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Abstract

Evaporation of a sessile droplet on superhydrophobic surfaces has various applications due to their utmost water-
repellent and self-cleaning wetting properties. We experimentally investigate the evaporation dynamics of water
droplets and the time evolution of the contact angle and drop dimensions on superhydrophobic, nanograss substrates
of an extremely-low solid packing fraction (φ ≈ 0.005). The experimental data shows that all the droplets deposited
initially form a gas-trapping, Cassie-Baxter state. Small droplets subsequently evaporate with a constant contact
angle mode, followed by a mixed mode at the end of the droplet lifetime. On the contrary, for relatively large
droplets, two distinct evaporation modes are found. Some of the larger evaporating droplets were initially in a constant
contact angle mode and underwent a mixed mode, while others began with a mixed mode with slowly decreasing
base diameter and contact angle. Intriguingly, stick-slip motions of the contact line for large droplets are observed
using superhydrophobic nanograss surfaces. Such slip or jumping motion could be related to the excess free energy
available in the system when the receding contact angle is reached, resulting in the contact line movement. Finally, the
experimental data of contact angle dependent evaporative mass flux are found to nearly collapse onto one universal
curve for different droplet sizes and initial contact angles, in agreement with an evaporative cooling model.

Keywords: Evaporation dynamics, Nanograss, Superhydrophobic surfaces, Stick-slip motion, Contact angle,
Cassie-Baxter state

1. Introduction

Droplet evaporation is an omnipresent process that
also finds plentiful decisive applications, including wa-
tercolor painting [1], droplet-based microfluidics [2],
DNA extraction [3], inkjet printing [4, 5, 6], and fab-
rications of bio-materials and photonic crystals through
self-assembly [6, 7, 8]. Therefore, fundamental under-
stating of droplet evaporation dynamics under various
key parameters, such as surface structure or roughness
[9, 10], nano-particle suspensions [11, 12], and surface
wettability [13] is crucial so as to control the processes
tailored for the desired applications. In particular, evap-
orating droplets on superhydrophobic (SH) surfaces has
recently received a significant interest because of their
promising applications for self-cleaning [14, 15, 16],
improving corrosion resistance [17], optical devices
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[18, 19, 20], anti-icing [21, 22], anti-fouling [23], fric-
tion control [24], and drag reduction [25, 26, 27, 24]. In
addition to drop evaporation, the wettability effect also
has a key influence on dropwise condensation [28] and
boiling heat transfer characteristics [29, 30, 31].

SH surfaces are commonly characterized by a large
contact angle (θ ! 150 ◦) with water and small con-
tact angle hysteresis (CAH), the difference between ad-
vancing and receding contact angles [32]. Deposition
of water droplets on SH surfaces relies on the inter-
play between surface chemistry and roughness, while
two common wetting modes are observed: (i) Cassie-
Baxter wetting (CB or the so-called “Fakir”) with air
(or vapor) trapped underneath the droplet [32, 33, 34]
and (ii) Wenzel (W) regime where the liquid fills in
the surface cavities [35]. Albeit various beneficial ap-
plications, it has remained challenging to use superhy-
drophobic surfaces for long-term stability since most
of them lose their liquid-repellency once exposed to

Preprint submitted to International Journal of Heat and Mass Transfer June 1, 2020

This paper is published in Int. J. Heat & Mass Transfer 160, 120149 (2020)
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120149



chemical [36], surfactant additives [37, 38, 39] or high
temperature environments [40, 41]. Another factor
that limits the commercialize use of the SH surfaces
is the occurrence of the irreversible wetting transition
from Cassie-Baxter to Wenzel state during evaporation
[10, 32, 42, 43, 44, 45, 46, 47], thereby destroying
the superhydrophobicity of a low CAH and air-trapping
state.

Both static wetting (in terms of static contact angle)
and water evaporation dynamics on SH micro-textures,
e.g., regular micro-pillars [3, 10, 46, 48, 49, 50, 51, 52,
53], random micro-fibers [15, 36, 40], or micrometer-
sized mushroom-shaped pillars [54, 55], have been ac-
tively studied over the last two decades. Whereas, in
comparison, fewer studies have been conducted on SH
nano-scale structures or fibers [9, 10, 14, 17, 18, 22, 40,
37, 56] primarily due to challenges of nano-fabrications.
In addition to the packing fraction, φ, the length scale
of surface roughness can play a crucial role in the pin-
ning (or retention) and de-pinning forces exerted on
droplets by solid surfaces/textures [53], thereby affect-
ing contact line movement and evaporation modes of
water droplets on various SH surfaces. The evaporation
dynamics and dynamic wetting on superhydrophobic
nano-textured surfaces (e.g., SH nanograss-liked sur-
faces), however, have been investigated to a less extent
[57, 58, 59, 60, 61]. In particular, experiments regarding
the contact line movement of evaporating drops on SH
nanograss surfaces (with pointy or needle-liked contact
areas) are rare, and the full understanding is still miss-
ing. Further investigations are hence needed to shed
light on the roughness effect on evaporation modes and
rates as well as contact line movement on various SH
surfaces.

In this work, we fabricated SH nanograss-liked sur-
faces and investigated the initial wetting state, evaporat-
ing dynamics, and contact line movement of a naturally-
evaporating water droplet on such SH surfaces of ran-
dom nano-scale roughness, with an extremely low solid
packing fraction, φ = 0.005± 0.003, and surface rough-
ness, r = 1.05 ± 0.01 (see Fig. 1). Here, φ and r are
conventionally defined as the ratio of the liquid-solid
surface area to the total (liquid-solid and liquid-gas) ar-
eas and the ratio of the total surface area to the pro-
jected one (on a 2D plane), respectively, and estimated
using a nanocone geometry (see Supplementary Infor-
mation, SI, for details). Systematic measurements of the
droplet contact angle, base diameter, height, and volume
were performed for several SH nanograss surfaces. Our
results highlight the influences of nano-roughness and
droplet size on the evaporation dynamics. By increas-
ing the droplet size, for the first time, stick-slip motions

Figure 1: (a) SEM image of superhydrophobic nanograss (NG) sur-
face with spiky nanoscale structure; (b) the corresponding side-view
snapshot showing a large contact angle (θ ≈ 165◦) of a water droplet.

of the contact line for large droplets on SH nanograss
surfaces of low φ were studied.

2. Experimental

2.1. Sample Preparation

Several SH nanograss surfaces were fabricated using
reactive ion etching (RIE) on 4-inch wafers, cleaned us-
ing a standard piranha solution in prior. Fig. 1a shows
side-view, SEM image of such SH surface used. The
formation of nanograss is a result of the passivation and
etching process in a standard RIE etching process. The
RIE etching is performed using a mixture of H2 and O2

gases with a flow rate of 100 standard cubic centimeters
per minute (sccm) and 80 sccm, respectively. Addition-
ally, trace value of SF6 plasma is also supplied and used
during the etching process. The etching and passiva-
tion steps are performed at a pressure of 80 mTorr and
150 mTorr, respectively. During RIE, plasma power is
adjusted between 150W and 135W for the steps of pas-
sivation (for 52 s) and etching (for 12 s), respectively.
After the nanograss formation, the wafer is coated with
photoresist, which provided protection during the sub-
sequent step of dicing. After dicing, each 1 cm × 1 cm
piece is soaked in acetone overnight; this step helps in
removing photoresist completely. With this fabrication
method, the nanograss pillars are formed with various
heights. Close to the edge of a substrate, the height
could dramatically reduce by ≈ 50%. The surface hy-
drophobicity is caused by the passivation of a mixture of
the gases H2/O2/SF6 and the high density of the spikes.

2.2. Droplet Evaporation Experiments

For the evaporation experiments, water droplets of 8-
12-µL are gently deposited on the NG surface using a
syringe pump. One camera (Thorlabs DCC3240C) cou-
pled with a long-range magnifying lens (Navitar 12×)
was used to record side-view of the evaporating droplet
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at 1 fps (frame per second). Fig. 1b is such a snapshot
showing the initial wetting state of Cassie-Baxter state
[32], while air is trapped beneath, and the drop rests on
the top of the nanograss with a large contact angle, θ >
160◦.

To analyze the evaporation dynamics, we first ex-
tracted the shape of droplets from the side-view snap-
shots using ImageJ software [62]. Subsequently, a cus-
tom Matlab code based on the axisymmetric drop shape
analysis (ADSA) method was applied to measure the
drop volume (V), contact angle (θ), droplet height (h),
and the drop size (in terms of the contact diameter, Db).
The ADSA method numerically fits a theoretical Lapla-
cian curve based on the Young–Laplace equation with
the gravitational effect with known surface tension val-
ues to an experimental profile of the drop shape obtained
[63, 64, 65]. The experiments were performed under
ambient temperature (22 ± 1◦C) at 1 atm and slightly
varying relative humidity (RH) conditions. The repro-
ducibility of the results was checked by repeating 4-5
independent experiments on the SH NS surfaces, and
we report the standard deviations as the errors for θ, D0,
and Db.

3. Results and Discussion

3.1. Evaporation Dynamics

Fig. 2 illustrates the evaporation dynamics of water
droplets on SH nanograss (NG) surface in terms of di-
mensionless time (t/t f ) normalized by the total evapora-
tion time (t f ), under slightly different RH ≈ 24.8±1.2%.
Fig. 2 shows that the droplet on the SH NG surfaces be-
gan with a large θ ≈ 166◦ ± 1.5◦ in a CCA mode, in
agreement with a CCA-mode evaporation observed on
SH surfaces with nano-roughness and a low CAH ≈ 5◦

by Kulinich et al. [67]. In comparison, previous data of
the evaporation dynamics on SH nano-structured (NS)
pillars [10] started with a CCR mode, subsequently fol-
lowed by a CCA mode, and ended the evaporation with
a mixed mode. Remarkably, all the water droplets on
SH NG surfaces were initially in a CB state, whereas
the droplets on SH nanostructured pillars can form a
CB droplet for high roughness r > 3.51 and a Wenzel
droplet for relatively low r < 1.98 [10], as shown in Fig.
2 a-b.

As revealed in Fig. 2b, for SH nanograss surfaces we
observed that for small water droplets (of initial diame-
ter D0 ≈ 2.6 ± 0.17 mm) the contact diameter (Db) de-
creases linearly with the dimensionless time from 0 to
90% t f at a slope of ≈ -1 ± 0.2, implying a very mobile
contact line without pinning on SH NG surfaces. This

corresponds to the linearly decreasing of Db/D0 with a
decaying slop of β = −0.39 ± 0.04, obtained with a best
linear-fit in Fig. 2b, because of simultaneous decreas-
ing H and V during evaporation (shown in Fig. 2c and
Fig. 2d, respectively).

Fig. 2d reveals that the droplet volume changes non-
linearly with time, consistent with the evaporation char-
acteristics on SH carbon nanofibers (CNF) [66] with
a random structure and large initial θ ≈ 150◦. How-
ever, the evaporation mode observed on such SH CNFs
of random roughness is CCR [66], different from the
CCA initially observed by our SH Nanograss surface.
In comparison, recent studies on SH nanoporous mem-
brane made of hydrophobized anodic aluminium ox-
ide (AAO) show a CCR mode of evaporating droplets,
with a pinned contact line, during most of evaporation
time [68]. The authors discussed that evaporating wa-
ter droplets stick on such surfaces, very likely, because
of air entrapped in the nanoscale pores that are not in-
terconnecting [68]. These comparisons highlight that
both φ and the shape or morphology of nano-textures
or nano-roughness play an important role in the pinning
of the contact line and, hence, initial evaporation mode,
being CCR or CCA.

Once the evaporation time reaches 0.9t f , the transi-
tion from partially-wetting CB to Wenzel state occurs
at a critical contact angle, ranging from 114◦ to 155.6◦

and critical base diameter, Db = 450 ± 60 µm, where
the contact diameter underwent a slight increase shown
by the Fig. 2b inset. We estimated that the Laplace
pressure inside the droplet increased during the process
from its initial value, ∆PL = 111.4±6.8 Pa to the critical
Laplace pressure, ∆P∗L, ranging from 305.4 Pa to 591.4
Pa (estimated from four independent experiments). The
value of Laplace pressure is calculated using the drop
radius of curvature (see SI for the details). Such CB to
W transition could be triggered by the decrease in the
droplet size so that the Laplace pressure increase inside
the droplet from its initial value to the critical Laplace
pressure. We identified such CB-W transition by an
increase in Db since water penetrates into nano-rough
structures and thus enlarges the contact diameter. This
method agrees with and is also used by a recent study on
drops evaporating on pillar-like microtextured SH sur-
faces [47]. The corresponding critical contact angles,
contact diameters, and Laplace pressure are reported in
SI.

Water droplets on our SH NG surfaces were in a CB
state with a large CA (θ > 160◦) and evaporated mostly
in CCA mode, followed by a mixed mode. During fi-
nal evaporation t > 0.9 t f , both θ and Db decrease si-
multaneously, in a so-called mixed mode, until com-
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Figure 2: (Supporting movie) Time-evolution of (a) contact angle, θ, (b) dimensionless base diameter, Db/D0 of evaporating water droplets on the
SH nanograss (NG) surfaces (shown in Fig. 1a) (", •, #, $). Here, time, t, is normalized with the total evaporation time, t f . The length scale is
normalized with, D0, the free drop diameter of the same initial volume. Initially, for t/t f = 0 − 0.8, the drop evaporates with a constant contact
angle (CCA) mode with average θ ≈ 166◦, while the dimensionless contact diameter, Db/D0, decreases linearly with dimensionless time with a
decaying slope of β = −0.39. At the end of the evaporation (for t/t f between 0.8 and 1), both Db and θ decrease, corresponding to a mixed mode.
The inset in (b) reveals a slight increase in Db after ≈ 0.9t f as the droplet underwent a CB to Wenzel (W) transition while water impregnating into
the rough cavities. For a comparison, the previous experimental data by Bussonniére et al. [10] using more regular, nanostructures (NS) (%, &, ',
() and by Gelderblom et al. [66] ($) using SH carbon nanofiber (CNF) are also plotted for θ and Db in (a) and (b), respectively. Depicted in (c)
is the dimensionless droplets, H/D0, for four independent droplets. The inset shows the contours for an evaporating droplet with D0 = 2.85 mm.
Time-varying droplet volume, V , is shown in (d), and the insets show the time evolution of droplet shape for V0 = 12 µl.

pletely dry out [46]. Based on these observations, our
SH NS surfaces revealed resilient superhydrophobicity
with a later-time CB-W wetting transition after 90% of
the total evaporation time, whereas, in comparison, the
SH NS and the SH CNF surfaces wetted in a Wenzel
mode lost their superhydrophobicity earlier with an ini-
tial contact angle θ < 150◦ and with a pinned contact
line for the most of evaporation period (see Fig. 2b).

Several different or combined evaporating modes,
namely CCA, CCR, and mixed, have been observed for
drop evaporation on various surfaces [10, 46, 55, 69, 70,
71, 72]. In general, the CCA mode normally happens
for CB evaporating drops, since the free movement of
the contact line during evaporation is maintained, while
the contact angle remains constant with a gradual de-
crease of the contact radius [46, 48]. In contrast, a CCR
mode likely occurs for a Wenzel evaporating droplet,
as the strongly pinned contact line during evaporation

causes a gradual decrease in contact angle on the solid
surface, while maintaining a nearly constant contact ra-
dius [71, 73]. Finally, incremental reductions in both
the contact radius and contact angle can lead to a mixed
mode of evaporation [48, 73]. A mixed-mode has been
observed experimentally towards the end of droplet life-
time, qualitatively attributed to contact-line pinning at
local heterogeneities [74, 75] or Marangoni effect [76],
and quantitatively modeled with a dynamical roughness
change arising due to atmospheric contamination addi-
tions [72].

From existing experimental findings using various
SH surfaces, on the one hand, a CCA mode followed by
a final mixed mode on SH surfaces with a small CAH
has been observed during evaporation on SH surfaces of
low CAH ) 5◦ (e.g., with polished aluminium plates of
random nano-roughness [67], with micro-pillars [48],
and with lotus-leaf-liked structures [77]) as well as on
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micro-pillared SH surfaces with a low packing fraction
(e.g., φ = 0.01 [46] and φ = 0.042 [47]). In con-
trast, three sequential stages of evaporation dynamics
of (i) CCR, (ii) CCA, and (iii) mixed mode (of CCR
and CCA) have been reported for SH nano- or micro-
structured surfaces with a higher φ (e.g., nanostructured
pillars with φ from 0.01 to 0.2 and with r between
1.16 and 4.92 [10], micro-pillars with φ > 0.03 [46],
mushroom-liked structures with φ ranging from 0.19 to
0.48 [55], and microstructured SH surfaces with high
CAH ≈ 95◦ − 113◦ [71]).

Combining with our data on SH NG surfaces, the
above comparisons between the various experimental
data reveal that, despite different types of surface mor-
phology, water droplets on various superhydrophobic
surfaces of small packing fraction φ and a low CAH
evaporate in a CCA mode initially. On the other hand,
regardless of micro or nano-sized roughness, droplets
evaporate in a CCR mode initially on SH surfaces with
a large CAH.

In so far, most experiments concerning SH surfaces
have been conducted at an ambient condition. Only a
few pioneering studies have investigated the longevity
of the superhydrophobicity with exposure to substrate
heating (e.g., a switchable SH surface made by a plasma
spraying technology [78], SH mushroom-liked pillars
with the substrate temperature between 30 and 80 ◦C
[55], and a special SH coating when a catalyst mesh
used was maintained at 900 ◦C [79]). In addition, recent
studies have shown that the superhydrophobic surfaces
can improve the boiling and condensation processes and
enhance the heat transfer rates due to their small solid-
liquid contact area [28, 29, 30, 31]. Our SH-NG sur-
faces, due to their water-repellent properties and gas-
trapped wetting state, are expected to influence the heat
transfer rates during the boiling or condensation pro-
cess, which will be of use and interest for future sys-
tematic studies. Hence, it will be intriguing to system-
atically investigate the influence of substrate heating on
both static contact angle and evaporating modes of wa-
ter droplet on SH NS surfaces with an extremely low φ
and a delayed CB to W transition, compared to most of
SH surfaces explored.

3.2. Stick-Slip motion for large droplets

In contrast to smoothly decreasing in Db for the small
droplets (of D0 ≈ 2.6 mm) shown in Fig. 2, stick-
slip motions of the contact line were observed during
the evaporation of relatively large droplets (of D0 ≈

4.2 ± 0.2 mm) deposited carefully. Fig. 3.2 a-b shows
such (jumping) results of the contact angle and diam-
eter evolution of large evaporating droplets on SH NG

surfaces, for initial air-trapping CB state for different
droplets with different RH between 21% and 52%.

The above distinct behavior of the contact line move-
ment during evaporation observed for the small and
large droplets on our SH NG surfaces may be at-
tributed to the dominant effect of droplet gravity for
the large droplets. One can use the capillary length,
lc =

√

γ/(ρg), to compare the effect of surface tension
with gravity and to characterize which effect is domi-
nant for a small and large droplet. Here, γ is the surface
tension, ρ is the liquid density, and g is the gravitational
acceleration. For a water droplet at the ambient condi-
tions (γ = 72mN/m), the corresponding capillary length
is lc ≈ 2.7 mm. On the one hand, our small droplets
have an average free drop radius of R0 = 1.3 mm, which
gives rise to R0/lc ≈ 0.5, indicating dominant effect of
surface tension. On the other hand, the average free
drop radius for the large droplets used is about R0 =

2.1 mm, which yields a comparable R0/lc ≈ 0.8, im-
plying a comparable influence between the gravity and
surface tension effect. The latter situation of a compara-
ble hydraulic pressure and Laplace pressure due to sur-
face tension may cause the large droplets to sink deeper
between the nanograss structures and hence sometimes
“sticks” on the SH NS surface until the evaporating
droplet has sufficient access surface energy (when suf-
ficiently overcoming the adhesion force) to “jump” to a
lower-energy state towards the equilibrium.

In addition, two distinct initial modes of evapora-
tion were observed when depositing large water droplets
D0 * 4 mm on SH NG surfaces. First set of data (",')
in Fig. 3.2 a have slightly different free drop diame-
ter D0 ≈ 4.04 and 4.43 mm, respectively, and started
initially at CCA mode similar to small droplets, while
Db recedes steeply. On the other hand, the other data
for D0 ≈ 4.13 mm (•) and 4.08 mm (#) underwent a
mixed mode (of CCR and CCA) evaporation with very
slowly decreasing Db and θ. When t/t f between 0.9 and
1, mixed mode occurs, while both θ and Db diminishes
simultaneously.

We experimentally observe that water drop has a cer-
tain initial contact angle, θ0, after the deposition of the
droplet. Water droplet starts to lose liquid during evap-
oration, resulting in a deviation from that of the initial
equilibrium state due to the changes in droplet shape
and CA, causing the triple line to move [80]. When θ0
reaches a minimum possible value below or equal the
receding contact angle, θr ≈ 156.9◦±1.2◦, which is mea-
sured by using a sessile drop method while reducing the
droplet volume on the surface. Subsequently, the con-
tact line starts to move, and the first jump is observed.
The advancing contact angle for the SH NG surfaces is
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Figure 3: (Supporting movie) (a) Contact angle, θ, and (b) the normalized contact diameter, Db/D0, as a function of the normalized time, t/t f ,
measured for water droplets of D0 ≈ 4.2 mm at various relative humidity (RH). In (a) and (b), stick-slip motions are observed for large droplets,
and the insets show the droplet shape before and after the jump in changing θ. The scale bar corresponds to 500 µm. This trend repeated for
the all stick-slip/jump events observed for various large droplets of D0 = 4.04 ("), 4.13 (•), 4.08 (#), and 4.43 (') mm. Depicted in (c) is the
dimensionless droplet height, H/D0, for four independent droplets. Time-varying droplet volume, V , is shown in (d).

also measured, θa ≈ 164.5◦ ± 0.6◦, with the sessile drop
method by slowly increasing the droplet volume.

With the average θa and θr measured, one can es-
timate the magnitude of the adhesion force, F0

adh
, be-

tween the water droplet and a smooth surface, via
F0

adh
= CgRbγ(cos θr − cos θa) [81, 82], where Cg is a

geometric prefactor depending on the shape of the drop
base on the solid surface (Cg = 4/π for a circular con-
tact, e.g., Eq. (10) in Ref. [81]), and Rb is the base radius
of the droplet. For a rough substrate, the effect of pack-
ing fraction, φ, which could characterizes the fraction of
area that the contact line can be pinned, should be con-
sidered. Hence, the corresponding adhesion force for a
rough surface is modeled via [83]

Fadh = φ CgRbγ(cos θr − cos θa). (1)

For our rough SH NG surfaces with φ = 0.005, using the
above equation, the droplet adhesion forces on the SH
NG surfaces are estimated to be Fadh ≈ 1.37× 10−8 and
3 × 10−8N for the small and large water droplets used,
respectively. The order of magnitude of these adhesion

forces calculated is consistent with (but smaller than)
previous estimations using micro-pillared SH surfaces
[84].

The stick-slip motion is revealed by a sudden de-
crease of Db and an abrupt increase in θ, indicated by
the sudden movement of the three-phase contact line oc-
curring for all the large droplets. Fig. 3.2a insets, for ex-
ample, display a water droplet of D0 = 4.43 mm before
and after the slip or jump motion, with their θ changing
from 156◦ to 168◦ (which recovers to nearly its initial
value of θ0 ± 3◦) and Db from 0.96 mm to 0.82 mm.

This jumping motion is very likely attributed to the
excess free energy available due to the reduction in the
droplet size and θ [85]. Using the thermodynamic Gibbs
free energy of the drop due entirely to interfacial free en-
ergies, Shanahan [80] proposed a theoretical model es-
timating certain excess energy as a criterion for contact
line movement. The excess free energy per unit length
is associated with the contact line movement by δr, re-
sulting in the change in θ on smooth or rough surfaces,
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and can be expressed as [80]:

δG̃ ≈
γ sin2 θ0(2 + cos θ0)(δr)2

2r
, (2)

where γ is the surface tension at the liquid-air interface,
θ0 is the initial contact angle of the surface (i.e., the CB
contact angle for our SH NG), δr is the slipped distance
local to the stick-slip event, and r is local pinned con-
tact radius before the triple line slips. Recently, Shana-
han and co-workers [86] have provided an equivalent
expression of the excess free energy necessary to over-
come the pinning of the contact line on hydrophilic and
hydrophobic substrates (and in the presence of nanopar-
ticles) due to the change in the contact angle (δθ). The
detailed express is given in the SI.

As evaporation proceeds, the slipped distance, δr,
the distance between the actual contact radius, r, and
the corresponding equilibrium value, ro, increases, and
hence δG̃ increases with (δr)2, following Eq. (2). When
δG̃ reaches the potential energy barrier value, sufficient
energy is available, causing the triple line to jump to
its new equilibrium position at a lower contact radius.
While CA after the jump recovers nearly to the initial
CB CA (θ0), as shown in Fig. 3.2a.

To calculate the excess free energy, we measured θ0
(i.e., the initial CB contact angle for our SH NG), δr,
and r during each slip events using Eq. (2) (see SI for
the values). The average jumping distance, δr, on our
SH NG surfaces is 132 ± 40 µm, contrastingly com-
pared to that of approximately the micro-pillar spac-
ing of O(10 µm) observed for evaporating droplets stick
and slip on SH regular micro-pillars [51, 48]. Intrigu-
ingly, the latter indicates that the origin of the stick-slip
motion of contact line stems from the pinning and de-
pinning forces exerted by the individual (regular) pil-
lars where water droplet sticks upon, which is consis-
tent with the results reported for periodic nano-pillars
by Molecular Dynamics (MD) simulation [53]. In con-
trast, for our SH NG surfaces due to needle-liked struc-
tures, large water droplets can slip with a much greater
δr due to a comparatively smaller φ.

The average value of δG̃ with the δr calculated for
the large droplets on SH NG surfaces is about 10−8 J
m−1. This value is one order of magnitude less than
that reported by Shanahan and Sefiane, i.e., in the or-
der of magnitude of 10−7 J m−1 on randomly hydropho-
bic rough PTFE (Teflon) substrates [86, 87], and in the
same order of magnitude of those reported by Ramos on
microstructured PTFE surfaces (of φ ≈ 0.15) [88]. The
low values of δG̃ on the microstructured PTFE and our
SH NG surfaces can be attributed to a smaller φ for pin-
ning and, due to less pinning and low adhesion, may

Figure 4: Water evaporation rate on SH nanograss surface. The di-
mensionless evaporation mass flux rate, |Ṁ| (measured from the mea-
sured droplet volume) as a function of CA (θ) for different droplets.
Comparison between our experimental results (+) with a vapor diffu-
sion model derived by Popov [89] ( ) and an evaporation cooling
model [95] ( ) displayed that the low evaporation rate observed
can be attributed to a cooling effect. For a comparison, the previous
experimental data by Bussonniére et al. [10], (),♦,◦, !) using SH NS
and Gelderblom et al. [66], ($) using SH carbon nanofiber (CNF) are
also plotted.

contribute to more mobile contact line and hence re-
silient superhydrophobicity of their and our substrates.
The estimated δG̃ value for our SH NS surfaces is of the
same order of magnitude of that of the adhesion force
Fadh that is estimated based on CAH using Eq. (1), im-
plying that once the excess energy is sufficiently large
to overcome the adhesion force, the drop starts to move
or jump.

3.3. Evaporation Rate

A classical theory of the vapor-diffusion model is
widely used to predict the evaporation mass flux across
the vapor-liquid interface of an evaporating droplet [89].
This model was able to predict the evaporation rate for
some experimental studies conducted in ambient air on
carbon nanofiber (CNF) [66], smooth hydrophobized
silicon wafers, and rough hydrophobic Teflon [90]. The
simplification ingrained in the model such as assum-
ing that vapor-diffusion is the only transport mecha-
nism governing the droplet evaporation without consid-
ering the evaporative cooling may limit its applications
to other experimental data, and it has been shown to ei-
ther underpredict [91, 92] or overpredict [93, 94, 95] the
evaporation rate.

Here, we compare the experimental dimensionless
mass flux rate, Ṁ = ṁ

RbD(cs−c∞) , in Fig. 4 using water

7



droplets on SH NG surface, where Rb is the base radius,
D is the water vapor diffusion coefficient in air, cS is the
saturated vapor concentration, and c∞ is the vapor con-
centration far away from the droplet, with the analyt-
ical vapor-diffusion model (dashed line) [89] and with
a numerical simulation (solid line) considering cooling
effect [95]. The direct form of the Popov model con-
cludes that the rate of (dimensionless) mass loss only
depends on the contact angle but slightly overestimates
the evaporation rates measured on our SH NG surfaces.

Our data is in agreement with the recent studies by
Bussonniére et al. [10] and Dash et al. [49], reveal-
ing that droplets evaporate more slowly on SH nano-
patterned surfaces. Further numerical simulation [95]
suggested that this deviation is likely attributed to the
evaporative cooling effect. At a high contact angle, the
contact diameter becomes small, limiting the heat flux
between the substrate and drop, which in turn leads to
a decrease of saturated vapor concentration, and hence
slower evaporation. Our data reveal a better agreement
with the numerical simulation considering a cooling ef-
fect during evaporation [95], and with the results using
SH nano-structured surfaces [10]. At high CA, ! 150◦,
the experimental data deviate from the cooling model
(Solid line in Fig. 4) with a lower rate. This deviation
may attribute to the spherical droplet assumption used
in both models and the observed perversion of the drop
shape at such a high CA from a spherical cap [89, 95].

4. Conclusions

In summary, the wetting state, evaporation dynam-
ics, and contact line movement of evaporating water
droplets on SH nanograss surfaces with an extremely
low φ ≈ 0.5% were experimentally elucidated. Differ-
ent from that evaporating drops can form either CB or
Wenzel state, depending on r and φ, on more regular SH
micro- or nano-structured pillars, all small droplets on
SH NG surfaces formed a gas-trapping CB wetting state
and evaporated in a constant contact angle (CCA) mode
for most of the droplet lifetime. Besides, beneficial to
various applications, the SH nanograss surfaces delay
the CB to Wenzel Wetting transition to a later time at
0.9t f . In contrast to smaller drops, stick-slip motions
of the contact line were observed for the first time
on SH nanograss surfaces, for large droplets of initial
drop size of D0 ≈ 4.2 mm. This jumping motion is
attributed to the excess free energy (of O(10−8 Jm−1))
available in the system, due to the change in the droplet
shape and contact angle, and hence the contact line
movement when θ reaches θr. Finally, the classical
vapor-diffusion model slightly overpredicts the water

evaporation rate on SH nanograss surfaces with a low
CAH and smaller contact area, while the evaporative
cooling effect could better predict the evaporation rate.
In terms of applications, using the superhydrophobic
nanograss surfaces water droplets evaporate mostly
in a constant-contact-angle mode, with a very mobile
contact line, and delay the CB to W wetting transition
(to 0.9 t f ), compared to the initial CCR mode and
pinning contact line observed on most of SH regular
micro-structures and nano-pillars. This suggests robust
SH surfaces composed of nano-grass structures of a
low φ () 0.005) and a low CAH for advantageous,
self-cleaning surfaces with water droplets.
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of excess energy, δG̃, for the stick-slip motion observed
and evaporative flux, |Ṁ|, and description of two videos
of evaporating droplets on the SH nanograss surfaces.
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