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When submerged under water, polyelectrolyte brush surfaces become highly oil-repellent. This
is due to the ability of the charged moieties on the polymer backbone to retain strong hydration
shells. Despite their technological relevance, there is no rational design principle for optimizing
the oil-repellent performance of hydrophilic polyelectrolyte brushes. Using droplet probe Atomic
Force Microscopy (AFM), we measured the interaction forces between an oil droplet and different
polyelectrolyte brushes. We show that surfaces are most repellent when there are repulsive electric
double-layer forces that can stabilize a continuous water film beneath the oil droplet. Once a
stable hydration layer forms, the oil-repellent performance is not affected by the polymer brush
characteristics, such as its thickness and swelling ratio.

There is a huge interest in developing superoleophobic
surfaces for various applications, such as in anti-fouling
coatings and oil-water separation membranes [1, 2]. Poly-
electrolyte brush surfaces have received much attention
because of their ability to repel oil under water even in
the absence of micro-/nano-structures [3–5]. Polyelec-
trolyte brushes swell under water and retain hydration
shells around their charged moieties, resulting in extreme
oil-repellence. It is thought that the presence of such
strong hydration shells also accounts for the ability of
polyelectrolyte brushes to resist fouling [6] and to greatly
reduce sliding friction (e.g. between cartilage surfaces in
skeletal joints) [7, 8]. Despite the recent progress, many
outstanding questions on the brushes’ oil-repellent prop-
erties remain unanswered [3, 9]. For example, it is not
known how the details of the polymer brush layer, such
as its thickness, grafting density, and chemical structure
of the charged groups, translate to its oil-repellent per-
formance. The relationship between polymer brush hy-
drophilicity in air and its oleophobicity under water is
also not clear.

In this article, we use droplet probe Atomic Force
Microscopy (AFM) to directly measure the interaction
forces between an oil microdroplet and polyelectrolyte
brushes of varied chemical structure [10–12]. We show
that for brushes with anionic and zwitterionic moieties,
there is repulsion between the droplet and the brush
layer, whose origin we attribute to electric double-layer
forces. There is maximal oil-repellence when the re-
pulsive forces are sufficiently strong to stabilize a water
film (hundreds of nanometres thick) beneath the droplet.
Critically, this repellence does not depend on the specific
characteristics of the brush layer (e.g. exact chemical
moiety or thickness). This is in sharp contrast to the
friction-reducing properties of polymer brushes, which
are highly dependent on the brush architecture [8, 13, 14].
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FIG. 1. (a)–(c) Water droplet makes a contact angle θwater =
19±3◦, 13±3◦, and 7±2◦ on PSBMA, PSPM, and PMETAC
brush surfaces in air, respectively. (d), (e) When submerged
under water, a silicone oil droplet makes a contact angle of
θoil-in-water = 180◦ on PSBMA and PSPM surfaces, (f) and
θoil-in-water = 154±4◦ on the PMETAC surface. Uncertainties
in θ measurements are the standard deviations calculated for
three repeats. Scale bar is 1 mm.

RESULTS AND DISCUSSIONS

We compare the properties of three polyelectrolyte
brush surfaces with zwitterionic, anionic, and cationic
moieties (Fig. 1a–c), specifically poly(sulfobetaine
methacrylate) (PSBMA), poly[(2-methacryloyloxyethyl)
trimethylammonium chloride] (PMETAC), and poly(3-
sulfopropyl methacrylate) (PSPM) brushes, respectively.
The brushes were grown on glass slides using surface-
initiated Atom Transfer Radical Polymerization (ATRP)
techniques, and their thicknesses were controlled from
tens to hundreds of nanometres by varying the polymer-
ization time. The resulting dry and wet film thicknesses
in air and water hdry, wet were measured using AFM, as
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FIG. 2. (a), (b) For PSBMA and PSPM surfaces, there is a continuous water film separating the base of the oil droplet and
the underlying polymer brush, as visualized using Reflection Interference Contrast Microscopy. (c) For PMETAC surface, this
hydration film is only partial. There are locations where the oil droplet is in contact with the polymer brushes resulting in
visible pinning points. Scale bars are 200 µm, 100 µm, and 250 µm, for (a)–(c) respectively. Interferograms were taken 20
minutes after the droplet was placed on the brush surfaces to allow sufficient time for water beneath the droplet to drain out.

summarized in Table I. See Materials and Methods for
details. Because of the very different growth rates of dif-
ferent brushes, it is difficult to have the same thicknesses
for the three brushes. In any case, as we will show in this
paper, the oil-repellent properties are not sensitive to the
exact brush layer thickness.

TABLE I. Brush properties for Figures 1–4. Uncertainties in
hdry, wet are due to roughness as measured using AFM.

.

hdry hwet hwet/hdry θwater

(nm) (nm)
PSBMA 7 ± 2 14 ± 2 2 ± 0.8 19 ± 3◦

PSPM 96 ± 3 130 ± 10 1.4 ± 0.2 13 ± 2◦

PMETAC 176 ± 3 780 ± 30 4.4 ± 0.2 7 ± 2◦

All the polyelectrolyte brushes in this study are hy-
drophilic, with low contact angles for water droplet in air
θwater < 20◦. The brushes swell under water, though with
different swelling ratios hwet/hdry = 1.4–4.4, likely due to
different grafting densities [15]. When submerged under
water, both PSMBA and PSPM surfaces are equally oil-
repellent; on both surfaces, a millimetric-sized silicone
oil droplet has a contact angle θoil-in-water = 180◦. In
contrast, PMETAC is less oil-repellent with θoil-in-water

= 154 ± 4 ◦, despite having the highest swelling ratio
(and therefore water content) and lowest θwater = 7 ± 2◦

(Fig. 1 and Table I). The most hydrophilic brush surface
in air is therefore not necessarily the most oleophobic one
under water.

To achieve the maximal oil-repellence, the brush sur-
face must be able to stabilize a continuous water film be-
neath the oil droplet, which we can confirm using Reflec-
tion Interference Contrast Microscopy (RICM) [16, 17].
We shone monochromatic light of wavelength λ=561 nm
from below the brush and captured the reflection off the
droplet base (Fig. 2). The presence of the water film re-
sults in thin-film interference and, in particular, dark and
bright fringes as light reflected off the various interfaces
interfere destructively and constructively. Details of the
method can be found in our previous publications [9].

Previously, we showed that PSBMA surfaces with zwit-
terionic moieties can stabilize such a hydration film [9].
This is because both oil droplet and the brush sur-
face acquire negative surface charges in water, with re-
ported zeta potentials of -40 mV and -30 mV, respectively
[11, 18, 19]. The negative charges generate repulsive elec-
tric double-layer forces and result in a water film layer as
thick as hwater = 200 nm [9, 20].

Here, we found the same stable water film for PSPM
surfaces with anionic moieties, which are known to be
negatively charged with reported zeta potential of -60
mV [21]. There is no contact (and hence no contact line
pinning) between droplet and the substrate for both PS-
BMA and PSPM surfaces. As a result, the droplet’s base
is smooth and circular in shape (Fig. 2a, b).

In contrast, PMETAC brushes with cationic moieties
become positively charged under water, with a reported
zeta potential of +30 mV [22]. The electric double-layer
forces are now attractive and as a result, there is only a
partial hydration film, as evident from the interference
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FIG. 3. (a) Schematic of droplet probe AFM setup used to quantify droplet-surface interactions. (b) Separation distance
between droplet’s base and the brushes h depends on the piezo-positioning of the AFM z (after correcting for cantilever
deflection) and also the deformation of the droplet’s base δ, more precisely ∆h = ∆z - δ. (c, d) Force spectroscopy results for
oil droplets of radius R = 13 µm in DI water for PSBMA and PSPM surfaces. (e, f) Force spectroscopy results for oil droplets
of radius R = 10 µm in 0.5M NaCl salt solution for PSBMA and PSPM surfaces.

fringes in Figure 2c. The oil droplet is in contact with
the surface at certain regions, creating pinning points.
As a result, the outline of droplet’s base is jagged and
irregularly shaped. Note that because of slow drainage
dynamics [23], there is still a micron-thick puddle of wa-
ter trapped beneath the droplet after twenty minutes
(marked by an asterisk in Figure 2c).
The intermolecular forces between the oil droplet and

the polyelectrolyte brushes can be probed directly using
droplet probe AFM. We attached a silicone oil droplet
(tens of micron in size) onto a tipless cantilever probe
with a flexular spring constant of kz = 0.2–2 N m−1

(Fig. 3a). The force acting on the droplet F was ob-
tained from the cantilever deflection δz, since F = kzδz
[12, 24].
For conventional AFM with a sharp solid tip, the sepa-

ration distance h between the solid tip and the surface is
equivalent to the piezo-positioning z (after corecting for
δz) of the AFM [24]. For droplet probe AFM, however,
we have to additionally account for droplet deformation
in the z-direction δ, i.e. ∆h = ∆z − δ (Fig. 3b). Note
that the deformation of the brush layer is minimal, since
the Young’s moduli of the polyelectrolyte brushes E (be-
tween 100 and 300 kPa [25]) are much higher than the
Laplace pressure 2γ/R ≈ 6 kPa exerted by the droplet.
Figures 3c, d show the force experienced by an oil

droplet of radius R = 13 µm as a function of z (which
is not the separation distance), as it approaches (dashed
line) and retracts (full line) from PSBMA and PSPM sur-
faces at a speed of U = 1 µm s−1 in deionized (DI) water.

We can relate the loading force F acting on the droplet to
its deformation δ by noting that F = (2γ/R)πr2, where
R is the droplet’s radius, r is the droplet’s base radius,
and γ is the interfacial tension. Using scaling arguments,
we expect r ∼

√
Rδ, and hence F ∼ γδ: the droplet de-

forms like a Hookean spring system with γ playing the
role of the spring constant. The droplet deformation can
be more rigorously modelled by solving the axisymmetric
Young-Laplace equation numerically and we found that

F = 1.9 γR−0.1δ1.1, (1)

which we have plotted as gray dashed-dot lines (with
no fitting parameters) up to the maximum loading force
FN = 20 nN in Figures 3c–f. Our choice of z=0 corre-
sponds to the point when the droplet starts to deform;
the maximum deformation experienced by the droplet
δmax < 0.5 µm is a small fraction of the droplet’s diame-
ter, which justifies our initial Hookean assumption. Note
that our numerical result in Equation 1 differs slightly
from our simplified Hookean analysis. In particular, F
is only approximately linear to δ and depends weakly on
the droplet size R. Details on how we implement the
numerical calculations can be found in Supplementary
Figures S1 and S2, and our github repository [26].
At a slow speed of U = 1 µm s−1, viscous effects are

unimportant—we know this because viscous forces are
non-conservative and should result in a hysteresis loop in
the approach and retract curves. Instead, we find that
the two curves overlap with each other.
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The repulsive force F > 0 experienced by the droplet
can be explained by a combination of droplet deformation
(with the dashed-dot lines representing the numerical
solution in equation 1) and electric double-layer forces,
which can have a range of interaction of more than 100
nm in DI water [9, 20]. PSPM brushes, which have larger
zeta potential than PSBMA (-60 mV and -30 mV, re-
spectively), exhibit more repulsive double-layer forces, as
indicated by the larger departure from equation 1. It is
difficult to model double-layer forces in DI water, because
the ion concentration between the two interfaces is sen-
sitive to surface charge and can differ greatly from bulk
concentration. In any case, the repulsive double-layer
force prevents contact of the brushes with the droplet.
As a result, there is no adhesion of the droplet to the
surface and minimal energy dissipation.

Dissolved salt ions can however screen the electric
double-layer forces and the droplet can now come into
contact with the brush layer. As a result, both PSBMA
and PSPM brushes are less oil-repellent when submerged
in 0.5M NaCl solution (Figs. 3e, f). There is now a max-
imum adhesion force that must be overcome to remove
the droplet Fadh = 2.4 and 5.8 nN—as well as a total
work done to overcome contact-line pinning W = 9.5 ×
10−16J and 2.5× 10−15J (shaded areas in Figures 3e, f)—
for PSBMA and PSPM brushes, respectively. Note that
since dissipative forces due to contact-line pinning are
non-conservative, W is not the work of adhesion, which
is typically defined as the reversible thermodynamic work
required to separate the interface between two phases.

Unlike PSBMA and PSPM, PMETAC surface is posi-
tively charged and therefore unable to sustain a contin-
uous water layer even in DI water. As a result, there
is a sudden snap-in force Fsnap = 50 nN at z = 0 when
the oil droplet of radius R = 10 µm first contacts the
brushes. There is now contact line pinning and conse-
quently, PMETAC has a much larger Fadh = 145 nN
and W = 5.6 × 10−13J (Fig. 4a). Note that although
PMETAC surface does not perform as well as PSBMA
and PSPM, it is still highly oil-repellent. The exper-
imentally obtained value of W is still a small fraction
(about 1 %) of the total surface energy of the droplet
4πR2γ = 5 × 10−11J and is comparable to energy re-
quired to remove a water droplet of similar size on su-
perhydrophobic surfaces [12].

A closer inspection of the approach curve also reveals a
small repulsive force of about 1 nN just before the snap-
in force Fsnap (Fig. 4b). Since viscous effects are minimal
at U = 1 µm s−1, the presence of a repulsive force could
be due to the fact that to contact the brush layer, the
droplet must displace the hydration shells that surround
the positively-charged quaternary ammonium cation [27,
28].

So far, we have discussed the force spectroscopy results
in the limit of low velocity U = 1 µm s−1. As we increase
U to 20 µm s−1, viscous effects become important. As
the droplet approaches the surface, water beneath the oil

FIG. 4. (a) Force spectroscopy curve for an oil droplet of
radius R = 10 µm in DI water for PMETAC surfaces. (b)
Just before the droplet snaps onto the surface, there is a small
repulsive force.

droplet has to drain out, resulting in a repulsive force;
when the droplet retracts, water flows back in, resulting
in suction and an effective adhesion force Fadh [29]. As
a result, there is now a hysteresis loop in the force spec-
troscopy curves for 26-µm-sized droplet on PSBMA and
PSPM surfaces (Fig. 5a, b). The measured Fadh ≈ 1 nN
(due to hydrodynamic viscous effects) on PSBMA and
PSPM surfaces are still much smaller than Fadh = 120
nN (due to the formation and subsequent breakup of cap-
illary bridge) for a similarly-sized droplet on PMETAC
surface (Fig. 5c).
In the absence of contact-line pinning on PSBMA and

PSPM surfaces (blue filled and empty markes in Fig. 5d
and e, respectively), Fadh increases from less than 1 nN
to more than 100 nN as we vary the speed U=1–200 µm
s−1 for droplets of size R = 20, 60 µm (circle and square
markers, respectively). In contrast, for PMETAC sur-
faces (Fig. 5f) and interestingly also for PSBMA surface
in salt solution (red triangles in Figure 5d), contact-line
pinning dominates and Fadh no longer depends on U .
Previously, we showed that Fadh due to hydrodynamic

viscous effects should scale as

Fadh/2Rγ ∼ Caν , (2)

where Ca = ηU/γ is the capillary number, η is water’s
viscosity, and ν is some unknown exponent [9]. Previ-
ously, we also found that ν = 0.6 best fits the experi-
mental results for millimetric-sized droplets of size R =
1–3 mm [9]. Here, we found that ν = 0.8 best explains
the Fadh results for smaller droplets between R = 15–60
µm (full line in Figure 5g).
To obtain the exact value of ν would require us to solve

the Young-Laplace and Navier-Stokes equation fully, ei-
ther analytically and numerically, which is outside the
scope of this work. Nonetheless, equation 2 captures the
main physical insights: in the presence of a hydration
film, Fadh increases linearly with droplet’s size R and
non-linearly with speed U , but does not depend on the
details of the brush film, such as its thickness or exact
chemical moiety. Experimentally, we found that once
Fadh is non-dimensionalized as Fadh/2Rγ, the experimen-
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FIG. 5. (a–c) Force spectroscopy results for PSBMA, PSPM, and PMETAC surfaces. (d–f) Fadh measurements for droplets
of different sizes R = 9–60µm, different brushes of varying thicknesses. (g) All the Fadh results can be presented in the
non-dimensionalized form Fadh/2Rγ vs. Ca, where Ca is the capillary number.

tal results for PSBMA and PSPM brushes with very dif-
ferent thicknesses (hdry = 7 − 95 nm, hwet = 14 − 145
nm) and swelling ratios (between 2 and 4) overlap with
one another (Figure 5g).
The differences in the oil-repellent performance of

polyelectrolyte surfaces without a stable hydration film
(dashed lines) when compared to those with a stable film
(full line) are summarized by the non-dimensional plot
in Figure 5g. In the absence of a stable hydration film,
Fadh no longer depends on U and can be a hundred times
or even a thousand times higher (for example, PMETAC
surface in DI water) for similarly-sized droplets.

CONCLUSIONS

In this work, we have shed light on the design principle
for optimal underwater oil-repellent performance of poly-
electrolyte brush surfaces: brushes should have a nega-

tive zeta potential which can stabilize a water film be-
neath the oil droplet. Once the hydration layer is present,
the oil-repellent performance is insensitive to the details
of the polyelectrolyte brushes. We also found that oil-
repellent performance is reduced in the presence of salt,
which tend to screen surface charges. How best to im-
prove the oil-repellent performance when the presence
of salts is unavoidable, such as in marine environments,
remains an open question, which may require strategies
beyond simple hydration and electrical double layers.
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MATERIALS AND METHODS

Materials and chemicals. (3-trimethoxysilyl)-
propyl 2-bromo-2-methylpropionate (Br-initiator,
95 %) was purchased from Gelest Inc. [2-
(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl) am-
monium hydroxide (SBMA, ≥ 96 %), 3-sulfopropyl
methacrylate potassium (SPM, ≥ 98 %), 2-
(methacryloyloxy)ethyl trimethylammonium chloride
(METAC, 75 wt. % in water), copper(I) bromide
(CuBr, ≥ 98%), and 2,2́-bipyridine (bipy, ≥ 99 %) were
purchased from Sigma-Aldrich. Methanol was purchased
from J.T. Baker. Silicone oil (polyphenylmethylsiloxane,
viscosity ∼ 100 mPa.s, density 1.06g/ml) was purchased
from Sigma-Aldrich. The water-oil interfacial tensions is
35 mN/m as measured using the pendant drop method.
All chemicals were used as received. Deionized water
with a resistivity of 18.2 MΩ.cm was obtained from a
Milli-Q water purification system (Millipore, Bedford,
MA, USA).

Surface preparation. The polymer brush surfaces
were prepared using surface initiated Atom Transfer Rad-
ical Polymerization (ATRP) using a protocol adapted
from Azzaroni et al. (2006) for PSBMA [30] and Oh et al.
(2019) for PSPM and PMETAC [31].
Purification of CuBr. CuBr was stirred in glacial acetic

acid for 8 hours, then filtered, washed with ethanol and
diethyl ether. The off-white solid obtained was then dried
in the oven overnight at 70◦C under vacuum [32].
Initiator monolayer deposition. The surfaces (glass or

silicon wafer) were sonicated in deionized (DI) water, ace-
tone and isopropanol sequentially before drying under a
nitrogen stream. The dried surfaces were then subjected
to oxygen plasma surface cleaning at 150 W for 120 s. Br-
initiator was vapour deposited onto the cleaned surfaces.
In a typical procedure, the cleaned surfaces were heated
in a vacuum oven at 75◦C with the Br-initiator (100 µL)
overnight. The dried silanized surfaces were then heated
in an oven at 110◦C for 20 minutes.
PSBMA brush growth. SBMA salt (15 g, 54 mmol)

and bipy (210 mg, 1.3 mmol) were dissolved in a mixture
of methanol (40 mL) and deionized water (10 mL). The
mixture was stirred, degassed and flushed with argon for
20 minutes. Purified CuBr (77 mg, 0.5 mmol) was then
added. Stirring of this polymerisation precursor solution
continued under argon atmosphere for a further 2 min-
utes. Each glass or silicon substrate coated with ATRP
initiator was placed in an individual vial and purged with
argon. The polymerisation precursor solution (4.5 mL)
was syringed into the vials, ensuring that the substrate
was completely covered by the solution. The polymeri-
sation was allowed to proceed for the required time un-
der argon atmosphere. Growth rate is about 20 nm per
hour. After polymerisation, the substrates were washed
with deionized water at 60◦C and dried with a stream of
nitrogen.
PSPM brush growth. SPM salt (1.5 g, 6.1 mmol) and

bipy (63 mg, 0.40 mmol) were dissolved in a mixture of
in methanol (6 mL) and deionized water (3 mL). The
mixture was stirred, degassed and flushed with argon for
20 minutes. Purified CuBr (29 mg, 0.20 mmol) was then
added. Stirring of this polymerisation precursor solution
under argon atmosphere continued for a further 2 min-
utes. Each glass or silicon substrate coated with ATRP
initiator was placed in an individual vial and purged with
argon. The polymerisation precursor solution (4.5 mL)
was syringed into the vials, ensuring that the substrate
was completely covered by the solution. The polymeri-
sation was allowed to proceed for the required time un-
der argon atmosphere. Growth rate is about 40 nm per
hour. After polymerisation, the substrates were washed
with deionized water at 60◦C and dried with a stream of
nitrogen.
PMETAC brush growth. 2-(methacryloyloxy)ethyl

trimethylammonium chloride (METAC) (3.5 g, 17
mmol) was passed through an alumina column and then
dissolved in a mixture of water (1 mL) and isopropanol
(4 mL). The mixture was stirred, degassed, and flushed
with argon for 20 minutes. Purified CuBr (36 mg,
0.25 mmol) and bipy (95 mg, 0.61 mmol) were added.
This polymerisation precursor solution was stirred and
flushed under argon for another 10 minutes. Each glass
or silicon substrate coated with ATRP initiator was
placed in an individual vial and purged with argon.
The polymerisation precursor solution (4.5 mL) was
syringed into the vials, ensuring that the substrate was
completely covered by the solution. The polymerisation
was allowed to proceed for the required time under
argon atmosphere. Growth rate is about 170 nm per
hour. After polymerisation, the substrates were washed
with deionized water at 60◦C and dried with a stream of
nitrogen.

Determining brush thickness. The dry and wet
thicknesses of the polymer brush layer on a silicon wafer
can be determined using either ellipsometry or Atomic
Force Microscopy (AFM). Both techniques give similar
results. For brush layer on glass, the thickness can
only determined using AFM, as the refractive index
contrast between the brush layer and glass is too small
for accurate ellipsometry measurement. Details can be
found in Daniel et al. (2019) [9].

Droplet probe AFM. To create small oil droplets,
we force 50 µl of oil through a small capillary tube with
inner and outer diameters of 360 µm and 290 µm into
a petri-dish of water. This generates multiple droplets
with a broad range of sizes 2R = 20—200 µm. We can
then pick up a droplet of the desired size to perform force
spectroscopy measurements on the surface of interest.
Details on how we calibrated the cantilevers, per-

formed the force spectroscopy measurements, and con-
verted the raw voltage signals on the four-quadrant sen-
sor into force values can be found in our previous publi-
cation [12].
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FIG. S1. Schematic of a droplet being compressed.

To model the droplet deformation of volume V due to the applied force F , we can solve the

Young-Laplace equation

u′′

(1 + u′2)3/2
− 1

u
√
1 + u′2

= −∆P/γ for z ∈ (0, H) (S1)

subject to the boundary conditions

u(0) = r

u(H) = w
! H

0

πu2dz = V

F = πr2∆P

(S2)

where w is the width of the contact size on the AFM cantilever, r is the droplet’s base radius,

γ is the interfacial tension, and ∆P ≈ 2γ/R is the Laplace pressure (Supplementary Fig. S1).

There are several ways to solve this boundary value problem numerically. Here, we first
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non-dimensionalize the problem with respect to the droplet’s size R and interfacial tension γ

F̂ = Fγ−1R−1

û = uR−1

r̂ = rR−1

V̂ = V R−3

∆P̂ = ∆PRγ−1, etc

(S3)

and hence, we get the non-dimensionalized Young-Laplace equation

û′′

(1 + û′2)3/2
− 1

û
√
1 + û′2

= −∆P̂ ; for ẑ ∈ (0, Ĥ) (S4)

subject to the boundary conditions

û(0) = r̂

û(Ĥ) = â
! Ĥ

0

πû2dẑ = V̂

F̂ = πr̂2∆P̂ .

(S5)

Using the shooting method [1], we chose to frame the Young-Laplace equation as an initial

value problem, with initial values

û(0) = r̂

û′(0) = 0,
(S6)

while requiring that

m̂(r̂,∆P̂ , γ̂) =

"

# û(Ĥ)− ŵ
$ Ĥ

0
πû2dẑ − V̂

%

& = 0. (S7)

This converts the boundary value problem into a root-finding problem of m̂ = 0, which we can

solve by numerically integrating equation S4 with Runge-Kutta method subject to the initial

conditions in equation S6.
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FIG. S2. Simulation results for non-dimensional F̂ vs. δ̂ for different ŵ = 0.2, 0.4 and 0.8.

The simulation results are summarized in Figure S2 for different initial conditions, more

specifically for different contact sizes ŵ = 0.2, 0.4 and 0.8. The numerical results can be fitted

with power laws

F̂ = 1.9 δ̂ 1.1, 2.3 δ̂ 1.12, 3.6 δ̂ 1.16 (S8)

for ŵ = 0.2, 0.4 and 0.8, respectively (dashed lines in Figure S2). In the main text, for the

results reported in Figure 3, ŵ = 0.2 and hence, we expect F = 1.9γR−0.1δ1.1 as reported in

the main text.

The numerical calculations are implemented in Python code. See github repository for the

codes used [2].

[1] J. Kiusalaas, Numerical methods in engineering with Python 3 (Cambridge university press, 2013).

[2] D. Daniel, “Simulating droplet compression,” https://github.com/ddaniel331/simulating_

compression (2020), accessed: 2020-07-01.

4


