
SCIENCE CHINA 
Physics, Mechanics & Astronomy 

© Science China Press and Springer-Verlag Berlin Heidelberg 2010  phys.scichina.com   www.springerlink.com 

                           
*Corresponding author (email: zhengqs@tsinghua.edu.cn) 
†Recommended by HONG YouShi 

• Research  Paper • December 2010  Vol.53  No.12: 2245–2259 

 doi: 10.1007/s11433-010-4172-1 

Small is beautiful, and dry† 

ZHENG QuanShui1,2*, LV CunJing1, HAO PengFei1 & SHERIDAN John2 

1 Department of Engineering Mechanics, Tsinghua University, Beijing 100084, China; 
2 Department of Mechanical and Aerospace Engineering, Monash University, VIC 3800, Australia 

Received June 25, 2010, accepted July 1, 2010 

 

Thousands of plant and animal species have been observed to have superhydrophobic surfaces that lead to various novel be-
haviors. These observations have inspired attempts to create artificial superhydrophobic surfaces, given that such surfaces have 
multitudinous applications. Superhydrophobicity is an enhanced effect of surface roughness and there are known relationships 
that correlate surface roughness and superhydrophobicity, based on the underlying physics. However, while these examples 
demonstrate the level of roughness they tell us little about the independence of this effect in terms of its scale. Thus, they are 
not capable of explaining why such naturally occurring surfaces commonly have micron-submicron sizes. Here we report on 
the discovery of a new relation, its physical basis and its experimental verification. The results reveal that scaling-down 
roughness into the micro-submicron range is a unique and elegant strategy to not only achieve superhydrophobicity but also to 
increase its stability against environmental disturbances. This new relation takes into account the previously overlooked but 
key fact that the accumulated line energy arising from the numerous solid-water-air intersections that can be distributed over 
the apparent contact area, when air packets are trapped at small scales on the surface, can dramatically increase as the rough-
ness scale shrinks. This term can in fact become the dominant contributor to the surface energy and so becomes crucial for ac-
complishing superhydrophobicity. These findings guide fabrication of stable super water-repellant surfaces. 

scale effect, line tension, wetting, contact angle, superhydrophobic  

PACS: 47.55.np, 47.55.dr, 68.08.Bc, 68.03.Cd, 87.15.La 
 
 

 
 
Wetting on a rough substrate is considered to be either in 
the Wenzel [1] or Cassie-Baxter state [2]. In the former, the 
liquid follows the surface corrugations, as shown in Figure 
1(a); in the latter the water drop is attached to the surface 
but in a position on top of the corrugations, which allows air 
pockets to be trapped under it, as shown in Figure 1(b). 
Usually, only one of these states is stable while the other is 
metastable [3–5], depending on both the surface chemistry 
and roughness. It is well known that wetting in the 
Cassie-Baxter, rather than Wenzel, state is energetically 
favorable if the hydrophobic surface is sufficiently rough 
[3–6] and this is generally considered to be a requirement 
for achieving superhydrophobicity [7]. In both states, mini-

mizing the system free energy can yield apparent contact 
angles, θ*, that are functions of the intrinsic or chemical 
contact angle θ (measured on flat solids) and the topography 
of the roughness structure. Chemically modifying the sur-
face alone can typically lead to intrinsic contact angles of up 
to 120°, but not more [8,9]. The relation between the ap-
parent and intrinsic contact angles in the Wenzel state is 
given by cosθ* = rcosθ. The parameter r is the ratio of the 
wet surface area to its projection or apparent area. In the 
Cassie-Baxter state, the classical form of the relationship is 
given by cosθ* = −1 + (1+cosθ)f, where f is the area fraction 
of the wet part of the solid. The Wenzel and Cassie-Baxter 
relations, apart from some generalizations (concerning, for 
example, line-tension effects on nanometer-sized drops or 
more complex roughness topography), have classically been 
used to characterize the apparent contact angles with  
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Figure 1  Wetting on pillar-structured surfaces: (a) Wenzel state, (b) Cassie-Baxter state, (c) the top view of the Cassie-Baxter state with numerous tri-
ple-phase lines (red) distributed over the apparent solid-water contact area, and (d) typical scanning electron microscope images of lithographic fabricated 
pillar-surface samples with square- and X-shaped pillar cross-sections. 

remarkable success [10]. They also tell us that θ* approa-                                       
ches 180° as the area fraction f decreases or, equivalently, 
the roughness ratio r increases. Recently, however, a num-
ber of exceptions have been observed that seem to be at 
odds with this understanding. For instance, in some very 
significant experiments [11–13], topographical shapes and 
sizes of roughness were shown to have a remarkable influ-
ence on advancing and receding contact angles. Debate on 
the physical basis of these results has been active but is un-
resolved to date.  

In the Cassie-Baxter state, there can clearly be numerous 
triple-phase (solid-liquid-gas) intersection lines that coexist 
with the trapped air pockets, as schematically illustrated by 
the red lines in Figure 1(c). It is somewhat surprising that all 
known contact angle relations overlook the key fact that the 
total length, LT, of the triple-phase intersection lines per unit 
of apparent contact surface area can become extremely large 
as the roughness scale shrinks into the micron-submicron 
range. Here we seek to include this effect in a new relation-
ship for wetting applicable to surfaces with micron-submi-                   
cron scale features. To formulate a precise relationship, we 
require a set of rough surfaces that can both be well-chara-                        
cterized and varied in the parameters that affect the contact 
angle. To obtain this, without losing the physical basis of 
the formulation, we consider the periodic pillar-structured 
surfaces shown in Figure 1. Using such surfaces, one can 
immediately characterize the triple-phase line length as LT = 
fS−1, where f is the area fraction and S = A/L is a shape-de-                                
pendent roughness scale, given by the boundary length L 
and area A of the pillar cross-sections. For the studied 
square and X-shaped cross-sections as illustrated in Figure 1, 

S is equal to a/4 and a/8 respectively, where a is the side 
length of either shape. One can get even smaller S by using 
more complicated or even multiconnected shapes. For a 
square pillar structure with pillar side length a = 1 μm and 
the pillar to pillar spacing b = 1 μm, the total triple-phase 
line length LT per unit square meter is, amazingly, 1000 km! 
This result illustrates the potential for the accumulated total 
line energy LTλ to become significant as the roughness scale 
shrinks into the micron-submicron range, given that for 
various triple-phase combinations, the measured tri-
ple-phase line tensions λ are typically on the orders of mag-
nitude 10−9 – 10−6 N [14]. 

Attaching water to the pillar-structured substrate will 
change the system free energy per unit apparent area from 

sgfσ γ+  to 
1

sl(1 ) ,f f fSσ γ λ−− + +  where σ (~0.073 N/m) 

is the water surface tension, and γsg and γsl are the solid-gas 
(air) and solid-liquid (water) interfacial energies. Thus, the 
energy (E) released by this process of attachment is equal to 

1
cr(1 cos )(1 ) ,E l S fθ σ−= + −  where the Young’s relation 

sg slcos ( )θ γ γ σ= −  has been used, and  

 cr
sg sl(1 cos )

λ λ
θ σ σ γ γ

= =
+ + −

l   (1) 

is an intrinsic or chemical length. Through a similar deriva-
tion to that for the Cassie-Baxter relation, one obtains  

 * crcos 1 (1 cos ) 1 .θ θ ⎛ ⎞= − + + −⎜ ⎟
⎝ ⎠

l
f

S
 (2) 

Compared with the Cassie-Baxter relation, (2) weights the 
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term that modifies the intrinsic contact angle by a new fac-
tor (1 − lcr/S), which plays a similar role to the area fraction 
f in determining the apparent contact angle. It is apparent 
that this factor becomes increasingly important as we scale 
down the surface roughness. This new result and its under-
lying mechanism provide significant new insights into how 
to achieve superhydrophobicity by shrinking the roughness 
scale (S).  

To validate these findings, we first fabricated three sets 
of pillar-structured surface samples of size 1 cm×1 cm on a 
silicon wafer using photolithography (see Figures 1(c) and 
(d), or Appendix). Samples in Sets I and II are square- 
shaped with fixed f ≈ 0.15 and 0.24, respectively, and those 
in Set III are X-shaped with fixed f ≈ 0.24. In contrast to f 
being constant, the pillar sizes S were designed to be vari-
able. All had their surfaces become hydrophobic by grafting 
a self-assembled monolayer of octadecyltrichlorosilane 
(OTS, C18H37Cl3Si, 95%) onto the samples. We used 
de-ionized water as the liquid, formed into droplets of 10 
μL (spherical diameter 2.67 mm). The contact angles were 
measured using a commercial goniometer (OCAH200, 
Dataphysics). For flat OTS coated surfaces, the contact an-
gle was measured to be θ = 105°±1°. The measured contact 
angles for these structured surfaces are plotted as solid 
symbols in the graph shown in Figure 2; they progressively 
diverge from the values predicted by the Cassie-Baxter rela-
tion (the horizontal dashed lines) as the pillar sizes shrink. 
The red and blue solid lines are the least-square fits of the 

measured values to the relation given by (2) with the single 
unknown parameter lcr. The relationship’s excellent fit to 
the data with the single fit parameter lcr = 0.29 μm across all 
the scales confirms that, compared to the Cassie-Baxter 
relationship, the new model captures important physical 
effects of great consequence at small scales. To test the ex-
treme case S≈lcr, additional samples were fabricated using 
photolithography. The obtained pillar structures have S val-
ues ranging from 0.23 to 0.40 μm, but there are irregular 
cross-sections due to the fabricated sizes being close to the 
photolithography limit (see Appendix). The solid triangle 
symbols in Figure 2 show the measured contact angles, 
which are all larger than 170°. The different roughness 
shapes and area fractions used in these experiments and the 
measured very high apparent contact angles further confirm 
the validity of (2) and its ability to predict contact angles 
when the surface features are in the micron-submicron 
range.  

To exclude the possibility that the increased contact an-
gles arose as a result of finer surface roughness on the pillar 
tops, perhaps as a result of the photolithography, we exam-
ined these using an atomic force microscope. They were 
observed to be as smooth (with fluctuations on the scale of 
several Angstroms, see Appendix) as the un-etched silicon 
wafers, thus confirming that this was not the cause of the 
large contact angles at small scales seen in the experiments. 

The experimental observations in Figure 2 show the ten-
dency of θ* to approach 180° as S trends downwards toward  

 

Figure 2  The roughness size dependence of measured contact angles (solid dots) and the least-square fitted curves (solid lines) based on the new relation 
(2). The data are classified into three sets according to the approximately same area fractions and shapes: red circles and blue diamond solid dots for f ≈ 0.15 
and f ≈ 0.24 with square-shaped cross-section, and blue crosses for f ≈ 0.24 with X-shaped ones. The horizontal dashed lines in red and blue give the respec-
tive Cassie-Baxter predictions. The fitted value of lcr for all 17 studied samples in the above three sets is equal to 0.29 μm. The triangle symbols are for four 
samples with S near lcr. The insert shows the measured contact angles, with their respective area fractions, for eight pillar-structured samples with S near or 
smaller than lcr.  
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lcr. Also apparent from the figure is how well the new rela-
tion (2) predicts the contact angle. As S further decreases 
across the critical value, lcr, the relation for the energy re-
lease (E) reveals that E resulted from the attachment passing 
through a transition from positive to negative. Negative E 
means that attaching water drops onto such rough substrates 
would be energetically unfavorable compared to their free 
state in air. As a consequence, the contact angles with S ≤ lcr 
would always take the extreme value of 180°, regardless of 
the area fraction. To test this, we fabricated four square- or 
X-shaped pillar-structured samples (Figure 3(a)) with S 
ranging from 0.06 to 0.24 μm using an E-beam technique 
and made it hydrophobic again by grafting an OTS. The 
measured values of θ* are plotted as solid symbols in the 
insert of Figure 2. Surprisingly, the contact angles for sam-
ples with relatively high area fractions are significantly 
lower than 180°. A possible explanation for this observation 
may come from the existence of “long-range” hydrophobic 
interactions that can pull a hung water drop at a distance 
from tens to hundreds of nanometers to suddenly adhere to 
the substrate [15–17]. These “long-range” interaction forces 
come into effect for pillar structures with pillar separations 
within the submicron range, and make ideal contact angles 
of 180° impossible. To explain this point, we note that the 
separation between the water surface and the top of an ad-
jacent pillar to the contacted one is * 2sin ( 2 )b b RθΔ ≈ +  

2 *(1 sin ),θ+  where R is the drop radius (Figure 3(b)). For 

example, for a fabricated sample with b = 177 nm, f = 0.66 
and S = 0.193 μm (Insert of Figure 2 and Appendix), Δ will 
be less than the hydrophobic interaction range lint, say   
100 nm, unless θ*

 < 146°. On the other hand, to achieve the 
extremum contact angle θ*

 ≈ 180°, for a water droplet of 10 
μL (1.33 mm in radius) with lint = 100 nm requires a very 

large separation of int2 11.5 mb Rl> ≈ μ . Therefore, the  

existence of a submicron hydrophobic interaction range lint 
sets a lower bound on S for the validity of the scaled-down 
superhydrophobic mechanism. 

There are over 1200 species of water-walking arthropods 
(insects and spiders) [7,18–20] that support themselves on 
their superhydrophobic cuticles. To survive environmental 
disturbances such as the impact of heavy rain they have to 
maintain a Cassie-Baxter state. Based on the analysis pre-
sented here, it is clear how fine-scale roughness can produce 
a uniquely well-suited surface that allows arthropods to 
maintain stable superhydrophobicity. For pillar-structured 
surfaces, it is known that the maximum water pressure sus-
tainable by the surface to prevent the transition from the 
Cassie-Baxter to the Wenzel state due to the pillars piercing 
the water is [4]: 

 max

1
cos .

1

f
p

f S
σ θ= −

−
 (3) 

This clearly shows the trade off between the impact of the 
scale of the roughness versus the effect of the wet area fac-
tion. These act in opposition to each other in determining 
the maximum pressure that can be withstood to maintain the 
Cassie-Baxter state, which is generally required for wa-
ter-repellency [7]. On the one hand, reducing f results in 
superhydrophobic surfaces, but this is accompanied by a 
reduced capacity to withstand the pressure of the liquid; on 
the other hand, reducing the scale of the roughness yields 
not only a larger contact angle but also better superhydro-
phobicity. The above analyses provide the basis to deter-
mine the finest submicron scale of naturally occurring su-
perhydrophobic surfaces. It also reveals how such surfaces 
remain superhydrophobic even in potentially destructive 
environments, such as the impact of heavy rain, where the 
impacting pressures can be 105 Pa or greater. Furthermore, it 
is generally known that higher pillars make the Cassie- 

 

Figure 3  Wetting on pillar-structured surfaces with submicron sizes. (a) SEM images of four samples with S smaller than lcr made from electron beam 
lithography, and (b) separation Δ between the water surface and the adjacent non-wet pillar top. 
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Baxter state more stable. The shortest pillar height H that 
renders the Cassie-Baxter state stable while the Wenzel one 
is metastable can be obtained by using the same approach as 
outlined in ref. [4], which gives 

 r cr

1 1 cos
.

cosc

f
H l S

f

θ
θ

⎛ ⎞− +
= +⎜ ⎟ −⎝ ⎠

 (4) 

Here, amazingly, the reduction in scale again plays a posi-
tive role – lowering the minimum pillar height needed to 
maintain the Cassie-Baxter state. By contrast, a smaller f 
pays a higher cost for generating a larger H. Furthermore, 
increasing H alone makes the pillar structure worse not only 
from the perspective of bending [7] but also in terms of its 
susceptibility to the Euler instability [5,6]. 

The effects of roughness scaling down to some dynamic 
wetting behaviors were also investigated. We report here 
two particularly interesting observations. For free falling 
small water droplets (5.4 μL) released from rest, we ob-
served similar bouncing behavior from our scaled-down 
generated superhydrophobic surfaces to that from traditional 
small f generated ones [21]. We show in Figures 4(a) and (b) 
the observation that both the first bouncing heights and the 
total number of bounces increase while reducing the rough-
ness scale for the square pillar-structured surfaces with the 
same area fraction f ≈ 0.15. Figure 4(c) shows the represen-
tative SEM images of pillars from a pillar-structured surface 
we made with the constant area fraction f = 0.16 and gradi-
ent pillar sizes. As we vibrate this gradient surface, which is 
placed horizontally, water drops on the surface move to-
ward the area with larger scales (Figure 4(d)). All these ob-
servations can be well explained as consequences of enlarg-                                        
ing the contact angle effect by scaling down the roughness  

[22], thus giving additional support to the new model (2). 
J. Willard Gibbs first articulated the concept of line ten-

sion, providing it with a unique thermodynamic conceptual 
framework. However, there have been ongoing problems 
with the measurement of line tension. Reported values are 
unacceptably diverse, with, in some cases [14], order of 
magnitude differences being reported. This is explained by 
the small magnitudes of the quantities involved but, as 
physical effects at small scales come under further scrutiny, 
the impact of line tension will become increasingly impor-
tant. To not have accurate values will be embarrassing to 
say the least. The new relationship presented in this paper (2) 
can be used to precisely determine line tension of 
solid-liquid pairs. Without this explanation of experimental 
observations based on mechanisms involving line tension, 
this area of research will remain only qualitative. In this 
regard, previous important observations of the influence of 
roughness size on contact angles [11–13] were unable to 
provide the physical understanding given here. Previously 
proposed models that included the effect of line tension on 
contact angles for rough substrates only considered line 
tension effects at the macro-scale in terms of drop dimen-
sions, i.e. at the edges of the droplet’s contact line with the 
solid surface [23]. Since these models omit the much larger 
contribution of line energy arising from the apparent contact 
area, as discussed here, their results do not capture all of the 
physics involved and so cannot capture the large impact of 
scale on the wetting angle. 

To conclude, scaling down the roughness into the mi-
cro-submicron range is a unique and elegant strategy to 
achieve not only superhydrophobicity, but also to increase 
its stability against environmental disturbances. Our new 
model (2) captures important physical effects of great con-          

 

Figure 4  The effects of roughness scaling down with fixed f ≈ 0.15 on dynamic wetting behavior. (a) Images showing water drops bouncing with time; (b) 
the bouncing heights versus scale S, the red triangle, blue square and green circle symbols correspond to the first, second and third bounces, respectively; (c) 
SEM images of the typical pillars on the pillar-structured surface with f ≈ 0.16 and gradient pillar sizes; (d) selected frames at different times of a video re-
cording of directional horizontal rolling on the horizontally placed gradient surface that vibrates (see Appendix).



2250 ZHENG QuanShui, et al.   Sci China Phys Mech Astron   December (2010)  Vol. 53  No. 12 

sequence at small scales. The above results help us to un-
derstand why naturally occurring superhydrophobic sur-
faces commonly have micron-submicron roughness [7,19, 
20,24,25] and guide the fabrication of stable super wa-
ter-repellant surfaces [8,26–32]. As also revealed, the 
roughness scale is reduced as the maximal contact angle of 
the roughness scale approaches a fundamental critical 
length. Further reduction of scale sees the contact angle 
again drop, probably as a result of entering a new dynamic 
regime in which new forces play a role. This presents an 
intriguing insight into nature’s selection of optimal resis-
tance to wetting, with further research needed to fully un-
derstand the transition across the critical length scale. 

Appendix A  Sample surfaces and measured 
contact angles 

A1  Sample preparation 

A total of 25 superhydrophobic surface samples were fabri-                                    
cated based on silicon wafers with micro-pillars (21 samples) 
by photolithography and submicro-pillars (four samples) 
using e-beam lithography which were coated with octade-                  
cyltrichlorosilane (OTS, C18H37Cl3Si, 95%).  

A2  Contact angle measurement 

The droplets were deionized water, and their volumes were 
fixed to be 10 μL. The experiments were carried out at 
room temperature. The contact angles (CAs) were measured 
by using a goniometer (OCAH200, Dataphysics, Germany). 

A3  Summary of results 

The dimensions and SEM (FEI, Quanta 200F) image of 
each of these samples and the typical observed water drop-
lets and measured contact angles are summarized below. 

A3.1  Intrinsic contact angle θ 
The intrinsic contact angle measured on a flat surface with 
the OTS coating is 105°±1°, as illustrated in Figure A1. 

 

Figure A1  A droplet on a flat surface, with the measured contact angle = 
105°±1°. 

A3.2  Sizes and contact angles for six square samples designed with f=0.16 

Table A1  The first set of six surface samples that have the same designed areas f=0.16 and pillar heights H ≈ 35 μm and their measured geometric pa-
rameters and contact angles (CAs) θ* 

Designed  Measured 
No. 

a (μm) b (μm) f S (μm)  a (μm) b (μm) f S (μm) θ* 

1 3 4.5 0.75  2.96 4.54 0.136 0.743 162.1°±1° 

2 4 6 1  3.94 6.06 0.152 1.025 159.8°±1° 

3 8 12 2  8.95 11.05 0.156 2.066 156.0°±1° 

4 10 15 2.5  9.96 15.04 0.158 2.539 154.3°±1° 

5 20 30 5  19.97 30.03 0.159 5.047 153.1°±1° 

6 30 45 

0.16 

7.5  29.97 45.03 0.160 7.493 152.0°±1° 

 
 

 

Figure A2  SEM images of Sample No.1 in Table A1 and the droplet with measured θ*=162.1°±1°. 
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Figure A3  SEM images of Sample No.2 in Table A1 and the droplet with measured θ*=159.8°±1°. 

 
Figure A4  SEM images of Sample No.3 in Table A1 and the droplet with measured θ*=156.0°±1°. 

 
Figure A5  SEM images of Sample No.4 in Table A1 and the droplet with measured θ*=154.3°±1°. 

 
Figure A6  SEM images of Sample No.5 in Table A1 and the droplet with measured θ* =153.1°±1°. 

 
Figure A7  SEM images of Sample No.6 in Table A1 and the droplet with measured θ*=152.0°±1°. 
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A3.3  Sizes and contact angles for five square samples designed with f=0.25 

Table A2  The second set of five surface samples that have the same designed areas f=0.25 and pillar heights H ≈ 35 μm and their measured geometric 
parameters and contact angles (CAs) θ* 

Original design  Measured 
No 

a (μm) b (μm) f S (μm)  a (μm) b (μm) f S (μm) θ* 

7 2.5 2.5 0.625  2.49 2.51 0.232 0.629 153.5°±1° 

8 5 5 1.25  4.91 5.09 0.238 1.262 149.8°±1° 

9 10 10 2.5  9.96 10.04 0.248 2.512 147.6°±1° 

10 20 20 5  20.05 19.95 0.251 5.045 145.6°±1° 

11 30 30 

0.25 

7.5  30.08 29.92 0.251 7.566 144.7°±1° 

 
 
 

 

Figure A8  SEM images of Sample No.7 in Table A2 and the droplet with measured θ*=153.5°±1°. 

 

Figure A9  SEM images of Sample No.8 in Table A2 and the droplet with measured θ*=149.8°±1°. 

 

Figure A10  SEM images of Sample No.9 in Table A2 and the droplet with measured θ*=147.6°±1°. 
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Figure A11  SEM images of Sample No.10 in Table A2 and the droplet with measured θ*=145.6°±1°. 

 

Figure A12  SEM images of Sample No.11 in Table A2 and the droplet with measured θ*=144.7°±1°. 

A3.4  Sizes and contact angles for six X-shaped samples designed with f=0.245 

Table A3  The third set of six surface samples that have the same designed areas f=0.245 and pillar heights H ≈ 35 μm and their measured geometric pa-
rameters and contact angles (CAs) θ* 

Original design  Measured 
No 

a (μm) b (μm) f S (μm)  a (μm) b (μm) f S (μm) θ* 

12 8 6 1  7.412 6.588 0.191 1.024 153.1°±1° 

13 16 12 2  15.409 12.591 0.207 1.932 149.8°±1° 

14 24 18 3  23.532 18.468 0.225 2.981 148.0°±1° 

15 32 24 4  31.567 24.433 0.231 4.058 147.2°±1° 

16 40 30 5  39.708 30.292 0.234 5.094 146.4°±1° 

17 48 42 

0.245 

7  55.718 42.282 0.236 7.007 145.8°±1° 

 
 

 

Figure A13  View of the designed geometrical parameters of the X-shaped micro-pillars. 
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Figure A14  SEM images of Sample No.12 in Table A3 and the droplet with measured θ*=153.1°±1°. 

 

Figure A15  SEM images of Sample No.13 in Table A3 and the droplet with measured θ*=149.8°±1°. 

 

Figure A16  SEM images of Sample No.14 in Table A3 and the droplet with measured θ*=148.0°±1°. 

 

Figure A17  SEM images of Sample No.15 in Table A3 and the droplet with measured θ*=147.2°±1°. 
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Figure A18  SEM images of Sample No.16 in Table A3 and the droplet with measured θ*=146.4°±1°. 

 

Figure A19  SEM images of Sample No.17 in Table A3 and the droplet with measured θ*=145.8°±1°. 

A3.5  Sizes, shapes and contact angles for four finer samples with S near the critical length lcr 

Table A4  The fourth set of four surface samples with pillar heights H ≈ 8 μm and their measured geometric parameters and contact angles θ* 

Measured 
No. 

f S (μm) θ* 

18 0.079 0.281 172.3°±1° 

19 0.171 0.388 174.1°±1° 

20 0.102 0.399 171.8°±1° 

21 0.061 0.231 170.2°±1° 
 

 
 
 

 

Figure A20  SEM images of Sample No.18 in Table A4 and the droplet with measured θ*=172.3°±1°. 
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Figure A21  SEM images of Sample No.19 in Table A4 and the droplet with measured θ*=174.1°±1°. 

 

Figure A22  SEM images of Sample No.20 in Table A4 and the droplet with measured θ*=171.8°±1°. 

 

Figure A23  SEM images of Sample No.21 in Table A4 and the droplet with measured θ*=170.2°±1°. 

 

A3.6  Sizes, shapes and contact angles for four e-beam fabricated samples with S smaller than the critical length lcr 

 

Table A5  The samples with pillar heights H ≈ 1 μm and their measured geometric parameters and contact angles θ* 

Original design  Measured 
No. 

a (μm) b (μm) f S (μm)  a (μm) b (μm) f S (μm) θ* 

22 0.250 0.100 0.510 0.063  0.224 0.126 0.410 0.056 146.4°±1° 

23 0.750 0.200 0.623 0.188  0.773 0.177 0.662 0.193 140.8°±1° 

24 0.4 0.6 0.16 0.1  0.385 0.615 0.141 0.095 154.2°±1° 
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Figure A24  SEM images of Sample No.22 in Table A5 and the droplet with measured θ*=146.4°±1°. 

 

Figure A25  SEM images of Sample No.23 in Table A5 and the droplet with measured θ*=140.8°±1°. 

 

Figure A26  SEM images of Sample No.24 in Table A5 and the droplet with measured θ*=154.2°±1°. 

Table A6  The samples with pillar heights H ≈ 1 μm and their measured geometric parameters and contact angles (CAs) θ* 

Original design  Measured 
No. 

a (μm) b (μm) f S (μm)  a (μm) b (μm) f S (μm) θ* 

25 1.6 1.870 0.16 0.2  1.584 1.886 0.162 0.235 158.6°±1° 

 

 

Figure A27  SEM images of Sample No.25 in Table A6 and the droplet with measured θ*=158.6°±1°. 
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A3.7  The smoothness of the top surfaces of pillars 

To exclude the possibility that the increased contact angles arose as a result of finer surface roughness on the pillar tops, 
we examined these using an atomic force microscope. They were observed to be as smooth (with fluctuations on the scale of 
several Angstroms, Figure S28) as the un-etched silicon wafer, thus confirming that this was not the cause of the large contact 
angles at small scales seen in the experiments. 
 

 

Figure A28  AFM (SPA-400) of the micro-substrates; the pictures were obtained from the top of one of the micro-pillars, Ra=2.074 Å, RMS=2.758 Å. 

 

Appendix B  Gradient micro-structured substrates 

 
Figure B1  Illustrative sketch of the designed gradient structured substrate; the total length L of the seven-area sample is 1.4 cm and the width W is 0.8 cm. 

Table B1  Geometric parameters of the micro-pillars in the gradient structured substrates 

Original design  Measured 
No. 

a (μm) b (μm) f S (μm)  a (μm) b (μm) f S (μm) 
1 2 3 0.5  1.97 3.05 0.154 0.493 
2 4 6 1  3.92 6.14 0.152 0.980 
3 6 9 1.5  5.97 9.10 0.157 1.493 
4 10 15 2.5  9.93 15.29 0.155 2.483 
5 20 30 5  20.20 29.87 0.163 5.050 
6 30 45 7.5  30.25 45.04 0.161 7.563 
7 40 60 

0.16 

10  40.12 60.03 0.161 10.030 
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Figure B2  SEM images of the gradient structured substrate; (a)−(g) correspond to Figure B1 and Table B1 respectively. 
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