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We examine the combined roles of topography and intrinsic material wettability on the overall wet-
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ting behaviour of patterned surfaces, with widespread practical applications. While the presence

of surface microwrinkles is well-known to induce anisotropic wetting, we experimentally map the

relation between the degree of anisotropy and the intrinsic wettability of the surface. We employ

one-dimensional (1D) wrinkling of polydimethylsiloxane (PDMS) elastomers, with tuneable period-
icity and amplitude, and separately vary the intrinsic contact angle by controlled surface oxidation
and hydrophobic recovery. We demonstrate the importance of the interplay between topography and
intrinsic wetting by switching the spontaneous, gravity-driven droplet motion on a vertically inclined
representative surfaces. We describe our findings with a minimal model that estimates the threshold
volume necessary for the droplet mobility on a vertically inclined surface. These findings provide a

framework for designing surfaces that support the passive, self-cleaning of functional coatings.

1 Introduction

Self-cleaning of liquid droplets from functional surfaces, includ-
ing windows, solar panels, coatings and textiles, ™ presents a
considerable challenge due to liquid-solid adhesion and the dom-
inance of capillary forces. Conversely, the retention of liquid
droplets, for instance containing agrichemicals employed in crop
protection or fertilisation, or in various printing applications, is
often problematic, partly due to gravity-induced effects and roll
off® Designing surfaces to facilitate either retention or passive re-
moval of a liquid drop, is thus essential to deliver their practical
utility and performance. 34178l

Common strategies to promote droplet removal include fab-
ricating surface microstructures that function as rails and en-
able passive and directional droplet transport along defined path-
ways, 212 or designing bioinspired microstructures that can in-
duce superhydrophobicity through prescribed ‘roughness’.13/14
By contrast, to enhance droplet retention, lyophilic surfaces are
desirable, 1% while maintaining lyophilicity while achieving self-
cleaning functionality is advantageous in several practical appli-
cations. #5118 It js therefore important to understand the com-
bined effects of roughness and intrinsic material wettability on
surface wetting and their impact on droplet dynamics on surfaces.

Beyond droplet removal and retention, rough or micro-
patterned surfaces find numerous applications, including pro-
moting droplet coalescence, ¥ enabling liquid lithography, 1718
facilitating contaminant removal,’2*21 supporting biological as-
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says, colloidal coating, and enabling switchable wetta-
bility.26

In general, liquid droplets on surfaces with micropattern-
induced roughness exhibit static contact angles that differ from
their intrinsic contact angles (i.e., those without any micropat-
tern) [SI527:31 1 simple terms, roughness on surfaces ‘ampli-
fies’ wettability, by reducing the contact angle on lyophilic sur-
faces and increasing it on lyophobic ones. SII5127129130l When such
roughness is anisotropic, as in the case of the surface with one-
dimensional (1D) microwrinkles, sessile water droplets exhibit
anisotropic wetting accompanied by orientation-dependent con-
tact angles.>234 This leads to asymmetry in the droplet base
radii, which is elongated along the wrinkle orientation and short-
ened in the perpendicular direction. The extent of anisotropy in
the surface wetting varies as a function of the wrinkling period-
icity and amplitude, leading to a transition in droplet shape from
circular to elongated.

In this paper, we examine how the intrinsic contact angle of
a liquid on microwrinkled surfaces influences the shape and the
effective wettability of a sessile droplet, corresponding contact
angles, and it is effect on droplet mobility. We conducted model
experiments using water as testing liquid and polydimethylsilox-
ane (PDMS) substrate engineered with sinusoidal microwrinkles,
resembling 1D roughness, with tunable amplitude and periodic-
ity. The intrinsic contact angle of water droplets on these PDMS
surfaces was systematically adjusted by modifying the surface free
energy by controlled plasma oxidation and hydrophobic recovery.

Our investigation reveals that the anisotropic wetting of wa-
ter droplets on surfaces with 1D roughness arises not only from
the anisotropic surface features (sinusoidal wrinkles), but is also
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Fig. 1 Fabrication and characterisation of one-dimensional (1D) wrinkled surfaces and their surface wettability properties. (a) Schematic of
the fabrication process, from top to bottom: soft PDMS, uniaxially stretched and exposed to UV-radiation forms a stiff, glassy surface layer; upon
strain release, compression induces linear (or 1D) surface wrinkles with prescribed amplitude and periodicity. A monolayer of ODTS is deposited
on the wrinkled PDMS, followed by casting and replication the 1D wrinkled structure onto fresh PDMS. (b) Microscopy image of a representative
wrinkled PDMS replica with linear surface wrinkles formed at a compressive strain of € =36% and 60 min UVO exposure. (c) Wrinkle periodicity d
(left axis, red) and amplitude A (right axis, blue) as a function of applied compressive strain €, and corresponding model predictions,> with critical
strain € = 22% marking the onset of wrinkling. We discuss the detail on spatial average in S.I (see Sl Fig. S1). (d) Surfaces with varying intrinsic water
contact angle (8)/): Temporal evolution of the water contact angle 8}/ on oxygen plasma-treated PDMS, showing hydrophobic recovery approaching
the neat PDMS value (8} ~ 110°). The solid line approaching 110° is a guide to the eye. The red circle at the origin represents the t =0 h. (e)
Schematic of the sessile droplet configuration on 1D wrinkled surface, illustrating orientation-dependent contact angles (6, 6”) and base radii (RJ_,RH).
The respective anisotropy ratios are defined as oy = GJ_/GH and o ERH/RJ_.
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governed by the intrinsic liquid—solids contact angle. We map
their interdependence and present it as a function of variations in
droplet shape anisotropy. We observe that on surfaces with higher
surface wettability, corresponding to lower intrinsic liquid—solid
contact angles ~ 44°, the water droplet footprint extends prefer-
entially along the wrinkle direction, resulting in an anisotropic
wetting with a droplet elongated shape. In contrast, on low-
energy surfaces, with ~ 110°, the droplet maintains a circular
footprint, resulting in an isotropic wetting, as the solid-liquid—air
contact line cannot deform significantly and the static contact an-
gle remains uniform across the droplet periphery. This contrast-
ing behaviour is observed to directly influence droplet mobility
on vertically inclined rough surfaces, especially when the wrinkles
are aligned with the direction of gravitational acceleration. To ex-
plain the directional motion of droplets, we developed a minimal
model that balances gravitational forces with capillary adhesion
and interfacial damping. The model corroborates our experimen-
tal findings by showing that the damping force is reduced along
the wrinkle direction for elongated droplets compared to circular
ones, leading to enhanced droplet velocity in that direction.

2| Journal Name, [year], [vol.], 1

2 Experimental methodology

2.1 Fabrication and characterisation of 1D roughness

The complete process outlining the different stages of the fab-
rication of the test surface is illustrated in Fig. [I(a), they are:
(i) the fabrication of polydimethylsiloxane (PDMS) mold, (ii) the
generation of one-dimensional (1D) microwrinkles, serving as a
model for the 1D surface roughness, and (iii) replicating the 1D
roughness on fresh PDMS, to ensure uniform mechanical property
across the material. Each of these stages is described in detail be-
low:

(i) Fabrication of PDMS mold: The process of preparing the
PDMS mold is as follows - first, in a plastic cup, we mix the
base and crosslinker of Sylgard 184 (Dow Corning, USA) in a
10:1 weight ratio. The mixture is then stirred with a spatula for
5 minutes, during which bubbles are generated. These bubbles
were subsequently eliminated through degassing the mixture in a
vacuum desiccator for approximately 45 minutes. Once fully de-
gassed, we cast the mixture into a Petri dish and cure it at 75°C for
1 h, yielding a PDMS mold of thickness 1.4 mm. The cured film
is then cut into rectangular pieces measuring 60 mm X 30 mm in
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length and width, respectively.

(ii) Generation of surface microwrinkles: We first load the
rectangular-shaped PDMS mold onto a custom-built strain stage
and apply a uniaxial strain. We subject the stretched PDMS to
UV ozonolysis (Novoscan, PSD Pro Series, USA), maintaining the
surface-to-lamp distance of 8 mm for 60 min, forming a glassy
skin layer atop a soft PDMS elastomer substrate, well documented
in the literature. 2641 After UV exposure, we slowly release the
pre-applied strain, compressing the PDMS mold with a compres-
sive strain (¢) ranging from 5% to 36%. This compression induces
the 1D linear microwrinkles on the PDMS surface, characterised
by a wrinkling periodicity d and amplitude A.

(iii) Replica PDMS surface: The UV-oxidation used to gener-
ate one-dimensional microwrinkles on the PDMS mold, forming
a glassy skin layer, which can create mechanical heterogeneity on
the surface and hinder the accurate wettability measurements.
To ensure mechanical homogeneity, we prepared a replica of
PDMS, copying the fabricated pattern. We employed an imprint-
ing lithography technique®2 to fabricate the fresh PDMS replica
surface featuring the 1D microwrinkles. Note that the fabrication
of micron-wrinkles on the PDMS surface through UV-oxidation
makes the surface hydrophilic, reducing the intrinsic contact an-
gle to approximately 62°, this complicates the imprinting lithog-
raphy process. The post-imprinting stage becomes difficult as we
cannot separate the microwrinkled PDMS from the replica PDMS.
To address this, we first deposited a self-assembled monolayer of
octadecyltrichlorosilane (ODTS) to make the wrinkled PDMS sur-
face hydrophobic. The self-assembled monolayer of ODTS was
obtained through exposing the PDMS (UV-oxidised wrinkled sur-
face) to the vapour of ODTS for 40 minutes. We then used this
modified wrinkled surface as the imprinting stamp, cast uncured
PDMS (10:1) onto it, and cured the assembly at 75°C for 1 h. Af-
ter curing, we separated the PDMS from the stamp, successfully
transferring the microwrinkled pattern onto the bottom surface
of the replica PDMS. We measured the amplitude and periodicity
of the microwrinkles from the surface height profile obtained us-
ing the Bruker DektakXT profilometer. The surface height profile
data were analysed using Gwyddion.

2.2 Quantification of microwrinkles

We measured the mean values of wrinkle periodicity (d) and am-
plitude (A) of sinusoidal microwrinkles that create the 1D rough-
ness on the PDMS surface, across various locations on the surface
from the surface profiles. These values are plotted as a function
of compressive strain (¢) as shown in Fig. c). On increasing ¢,
the mean periodicity d remains nearly constant, while the mean
amplitude A increases with €. The onset of wrinkling instability
is observed at € = & = 22%. From Fig. [|(c), the periodicity d,
remains nearly constant while the amplitude A, increases with in-
creasing €, henceforth, we use A as a representative parameter
to quantify the 1D surface roughness of the PDMS. The larger er-
rorbar in d at high compressive strain is attributed to the spatial
heterogeneity in d when averaged over a sample size of 1 mm x
1 mm (see SI Fig. S1).

We characterise these sinusoidal microwrinkles using two key
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parameters, wrinkle periodicity (d) and amplitude (A), analysed
with the wrinkling framework at high deformations,3>

omhy (Ef/3E,)"°

C (1+e)(14+E)13 )

_ hy(e/ee—1)'"
A= Vite(l4+2)1/3 2)

where f and s refer to the glassy film and the substrate, respec-
tively; = = 5e(1 + €)/32 accounts for the nonlinearity in stress
and strain behaviour, /; is the thickness of the glassy film, and
E = E/(1—v?) is plane strain Young’s modulus, where v is Pois-
son ratio and E the Young’s modulus. The critical strain threshold
& = —1 (3E; /E_f)z/ 3 is the minimum strain required to excite the
wrinkling instability.

UV oxidation of PDMS is known to generate a complex interfa-
cial skin profile,3743 which does not strictly conform to a sharp
bilayer (comprising a glassy skin and elastomeric substrate with a
sharp interface) model. However, from a practical viewpoint, the
simple bilayer model provides a descriptive framework for our
wrinkling data, parameterised by /iy = 0.1 mm, and plane strain
Young’s modulus E r =450 MPa (treated as self-consistent fitting
parameters for d and A profiles), and obeying /s > hy. We used
the low deformation estimate of d (d — d|¢—¢,) to estimate the
Ey, as in this limit both d and E; are approximately a constant.
The E was estimated using the expression, d =27hy (Es/3E) 1/ 3
equivalently, Ef = 3E; x (dmean/Zﬂhf)3, with dypeqn = 32 um and
Es; = 1MPa. Under high deformations, surface wrinkles can evolve
into more complex mechanical features such as folds, period-
doubling patterns, and ridges. However, the overlap between
experimental data and model indicates the validity of the high
deformation approximation. The d — A profile in Fig. [I(c) serves
thus as a reliable calibration curve to tune the amplitude of mi-
crowrinkles, and therefore the surface roughness, by modulating
the compressive strain.

2.3 Intrinsic wettability

We investigate the wettability of PDMS surfaces by measuring
water-droplet contact angle in a sessile drop configuration using
a drop shape analyser (DSA25S, Kriiss, Germany), as shown in
the inset of Fig. d). We measure the intrinsic surface wetta-
bility, a key physical property that reflects a surface’s affinity for
liquid. It is quantified by the contact angle of a liquid droplet on
a smooth or nearly smooth test surface, with A =~ 0, often called
Young’s contact angle in literature. 122831 Here it is referred to as
G)YV . The neat PDMS surface, i.e., the surface without any treat-
ment and A ~ 0, we measured intrinsic water-PDMS contact an-
gle, )Y = 110°. To obtain the PDMS with varying 6}", we modi-
fied the PDMS surface, through surface oxidation with O, plasma
(Diener Femto, Germany) at 100 W and 0.5 mbar pressure for 5
seconds, followed by controlled ageing. Immediately after plasma
treatment, the surfaces became highly hydrophilic; however, as
the surfaces aged, the wettability gradually decreased. As shown
in Fig.[I(d), the intrinsic contact angle on smooth PDMS surfaces
(A =0) increased from 44° (measured at 0.5 h) to 62° (measured

Journal Name, [year], [vol.], 1 |3
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Fig. 2 Base shape of sessile water droplets on PDMS surfaces with 1D roughness as a function of intrinsic contact angle and pattern amplitude.
(a) A series of optical microscopy images showing top views of 2 L water droplets with intrinsic contact angles O)YV € [44°,110°] and amplitudes
A €[0,0.81]um, on surfaces with linear wrinkle spacing d ~32um. (b) Heat map showing the variation in droplet shape anisotropy ar = R| /R, as
a function of intrinsic contact angle 68} (left axis) and roughness amplitude A (bottom axis), with the corresponding applied strain ¢ indicated on
the top axis. The colour scale represents the magnitude of ag, and the critical strain & marking the onset of wrinkling is highlighted. Dashed lines
demarcates distinct regimes: circular droplets (1) with o < 1.2, moderately acircular droplets (II) with 1.2 < og < 1.3, and highly anisotropic droplets
(I11) with og > 1.3. The dashed line is a guide to an eye, intended to distinguish different regimes of droplet wettability. (c) Representative microscopy
images showing top views of droplets corresponding to regimes |, Il, and Ill, respectively.

at 36 h) with ageing. To obtain the microwrinkled surfaces with
different intrinsic 9,‘;" , we followed the same protocol, which is
surface oxidation followed by hydrophobic recovery.38

2.4 Effective wettability with 1D microwrinkles

In principle, surfaces with higher roughness, i.e., A > 0, effective
wettability is described by the apparent (or experimental) con-

4 Journal Name, [year], [vol.], 1

tact angle (6), which typically differs from the intrinsic contact
angle (6)). To study how the intrinsic contact angle affects the
surface wrinkles-driven wettability of PDMS surfaces with one-
dimensional (1D) microwrinkles, we prepared 1D microwrinkled
surfaces with varying intrinsic contact angles (6)'). We per-
formed the wettability measurements with the drop in sessile
drop configuration, then recording the apparent contact angles
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Fig. 3 Droplet anisotropy ag =R /R, and o = 6, /6 on planar (A = 0) and rough (A # 0) surfaces under hydrophilic (6} =44°) and hydrophobic
(6)Y = 110°) conditions. (a, c) Plots of anisotropy ratios oz and ay as functions of roughness amplitude A for Oy =44° and O}W =110°, respectively.
Increasing A induces greater anisotropy, with values rising from 1 to 1.4, indicating a transition from circular to non-circular droplet shapes. (b, d) Plots
of ar and oy versus intrinsic contact angle 6;‘/ for roughness amplitudes A =0 and A = 0.81 um, respectively. As G}W increases, anisotropy decreases
from 1.4 to 1.0, signifying a shift from non-circular to circular droplet shapes. Each datum represents an average of three spatial measurements on
the substrate, with typical variation of 0.1 in ag and ag. The dashed line at ag = 1 = ag denotes a circular droplet, a representative ideal case for
a droplet on a planar surface. The schematic images show the top and side views of water droplets (circular - elongated shapes and symmetric to
non-symmetric apparent contact angles) corresponding to high and low og(=1,1.4) and ag(=1,1.4) are highlighted. (e, f) Correlation plot between
ar(A) and ag(A) for 8 =44°, and between ag(6)) and ag(6)) for A =0.81um, respectively. The dotted line as indicated in (a)-(f) are guide to an

eye.

and measuring the droplet radii along two orthogonal directions
relative to the wrinkle orientation: parallel (6, R) and perpen-
dicular (6, R|). The static droplet shapes on the microwrinkled
surfaces were characterised using two anisotropy parameters: the
droplet shape anisotropy, og = R /R, and the contact angle
anisotropy, ag = 0,/ 8. Note that the apparent contact angles
6, and 6 were measured using a drop shape analyser (DSA25S,
Kriiss), while the droplet radii R and R, were extracted from
top-view microscopy images using appropriate thresholding and
binarisation techniques in MATLAB. Note that the microscopy im-
ages were taken with a 5x objective (N.A = 0.10) of an Olympus
BX41M microscope equipped with a Basler camera (Basler-aca
2000 - 165uc, Germany).

3 Results

3.1 Surface microwrinkle induced droplet shape anisotropy
3.1.1 Evolution of droplet shape: From circular to elongated

We first examine how the shape of sessile droplet changes on
surfaces with varying magnitudes of one-dimensional (1D) mi-
crowrinkles, characterised by amplitude A, and different intrin-
sic water contact angles Gy . Although it is well-established that
1D topographical features generally induce elongation of water
droplets along the direction of the wrinkles,34 we evaluate how
this behaviour is modulated by intrinsic contact angle, 6} . To ex-
plore this, we examine the influence of microwrinkle amplitude
A €[0,0.81 um] and intrinsic contact angle 8}/ € [44°,110°] on
the shape of a 2 uL. water droplet in a sessile configuration on
PDMS surfaces with various combinations of A and 6" . The ses-
sile drop shape anisotropy is quantified by ag, which is the ratio
of drop’s base radii measured along parallel and perpendicular to
the wrinkle orientation. Figure[2|(a) presents a matrix of top-view
microscopy images of the droplets, with A and )" varying along
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the horizontal and vertical axes, respectively.

At the lower end of the apparent contact angle range investi-
gated, 0¥ = 44°, the droplet shape transitions from circular to an
elongated shape as A increases from O to 0.81 um, with noticeable
non-circularity in droplet shape, appearing at A > 0.15 yum and
reaching a maximum elongation at A = 0.81 um. In contrast, at
6y = 110°, the droplet maintains a circular shape across all tested
values of A. For intermediate Gy , the transition from circular to
elongated shapes still occurs with increasing A, but the onset of
droplet shape-anisotropy shifts to the right towards higher values
of A on increasing 6)Y. For all the 6}/, except at 6)) = 110° the
degree of shape anisotropy is consistently highest at A =0.81 um.
Besides, it is apparent from Fig. [2(a), we can map the droplet
shape anisotropy with 6} and A. Accordingly, we present a corre-
sponding heat map in Fig. 2(b), where the colour (dark brown to
yellow) represents the degree of droplet shape anisotropy, quanti-
fied by og (R|/R ). Based on the microscopy images in Figa),
droplets with ok < 1.2 are considered approximately circular, with
R ~R,. Droplets with ag > 1.3 are clearly elongated, charac-
terised by R > R, while droplets with 1.2 < og < 1.3 show mod-
erate elongation, where R is noticeably but not vastly larger than
R, . The regions I, II and III corresponding to three different o
ranges are labelled and portrayed by dashed lines in Fig. 2[b).
Enlarged microscopy images representing typical droplet shapes
in regions I, II, and III are shown in Fig. c). For substrates
with A = 0.81um and the intrinsic contact angle as low as 35°,
the droplet becomes highly elongated, exhibiting imbibition into
the microwrinkle troughs, spontaneously resulting a filament-like
morphology, as illustrated in Fig. S2. These filament kinetics were
found to follow a square-law dependence between the length of
the liquid filament and time, following Washburn’s law. 4%

3.1.2 Correlation between contact angle anisotropy and
droplet shape

To rationalise the microscopy observations presented in Fig. [2(a)
& (c) as well as the heatmap in Fig. [2(b), we examine the
droplet shapes at the extremes, specifically at the lowest and
highest tested values of A = 0, 0.81um and 6}Y = 44°,110°, re-
spectively. Under these conditions, we plot the droplet shape
anisotropy o = og(A,6)")] oY 4o 110- 8 @ function of A, and
oR = 0g(A, Gﬁv) |A:0,0'81 um 352 function of Gy, shown in Fig. a)
and Fig. [3|(b), respectively.

From Fig. a), at 6)Y = 44°, the shape-anisotropy ratio og
increases nonlinearly from 1.0 to 1.5 on increasing A, indicat-
ing that the droplet shape gradually becomes more elongated as
the wrinkling amplitude increases. By contrast, at 6)) = 110°,
or remains nearly constant around 1.0 across all tested A, indi-
cating that the droplet maintains a nearly circular shape regard-
less of wrinkling amplitude. Next, from Fig. [3[(b), we observe
that the shape-anisotropy ratio, g decreases with 6}/ — 110° at
A = 0.81um, while it remains constant and close to 1.0 (ideal
circle) at A = 0 irrespective of 9)‘,” — 110°. Therefore, the 1D
microwrinkles on the PDMS surface break circular symmetry of
the droplet contact line (forming an elongated shape) when sur-
faces are hydrophilic, i.e., low intrinsic water-PDMS contact angle
with 6}/ < 100. For a smooth surface, the droplet remains circu-

6| Journal Name, [year], [vol.], 1
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lar, irrespective of microwrinkle amplitude, keeping the ag(~ 1)
constant. We tested the droplet circularity for a microwrinkled
surface with 6}/ = 110 the droplet volume varying from 1 —9uL
(see Fig. S3). In addition, we measured the apparent con-
tact angles (6, 6,) with 2 uL sessile water droplets on surfaces
with microwrinkles and subsequently calculated the contact an-
gle anisotropy, 0g(6,/6)). Following the approach used for ag,
we plot the contact angle anisotropy oy = ag(A, 9)‘,” )|9,¥V: 4401100

as a function of A, and ag = g (A, O;V as a function of

)|A:0,0.81 pm
6). The trend observed in a is similar to that of ag, indicating
that the anisotropy in the shape of the drop is followed by the
anisotropy in the apparent contact angles across the perimeter of
the drop, particularly along the directions parallel and perpendic-
ular to the 1D surface roughness. We also examined the droplet
contact angle anistropy for intrinsic wettability (6} = 62°), pre-
vously reported by Chung et al.24, for detail see SI Fig. S4. The
results was consitent with o increases from 1 to 1.4.

Figure a)—(d), illustrates the anisotropy in droplet radius (o)
which correlates with the anisotropy in apparent contact angle
(). The relationship is further tested by examining the cor-
relation plots for ag - o for varying A and 6}/, as shown in
Fig. B(e) and Fig. B(f) respectively. The linear variation, i.e.,
ogr(A) . g (A)‘GYW and aR(G}V)‘A ~ (xg(e}‘,”)’A is apparent, fur-

ther confirming that the anisotropy in droplet radii is followed by
anisotropy in apparent contact angles.

3.2 Directional droplet motion on vertically inclined sur-
faces

To investigate the influence of the droplet shape anisotropy on
the kinetic motion across the surface with microwrinkles, we ex-
amine droplet displacement along the direction parallel to the
surface wrinkles on vertically inclined substrates. The objective is
to determine how the specific combinations of roughness ampli-
tude (A) and intrinsic contact angle (G;V ) promote spontaneous
droplet removal under gravity. Experiments were carried out
at the extremes of the parameter space tested: roughness am-
plitudes of A =0 and 0.81 um, and intrinsic contact angles of
6y = 62° and 110°, as shown in Fig.

Figures[d[(a) and Fig. [4(b) present time-lapse top-view images
of 6 uL. water droplets on vertically inclined PDMS surfaces with
microwrinkles with amplitude A = 0.81 um and intrinsic contact
angles of 6)Y = 62° and 110°, respectively. As previously ob-
served, at 0;" = 62°, the droplet exhibits the elongated shape
along the wrinkle direction and undergoes vertical displacement,
which was recorded during the time interval of 12 seconds. In
contrast, at 6}’ = 110°, the droplet maintains a circular footprint
and remains stationary throughout the observation period, indi-
cating that hydrophobicity suppresses motion, even in the pres-
ence of surface wrinkles (see SI movie M1 and M3).

Figures [l(c) and Fig. [4(d) show analogous experiments on
smooth PDMS surfaces (A =0 pum) with 6)Y = 62° and 110°,
respectively. In both cases, the droplet remains circular and
static, reflecting the behaviour observed for the wrinkled surface
at 93" = 110° (see Fig. b)). These observations indicate that
droplet mobility on vertically inclined surfaces is not solely gov-
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Fig. 4 Directional sliding of 6 uL water droplets on vertically inclined planar (A = 0) and wrinkled (A = 0.81 um) surfaces under hydrophilic
(6 = 62°) and hydrophobic (6} = 110°) conditions. (a, b) Time-lapse top-view images of droplet motion on wrinkled surfaces for 6} = 62° and
6Y = 110°, respectively. (c, d) Corresponding images on planar surfaces under the same wettability conditions. The directions parallel (||) and
perpendicular (L) to the wrinkle orientation are indicated. (e, f) Displacement of the droplet centroid A along the || direction for different A as a
function of time ¢, for (&) )Y =62° and (f) 6)Y = 110°. Significant droplet mobility is observed only in the || direction on wrinkled surfaces, with no
motion along L under moderately hydrophilic properties (see SI Movie 1 and Movie 2). In all other cases, the droplet remains stationary within the
observed time interval. Linear fit to A-t shown in (e) for A=0.81um and A =0pum yields a slope 0.81 mm/s, and 0.03 mm/s, the slope corresponding
to sliding velocity, v. Similarly, linear fit to A-r shown in (f), corresponding to A =0.81um and A =0um yields a slope of 0.03mm/s and 0.01 mm/s.

erned by the presence of 1D microwrinkles. Instead, it is the com-
bined effect of wrinkling amplitude (A) and moderate wettability
(lower 6)Y) that gives rise to shape anisotropy, an essential factor
allowing gravity-driven motion along the wrinkle direction.

To further quantify the motion of droplets, we tracked the cen-
troid of a droplet over time, varying from s = 0 to ¢ = 12 seconds.
Figures [4(e) and [(f) plot the time-dependent displacement for
6y = 62° and 110° on surfaces with A = 0 and 0.81 um, respec-
tively. For surfaces with microwrinkles and 6} = 62°, the dis-
placement increases linearly with time (0 - 12 seconds), indicat-
ing constant velocity and sustained motion. In contrast, for all
other cases, including surfaces with and without microwrinkles,
at 6 = 110°, we did not observe any measurable displacement,
confirming that the droplets were effectively static (see SI Movie
M3, M4 and M5). Furthermore, the droplet on a vertically in-
clined surface with 6}/ = 62° and surface wrinkle perpendicular
to the direction of gravity was observed to be stationary during
12 seconds, as shown in Fig. S5. This indicates that for a given

droplet volume, the resistance for the droplet motion is higher in
the perpendicular direction than in the parallel direction.

For completion, we verified our observations of droplet sliding
on the wrinkled surface with low wettability (6} =22°). The slid-
ing onset volume was 2uL when the wrinkles were oriented par-
allel to gravity, whereas a 2uL droplet remained stationary when
the wrinkles were oriented perpendicular to gravity. In such low
wettability surface, as expected®¥ capillarity effects play a signif-
icant role, and liquid filaments imbibe through into the troughs
of the microwrinkles. Otherwise, the droplet behaviour is analo-
gous to that observed at 6}/ = 62°, as detailed in Supplementary
Information Fig. S6.

4 Discussion

The results presented above demonstrate a strong coupling be-
tween surface-induced anisotropy in wettability, along the direc-
tions parallel and perpendicular to surface wrinkles, and the re-
sulting shape of sessile droplets. On the PDMS surfaces with 1D

Journal Name, [year], [vol.], 1 |7


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00525f

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 14 August 2025. Downloaded on 8/18/2025 10:05:15 PM.

(cc)

Soft Matter

microwrinkles, droplets undergo a distinct transition from cir-
cular to elongated footprints depending on both wrinkling am-
plitude (A) and intrinsic contact angle (E);V ). The underlying
mechanism driving the droplet shape anisotropy can be inter-
preted through the interplay between the surface free energy of
the PDMS substrate, I', and the liquid surface tension, y. The
equilibrium shape of a droplet and the apparent contact angle
minimises the total interfacial energy, which is influenced by both
surface roughness and the surface free energy (I'). Surfaces with
microwrinkles perturb the interfacial energy at the contact line,
and the microwrinkle-induced roughness, resulting in uneven sur-
face free energy, differing in || and L to the wrinkles. For droplets
contact line to spread along the direction | to wrinkles, a larger
energy barrier has to be overcome, compared to the direction ||
to wrinkles.®# This anisotropy leads to uneven spreading and di-
rectional deformation of the droplet contact line, culminating in
droplet shape anisotropy.#2*Z We next consider the dynamics of
droplets on vertically inclined surfaces and introduce a minimal
model (schematic in Fig.|5) that contrasts the motion of circular
and elongated droplets.

4.1 Estimating droplet motion on a vertical surface

We examine the motion of droplets with elongated (non-circular)
and circular contact lines (schematic in Fig. [5), sliding under
gravity by balancing the driving force (F;) against the resistive
forces, viz., capillary force driven pinning (Ft,p) and viscous drag
(Farag), that prevent sliding. The definitions of each force term
are provided in Appendix, and we thus write the force balance
equation for the droplet as,

Non-circular drop b Circular drop
oy = 62°

TM

(0]
I —— ] .
R} i Rj
v
\'2
W/ F
|
R} > RUC ag>1 Rj=R{
ope < o7° of = 6%

Fig. 5 Schematic of droplets on vertically inclined wrinkled surfaces
representing the scenario with 6}V =62°: (a) non-circular and (b) circu-
lar shapes. The coordinate axes (x—y) are centred at the droplet centroid
O, with gravitational force F, acting along the y-axis (parallel to wrinkle
orientation). Base radii (R|,R.), apparent contact angles (6,6, ), and
front (6¢) and back (6),) apparent contact angles are indicated. The
superscript ¢ and nc in the respective variables correspond to the cir-
cular and noncircular drops. Non-circular droplets exhibit R"“ >Rq and
07 > 9"‘1”; circular droplets show Rﬁ =R and 60f = BHC. TLe coloured
arrow and cross indicate the droplet sliding or non-sliding condition, re-
spectively. Droplet volume V, density p, and surface tension y are also
noted, along with wrinkle orientations || and L.

8 | Journal Name, [year], [vol.], 1

View Article Online
DOI: 10.1039/D5SM00525F

F=pVv = pVg —2,/R R y(cosb,—cosOf) —26nvR, (3)
~~ —_——

Fy Fep Frag

where R)| denotes the droplet footprint length along the direction
of motion, £ is a dimensionless damping factor, v is instantaneous
sliding-velocity of a droplet, y is the surface tension, and 71 rep-
resents the fluid viscosity, as illustrated in Fig. [5| We do not ex-
plicitly account for the wrinkling amplitude (A) and the intrinsic
wettability, 6}, and instead analyse where the droplet is circular
versus elongated, which is related to A and 6)/. We estimate the
optimum volume V,, by setting v = 0, Eq.[3} corresponding to the
onset of droplet sliding when the gravitational driving force be-
comes dominant. We neglect the inertia term (v ~ 0) as the Weber
number We << 1 (see appendix for details), and obtain:

V(fal = cos Gb — COos Gf) v OR @

2R, v (
(%4
where, for our system ag € [1,1.6] and (cosf, —cosfy) €
[0,1]. Therefore, it is apparent from Eq. 4] that the threshold
volume V,, above which the contact line begins to slide, depends
on the static shape of the droplet, the characteristic radii
(RL,R,aR), and the apparent contact angles cos 6,,cos 6. Here,
6, and 6 are the apparent contact angles of the back and front
ends of a drop on a vertically inclined surface. For water droplet
(y = 72mN/m, p = 1000kg/m3, g = 9.8m/s?), the threshold
volume scales as VS ~ 2R | \/ag x 7.2 x 10> x (cos ), — cos ) uL.

In Table. [I} we illustrate the data for the optimum volumes,
both experimentally measured (VS**) and estimated (V4) using
the expression V& ~ 2R | /Og x 7.2 x 10* x (cos 6, — cos 6y) uL,
where R, 6,,0r, and ar are taken from the experimental ob-
servation. It is eveident from, Table. [1| that the optimum volume
required for sliding a circular drop (ag ~ 1) is higher for a circular
droplet than for an non-circular droplet (ag > 1). In Table. 1} we
consider the simple case of sliding parallel to the wrinkle orienta-
tion.

For low intrinsic wettability, like (OIYV = 62°), the width of a cir-
cular droplet is larger than that of an elongated or noncircular
(nc) drop, implying RS > R'°, follows that the optimum volume
required for sliding is higher for a circular droplet than for an non-
circular droplet as illustrated in Table. This corroborates our

Page 8 of 11

6y A 6), 0f og 2R, YRy yeal
(um) (mm) (uL)/(uL)
62° 0.81 55°,63° | ~1.2 | ~6mm 6ul/ ~6ul
62° 0 51°,68° | ~1.0 | ~6mm | 10uL/~11uL
110° | 0.81 [ 68°,109° [ ~1.0 [ ~5mm | 27uL/ ~25uL
110° 0 66°,109° | ~1.0 | ~5mm | 27uL/ ~26uL

Table 1 Onset droplet sliding volumes (VS™,V<d) for different surfaces
and 0}, with superscripts ‘exp’ and ‘cal’ denoting the experimentally
measured and calculated values, respectively. The details in the table are
for the vertically inclined substrates with droplet sliding parallel to the
wrinkle orientation.

experimental observation shown in Fig. @(a) and (c), where at a
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given droplet volume of 6 uL, the non-circular droplet slides while
the circular one remains stationary. Similarly, for high intrinsic
contact angle, like 6}V = 110° for both wrinkled and non-wrinkled
surfaces, as droplets are circular with oz = 1 and R| ~ R, thresh-
old volumes for both case are approximately equal, corroborating
the experimental observation shown in Fig. b) and (d). Rel-
ative variations in velocity for circular and non-circular droplets
are estimated theoretically in Supplementary Information.

For droplet sliding along the perpendicular direction, on wrin-
kled surface with A = 0.81um, 6}/ = 62° has 6, = 50°, 6; = 76°
and o = 0.8, yielding a calculated optimum volume V< ~ 20uL,
which is close to experimentally measured Vo'¥ ~ 20uL. On sim-
ilar type surface with A = 0.81um, but with 6}/ = 110°, droplet
remains circular and the optimum volumes are V5 F ~=30uL and

P ~ 27ul respectively. These estimates indicate that, even for
a non-circular droplet, the potential barrier for sliding perpen-
dicular to the wrinkle orientation is higher than that for sliding
parallel, as reflected by the larger onset volume in the former case
compared to the latter.

5 Conclusion

In summary, we systematically investigated how one-dimensional
(1D) microwrinkles and intrinsic wettability influence the mor-
phology of droplet contact line and their motion. On hydrophilic
substrates with low intrinsic contact angles (Oy ~ 44°), droplets
exhibit anisotropic spreading, with footprints elongating along
the direction of surface wrinkles. In contrast, on hydrophobic
substrates (9;‘/ ~ 110°), droplets retain an isotropic circular foot-
print, as the contact line remains largely undeformed and the
apparent contact angle is uniform. Most importantly, droplet
shape anisotropy enables directional motion under gravity on ver-
tically inclined surfaces. The elongated droplet slides at volumes
for which the circular droplet remains stationary, highlighting
the existence of a droplet shape-dependent threshold volume,
which is relevant for the development of strategies for passive
droplet transport. These findings provide a framework to describe
anisotropic wetting, in terms of intrinsic surface wetting and to-
pography, and design guidelines for functional surfaces that ex-
ploit patterning for droplet self-removal or retention.
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Appendix
Minimal model for droplet sliding. The force balance for a

droplet sliding on a surface can be expressed as

pVv = pVg — 2, /R R Y(cos6, —cosOr) — 25nvR, (A1)
~— =~ ~——

F F,

Fara
Feap ¢
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Approximations: (i) Inertia force, F;,: Since the Weber number
of the droplet (We = ﬂ;R” ~1073) is small, representing, inertial
forces are negligible compared to surface tension forces, and we
thus approximate v ~ 0. Therefore, the right-hand side of the
equation |A1l|is approximated to zero.

(i) Gravitational force, F,: Since Bond number (Bo =
pgV /4R Ry~ 2.8), the gravitational force is of comparable mag-
nitude to the surface tension force.

(iii) Capillary force, F.,,: Since the capillary number (Ca =
vn/y ~ 1079), the surface tension force dominates over the vis-
cous force.

(iv) Drag force, F,,,: Assuming that the drag force arises from
velocity gradients within the droplet, such that the fluid at the
droplet—substrate interface satisfies the no-slip boundary condi-
tion. Thus, the resulting expression for the viscous drag force is
given by: 47148

v d
Firag = f/A T(y)dA ~ 72nRL/Cdna—ydy ~ fZJrRL/Cdnvjy

(A2)
5 d R d
Firag = —ZﬂRlCdnv[/R yy + /6 —y} (A3)
| J0p
i
= —ZﬂRlCdT]V In 5f5b (A4)

In the above, g—; ~ v/y in the limit 8§y — 0, C; denotes the geomet-
rical drag coefficient4/48, while §; and §, represent small cutoff
lengths near the front and back end of contact lines, respectively
with a value ~ 10~9m.15¥Z Note that the cutoffs, equivalent to
the fluid film length, are introduced to prevent divergence at the
contact lines. We set the geometric drag coefficient to C; = 147148/
and equating the drag forces, F; = -2 nvR |,

R2
2ENVR, = 27R v in —) (A5)
3¢5
yields a damping factor,
2 2
R, R Rj
=——Ih—(—=rnln— A6
=R "5e ™5, (46)
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The data supporting this article have been included as part of the Supplementary Informatigfiy °c <5 S

Videos of droplet motion on vertically inclined surfaces are provided.
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