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(yt¼ 1s4yt¼ 2s). The advancing contact line subsequently
becomes pinned at the next row of pillars (t¼ 3 s) and the
apparent contact angle continues to increase (t¼ 4 s) until it
satisfies the local depinning criteria similar to that at t¼ 1 s. As a
result, despite the intrinsic hydrophilic (o90!) behaviour of the
flat surface, the corresponding rough surface demonstrated an
apparent hydrophobic behaviour where the advancing contact
angles exceeded 90!. This observation contradicts the classical
Wenzel equation, which predicts that the degree of hydrophilicity
(hydrophobicity) of a surface increases upon increasing the
roughness19. However, the Wenzel equation does not capture the
advancing behaviour of these droplets since it does not account
for the role of the local contact line pinning in the advancing
stage (Fig. 2c). During a typical advancing stage, the portion of
the contact line on the top surface of a micropillar ‘1’ advances
with the local contact angle equal to the intrinsic contact angle on
an equivalent flat surface (yF,A). Once the advancing front
approaches the pillar edge, the contact line becomes pinned ‘2’
and the local contact angle is required to exceed yF,Aþ 90!, ‘3’ for
the front to advance further along the pillar sidewalls ‘4’. The high
energy barrier associated with the local depinning contact angles
of yF,Aþ 90! results in an apparent global pinning (everywhere
along the contact line) and the unusually high advancing contact
angle values on these otherwise hydrophilic (yF,Ao90!) surfaces.

Estimation of advancing contact angle. The contact angle
of a growing Cassie–Baxter droplet yCB,A on a chemically pat-
terned surface with circular hydrophobic defects or on a super-
hydrophobic surface (Fig. 3a) was previously32 shown to be
influenced by local contact line distortion and modelled as
follows:

cosyCB;A ¼
D
L

cosy1;Aþ 1# D
L

! "
cosy2;A ð1Þ

where y1,A and cosy2,A are the corresponding intrinsic advancing
contact angles of the two background surfaces comprising the

heterogeneous surface. Now, accounting for the contact line
pinning at the pillar edges (Fig. 2c) on the surfaces investigated in
this study where the local contact angle is required to exceed
yF,Aþ 90! for the front to advance further along the pillar
sidewalls (Fig. 3b), the apparent advancing contact angle of the
Wenzel-type droplets in our study can be computed by replacing
y1,A by yF,Aþ 90! and y2,A by yF,A

cosyA;0! ¼
D
L

cosðyF;Aþ 90!Þþ 1# D
L

! "
cosyF;A ð2Þ

The subscript 0! indicates the direction of the line-of-sight for the
side-view camera that, in this case, was parallel to the pillar rows
(Fig. 2a). The experiment detailing the advancing, contact line
pinning and receding modes of the droplet shown in Fig. 2 is also
shown in Supplementary Movie 1.

The top- and side-profile visualization of the entire micro-
scopic (diameterE200 mm) droplet during the contact line
pinning stage highlights an interesting asymmetry in the contact
angles along the two principle axes of symmetry on the surface.
The droplets in Fig. 4 were formed on a surface comprised of a
square array of cylindrical micropillars with diameter D¼ 7 mm,
pitch L¼ 20mm and height H¼ 13 mm. The images in Fig. 4a,b
were acquired during two different but highly repeatable
experiments, where the only difference was the line-of-sight for
the side-profile visualization of the droplet. The side-profile
images in Fig. 4a were captured such that the line-of-sight was
parallel to the pillar rows (0! line-of-sight, first axes of symmetry)
while the side-profile images in Fig. 4b were captured
corresponding to a line-of-sight of 45! (second axes of symmetry)
with respect to the pillar rows. Top-view images at t1 right after
the end of the advancing stage are shown on the top in Fig. 4a,b,
as they could not be obtained during the advancing stage due to
the obstruction from the piezo inkjet head used for liquid
addition (see Supplementary Movie 2). Comparison of the
corresponding side-profile images show an interesting anisotropy
in the contact angle, where the apparent contact angle along the
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Figure 1 | False-colour images of various droplet shapes and patterns on micropillar surfaces. (a) Side- and top-view images of the droplet. The images
on the left correspond to an advancing stage where the apparent contact angle is 490! and the actual contact line is not visible. The actual octagonal
contact line is visible in the image on the right once the droplet evaporates in a global pinning mode and the apparent contact angle is o90!. The two
side-view images acquired along the line-of-sight of 45! (second axes of symmetry, green dotted line) with respect to the pillar rows have been
artificially rotated by 45!. The side-view images along with contact angles. (b) Different droplet shapes obtained by varying cylindrical micropillar array
geometry. (c) The ability to pattern an array of microscopic droplets with excellent spatial control. Scale bar, 100mm and the geometry is defined in
Supplementary Table 1.
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Quasi-static problem

(i) An initial data u0 is given and at each t ≥ 0 the function ut solves

(QS)


∆ut = 0 in {ut > 0} ∩ U

|∇ut | ∈ [Q∗(n),Q∗(n)] on ∂{ut > 0} ∩ U

ut = F (t) on ∂U

(ii) If F is monotone increasing (resp. decreasing) on the the interval
[a, b] then ub is the minimal supersolution of the problem above
(resp. maximal subsolution below) ua.
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Theorem (F.)

(1) For each admissible initial data u0 and forcing F (finitely many
monotonicity changes) there is a unique solution of the quasi-static
evolution (QS).

(2) Suppose that K = Rd \ U is a compact, convex, inner regular set and
{u0 > 0} is convex. Then the solution of (QS) is convex for all t > 0.

(3) In the convex setting above, call Ωp(t) to be the intersection of
∂{ut > 0} with the supporting hyperplane with normal p:

(i) Suppose F (t) is increasing. Then either Ωp(t) = Ωp(0), Ωp(t) is a
singleton, or

Q∗(p) > min{Q∗
` (p),Q∗

r (p)}.

(ii) Suppose F (t) is decreasing. Then either Ωp(t) ⊂ Ωp(0), Ωp(t) is a
singleton, or

Q∗,`(p) 6= Q∗,r (p).
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Quasi-static problem

(i) An initial data u0 is given and at each t ≥ 0 the function ut solves

(QSε)


∆uεt = 0 in {uεt > 0} ∩ U

|∇uεt | = Q(x/ε) on ∂{uεt > 0} ∩ U

uεt = F (t) on ∂U

(ii) If F is monotone increasing (resp. decreasing) on the the interval
[a, b] then ub is the minimal supersolution of the problem above
(resp. maximal subsolution below) ua.
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Theorem (F.)

The following properties holds for the pinning interval endpoints:

(1) Let e ∈ Sd−1 there exist Q∗(e) ≤ 〈Q2〉1/2 ≤ Q∗(e), respectively upper
and lower semicontinuous in e, such that, for any α ∈ [Q∗(e),Q∗(e)]
there exists a global solution of of the cell problem with slope αe.

(2) When d = 2, Q∗,Q∗ are continuous at irrational directions
e ∈ S1 \ RZ2.

(3) When d = 2, directional limits of Q∗,Q∗ exist at rational directions
e ∈ S1 ∩ RZ2.

(4) Given any k-dimensional rational subspace, 1 ≤ k ≤ d − 1, there
exists Q such that Q∗,Q∗ are discontinuous on that subspace.

(5) There exist Q such that the pinning interval is nontrivial at every
direction, infSd−1(Q∗ − Q∗) ≥ δ > 0.
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Thank you for your attention!
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