contact free

energy vWa, times an efficiency coefficient tans(v)=G (v)/G - the ratio of the loss and

storage modulus.*® For network-like polymeric substrates the loss modulus is a power law

function G"(a))=G(a)rR)ﬁ where exponent f= 1 for wr, <<land £=0.5 in the frequency

range wr, >>1 (r,is the Rouse time of the network strands).*® In this approximation eq 9 has
the following form

(F—F,)/Wa, =~ (vrg /8,)" (10)

Thus, with increasing magnitude of the applied force, the speed of nanoparticle increases

as well. When the velocity of the moving nanoparticle exceeds v >a, / 7, the storage modulus

becomes velocity dependent and is on the order of the loss modulus such that
G'(0)~G (0)~G(wry) " % In this case, we have to explicitly take into account the
dependence of contact radius, a, on the nanoparticle velocity, v. Substituting

G (V) ~G(vrg /a)o'5 into eq 1 and rewriting it in terms of the contact radius a, we have

12
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AF (a,v) o« -Wa? +G vz, /a) " a® / R? (12)

The velocity dependent contact radius is obtained by balancing the elastic energy of the substrate

deformation with the surface free energy change upon contact
a(v)~ (vrg) " (WRZ 1G)™ =, (8, /vr, ) (12)

It follows from eq 12 that the contact radius decreases with increasing rolling velocity, a oc v™°

, Which results in the decrease of the rate of energy dissipation

U (V) ~Wa(V)G'(v)/ G (v) ~ vV Way (a, / 75 ) (13)

Therefore, in this regime the energy dissipation grows slower than linear with the velocity of the

10.1 M . . P 1 . ~ -
o’
C4
, 7
1 %
,;F/ 7
|
3 N\
= v 0
P /
— _ vy
= o ® ’
=
= 7
O
1021 * -
v
4
10" 10!
(F-F)/Wa,

Figure 6: Universal scaling relation between normalized velocity v/a, and normalized net

force difference (F —F,)/Wa, (see eq 10). Symbol notations are the same as in Figure 5b.
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nanoparticle. The solution of eq 7 disappears when the applied force exceeds critical value Facc,

AF._ VY5 ~ AF

1/5 1/5
acc " acc acc (aO /TR) zWa‘o (ao /TR) = AFacc z\Na() (14)
where we introduced AF, . =F, —F . For the larger forces, AF >AF,_. , the nanoparticle

accelerates.
Figure 6 shows the dependence of reduced nanoparticle velocity as a function of the
reduced applied force (see eq 10). For this plot, we normalize nanoparticle velocity by a contact

radius a, while the magnitude of the applied force was normalized by Wao. It follows from
Figure 6 that v/a, o (AF /Wa,) reflecting the fact that the loss modulus scales linear with

frequency, G”(w)~w. Note that a similar regime was identified for steady rolling motion of soft

shells on rigid substrates. 2’

(a) I ()

vV,
e

A () by
@) °_

SIS,

107! 10° 10! 107! 10° 10!
v|io/T]| viv

Figure 7: (a) Dependence of the instantaneous contact area S on the shell instantaneous
velocity v for different values of the substrate-nanoparticle work of adhesion and substrate
shear modulus. (b) Dependence of the normalized contact area S/So on the normalized

nanoparticle velocity v/vacc. Symbol notations are the same as in Figure 5b.
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In the steady rolling state, the contact area remains almost constant (Figure 7a and

Figure 4), while in accelerating state it decreases with increasing instantaneous nanoparticle

25 ' ' ' ' -
_-r T
201 -+ = ¢ ¢ i
*= - ¢ ¢
e~ : ¢ ¢ :
=151 : ¢ . ¢ Steady roging state -
= ¢ ¢
N ¢ ¢
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S ¢ ¢
¢
104 ¢ ¢ N
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Figure 8: Diagram of states of solid nanoparticle on elastic substrates. Dashed lines show
crossovers to steady rolling and accelerating regimes.
velocity v. In particular, it scales with particle velocity as S ocv™" . The decrease of the contact
area follows from velocity dependence of the storage modulus G'(vz,/a) in this range of
nanoparticle velocities. Note that all curves in Figure 7a can be collapsed by normalizing the
contact area by its value in the steady rolling state S/So and nanoparticle velocity by its crossover

value Vvacc into the accelerating state, v/vacc, as shown in Figure 7b.
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Analysis of the different regimes of nanoparticle motion on elastic substrates indicates

that there are two dimensionless parameters that determine crossover to steady rolling state

F. cWR, and to accelerating state AF,, ~Wa, ocWR, (W /GRp)m. Therefore, we can classify

different system states by showing our data in the plane (W IGR,,F /WRp) (Figure 8). This

dimensionless representation of the simulation data reflects the underlying physical nature of the

adhesive contact and energy dissipation during a rolling motion. In particular, the ratio W / GR,

characterizes the relative strength of capillary and elastic contributions to the system free energy,

while the ratio F/WR gives an estimate of the force in terms of characteristic pulling force for

detachment of nanoparticle from a substrate. It follows from this figure that predicted scaling
dependence of the regime boundaries works for the crossover to the accelerating regime.

However, the crossover normalized force to the steady rolling regime, F /WR, is constant for
the interval of parameters W /GR  <0.25while it begins to increase with W /GR, if the

opposite inequality holds.
CONCLUSIONS

We used a combination of molecular dynamics simulations and analytical calculations to
show that the rolling dynamics of solid nanoparticles on elastic substrates is due to a fine
interplay between adhesion and viscoelasticity in the contact zone. In particular, we
demonstrated that in order to induce a nanoparticle rolling motion, the net applied force should
exceed the characteristic pull-out force WR,, for adhesive contact. In the steady rolling state, the

energy supplied by external force is dissipated as viscous loss in the contact zone. We have

established that the nanoparticle velocity is proportional to the applied force, v o (F - Fr). This

16

Page 16 of 24



Page 17 of 24

Soft Matter

dependence reflects the frequency dependence of the loss modulus (eq 10 and Figure 6). In this
regime, the contact area between nanoparticle and substrate remains almost constant (Figure 7a).
However, the contact area begins to decrease with instantaneous particle velocity in the
accelerating state (Figure 7a). This can be explained by taking into account the velocity
dependence of the storage modulus which results in a decrease of the contact area. Scaling
analysis shows that our simulation results can be represented in universal form (Figure 8)
reflecting the underlying physics of the dynamics of contact phenomena. In addition, this
representation should allow comparison of simulation results with experimental studies of
nanoparticle dynamics.

The approach presented here could provide general frameworks for analysis of contact
dynamics of rolling objects such as nanoparticles and microcapsules. It is also important to point
out that our results are in agreement with recent studies of rolling dynamics of soft elastic shell
on rigid substrates. 2

At the end we would like to comment on the limitations of our approach. Our analysis of
the nanoparticle dynamics will break down when the indentation produced by the nanoparticle in
the substrate becomes comparable with the interface thickness & which for dense polymeric
systems is on the order of the bead size o. In this limit the continuous approach used for

evaluation of the work of adhesion and substrate shear modulus breaks down. This takes place
when Ah <o or the ratio W/GR < (0/ Rp)3/2 . In this range of parameters one should take into

account atomistic nature of the contact and friction phenomena. 47 48

METHODS
Molecular dynamics simulations. A spherical nanoshell (Figure 1a) was made of 206673 LJ-

beads with diameter o arranged into hexagonal closed-packed (HCP) lattice with a lattice

17
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constant equal to o. The substrate was prepared by cross-linking bead-spring chains consisting of
N = 32 Lennard-Jones (LJ) beads (monomers) with diameter . The total number of beads in the
elastic substrate was 972800. The substrate preparation and equilibration procedures have
followed the approach developed in refs %11, The substrate was placed on five layers of 128000
beads with each layer consisting of 160160 beads as shown in Figure 1b. The system was
periodic in the x and y directions.

The interactions between all beads in a system were modeled by the truncated-shifted LJ-
potential, which for two beads separated by a distance r has the following form
day | (1) =(a /1) (o)1) +(o I

ULJ (r) — cut) :| r S rCUI (15)
0

r>r

cut

where a5 is the LJ-interaction parameter and reu is the cutoff distance. The value of the cutoff

distances r

cut

and the values of the Lennard-Jones interactions parameters &.; in terms of the

thermal energy ksT between different pairs are summarized in Table 1.

Table 1: Interaction Parameters

Interaction® gLy [keT] Feut [0]
NP-NP 1.0 2.5
S-NP 0.8,0.9,1.0,1.2 2.5
S-S 1.0 2.5

'S — substrate beads, NP — beads belonging to nanoparticle.
The connectivity of beads in polymer chains, cross-linking bonds and bonds connecting beads

forming a substrate were modeled by the harmonic springs described by the following potential,
U,ong (1) =%k(r—ro)2 (16)
where k = 200 ksT/a? is the spring constant and ro = 0.72¢ is the equilibrium bond length.
The equation of motion for the ith bead (including nanoparticle beads, and substrate

beads) is

18
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dv,(t) _
M= =R+ fin, (17)

where m is the mass of bead which set to unity for all beads in a system, V,(t) is the bead

velocity, and F.(t) represents the net deterministic force acting on the ith bead. The constant

force f was only applied to the inner layer of 7391 beads (layer of green beads in Figure 1a) and
was varied between 0.01 keT/o and 0.26 ksT/o. The shell, consisting of 126002 blue beads with
thickness 9o, was treated as a rigid body shown in Figure la. To maintain a constant
temperature of the system during nanoparticle motion, we applied a Langevin thermostat to the
dynamic group of substrate beads outside the region with a radius of 60 from the center of mass

of the nanoparticle as shown in Figure 1b. This was achieved by adding the friction force,

=&v;(t)n, , and stochastic force, FiR(t)ny, terms into eq 17 describing the motion of the

substrate beads outside region of radius 60c. The stochastic force had a zero-average value

(FR(t))=0 and o-functional correlations, (FF(t)FF(t")) =2k TS;6(t—t). The friction

coefficient & was set to& =m/z, where 7 is the standard LJ-time Tza(m/g)ﬂz, with &=1.0

ksT. The velocity-Verlet algorithm with a time step At = 0.001z was used for integration of the
equation of motion (eq.13). Note that in our simulations, the bottom layer of the substrate was
fixed (v=0) to prevent the substrate from moving due to interaction coupling with a moving
nanoparticle. In all our simulations, the temperature was set to T=1.0/kg.

Each simulation run of nanoparticle motion started from the equilibrium state. This state
was obtained by running simulations with zero external force applied to nanoparticle. The
duration of each simulation run was varied to achieve the steady state or equilibrium state and

could be continued up to 10z . All simulations were performed using LAMMPS. %

19



Substrate Characterization. Substrate shear moduli at different cross-linking densities
were obtained by performing simulations of the uniaxial film deformation along x-axis at
constant volume. In our simulations of film deformations, the elongation ratio Ax along the x-axis
was varied from 1.00 to 1.05 with an increment Alx = 0.01 such that the bead’s coordinates were
changed as xi —(1+ AZ)xi. This was done by stretching the film at a constant strain rate of 10
r . After deformation, all films were equilibrated for 10%z which is followed by a production

run lasting for 5 x 10%z. The stress in the deformed films was obtained from average values of the

pressure tensor in the film bulk. >°

The work of adhesion for the substrate-nanoparticle interface was evaluated by

performing simulations of the potential of mean-force calculations®® as described in refs %1044,

Soft Matter

The results of this analysis are summarized in Table 2.

Table 2: Substrate Properties

GlkeT/o®] &L [keT]”  vyolkeT/o?] W[keT/o?] Ah[s]  aolo]
0.8 1.05 1.48 826 22.05
0.21 0.9 1.05 1.89 950 23.47
1.0 1.05 222 1122 2508
0.8 1.11 1.52 537 18.26
0.46 1.0 1.11 2.25 692 21.30
1.2 1.11 2.80 779 22.86
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