Dynamics of a droplet on a polymer brush in channel flow
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ABSTRACT

Using Dissipative Particle Dynamics, we simulate an immiscible oil droplet on a polymer brush
under a channel flow. Above a critical flow velocity, the droplet slides on the brush surface with
contact angle hysteresis. Interestingly, we found the critical sliding velocity to be constant across
droplet sizes and interphase interactions. Further increase in flow velocity results in droplet
detachment and lift-off from the brush surface. Under poor solvent conditions, large droplets
may deform into an airfoil shape, increasing the critical lift-off velocity. On an oleophilic brush,
the droplet desorbs and spreads, instead of lift-off. Together, our results show surprisingly rich
dynamics coupling three-way interactions between either soft or liquid phases. The present study
has implications on the design of polymer brushes as well as the removal of droplets from soft

surfaces using hydrodynamics.
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I. INTRODUCTION

Removal of particles from surfaces has important applications in many industrial processes,
such as contamination control in lithography processing!, graphene production’ and marine
biofouling®. Under hydrodynamics shear, a particle may remain at rest,* slide,’ rotate® or lift-off
from the surface.” The near-wall mobility of the particle depends on a balance of forces,
including gravitational, hydrodynamic drag, lift and electrostatic forces,**? and this has been a

110

subject of academic interest since the seminal works of Goldman et al.'” and Saffman'’.

In more recent years, research interests have shifted to more deformable particles, or liquid
droplets, on functionalized soft substrates.!? !¢ Notably, polymers can be grafted at high densities

on a surface to form so-called polymer brushes,!” which have found applications in smart
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adhesives,'® sensors,!” switches,?’ thermoregulation,?! antibiofouling,? lubrication®* and anti-
fog coatings.?* Since the polymers are tethered on one end, the brush surface is constrained
translationally such that a droplet experiences different wetting behavior compared to that of
rigid substrates.”>?® In particular, the contact angle of a droplet-brush system was found to

increase with increasing softness of the brush, unlike other soft elastomeric substrates.?’

When a droplet is dragged on the surface of a polymer brush, lubrication forces between
droplet and brush leads to friction reduction®® and possibly lift-off.?° In a polymer-brushed
nanochannel, the transport of a nanodroplet has been shown to depend on the friction properties
of the brush, which is governed by the bending stiffness of the constituent polymers.*° More
recently it was found that the addition of grafted nanoparticles in the form of nanobearings does
not significantly decrease lubrication between polymer-brushed surfaces.”> However, these
studies assume forced translocation and do not address the perhaps more practical problem of

hydrodynamic removal of droplets or particles from polymer brushes. Elsewhere, it has been
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reported that strong hydrodynamic shear on a pristine polymer brush leads to wave-like
undulations or even flow inversion.>! This has implications on biological flows over endothelial
glycocalyx, a macromolecular layer lining the inner walls of vessels in vivo, that affects vascular
permeability and regulates clotting and immune response.’? The presence of the glycocalyx has

significant effects on the flow dynamics of red blood cells in microcapillaries.*?

At present, it is not clear how droplets would behave under similar flow conditions on soft
substrates, and what drag and lift forces are required for detachment.” Theoretical studies exist
for sliding,* rolling®> and lifting*® of macroscopic droplets driven by gravity on an inclined
slope,'* but they do not adequately explain the behavior of microscale droplets on soft substrates,
such as polymer brushes. Simulations of droplets on polymer brushes are limited to rigid particle
behavior?® without significant deformation and solvent contribution.”” Elsewhere, studies of
droplet behavior on fibrous porous media are of relevance due to physical similarities in

geometric structures, surface topography and potential imbibition.>”*°

In this study, we use the dissipative particle dynamics (DPD) method*’ to study the behavior
of an immiscible droplet on polymer brush under hydrodynamic shear. Our model presents a
unique coupled three phase problem, where all three phases are not only immiscible but fluid-

like and soft, leading to interactive dynamics of droplets under stress.

II. METHODS
A. Model

The dissipative particle dynamics (DPD) method, first conceived by Hoogerbrugge and

41,42 -

Koelman*® and later formalized by Groot, Espafiol and Warren, is a mesoscale technique that



uses soft conservative interactions to achieve effective coarse-graining, obeys fluctuation-
dissipation theorem and exhibits hydrodynamic behavior at long time scales. DPD has been

employed to study the dynamics of polymer brushes between walls,** under shear** and

compression.*

DPD particles represent clusters of atoms or molecules. Each particle evolves in time

according to Newton’s equations of motion,

miv; = Yz j(F§; + FD + FF), (1)

where m; and v; are the mass and velocity of particle i.

The conservative force Fl-c]- acting between particle 1 and j separated by a distance 1;; =

|r,- - rjl is
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where a;; is the repulsion parameter and #;; = 1 /7ij is the distance unit vector between particle

i and j. The repulsion force is linear up to a cutoff radius 7., which sets the characteristic length

scale of the DPD simulation.

The dissipative force F g- depends on the relative momentum v;; = v; — v; , as

D _ ~
Fij = —yyw® (1) (ry - vy)ty, 3)
where y;; is the friction coefficient and the dissipative weight function wP (ri j) 1S
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The random force F fj 1S



Cij
Fij = 0;0" (ryj) &7y, (5)

where o;; is the noise amplitude, {;; is a pseudo-random variable sampled from a Gaussian

distribution with zero mean and unit variance. These equations obey the fluctuation-dissipation

theorem, which reads,
agij 2
Vij =gy and - 0P(ry) = [0 ()], (6)
where a)R(rl- j) is the weight function for the random force. Here, we set y;; = 4.5 and g;; = 3
following earlier studies.*!

The polymer chains in the brush are modelled using finite extensible nonlinear elastic potential

(FENE)*¢

P _ 2 Tij"Teq 2
Fij - _Zkrmax [ 2 2 rij Tij — Teq < Tmax> (7)
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where k is the spring constant, 7, is the equilibrium distance between adjacent monomers and
Tax 1S the maximum extensibility. The rigidity of each polymer chain is modelled by harmonic

bending potential as
k
Uy(6) = 6%, (8)

where k,, is the bending stiffness and 6 is the angle between two consecutive segments along the

polymer described by

(ri-)(riv)
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wherer;_ =r;—ri_q{andr;y =141 —7;.



B. Setup

We simulate channel flow in a box of dimensions {Lx, Ly, LZ} = {100,100, 10}, with periodic
boundary conditions imposed on the x- and z- boundaries (Fig. 1a). In this study, we refer to
three types of particles corresponding to the immiscible phases of interest, specifically solvent
(S), oil (O) and polymer (P), with intra- and inter-phase interactions as shown in Fig. 1b. Solvent
particles are initialized at a number density ps = 3, so that ng = 300,000. No penetration
condition is imposed on the vertical boundaries using specular reflection condition so that vy, —
—vyat y= {0, Ly}. Surface density is matched using parallel frozen walls formed by solvent
particles 2 units deep at density p,,q;; = 3. On the bottom wall, 1000 polymers are grafted at 40
monomers per polymer chain at regular intervals, with a grafting density ogrqr = np/(LyL,) =

1, where np is the number of grafted polymers.
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Fig. 1. (a) Schematic diagram of DPD model setup for channel flow of solvent (S) over an oil

(O) droplet on a polymer brush (P). Cartesian box dimensions are {Lx, Ly, LZ} = {100,100,10},

with periodic boundary conditions imposed on the x- and z- boundaries. (b) Interactions between

DPD particles of same and different (dashed arrow) phases. Wall particles are frozen solvent

particles. (c) Time-averaged velocity profiles U, in a horizontal channel driven by solvent force

F, in increments of 5 X 10~° depend on solvent-brush repulsion agp. (d) Time-averaged density

profiles of the solvent ps and polymer pp phases, with original solvent density ps = 3.



C. Physical units

The reference DPD wunits are 7, =1, m; =1, kgT =1 for length, mass and energy
respectively. The density of the solvent particles is ps = 3, which means for water under room
temperature, the solvent-solvent repulsion is agg = 25.3! Other intra-phase repulsions are
assumed to be similarly scaled, i.e. app = app = 25. As for inter-phase repulsions, the oil-
polymer repulsion is also defaulted as app = 25, so the interface is interaction-neutral, the
solvent-polymer repulsion parameter is set at a lower value of agp = 20" which yields good
solvent conditions, and the oil-solvent repulsion parameter is set at aps = 70" which yields good
immiscibility using Irving-Kirkwood method.*” For clarity, the superscript asterisks refer to base

case values for inter-phase repulsions.

The physical units depend on the degree of coarse-graining required for the simulation, in
which case following the normalized spacing between glycocalyx filaments, the physical length

scale is taken as lyp,s = 24 nm.*! Based on the density of water p = 1000 kg/m3 and viscosity
of water n = 1073 Pa-s at T = 300 K, we find the physical mass scale myp,s = plphys3 =

1.38 x 10720 kg, energy scale eppys = kgT =4.14x 10721 ], and time scale typy,s =
Nlohys: /€phys = 3-34 us.

For the FENE potential, the parameters in DPD units are k = 25, k;, =0, 1,4, = 0.86 and

— 31
Tmax = 1.

D. Implementation



The DPD simulations are implemented using NVT ensemble in the DL MESO DPD
package.*® The initial solvent-polymer system is first equilibriated for one million time steps at
time intervals of At = 0.01, before running the actual simulation for another million time steps
with channel flow. To generate pressure-driven flow in the channel, we apply an additional
constant horizontal body force to each solvent particle Fg = {F,, 0, 0} before the velocity update
step. This allows the solvent phase to exchange momentum with otherwise passive polymer

phases.

For a solvent-polymer system (without oil), Fig. 1¢ shows that the solvent velocity profiles
driven by F, in increments of 5 X 10~5 depend on solvent-polymer repulsion agp, a parameter
which sets the height of the polymer brush as shown by polymer density pp profiles (Fig. 1d). At
E, = 1073, the Reynolds number of the channel is Re~0.0138. Under good solvent conditions
(agp = 20), polymers are solvated and extended, which dissipates the pressure gradient. Solvent
velocities in the channel are reduced, despite the smaller gap between the brush surface and the
top of the channel. In each case, the maximum channel velocity U, is proportional to the
applied driving force F, and the solvent velocity U™ is the solvent velocity evaluated at the
position of droplet center. Mean polymer brush heights are hy, = {30, 28,25} for agp =

{20,22,24}.

The oil droplet consists of oil particles initialized from solvent particles found within a virtual
circular cylinder of radius R and depth L,, centered and adjusted so that the oil droplet is resting
on the polymer brush surface without buoyancy effects. In this study, four droplet radii are
considered, namely R = {10, 15, 20, 25}, which consist of N, = {9723,21093,39028,61163}

oil particles respectively.



III. RESULTS
A. Solvent-polymer repulsion

The solvent condition® of a polymer brush depends on the solvent-polymer repulsion agp. For
an oil droplet on a polymer brush, an increase in agsp could lead to the droplet flattening and
sinking into the brush layer, as shown in Fig. 2a for a droplet of initial radius R = 10. With an
increase in asp from 20 (good solvent condition) to 24 (poor solvent condition), the droplet
flattens so that its height decreases from 19.7 to 17.7 and sinks so that its absorption depth (sub-
surface) increases from 3.8 to 8.6. In contrast, for a larger droplet of R = 20, the droplet height
decreases from 38.3 to 33.7 but the absorption depth increases from 3.8 to 5.6 only. The bulk of

the droplet remains above the surface of the polymer brush.
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Fig. 2. (a) Increasing solvent-polymer repulsion agp causes an oil droplet of radius R to flatten
and sink into polymer brush (¢ = 10%). Other interaction parameters are agp = 25* and apg =
70*. (b) Equilibrium contact angles above (6, ; continuous) and below (8,; dashed) brush surface

depend on R for various agp.
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A stationary oil droplet on a polymer brush manifests static contact angles at the three-phase
contact line due to competitive interfacial tensions. The balance results in either Young’s law for
hard substrates, or Neumann triangle for soft substrates,’® including gels and polymer brushes.
Following Cao and Dobrynin,’! we refer to the Neumann contact angles as the angle formed by
the drop above and below the brush surface (denoted as 6; and 6, respectively). As shown in
Fig. 2b, both 6, and 6, vary depending on droplet radius for various agp. Note that the sums of
angles 8 = 6, + 0, are similar for each case, and there is a reversion in angles 6; < 8, for the

case of R = 10 and agp = 24.

For a channel flow driven by solvent driving force (F, > 0), an oil droplet may deform and
slide on the surface of the polymer brush (Fig. 3a). Contact angle hysteresis is observed, where
the advancing angle (in blue) is different from the receding angle (in red). With increase in
driving force F,, the advancing upper angle 8, , increases, the advancing lower angle 6, ,
decreases while both the receding angles 68, remains relatively constant. The latter observation
underlies strong pinning effect along the receding edge, as the droplet is visibly inclined in the
flow direction. With increasing solvent-polymer repulsion asp, the advancing upper angle 6, ,

decreases, the advancing lower angle 6, , increases, while receding upper angles 6, ,. decreases.
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Fig. 3. (a) Snapshots of a droplet R = 20 sliding on polymer brush surface driven by channel
flow varying solvent-polymer repulsion agp (agp = 25%, ags = 70*) with contact angle
hysteresis (t = 10%). Panels show upper (8,) and lower (8,), receding (8, left) and advancing
(8,, right) contact angles. (b) Time-averaged velocity of oil droplet V* on polymer brush driven
by flow velocity U* evaluated at droplet center for various agp. Relative symbol sizes denote
droplet sizes R = {10, 15, 20, 25}. Intercept shows the critical velocity for droplet sliding
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U;s~0.02. (c) Snapshots for droplet during lift-off at indicated times (red), and for droplets
which fail to lift-off at simulation end time t = 10* (black). (d) Phase diagram of flow velocity
U™ leading to droplet lift-off (filled symbols) depending on solvent-polymer repulsion agp.
Relative symbol sizes denote droplet sizes R = {10, 15, 20, 25}. Within the airfoil regime, larger

droplets may deform into an airfoil shape sliding under shear.

For a droplet on hard substrate, the drag force is approximated by the equivalent drag force on
a rigid sphere of the same apparent diameter.’? To see how droplets slide on soft polymer brush,
Fig. 3b shows a plot of the time-averaged surface velocity VV* of an oil droplet on polymer brush
against the channel flow velocity U* evaluated at a vertical position of one radius R above the
brush surface (see Fig. 1¢). Under poor solvent conditions (asp = 24), we see that the droplet
velocity scales linearly with solvent flow velocity V*~U* without significant droplet size
dependence. In contrast, under good solvent conditions (agp = 20), the data is comparatively
more scattered with droplet size dependence, where larger droplets slide at a low velocity
compared to smaller ones for the same flow velocity. By inspection, the droplet velocity trend
lines converge at a common intercept so the apparent critical velocity before a droplet starts to

slide is U;s~0.02.

Under strong channel flows (F, > 20 X 1075), an oil droplet may detach and lift-off from the
brush surface (Fig. 3¢), if the hydrodynamic lift force is strong enough to overcome the adhesion
force holding the droplet to the brush (see Supporting Information). The solvent driving force F,
necessary for droplet lift-off increases with solvent-polymer repulsion agp. At agp = 24, the
droplet at the point of detachment is elongated at an inclined axis. This is reminiscent of the

classic solution of an ellipsoidal droplet in linear shear flow,>® whose deformation depends on its
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capillary number Ca = nyR /o, where 7 is the solvent viscosity, y is the flow shear rate and o is
the interfacial tension between oil and solvent phases. Incidentally, the observed droplet shapes
during sliding and lift-off are also in qualitative agreement with those of vesicles under strong

shear.’*

Soft lubrication refers to lift force produced as an object translates in a linear shear flow near a
soft substrate.”>” Inspection of Fig. 3¢ shows an asymmetric deformation of the brush surface
below the droplet, which suggests that lubrication force applies similarly, despite physical

differences between droplets and rigid bodies.

Fig. 3d shows the phase diagram for droplet lift-off depending on flow velocity U* and
solvent-polymer repulsion asp. The critical flow velocity required for lift-off U;; (dashed lines)
increases with agp. For agp = 24 (poor solvent), larger droplets deform into an airfoil shape (see
Fig. 3c¢; center bottom) under shear, which reduces the lift force experienced by the droplet. This
is reflected as an increase in the critical lift-off velocity U;; as indicated on the phase diagram

(“airfoil’ regime).

B. Oil-polymer repulsion

The miscibility of oil in polymer brush depends on the interfacial repulsion between the two
phases. For low oil-polymer repulsion a,p = 20 (oleophilic) equal or less than the solvent-
polymer repulsion agp = 20*, an oil droplet could be absorbed into the brush (Fig. 4a). For a
polymer brush of thickness hpys = 30, we find that a droplet of radius R = 10 is fully
submerged, whereas a larger droplet of R = 20 is only partially submerged. It follows that the

extent of submergence depends on thickness ratio 2ZR~hp,s,. For stronger oil-polymer
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repulsion a,p, the absorption depth is relatively insensitive to droplet sizes (5.3 — 6.5), with only
marginal decrease seen for larger droplets. Fig. 4b shows that both 6, and 6, depends on droplet
radius for various agp. For agp = 20, the angle ratio is less than one (6, /6, < 1) when R < 25.

For agp > 20, both 8, and 6, are independent of agp.

Fig. 4. (a) Low oil-polymer repulsion ayp can cause an oil droplet of radius R to be fully or
partially absorbed into polymer brush (¢ = 10*). Other interaction parameters are agp = 20* and
aps = 70", (b) Equilibrium contact angles above (6, ; continuous) and below (8,; dashed) brush

surface depend on the droplet radius R for various agp.

For a channel flow driven by solvent driving force, an oil droplet may deform and slide even if
it is partially submerged (Fig. 5a). Contact angle hysteresis is observed, where the advancing
angle (in blue) is different from the receding angle (in red). Both advancing and receding 6,

angles increase with oil-polymer repulsion a,p. With increase in driving force F,, the advancing
15



upper angle 6, , increases, the advancing lower angle 6, , decreases and the receding 6, ,- angle
decreases slightly. As before, the droplet is tilted in the flow direction as it slides on the brush
surface, including any submerged volume (app = 20). With increasing oil-polymer repulsion
aop, the advancing upper angle 6, , increases and the advancing lower angle 8, , decreases, the
receding upper angles 6, , increases and the receding upper angles 8, ,- decreases. Since asp and
app are competitive interactions, their effects on contact angles are expected to be reversed, and
this is shown to be indeed the case. Separately, oil droplet absorption ratio within polymer brush

depends on imposed flow rates and quality of submergence (see Supporting Information).
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Fig. 5. (a) Snapshots of a droplet of radius R = 20 sliding on polymer brush surface driven by
channel flow varying oil-polymer repulsion agp (asp = 20%, aps = 70%) with contact angle
hysteresis (t = 10*). Panels show upper (8;) and lower (8,), receding (left, red) and advancing
(right, blue) contact angles. (b) Time-averaged velocity of oil droplet V* on polymer brush
driven by flow velocity U* evaluated at droplet center for various a,p. Relative symbol sizes

denote droplet sizes R = {10, 15, 20, 25}. For ayp = 20, the droplet could be partially (2R >
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hpr ) or completely submerged (2R < hy,,s ) where V* = 0. Black line refers to linear
regression for the base case app = 25". Intercept shows critical velocity for droplet sliding
U;s~0.02. (c¢) Snapshots for droplet during lift-off at indicated times (red), and for droplets
which fail to lift-off at simulation end time ¢t = 10* (black), for various oil-solvent repulsion
agp- For app = 20, the droplet may desorb and spread on the brush surface instead of lift-off.
(d) Phase diagram shows that lift-off is only possible for surface droplets above the submergence
criterion (app > asp = 20%). The critical lift-off velocity U, remains constant at ~0.53, up to

aop = 24. For agp = 25, Uy, decreases to ~0.33 (indicated by cross symbol).

To see if linear velocity scaling apply to oleophilic brushes (agp < 20), we plot the time-
averaged surface velocity V* of an oil droplet driven by channel flow velocity U evaluated at
droplet center (Fig. Sb). For ayp = 20, the droplet could be either partially submerged (2R >
hprush), SO that its velocity linearly varies with flow velocity, or it could be small enough to be
completely submerged (2R < hy,ysn)- It is interesting to note that the critical velocity for droplet
sliding U, is, once again, well approximated by ~0.02 (see Fig. 3b) for all a,p including ayp =

20 where the droplet may be partially submerged.

As shown previously, an oil droplet may detach and lift-off from the brush surface under
strong flows. However, for app = 20, an increase in U™ only cause the partially submerged
droplet to desorb and spread on brush surface, without lift-off (Fig. Sc¢). Phase diagram shows for
app = 20, droplet lift-off was not observed for any droplet size and solvent driving force (Fig.

5d). Instead, lift-off is only observed for surface droplets (app > 20), where the critical lift-off
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velocity U;;~0.53 appears insensitive to agp until ayp = 24. For base case ayp = 257, the

critical lift-off velocity decreases sharply to U;;~0.33 (indicated by cross symbol).

C. Oil-solvent repulsion

The surface tension of the oil droplet depends on the oil-solvent repulsion ayg (see Supporting
Information). Fig. 6a shows that the droplets do not absorb into the brush significantly across a
range of oil-solvent repulsions a,s. Also, the apparent contact angles are relatively insensitive to

the droplet radius R and oil-solvent repulsion ayg (Fig. 6b).
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Fig. 6. (a) Oil-solvent repulsion a,g has little effect on droplet morphology and brush absorption
(t = 10%). Other interaction parameters are agp = 20* and ayp = 25*. (b) Equilibrium contact
angles above (6 ; continuous) and below (6,; dashed) brush surface are relatively insensitive to

the droplet radius R and oil-solvent repulsion a,g.
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One may therefore expect the flow-driven dynamics to be similar, but there are some
differences (Fig. 7a). Contact angle hysteresis is observed for a droplet with low surface tension
(aps = 60) but it diminishes with increasing aps; for aps = 100, the droplet slides on the
surface as if it were a rigid spherical particle. As before, we plot the time-averaged surface
velocity V* of an oil droplet on polymer brush driven by channel flow velocity U™ evaluated at
droplet center (Fig. 7b). For the same flow velocity U*, a decrease in oil-solvent repulsion ag
results in an increase in droplet velocity V*. For aps = 60, we see that larger droplets can

achieve lift-off at higher flow velocities (filled symbols).
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Fig. 7. (a) Driven by channel flow, a droplet of radius R = 20 slides on the polymer brush
surface varying oil-solvent repulsion agg (agp = 20" and app = 25%) showing deformation and
contact angle hysteresis (t = 10%). Panels show upper (8;) and lower (8,), receding (left, red)
and advancing (right, blue) contact angles. (b) Effect of a,s on time-averaged droplet velocity
V* on polymer brush driven by solvent flow velocity U* evaluated at droplet center. Relative

symbol sizes denote droplet sizes R = {10, 15, 20, 25}. Large droplets with low a,g may lift-off
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(filled symbols). (c) Snapshots of droplets during lift-off at indicated times (red), and droplets
which fail to lift-off at simulation end time t = 10* (black), for various oil-solvent repulsion
aps- (d) Phase diagram shows for ayg = 80, the critical lift-off velocity Uz;~0.53 is insensitive

to aps. U;; reduces to ~0.33 (cross symbol) for aps = 70 and ~0.20 for aps = 60.

As with previous cases, an oil droplet may detach and lift-off from the brush surface under
strong flows (Fig. 7¢). Nevertheless, the effect of apgs (surface tension) is shown here to reduce
deformation of the droplet from ellipse to circular, and interestingly, align the droplet along the
vertical axis at the time of detachment. Phase diagram shows for a,g = 80, the critical lift-off
velocity U;;~0.53 appears insensitive to apgs (Fig. 7d). For base case aps = 70, U; reduces to
0.33 and for aps = 60, U; further reduces to 0.20. Below aps = 60, the oil phase is

increasingly miscible with solvent phase (not shown).

D. Polymer rigidity

In this section, we explore the effects of polymer brush rigidity*® on both static and dynamic
surface droplet behavior under base case conditions. Overall, an increase in brush rigidity
promotes droplet desorption (Fig. 8a). In addition, we find that brush chain stiffness k leads to
reduction in brush thickness but the bending stiffness k; leads to stretched bonds and brush
extension. Interestingly, the solvent flow above the brush increases with k and decreases with kj,
(Fig. 8b). This is because the increased dissipation due to brush rigidity more than offset the
effects due to reduction in channel width. The confluence of these factors, i.e. desorption and

drag, means that droplet velocity slides faster in either case with brush rigidity playing a
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dominant role (Fig. 8c). At higher flow rates, the droplet undergoes lift-off as before with an
added observation that despite faster droplet velocities, stronger solvent force is now necessary

for lift-off due to flow reduction by rigid brushes (Fig. 8d).
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Fig. 8. Effects of increasing polymer chain stiffness k to 100 and bending rigidity k;, to 25 on
droplet behavior under base conditions (asp = 20%, apgp = 25%, aps = 70%). (a) Both k and k;,

promote droplet desorption. Polymer brush thickness (red) decreases with k and increases with
23



k. (b) Time-averaged velocity profiles U, driven by solvent force F, in increments of 5 X 1075,
(c) Time-averaged droplet velocity V* on polymer brush driven by solvent flow velocity U*
evaluated at droplet center. Relative symbol sizes denote droplet sizes R = {10, 15, 20, 25}.
Intercept shows critical velocity for droplet sliding U;s~0.02. (d) Snapshots of droplets during
lift-off at indicated times (red), and droplets which fail to lift-off at simulation end time t = 10*

(black).

In addition, we note the relevance of our results in the flow of red blood cell in micro-capillaries
with polymer brush walls, due to the competitive effects of the solvent flow reduction in channel
and the relative increase in droplet sliding speed. Despite physical differences between vesicles
and drops, this could help explain the non-linear dependence of red blood cell velocity on brush

thickness.>?

IV. DISCUSSION

Using Dissipative Particle Dynamics (DPD) simulations of three interacting immiscible phases
(oil, solvent and polymer brush), we characterize both static and dynamic behavior of oil droplets
on a polymer brush under a channel flow. Above a critical flow velocity, an oil droplet can be
made to slide on the polymer brush. Interestingly, the critical sliding velocity was found to be
constant (~0.02 in DPD units) across various droplet sizes and interphase interactions evaluated
in this study. This is perhaps because the polymer brush, highly valued for its lubricating
properties,”® does not offer significant static resistance to motion; a stiffer interacting brush may

be required to pin a droplet in place under low shear conditions.’® In addition, our results show
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that an oil droplet tends to slide faster under conditions of (1) low solvent-polymer repulsion, (2)
high oil-polymer repulsion, (3) low oil-solvent repulsion and (4) rigid polymer brushes.
Qualitatively, this suggests that droplet sliding can be promoted using a rigid polymer brush that
is oil-repelling, has good solvent quality and surfactants which reduce the surface tension of the

oil droplet in the solvent.

The degree of droplet absorption depends on its interaction with the polymer brush, so
although the Young to Neumann transition cannot be universal,?’ the static behavior of droplet
on polymer brush can be manipulated with the inclusion of solvent interactions with various
absorption effects. As droplet slide on the brush driven by flow, we observed contact angle
hysteresis in all cases, including droplets that ascribe to Neumann’s law. We also found that the
advancing angles are more sensitive to flow velocity than the receding angles, due to pinning at

the receding edge as droplets deform and incline in the direction of the flow.

With increasing flow, a droplet could detach and lift-off from the brush surface into the solvent
stream once the lift force overcomes the adhesion force. Under poor solvent conditions, stronger
flows are required to remove an oil droplet as reflected by an increase in critical lift-off velocity.
In this case, a sufficiently large droplet could deform into an airfoil shape which further increases

the critical lift-off velocity.

For a strictly oleophilic brush, an oil droplet can be fully submerged if its size is smaller than
the brush thickness; this has the effect of insulating the droplet from hydrodynamic forces above
the brush surface, preventing lift-off. If the droplet is partially submerged, the exposed section is
subjected to hydrodynamic forces so that the droplet can slide on the brush. With increasing
flow, the droplet desorbs from the brush and spreads on its surface, but without detachment or

lift-off. In this study, lift-off was not observed across all droplet sizes and channel flow
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velocities. With a less oleophilic brush, there is a sharp transition whereby lift-off becomes

possible under strong flows.

Finally, surface tension promotes droplet lift-off at low values but is moderated at higher
values. Taken together, our results show a surprisingly rich outcomes in terms of three-way
interactions between either soft or liquid phases, leading to sliding or lift-off depending on the
strength of the imposed flow. The present study has implications on the design of polymer
brushes as well as the propulsion or removal of small immiscible droplets from soft surfaces

through hydrodynamic means.

SUPPLEMENTARY MATERIAL

See supplementary material for further discussion on lift forces, interfacial tension and dynamic

absorption ratio.
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