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Universal spreading of water drops on complex
surfaces

B. B. J. Stapelbroek,a H. P. Jansen,b E. S. Kooij,b J. H. Snoeijera and A. Eddia

A drop of water spreads very rapidly just after it is gently deposited on a solid surface. Here we

experimentally investigate how these early stages of spreading are influenced by different types of

surface complexity. In particular, we consider micro-textured substrates, chemically striped substrates

and soft substrates. For all these complex substrates, it is found that there always exists an inertial regime

where the radius r of the wetted area grows as r � t1/2. For perfectly wetting substrates, this regime

extends over several decades in time, whereas we observe a deviation from a pure power-law for

partially wetting substrates. Our experiments reveal that even the cross-over from the 1/2 power law to

the final equilibrium radius displays a universal dynamics. This cross-over is governed only by the final

contact angle, regardless of the details of the substrate.
1 Introduction

The spreading of a liquid drop on a substrate is relevant for
many applications, ranging from agriculture to various indus-
trial processes.1–6 The nal extent of drop spreading is governed
by surface energies, provided that the surfaces can be consid-
ered homogeneous.7,8 In a partial wetting situation, a liquid
drop reaches a nal shape dened by the equilibrium contact
angle qeq, that is selected by Young's law. For perfectly wetting
surfaces, by contrast, drops continue to spread over the surface.
The radius of the wetted area grows as r � t1/10 in the long-time
limit, a result known as Tanner's law,9 originating from a
balance of capillary driving and viscous dissipation close to the
contact line. This very slow spreading on perfectly wetting
surfaces only stops when the drop height reaches a thickness
that falls within the range of molecular interactions.

In contrast with this slow dynamics, the initial stages of drop
spreading can be very fast10–18 – here, the initial stage refers to
the spreading starting at a radius r ¼ 0 and followed on a small
time scale aer contact. This is due to a singularity, namely, at
the instant of contact, the curvature of the interface is innite,
leading to a diverging Laplace pressure jump. This induces a
rapid ow in the drop that replenishes the liquid neck, yielding
a wetted area that grows in time. The initial stage of drop
spreading is strongly reminiscent of the coalescence of two
spherical liquid drops, which rapidly merge aer contact is
established.17,19–24 The nature of the liquid plays an important
role as the ow can be viscosity-dominated or inertia-
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dominated. For low-viscosity liquids such as water, there exists
an inertial regime where r � t1/2. This can be explained by the
balance of the inertial pressure inside the drop,� r(dr/dt)2, with
the capillary pressure jump,� gR/r2, where r is the liquid
density, g its surface tension and R the initial drop radius. The
spreading law is then given by

r

R
¼ A

�
t

tc

�1=2
; with tc ¼

ffiffiffiffiffiffiffiffi
rR3

g

s
; (1)

where tc is the inertio-capillary time (for water drops of R ¼ 0.5
mm, tc x 1.32 ms). This law has been veried experimentally
both for spherical drop coalescence22,23 and for water drops
spreading on a smooth and perfectly wetting glass substrate,10,15

with A ¼ 1.2 � 0.1 for both cases. The dynamics changes
qualitatively for highly viscous drops, where a linear time-
dependence (with logarithmic corrections) emerges both for
coalescence19,23,25 and spreading.17 In addition, it was recently
demonstrated for coalescence of freely suspended drops that
both the viscous or inertial regimes are preceded by a phase
where viscosity and inertia are equally important.24 So far, such
a visco-inertial regime has not been identied for spreading,
and is expected to last for <100 nanoseconds for low-viscosity
liquids such as water.

The role of the substrate during this initial stage of drop
spreading is rather subtle.11,13–15 Under perfectly wetting
conditions, the substrate essentially acts as a mirror plane for
the ow and does not affect the spreading law.10 For water drops
on partially wetting substrates, the dynamics is still dominated
by inertia.11 The spreading was found to be slower than the
perfectly wetting case, eqn (1), and was interpreted as a change
in power-law r � tb, with b depending on the equilibrium
contact angle.11,18 Another view was provided by experiments
and simulations that showed that the very early stages of drop
Soft Matter, 2014, 10, 2641–2648 | 2641



Fig. 1 (a) Sketch of the experimental set-up. (b) Series of snapshots of
the bottom view for drop spreading on a smooth and partially wetting
substrate. The white bar has a length of 50 mm. The fringes in the first
recording of the bottom view are due to the interferences in the air
layer separating the drop and the substrate. (c) Series of snapshots of
the side view. The white bar has a length of 300 mm.
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spreading are independent of wettability, with b ¼ 1/2, followed
by a slowing down.15 A detailed description for the slowing
down on partial wetting surfaces is still lacking.

In this article, we will study how drop spreading is affected
by three types of surface complexity: roughness, soness and
chemical defects. It is well known that microtextured surfaces
can have a pronounced inuence on the equilibrium shape of a
sessile drop. Using micro-pillars a drop can achieve a Wenzel
state26 but these substrates can be turned super-hydrophobic, in
the so-called Cassie–Baxter27–30 state. Such textures at a micro-
scale also inuence drop impact, and splashing is reduced as
the air ow below the drop is modied31,32. Another substrate
complexity can be introduced using chemical structures that
change the wettability at a micro-scale.33,34 Chemically
patterned functionalization with alternating hydrophilic and
hydrophobic stripes gives rise to anisotropic spreading. The
nal spreading of a liquid drop thus depends on the direction,
resulting in elongated drops.34,35 The chemical stripes can also
be used to induce dropmotion on the substrate.36,37 A third kind
of complexity can be introduced by making the substrate so,
and reducing the elastic modulus G0 to a few tenths of kPa. On
these substrates, the capillary forces near the contact line will
pull on the substrate and induce a typical deformation of size
�g/G0, typically of the order of a few microns.38–45 It has been
found experimentally that the soness of the substrate slows
down the wetting dynamics, an effect known as viscous braking,
due to the visco-elasticity of the substrate.46,47 This effect has
been investigated experimentally for a spreading water drop,
revealing that there exist several regimes depending on the
liquid and substrate properties14,18,48.

The goal of the paper is to reveal the early-stage spreading
dynamics of water drops on these very different types of
complex surfaces. In Section 2, we introduce the experimental
set-up and the various substrates we use. Section 3 gathers the
experimental results. We show that there always exists an initial
inertial regime, that disappears earlier for more hydrophobic
substrates. In Section 4, we analyse the nature of the cross-over
observed for a partially wetting substrate. In Section 5, we
discuss our results in terms of universal spreading behaviour.
Surprisingly, we nd that surface complexity does not play any
role in the initial phase of drop spreading, and that the only
relevant parameter to describe the underlying substrate effect is
the advancing equilibrium contact angle qadv.
2 Experiments and methods
2.1 Experimental set-up

To investigate the initial dynamics of drop spreading on
complex substrates, we use the set-up presented in Fig. 1(a). A
water drop (Ultra-pure Milli-Q water, g ¼ 0.072 N m�1, r ¼
1000 kg m�3) is slowly grown at the tip of a needle until it
touches the substrate. The distance between the needle and the
substrate automatically sets the drop diameter D ¼ 1 mm at the
time of contact. Water is pumped at a low ow rate (10�3 mL
min�1), so that the approach velocity is lower than 20 mm s�1

and that the impact speed can be neglected.
2642 | Soft Matter, 2014, 10, 2641–2648
To capture the initial stage of spreading, a transparent
substrate is placed on a microscope, and the process is recorded
with two synchronised high-speed cameras. A Photron SA1.1
camera coupled to an inverted microscope records a bottom
view of the wetted area [Fig. 1(b)]. This allows for high speed
recording with a frame rate up to 400 000 frames per s and a
spatial resolution of 2 mm per pixel. Before contact between the
drop and the substrate, one can observe fringes due to the thin
air layer separating them. Aer contact, the wetted area appears
as a circular dark area that grows with time. For all experimental
data, we consider the contact time to be half-way in between the
last frame where the fringes can be seen and the rst frame
where the dark area appears. This ensures a minimal error on
the contact time determination. An APX-RS camera coupled to a
long-range microscope records the side view [Fig. 1(c)]. It
records the later times of spreading, with a frame rate of 10 000
frames per s, and a spatial resolution of 3.5 mm per pixel. The
radius r of the wetted area is determined from the images using
custom Matlab scripts. The bottom view is used to record the
early dynamics of drop spreading, and is crucial for getting
accurate measurements for r < 100 mm. Combining the two
This journal is © The Royal Society of Chemistry 2014
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views, we can determine the spreading dynamics over more
than 3 decades in time and 2 decades in space.15,17
2.2 Complex substrates

In order to investigate the inuence of the surface complexity
on the spreading of a droplet, we vary the surface roughness,
apply chemical heterogeneities on a microscale, and introduce
substrate deformability by reducing its elastic modulus.

Microtextured substrates. We use glass substrates covered
with a square array of cylindrical micro-pillars fabricated with
standard photolithography and etching techniques [Fig. 2(a)].
Their height is kept constant at H ¼ 5 mm, the diameter W of
the pillars varies from 10 to 20 mm and their spacing S from 5 to
40 mm. These structures are cleaned using piranha solution
(H2SO4/H2O2) and thus have a high wettability with a contact
angle qadv < 5�. This guarantees that the drops enter the space
between the pillars and achieve a Wenzel state.

Chemically striped substrates. The chemically striped
substrates consist of glass with alternating hydrophobic
(PFDTS) and hydrophilic stripes (SiO2) on the surface
[Fig. 2(b)]. Static contact angles of 1 mL droplets were
measured on pristine PFDTS and SiO2 surfaces using an
OCA15 + goniometer (Dataphysics, Germany). The values
amount to qPFDTS ¼ 110� and qSiO2

¼40�, respectively. Contact
angles measured using the sessile drop method are typically
close to the advancing angles on these surfaces; the prole of
the droplets was tted with a circle. These are created using
self-assembling peruorodecyltrichlorosilane (PFDTS, ABCR,
Germany) monolayers.34 The width of the hydrophobic stripes
is kept constant and is w1 ¼ 10 mm, the width of the hydro-
philic stripes w2 varies between 2 mm and 30 mm. We dene
a ¼ w1/w2 to characterize each substrate. On these substrates,
the nal spreading achieved is different along the direction
parallel to the stripes and the one perpendicular to them,34,35

resulting in an elongated droplet.
So surfaces. We prepared substrates with a low elastic

modulus by applying a thin layer of polydimethylsiloxane
(PDMS) with a lm casting knife on a glass slide. The thickness
of the so layer is varied between 13 mm and 215 mm. The
elasticity of the PDMS is varied by using three different mass
Fig. 2 (a) SEM image of the micro-pillar substrates. The parametersH,
S and W are defined in the picture (b) alternating wetting and non-
wetting stripes on the chemically coated structures. The width of the
hydrophobic stripes is w1 ¼ 10 mm, the width w2 of the hydrophilic
stripes varies from 2 mm to 30 mm. The spreading directions parallel
and perpendicular to the stripes are indicated by the arrows.

This journal is © The Royal Society of Chemistry 2014
ratios 1 : 10, 1 : 30 and 1 : 50, between the cross-linker (curing
agent) and the pre-polymer (base),14,18,49 resulting in a shear
elasticity of: G0 ¼ 1.1 Mpa, G0 ¼ 41 kPa and G0 ¼ 32 kPa,
measured at 1 Hz with a shear rheometer (TA Instrument
DHR-3). Aer curing for one hour at 100 �C, the samples are
washed several times in tetrahydrofuran (THF, C4H8O) to
dissolve the non-cross-linked polymer chains. These substrates
are naturally hydrophobic (qadv > 115�), but they can be turned
perfectly wetting by plasma cleaning them for 1 minute.

For all partially wetting substrates, the advancing equilib-
rium contact angle qadv is determined from the side view images
when the contact line is not moving anymore. The obtained
values are summarised in Table 1. The measured values are not
the equilibrium contact angle, but also account for substrate
hysteresis.14,18,42,47,50,51 That is why the so PDMS substrates with
the same surface chemistry (and thus the same equilibrium
contact angle) present different values for qadv.
3 Results
3.1 Microtextured substrates

Combining the bottom and side views we rst consider the
evolution of the wetted area r as a function of time t for a
perfectly wetting micro-pillar structure with H ¼ 5 mm, W ¼ 10
mm and S ¼ 5 mm [Fig. 3(a)]. As shown in the inset of the gure,
short times and small radii are obtained from the bottom view,
whereas the later dynamics are measured from the side view
images. Each experiment is repeated at least ve times to
ensure the reproducibility of the recorded phenomena. The
measured radii are then averaged and the error bar is given by
the standard deviation of each dataset. In order to reveal the
initial dynamics these experimental results are plotted in
dimensionless units r/R and t/tc on a logarithmic scale [tc ¼
x1.32 ms is the inertio-capillarity time dened in eqn (1)]. We
observe that the radius of the wetted area grows as r/Rf (t/tc)

1/2

(the best t is obtained for an exponent 0.55), in good agree-
ment with the theoretical prediction. The data also agree
quantitatively with those for water drops spreading on a
perfectly wetting smooth substrate.10,11,15 Throughout the
paper, the data from Winkels et al.15 for spreading on perfectly
Table 1 Measured final advancing contact angles qadv for the micro-
textured, chemically striped and soft substrates used in experiments

Micropillars qadv < 5�

Chemical stripes qt q||

a ¼ 5 107 � 3� 97 � 3�

a ¼ 2 95 � 3� 81 � 3�

a ¼ 1 91 � 3� 69 � 3�

a ¼ 0.4 83 � 3� 63 � 3�

a ¼ 0.33 77 � 3� 45 � 3�

So substrates qadv

G0 ¼ 32 kPa 135 � 5�

G0 ¼ 1.1 MPa 120 � 5�

Soft Matter, 2014, 10, 2641–2648 | 2643



Fig. 3 (a) Dimensionless radius r/R as a function of dimensionless time
t/tc for a wetting micropillar structure (S¼ 5 mm,W¼ 10 mm,H¼ 5 mm)
with a logarithmic scale. The inset is the data obtained for a single
experiment in physical units with a linear scale. (b) Dimensionless
radius r/R as a function of dimensionless time t/tc for 6 different
wetting micropillar structures.

Soft Matter Paper
wetting silica will be used as a reference case for all experi-
ments; these data and their condence interval are represented
by the grey area in Fig. 3(a).

From this rst experiment, we conclude that this pillar
structure does not have any inuence on the initial stages of
drop spreading in a perfectly wetting situation. This unex-
pected result is further conrmed when comparing the
spreading over surfaces with 6 different micro-pillar structures
[Fig. 3(b)]. In all the cases we observe the same spreading
behaviour agreeing with the reference case given by a smooth
perfectly wetting glass substrate. The scatter in the initial part
is due to the uncertainty in determining the contact time: as
the droplet rst touches the top of a pillar, the contact line
spreads over it and then slides down to reach the bottom of the
surface. This delay has almost no inuence for a small pillar
diameter W, but the uncertainty increases for a larger W. This
scatter is completely smoothened out when the contact line
has moved a few pillars away from the contact point. The
wetted area then has a circular shape, conrming that the
microstructure does not inuence the spreading in this initial
regime. The fact that the structure does not inuence the
geometry of the contact line maybe explained from the very
small radius of curvature that drives the ow� r2/R. During the
2644 | Soft Matter, 2014, 10, 2641–2648
initial stages, this is smaller than 10�6 m which is smaller than
the typical size of the structure.
3.2 Chemically striped substrates

We now consider the spreading on chemically heterogeneous
surfaces consisting of alternating hydrophilic and hydrophobic
stripes. These surfaces have two different spreading directions,
i.e. parallel and perpendicular to the stripes. Spreading in the
direction perpendicular to the stripes is more difficult in
comparison to the parallel direction due to relatively high
energy barriers posed by the hydrophobic stripes over which the
droplet has to advance. In the parallel direction such energy
barriers do not exist; the extent of contact line motion is
determined by the ratio of the widths of the hydrophobic and
hydrophilic stripes, i.e. a. Due to the difference in the two
directions a droplet deposited on such a surface typically adopts
an elongated shape with two different nal advancing contact
angles qt and q||. The elongation depends on a,34 with lower a
values resulting in more elongated droplets, due to more
favourable advancing of the contact line in the parallel direc-
tion. We separately determine the spreading along these two
axes. The results obtained for an a ¼ w1/w2 ¼ 0.4 structure are
presented in Fig. 4(a). We observe a smaller nal radius of the
drop along the perpendicular axis. The anisotropy of the surface
is thus observed during the nal stage of the spreading,
resulting in an elongated nal shape of the drop. However,
during the initial stage, the spreading along both parallel and
perpendicular directions follows the same dynamics. In addi-
tion, it agrees quantitatively with the spreading observed on a
perfectly wetting and smooth glass substrate (gray area).

As can be seen in Fig. 4(b), the spreading is identical along
the perpendicular direction whatever the value of a: the curves
almost collapse on top of each other for the 5 different samples.
This also implies that the nal contact angle qt has only small
variations with qadv ¼ 90 � 15�. This can be explained by the
contact line pinning that occurs at the edge of the stripes. The
details of this process are similar to zipping wetting observed on
hydrophobic micro-textured substrates.29,30 We also observe
that the initial stage of spreading follows quantitatively the
reference r/R f (t/tc)

1/2 law for a smooth, perfectly wetting
substrate.

In the parallel direction, the nal radius increases with
decreasing a [Fig. 4(c)]. This is expected as the surface is more
hydrophilic for smaller a, where q|| is given by the Cassie–Baxter
equation.27,35 For decreasing values of a, the hydrophilic stripes
become wider and q|| decreases from q|| ¼ 97� to q|| ¼ 45�. Once
again, the initial stages of drop spreading do not depend on the
value of a, and they quantitatively agree with the spreading
observed on a smooth, perfectly wetting glass substrate.15

Our experiments conrm that the nal stages reached by a
drop spreading on chemically striped substrates strongly
depend on the value of a.34,35 However, the initial dynamics
along the parallel and perpendicular direction is not inuenced
by the presence of the chemical stripes. This initial isotropy was
already shown for viscous drop spreading,52 for which the initial
dynamics is much slower. For water, the dynamics is dominated
This journal is © The Royal Society of Chemistry 2014



Fig. 4 (a) Dimensionless radius r/R as a function of dimensionless time t/tc for a chemically striped structure with a ¼ 0.4. (b) Dimensionless
radius r/R as a function of dimensionless time t/tc along the perpendicular direction for 5 different values of a. (c) Dimensionless radius r/R as a
function of dimensionless time t/tc along the parallel direction for 5 different values of a.
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by inertia. Both for the parallel and perpendicular directions,
the initial spreading follows the 1/2 power-law, and within
experimental error this dynamic behaviour is identical to that of
perfectly wetting smooth silica.

3.3 So substrates

We nally investigate the spreading on so substrates where
both the elastic modulus G0 and the sample thickness h can be
varied. Very so substrates are known to present a viscous
braking-effect,46,47 which might slow down the spreading of a
water drop. Fig. 5(a) presents the growth of the dimensionless
radius r/R as a function of the dimensionless time t/tc for G0 ¼
32 kPa and four different sample thicknesses. We rst observe
that there is no effect of the sample thickness, as the spreading
curve is the same for all values of h from 33 to 200 mm, in
agreement with previous ndings.14 These substrates are highly
hydrophobic (qadv ¼ 135 � 5�), leading to a small nal radius
req/R x 0.6. As a consequence, we do not observe an extended
1/2 power-law regime even if the initial regime agrees quanti-
tatively with the reference curve provided by hard and smooth
perfectly wetting glass substrates.15

This is further conrmed for substrates with a larger
modulus G0 ¼ 1.1 MPa [Fig. 5(b)]. We observe the same quali-
tative behaviour, with an initial regime consistent with the 1/2
Fig. 5 (a) Dimensionless radius r/R as a function of dimensionless time t/t
for 4 different sample thicknesses. (b) Dimensionless radius r/R as a functi
partially wetting conditions for 5 different sample thicknesses. (c) Dime
substrate with G0 ¼ 32 kPa under perfectly wetting conditions for 4 diffe

This journal is © The Royal Society of Chemistry 2014
power law and a nal state independent of the substrate
thickness, with a slightly lower equilibrium contact angle
(qadv ¼ 120 � 5�) and thus a slightly larger equilibrium radius
req/R x 0.7. Finally, we can turn these so substrates perfectly
wetting by plasma cleaning them for 1 minute. Plasma cleaning
alters the surface chemistry of the originally hydrophobic PDMS
surface, leading to an SiOH terminated surface, which is
hydrophilic with very small contact angles.53 The results for the
substrates with G0 ¼ 32 kPa are presented in Fig. 5(c). In this
case, the spreading agrees quantitatively with that observed on
hard and perfectly wetting substrates – despite the very low
elastic modulus of the substrate.

From this we conclude that neither the elastic modulus G0

nor the sample thickness h has any inuence on the spreading
behaviour. For perfectly wetting so samples, the spreading
follows the inertial 1/2 power law. For partially wetting
substrates, the initial part of the spreading law agrees with this
law but it deviates early to reach the equilibrium contact angle
on the substrate.
4 Universality of spreading

From our experimental results we can deduce twomain features
of drop spreading on a complex substrate. First, the various
c for a soft substrate withG0 ¼ 32 kPa under partially wetting conditions
on of dimensionless time t/tc for a soft substrate withG0 ¼ 32 kPa under
nsionless radius r/R as a function of dimensionless time r/tc for a soft
rent sample thicknesses.

Soft Matter, 2014, 10, 2641–2648 | 2645
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types of surface complexity do not affect the spreading during
the initial stages: one recovers the same 1/2 power law, eqn (1),
observed for smooth, rigid substrates.10,11,15 When the complex
substrates are perfectly wetting, this power-law is observed over
several decades in time. The case of partially wetting substrates
is more complex, as the wetted area cannot grow continuously:
the spreading has to stop when the contact angle reaches qadv,
the advancing equilibrium contact angle.

It is interesting to investigate the time at which the experi-
mental data start to deviate from the 1/2 power-law, and to
determine the cross-over behavior towards the nal stage. We
therefore measure the (dimensional) time swhere themeasured
radius r/R falls below 75% of the predicted value by eqn (1). We
determine this “cross-over time” s for each of the partially
wetting experiments. The values of s are plotted in Fig. 6(a) as a
function of the advancing angle qadv. Intriguingly, there is a very
convincing correlation between this cross-over time and the
contact angle, despite the large variety of the substrates; the plot
includes data from smooth partially wetting surfaces, chemi-
cally striped surfaces with different a and so substrates. This
strongly suggests that not only the initial dynamics is insensi-
tive to the details of the substrate, but even the cross-over
dynamics: it appears to be mainly determined by the nal
contact angle. In Fig. 6(b), we also plot the dimensionless
spreading radius at the time s, denoted by rs/R, as a function of
the nal radius aer reaching equilibrium rf/R. We nd a good
correlation that conrms that the deviation radius (and thus the
deviation time) are set by the nal contact angle qadv.

It is now tempting to evaluate whether there is a universal
dynamics in the cross-over regime. If the dynamics is indeed
governed by the cross-over time s, we can attempt a following
empirical law

r

R
¼

�
t

tc

�1=2

F
�
t

s

�
: (2)

Here, the function F (t/s) describes the time-dependence of
the spreading in the later stages, capturing the cross-over
dynamics away from the very early regime. Hence, we postulate
that that deviation from the 1/2 power-law is universal and
expressed by a function F that depends only on the cross-over
time s, for all substrates. Clearly, one must nd that F (0) ¼ A ¼
Fig. 6 (a) Dimensionless deviation time s/tc as a function of the final adv
data from ref. 15. (b) Dimensionless deviation radius rs/R as a function of th
function of t/s for all partially wetting substrates, testing the proposed d
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1.2 � 0.1, to recover the initial dynamics. To verify this
hypothesis we rewrite (2) as

r

R

�
tc

s

�1=2

¼
�
t

s

�1=2

F
�
t

s

�
: (3)

and try to collapse all data by plotting the le hand side as a
function of t/s. The result is shown in Fig. 6(c). Indeed, all
experimental curves nicely collapse, conrming that even the
cross-over appears to be universal for all substrates, and gov-
erned only by the nal contact angle.

5 Conclusions

The initial spreading of low-viscosity drops on a smooth,
perfectly wetting substrate exhibits a well-dened power-law
dynamics r � t1/2 over several decades. In this case, the
spreading was previously found to be identical to that of the
dynamics of coalescence of two low-viscosity, freely suspended,
spherical drops, and the scaling law can be obtained by
balancing capillary effects with liquid inertia.10,11,15 Here, we
have shown that this inertial regime also appears for complex
substrates, namely micro-textured substrates, chemically stri-
ped substrates and so substrates. Under perfectly wetting
conditions, the power-law dynamics still extends over several
decades, regardless of the complexity of the substrates, whereas
one observes a deviation for partially wetting surfaces as the
drop reaches a nite equilibrium contact radius.

For partially wetting surfaces, the departure from the inertial
1/2 power law appears to be universal and does not depend on
the substrate complexity. The deviation time is set by the nal
contact angle, or equivalently the deviation radius is deter-
mined by the nal contact radius of the drop. The collapse in
Fig. 6(c) shows that partially wetting surfaces exhibit contin-
uous crossover from a 1/2 power law, slowing down in order to
match the nal equilibrium radius rf. This cross-over dynamics
is in contrast with previous interpretations of the spreading on
partially wetting substrates, for which the data were tted by
pure power-laws, r � tb, with an exponent b that is a function of
q.11,18 The collapse in Fig. 6(c) includes both extremely rigid
glass substrates and PDMS of varying elasticity. Hence, we do
not seem to observe any visco-elastic effects, as also suggested
ancing contact angle qadv for all partially wetting substrates, including
e dimensionless final radius rf/R for the same dataset. (c) r/R(s/tc)

1/2 as a
ynamics (3). The collapse reveals the universality of the cross-over.

This journal is © The Royal Society of Chemistry 2014
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by Fig. 5(c). This may be explained by the rapid contact line
motion, probing relatively high frequencies for which G0 is
effectively higher. Namely, the simplest frequency that can be
constructed is f � _r/r,48 which owing to the power-law dynamics
scales as f � 1/t. This means that during the course of our
experiment, the frequencies of the material are probed roughly
from MHz to kHz. In the rheometry, we were able to probe the
substrates only up to 100 Hz, where we saw, similarly to
previous results,18 a dramatic increase of the stiffness (more
than two orders of magnitude from 1 Hz to 100 Hz). This means
that even extremely so materials are very rigid during the
course of the spreading experiment. Another estimate of
the frequency would be f � _r/d, where d is the thickness of the
sample. However, we found no thickness dependence of our
results so we believe this is not a correct estimate. From all this,
we conclude that the so substrates are rigid on the time scale
explored by the experiment, explaining why there is no viscous
braking here.

The key open question is why the early stages of spreading
are completely independent of the substrate properties. This
can be explained from the singular geometry near the contact
point, as shown in Fig. 7. Just aer the contact, the meniscus
connecting the drop and the substrate is extremely small, as it
scales like w � r2/R. This means that even when the wetted area
has reached about 50microns, themeniscus sizew is only about
2 microns (Fig. 7). This induces a very strong curvature, and
hence very large Laplace pressure difference inside the drop.
Note that the pressure has to be lower close to the contact line,
so that the ow is oriented from the bulk of the drop to the
surface. This pressure jump is easily able to drive the liquid over
substrate topography or chemical stripes. This strong Laplace
pressure rationalizes that we see no inuence of the spatial
structures of the substrate, as long as w is small with respect to
the substrate scales. This view is further supported by the
quantitative agreement between drop spreading and drop coa-
lescence:24,25 when replacing the substrate by another droplet,
for which the geometry of the meniscus is essentially the same
as in Fig. 7, the observed dynamics is strictly identical. All this
suggests that the initial motion r(t) is not governed by the
contact line, but rather by the transport of liquid from the
center of the drop into the wetted region. Clearly, a more
Fig. 7 Schematics presenting the geometry of a drop with an initial
radius R during the initial stages of spreading. The width of the narrow
gap w determines the local curvature and thus the driving force. It
scales as w � r2/R.

This journal is © The Royal Society of Chemistry 2014
detailed analysis of the ow eld inside the spreading drop is
necessary to resolve this issue.
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