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Abstract 10 

Liquid droplets move readily under the influence of surface tension gradients on their substrates. 11 
Substrates decorated with parallel microgrooves, or striations, presenting the advantage of 12 
homogeneous chemical properties yet varying the topological characteristics on either side of 13 
a straight-line boundary are considered in this study. The basic type of geometry consists of 14 
hydrophobic micro-striations/rails perpendicular to the boundary, with the systematic variation 15 
of the width to spacing ratio, thus changing the solid-liquid contact fraction and inducing a 16 
well-defined wettability contrast across the boundary. Droplets in the Cassie-Baxter state, 17 
straddling the boundary, move along the wettability contrast in order to reduce the overall 18 
surface free energy. Results show the importance of average solid fraction and contrasting 19 
fraction in a wide range for given geometries across the boundary on droplet motion. A unified 20 
criterion for contrasting striated surfaces, which describes the displacement and the velocity of 21 
the droplets, is suggested, providing guidelines for droplet manipulation on micro-22 
striated/railed surfaces. 23 
*Corresponding Author: Khellil Sefiane. Email address: k.sefiane@ed.ac.uk. 24 

 25 

Droplet manipulation has attracted increasing interest over the last few years and is rich in 26 
potential applications in many industrial and everyday life such as self-cleaning,1 anti-icing,2 27 
dropwise condensation heat transfer3,4 and water harvest.5 Besides, compared with bulk liquid, 28 
microscale droplet-based devices not only require a much lower cost to operate but also 29 
facilitate a large number of individual experiments to be undertaken under special conditions 30 
simultaneously. These features are of great importance to the optimization of chemical analysis 31 
and bioassay systems, where the motion of droplets needs to be controlled precisely.6-9  32 

Microscale droplet motion can be instigated by tuning the properties of the surface tension of 33 
the droplet or the surface on which the droplet is transported. This is because surface tension 34 
dominates the behaviour of the droplet for droplet sizes below the capillary length 𝜅𝜅−1 (𝜅𝜅−1 =35 
�𝛾𝛾/𝛥𝛥𝛥𝛥𝛥𝛥 where 𝛾𝛾,𝛥𝛥𝛥𝛥,𝑔𝑔 are the liquid-gas surface tension, density difference between liquid 36 
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and gas phases and gravitational acceleration respectively; 𝜅𝜅−1 is ca. 2.7 mm for water in air). 1 
By tuning the properties of the solid surface and/or those of the liquid droplet, motion of the 2 
droplet can be activated by several different methods. The seminal work of Chaudhury and 3 
Whitesides reported the motion of a droplet uphill on a surface tilted at 15° in the presence of 4 
a spatial chemical wettability gradient from hydrophobic to hydrophilic on a flat smooth 5 
surface.10 Following their work, chemical gradients were used to tune the wettability and thus 6 
to induce various kinds of droplet motion.11-15 Besides, since surface tension is temperature-7 
dependent, droplets deposited on a surface under a temperature gradient moved from hot to 8 
cold regions in the work of Brozska et al.16 Droplet motion has also been activated by means 9 
of light,17 electrowetting18 and the above-mentioned combinations of methods.19 However, 10 
these latter methods rely on the application of applied external forces. 11 

Previous work has demonstrated that surface structure and, more specifically, surface micro-12 
structure can also be exploited to finely tune the surface wettability, thus creating an alternative 13 
method to activate droplet motion.20-26 Compared to the methods above, making use solely of 14 
surface structure with a uniform chemical coating or structuring an intrinsically hydrophobic 15 
material provide advantages such as chemical stability, robustness and precise wettability 16 
adjustment without the need for external disturbances, making it an ideal choice as microfluidic 17 
systems.  18 

The distinctive advantage of microstructured surfaces lies on the precise adjustment of 19 
wettability via surface fabrication solely based on the morphological properties of the basic 20 
structure unit, such as micropillars or micro-striations. The motion of a liquid droplet sitting in 21 
the Cassie-Baxter (CB) state27 on intrinsically hydrophobic microstructures with small 22 
hysteresis can be induced by a roughness gradient towards the region where its (effective) free 23 
surface energy is lower, once it has overcome hysteresis.21-23,26 Additionally, external forces 24 
such as vibrations and coalescence have been exploited to overcome droplet adhesion and/or 25 
hysteresis in the presence of micropillars,23,24 since otherwise the motion is limited.22 However, 26 
spontaneous movement can be achieved on micro-striations with high length to width aspect 27 
ratio, for a much longer distance with only the help of the initial deposition energy and 28 
roughness gradient.21 Further, micro-striated surfaces are expected to provide higher mobility 29 
and greater displacements along the striation direction28,29 when compared to micropillared 30 
ones where the ratio of discontinuous segments of contact line length to surface area is 31 
greater.30-32 Another relevant work is the long-range motion achieved via the combination of 32 
both roughness and chemical gradient in which only 6 micro-striated contrasts in series were 33 
considered.26 We note here that after the first wettability contrast, inertial effect could not be 34 
decoupled from roughness and wetting gradients on the subsequent contrasting micro-striations. 35 
Hence, there is a lack of a unified criterion to describe the droplet displacement and velocity 36 
based solely on the structural parameters of the surface.  37 

Despite the considerable focus on this area of research and the advancements reported in 38 
droplet motion so far, there is still a lack of understanding on how to precisely control the 39 
motion of a droplet using an array of a gradient of microstructures. Although it is well known 40 
that a greater intrinsic surface free energy difference would induce further displacements and 41 
higher velocities, given the existence of hysteresis and friction, the overall motion remains to 42 
be explained systematically. In the past, droplet motion on asymmetrical microstructures has 43 
been predicted by making use of simulations,33,34 while other works have addressed a limited 44 
number of structural and wetting contrasts experimentally.22,23,26 However, systematic 45 
experimental work exploring a wider range of wetting contrasts, i.e., both average solid fraction 46 
and contrasting fraction, is necessary to develop a unified understanding of how motion of 47 
droplets can be controlled by surface structure. This is of paramount importance for the 48 
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formulation of the design guidelines for microfluidic devices and applications that need fine 1 
droplet control. 2 

In this work, we have studied experimentally the dependence of droplet motion induced by a 3 
sharp structural gradient, paying special attention to the morphological properties of the surface 4 
microstructures/ micro-rails. We investigated the movement of a droplet over the boundary of 5 
two different micro-striated surfaces looking closely at the effect of structural parameters that 6 
may have an influence. Comparing to continuous gradients23 or multiple structural units in 7 
series21,24,26, our contrasting striated surfaces provide a wide range of precise and pre-adjusted 8 
structural gradients, making it possible to systematically investigate the sole contribution of 9 
surface structure to the droplet motion. A criterion to predict the range of movement, 10 
henceforth referred to as displacement, and the motion speed is then put forward based on our 11 
experimental results. To acquire a further systematic knowledge of the motion, we additionally 12 
analysed experimentally the influence of inertial energy by releasing droplets from a controlled 13 
height as well as the influence of the droplet volume, on the displacement. This study 14 
contributes to understanding the mechanism of wettability-driven droplet motion, and proposes 15 
an instructive criterion when designing a surface microstructure for a specific displacement 16 
and velocity in microfluidic systems. 17 

To study the correlation between surface structure and droplet motion, we fabricated micro-18 
striated surfaces with pre-assigned height, h, width, w, and spacing, s, using photolithography 19 
and Deep Reactive-Ion Etching (Bosch process35) subsequently coated with a monolayer of 20 
perfluorodecyltrichlorosilane (FDTS), conferring homogeneous, intrinsic hydrophobicity to 21 
the micro-railed structures. Further surface fabrication details can be found in the 22 
accompanying Supplementary Information (SI). Fig. 1(a) shows Scanning Electron 23 
Microscopy (SEM) images of the straight boundary perpendicular to the contrasting striated 24 
surface. Solid fractions, 𝜑𝜑 = 𝑤𝑤/(𝑤𝑤 + 𝑠𝑠) between 0.1 - 0.91, were achieved by varying s and 25 
w whilst h is kept constant and equals 20 µm.  26 

 27 
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FIG. 1 (a) SEM images of surface structure at the boundary of units 1 (𝝋𝝋 = 𝟎𝟎.𝟏𝟏𝟏𝟏) and 2 1 
(𝝋𝝋 = 𝟎𝟎.𝟐𝟐𝟐𝟐). (b) Schematic diagram showing how droplet moves across the boundary. (c) 2 
Sequential photograph of a 9 µl droplet moving on the boundary of unit 1 and unit 2. Part 3 
of the period of motion (5-30 ms) and the final position (145 ms) with displacement, D, of 4 
the centre of mass from the initial position to the instantaneous position, are presented. 5 
The blue dot represents the centre of mass of the droplet while the dashed line shows the 6 
position of the boundary on the surface, clearly visible in the last photo (145ms). 7 

Experimental observations of droplet motion on micro-striated surfaces with a contrast in 8 
surface structure were carried out by gentle deposition of a droplet of distilled water of volume 9 
V = 9 µl (with radius of ca.1.3 mm, therefore being approximately spherical with characteristic 10 
length below 𝜅𝜅−1) at the boundary between two different surface units, this latter was shown 11 
in Fig. 1(a). Droplet deposition was finely controlled by the dosing system of the Drop Shape 12 
Analyzer 100 (DSA 100, Krüss GmbH, Hamburg, Germany). Before droplet deposition, the 13 
visible contrasting striated boundary (due to the different light reflection as a consequence of 14 
the different structure solid fractions, see Fig. 1c at 145 ms) was manually positioned just 15 
beneath the droplet by making use of the x-y-z positioning system of the DSA 100. Unless 16 
otherwise specified, all the experiments were carried out under the same conditions. After the 17 
droplet detaches from the needle, it spreads on the surface and then moves towards the high 18 
solid fraction region. Given that the release height is approximately zero during gentle 19 
deposition, inertial effects due to droplet deposition/impingement can be neglected. The motion 20 
of the droplet was recorded with a high-speed camera (1000 fps) and then the position of the 21 
centre of mass was extracted with a custom-made MATLAB code. Fig. 1(c) shows an example 22 
of a droplet moving across the structural contrast. 23 

Apparent, advancing and receding contact angles (CAs) for each structured surface unit as well 24 
as the intrinsic CA on the flat surface were measured using ADVANCE software from Krüss 25 
and are shown in Table I. 26 

TABLE I. Surface parameters w, s, and 
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8 20 5 0.80 114 2 124 ± 1 106 1 

9 50 5 0.91 110 1 120 ± 1 103 3 

Flat \ \ \ 111 1 119 ± 1 105 3  

 1 

Droplet motion is then induced by a contrast of solid fraction (in liquid contact) between two 2 
adjacent micro-striated surface units. Here, we present and discuss the influence of surface 3 
structure and the magnitude of the structural gradient on the droplet motion, i.e., displacement 4 
and velocity. We found that both the difference of 𝜑𝜑 across the boundary, defined as 𝛥𝛥𝛥𝛥 =5 
𝜑𝜑R − 𝜑𝜑L, and the average value of 𝜑𝜑, defined as 𝜑𝜑� = (𝜑𝜑R + 𝜑𝜑L)/2, have a strong direct impact 6 
on the motion, with subscript R and L define the right and left sides of the boundary. 7 

We then plot the displacement, D, vs. 𝜑𝜑� as shown in Fig. 2 where cases of D are distinguished 8 
based on different 𝛥𝛥𝛥𝛥. For a given constant 𝛥𝛥𝛥𝛥, D has an (apparently) exponential decay with 9 
𝜑𝜑�, as the best fit. For solid units with larger 𝜑𝜑� value, the droplet experiences a larger contact 10 
area with the surface inducing higher friction and greater CA hysteresis, eventually making the 11 
droplet less mobile. Besides, with an increase in Δ𝜑𝜑, the trend of D shifts upwards. 12 

 13 

FIG. 2. Displacement, D (mm), vs. average solid fraction, 𝝋𝝋� , for different cases of 14 
contrasting solid fraction, . Exponential trends illustrate the best fit between 15 
displacement D and average solid fraction 𝝋𝝋�  . Each data point includes its 16 
associated standard error from 5 independent experiments.  17 

We now provide further analysis and discussion on the different parameters and forces present. 18 
On a (general) composite solid consisting of two different surface structures, fraction 𝑓𝑓1 having 19 
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an intrinsic contact angle of 1 and fraction 𝑓𝑓2  =  (1 − 𝑓𝑓1), an equivalent value of 2, the 1 
effective contact angle, 𝜃𝜃∗, is given by the classic Cassie and Baxter equation:27 2 

 cos 𝜃𝜃∗ = 𝑓𝑓1 cos𝜃𝜃1  + (1 − 𝑓𝑓1) cos𝜃𝜃2.  (1) 3 

If we then take 𝑓𝑓1 as the solid-liquid contact fraction, 𝜑𝜑, with an intrinsic contact angle Y,36 4 
and 𝑓𝑓2 represents air so that cos 𝜃𝜃2 = −1, the following relation is found: 5 

 cos 𝜃𝜃∗ = −1 + 𝜑𝜑(cos 𝜃𝜃Y + 1), (2) 6 

By applying Eq. 2 to the expression for the initial driving force in the direction of motion for a 7 
2-dimensional (2D) droplet, we get: 8 

𝐹𝐹d = (𝛾𝛾SV − 𝛾𝛾SL)R + (𝛾𝛾SL − 𝛾𝛾SV)L = 𝛾𝛾(cos 𝜃𝜃R∗ − cos 𝜃𝜃L∗) = 𝛾𝛾(cos 𝜃𝜃Y + 1)Δ𝜑𝜑, (3) 9 

where 𝛾𝛾SV and 𝛾𝛾SL are the solid-vapor and solid-liquid surface tension and the subscripts R and 10 
L present the right and left edge of the 2D droplet. On the one hand, from Eq. 3, the initial 11 
driving force acting on the droplet, Fd, is dominated by the wettability gradient across the 12 
boundary. Then, for a fixed 𝜑𝜑� , larger 𝛥𝛥𝛥𝛥 causes a greater driving force, 𝐹𝐹d, and therefore, 13 
further droplet displacement, as clearly demonstrated in Fig. 2. On the other hand, 𝜑𝜑�  is an 14 
indicator of the surface area of the droplet in physical contact with the solid surface near the 15 
contact line, i.e., indicator of the resistance (friction). Hysteresis is also found to increase with 16 
increasing 𝜑𝜑 as shown in Table I. 17 

From the two-dimensional (2D) force analysis above, it can be concluded that the motion 18 
displacement D is governed by two parameters; 𝜑𝜑� and 𝛥𝛥𝛥𝛥. 𝜑𝜑� accounts for the resistance that 19 
prevents the droplet from moving 𝐹𝐹r ∝ 𝜑𝜑� whilst 𝛥𝛥𝛥𝛥 represents the driving force exerted on the 20 
droplet 𝐹𝐹d ∝ Δ𝜑𝜑. However, neither 𝜑𝜑� nor 𝛥𝛥𝛥𝛥 alone can fully describe the motion. In order to 21 
depict these two forces acting on the droplet, we propose a unified criterion for the boundary, 22 
defined as: 23 

 𝛼𝛼 = 2(𝜑𝜑R − 𝜑𝜑L)/(𝜑𝜑R + 𝜑𝜑L) = ∆𝜑𝜑/𝜑𝜑�, (4) 24 

which can be regarded as the ratio of driving force to resistance. The results of D and average 25 
velocity, v, as functions of  are shown in Fig. 3(a)&(b) respectively. The average velocity, v, 26 
is estimated as the displacement divided by elapsed time before the droplet stops.  27 

 28 

FIG. 3. (a) Displacement, D (mm), and (b) average velocity, v (mm/s), vs. boundary 29 
criterion, . Green circles: Non-overshooting cases where the droplet eventually sits on 30 
the boundary. Blue squares: Overshooting cases where the droplet moves fully across the 31 
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boundary. Each data point includes the standard error from five independent 1 
measurements. The coefficients of determination are 0.936 and 0.996 for the fitting lines 2 
for non-overshooting cases in (a) and (b) respectively. 3 

In Fig. 3 (a), there is a clear trend shown by D vs. . Before  reaches the threshold (of ca. 4 
0.65), the droplet is unable to move entirely across the boundary due to the insufficiency of 5 
driving force combined with relatively high resistance. In these cases, results can be 6 
summarised by an empirical relation: 𝐷𝐷 = 2.18(𝛼𝛼 − 0.09) mm. 90% confidence intervals for 7 
the fitting coefficients of the prefactor (2.18 ± 0.24) and the intercept (0.09 ± are found 8 
for  between 0 and 0.65. The intercept indicates that, for a fixed intrinsic wettability of the 9 
surface structures, if the ratio of the driving force (provided by the contrasting structure across 10 
the boundary) to resistance force (from the liquid-solid contact area) is very small, no 11 
horizontal displacement occurs. The magnitude of this intercept represents resistance to the 12 
motion and will be a function of intrinsic surface hysteresis and friction to be overcome in 13 
order for the motion of the droplet to ensue. The prefactor is the slope obtained as linear fit of 14 
the data, which at the present remains as an empirical quantity accounting for other chemical 15 
and physical properties of the surface. With the increase of , the droplet is eventually able to 16 
move across the boundary completely and overshoots by a certain distance (blue squares). 17 
When the droplet overshoots with 𝛼𝛼 above 0.7, D deviates from the trend due to the lack of 18 
driving force after departure from the boundary and sits around 1.4 mm away from the 19 
boundary. With this relation, we can use the criterion  to describe how far the droplet can 20 
move on the surface. 21 

The average velocity, v, varies from ca. 5 mm/s to ca. 30 mm/s, which is also highly dependent 22 
on the geometrical properties across the boundary, , as shown in Fig. 3(b). We note here that 23 
the velocity calculation procedure by either averaging the velocity of the droplet before or after 24 
the droplet leaves the boundary did not provide any major qualitative or quantitative differences. 25 
A linear dependence of average velocity on  is found at 𝑣𝑣 = 44 𝛼𝛼 mm/s . The fitting 26 
coefficient was found to be 44 ± 1 with a 90% confidence interval. This relation is derived for 27 
the non-overshooting cases for  between 0 and 0.65 in Fig. 3(b). However, it can be 28 
extrapolated up to  = 1 where the droplet overshoots not far from the boundary. For larger 29 
values of , the droplet velocity deviates from the trend due to the lack of driving force and 30 
becomes constant with values of ca. 30 mm/s, which is twice as fast as the micro-pillar cases.21 31 
By balancing the driving force Fd, viscous force Fv and contact line friction force FCL, the 32 
droplet velocity takes the form: 33 

  𝑣𝑣≅
𝛾𝛾(cos𝜃𝜃Y+1)

2𝜉𝜉
∆𝜑𝜑
𝜑𝜑� ,  (5) 34 

where 𝜉𝜉 is a friction parameter accounting for the friction at the solid-liquid interface (see SI), 35 

∆𝜑𝜑/𝜑𝜑� equals  and is only function of the structural properties, and 𝛾𝛾(cos𝜃𝜃Y+1)
2𝜉𝜉

  is proportional 36 

to the prefactor and function of the physical and chemical properties of the surface. Derivation 37 
of v can be found in the SI. It is clear that based on the geometrical criterion one can control 38 
the droplet velocity and displacement over a broad range of values with high accuracy, in 39 
particular the relative 90% confidence intervals are within 7% and 2% for the displacement, D, 40 
and the velocity, v, respectively. 41 

To provide further insight into the actuation energy due to gravitational potential energy, we 42 
released droplets of volume, V, of 11 µl (ca. 1.4 mm in radius and below 𝜅𝜅−1)43 

ifferent 44 
heights above the boundary of structural contrast on the surface correspond to different Weber 45 
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numbers, We, defined as 𝑊𝑊𝑊𝑊 = 2𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝛾𝛾

, where H is the distance between the droplet bottom and 1 

the solid surface and R, the radius of an equivalent sphere with the same volume, is the 2 

characteristic length for the droplet: 𝑅𝑅 = �3𝑉𝑉
4𝜋𝜋
�
1
3. The regime of impingement studied here is far 3 

from that required to overcome the capillary pressure inducing the impalement of the droplets 4 
onto microstructures,37,38. D vs. We is shown in Fig. 4(a). 5 

 6 

FIG. 4. (a) Displacement, D (mm), vs. Weber number, We, at the boundary of structured 7 
units 1 (𝝋𝝋 = 𝟎𝟎.𝟏𝟏𝟏𝟏) and 2 (𝝋𝝋 = 𝟎𝟎.𝟐𝟐𝟐𝟐) with fixed 𝜶𝜶 = 𝟎𝟎.𝟔𝟔𝟔𝟔. The droplet bounces off the 8 
substrate when We is greater than ca. 0.4. (b) Displacement, D (mm), vs. droplet volume, 9 
V (µl), within the capillary length for water upon droplet gentle deposition, i.e., We ca. 0, 10 
shown at the boundary of units 1 (𝝋𝝋 = 𝟎𝟎.𝟏𝟏𝟏𝟏) and 2 (𝝋𝝋 = 𝟎𝟎.𝟐𝟐𝟐𝟐) , i.e., fixed 𝜶𝜶 = 𝟎𝟎.𝟔𝟔𝟔𝟔. 11 
Error bars for each data point represent the standard error from 5 independent 12 
measurements. See SI for further analysis in the measurements and errors. 13 

It is found that D and the overshooting distance increase linearly with droplet release height, H, 14 
for We smaller than 0.4. For larger We, the droplet bounces off from the substrate after the first 15 
contact and then falls onto the substrate again without appreciable increase in D as inertial 16 
energy is increased further.  17 

Finally, we address the effect of droplet size on the displacement upon gentle droplet deposition 18 
on the boundary, i.e., H  0 and hence We  0. In order to represent the displacement with 19 
respect to the different droplet sizes, we adopt D/R versus V in Fig. 4(b). The plateau trend 20 
indicates that there is no apparent change of D/R with increase in V between 7µl and 15µl 21 
(droplet radius below the capillary length). The size of the deposited droplet has hence little 22 
contribution to the movement. 23 

We report here on the motion of a sessile droplet being deposited on the boundary of two micro-24 
striated, surfaces varying in geometry, and therefore in the solid surface fraction presented to 25 
the liquid. We investigated the properties that influence the displacement and the velocity of 26 
the droplet motion. The influence of surface structure on the droplet motion was systematically 27 
studied for a wide range of solid fraction and contrasting fraction across the interface. A unified 28 
criterion,  and 𝜑𝜑� related to the driving and friction forces 29 
respectively) is proposed for the accurate prediction of the displacement and velocity of the 30 
droplet motion across a single boundary on micro-striated surfaces. Although the displacement 31 
is restricted without multiple contrast in sequence or a continuous gradient, this study is 32 
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fundamental and instructive for the optimization of several wettability contrast in series20,26 1 
permitting the droplet to reach specific location at certain velocities, of importance for specific 2 
engineering applications.  3 

 4 

Supplementary Material 5 

See supplementary material for more information about the surface fabrication details, the 6 
interpretation of the velocity empirical relation and the experimental details. 7 

 8 
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Abstract 

Liquid droplets move readily under the influence of surface tension gradients on their substrates. 

Substrates decorated with parallel microgrooves, or striations, presenting the advantage of 

homogeneous chemical properties yet varying the topological characteristics on either side of a 

straight-line boundary are considered in this study. The basic type of geometry consists of 

hydrophobic micro-striations/rails perpendicular to the boundary, with the systematic variation of the 

width to spacing ratio, thus changing the solid-liquid contact fraction and inducing a well-defined 

wettability contrast across the boundary. Droplets in the Cassie-Baxter state, straddling the boundary, 

move along the wettability contrast in order to reduce the overall surface free energy. Results show 

the importance of average solid fraction and contrasting fraction in a wide range for given geometries 

across the boundary on droplet motion. A unified criterion for contrasting striated surfaces, which 

successfully describes the displacement and the velocity of the droplets, is suggested, providing 

guidelines for droplet manipulation on micro-striated/railed surfaces. 
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Details on surface fabrication  

4-inch silicon wafer were purchased from Si-Mat (Silicon Materials, Landsberg, Germany). 
Thereafter, hexamethyldisilizane (HMDS) was applied to the wafer as adhesive for the 
photoresist for 10 minutes. We note here that no further cleaning procedure was carried out as 
any further cleaning or wet cleaning treatment may indeed induced further deposition of dirt or 
contaminants. Then, wafers were placed in an SVG 8600 (Silicon Valley Group, USA) track 
system in order to dispense and spin coat a SPR 350 photoresist layer of 1.2 µm in thickness. 
Then, the wafer and the photoresist are soft-baked on a heating plate at 90 ºC for 60s, exposed 
for 5 seconds in vacuum inside a Karl Suss MA8 mask aligner (Süss, Garching, Germany) and 
further developed inside the SVG 8600. The substrates were then covered by a pre-designed 
mask displaying the desired micro-structure patterns, which were then exposed to UV light 
through the mask. After the development process, the exposed resist was washed away, leaving 
the patterned resist on the substrates. 

The substrates were then subjected deep reactive-ion etching (deep RIE, Bosch process) in a 
surface technology system STS Multiplex ICP (inductively coupled plasma) etching for 20 
cycles. After etching, the resist was removed from the substrate by acetone, leaving the rigid 
microstructures with a height of 20 µm on the substrates. 

The surface fabrication was carried out within the Class 10 cleanrooms of the Scottish 
Microelectronic Centre (SMC). After fabrication, the substrates were sealed in a wafer box and 
sent to Memsstar Ltd., Scotland for coating. A monolayer of Perfluorodecyltrichlorosilane 
(FDTS) was applied onto the substrates, making the surface microstructures intrinsically 
hydrophobic. 

 

Interpretation of the prefactor for the expression of velocity 

On one hand, for the resistance forces in the direction of motion for a two-dimensional (2D) 
droplet with a unit thickness, firstly we consider the viscous force Fv: 

 𝐹𝐹𝑣𝑣 = ∫ 𝜇𝜇 𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕

𝑑𝑑𝑆𝑆𝑏𝑏≅𝜇𝜇 𝑣𝑣
𝑟𝑟

· 2𝑟𝑟𝜑𝜑� = 2𝜇𝜇𝜑𝜑�𝑣𝑣, (SI.1) 

where 𝑣𝑣𝑥𝑥 is the velocity in droplet bulk, v is the droplet velocity, 𝑆𝑆𝑏𝑏 = 2𝑟𝑟𝜑𝜑� is the base solid-
liquid contact area, 𝜇𝜇  is the liquid viscosity, 𝜑𝜑�  is the average solid fraction between 2 
wettability contrast units, and r is the droplet base radius in contact with the structured surface. 
In addition, the friction at the three-phase contact line (CL) FCL, which typically governs the 
resistance force on structured surfaces, is expressed as follows: 

 𝐹𝐹CL = 2𝜉𝜉𝜑𝜑�𝑣𝑣, (SI.2) 

where 𝜉𝜉 is the friction parameter accounting for the friction at the solid-liquid interface.  
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The driving force Fd is on the other hand expressed as in Eq. 3 of the main manuscript: 

 𝐹𝐹d = (𝛾𝛾𝑆𝑆𝑆𝑆 − 𝛾𝛾𝑆𝑆𝑆𝑆)𝑅𝑅 + (𝛾𝛾𝑆𝑆𝑆𝑆 − 𝛾𝛾𝑆𝑆𝑆𝑆)𝐿𝐿 = 𝛾𝛾(cos 𝜃𝜃R
∗ − cos 𝜃𝜃L

∗) = 𝛾𝛾(cos 𝜃𝜃Y + 1)Δ𝜑𝜑 (SI.3) 

Then, balancing the driving force (Eq. SI.3), viscous force (Eq. SI.1), and contact line force 
(Eq. SI.2), we derive an expression for the velocity v as Eq. SI.4: 

 𝑣𝑣≅
𝛾𝛾(cos 𝜃𝜃Y+1)∆𝜑𝜑

2(𝜉𝜉+𝜇𝜇)𝜑𝜑�
= 𝛾𝛾(cos 𝜃𝜃Y+1)

2(𝜉𝜉+𝜇𝜇)
𝛼𝛼. (SI.4) 

Given 𝛾𝛾 ≅ 7.2 · 10−2N/m,  𝜇𝜇 = 8.9 · 10−4 Pa · s, (cos 𝜃𝜃Y + 1) ≅ 0.66, 𝑟𝑟 ≅ 10−3 m, and the 
empirical equation: 𝑣𝑣 = 34 𝛼𝛼 mm/s, we can estimate the contact line friction parameter as 𝜉𝜉 ≅
0.7 Pa · s. Then, for 𝜉𝜉 ≫ 𝜇𝜇 contact line friction dominates the resistance against droplet motion 
and Eq. SI.4 can be simplified as Eq. SI.5 (Eq. 5 of the main manuscript): 

 𝑣𝑣≅
𝛾𝛾(cos 𝜃𝜃Y+1)

2𝜉𝜉
𝛼𝛼. (SI.5) 

In Eq. SI.5 and Eq. 5 of the main manuscript, 𝛼𝛼 is solely function of the structural properties 

between two units, while 𝛾𝛾(cos𝜃𝜃Y+1)
2𝜉𝜉

 is in turn solely function of the chemical properties of the 

surface and the fluid, i.e., surface tension liquid-gas and intrinsic wettability of the surface. 

Then it seems reasonable to group 𝛾𝛾(cos𝜃𝜃Y+1)
2𝜉𝜉

 within the proposed prefactor. 

 

Measurement error for droplet volume 

The error bar for volume in Fig 4(b) is the standard error from 5 independent measurements 
and calculations via image processing. The deviation of volume comes from the difficulty to 
deposit water droplet onto hydrophobic surfaces with low solid fraction, i.e., superhydrophobic 
surfaces. When the volume is small, it is difficult for the water droplet to detach from the needle 
due to the low adhesion between the droplet and the hydrophobic surface, and when the volume 
is large, the surface tension cannot always hold the dosed droplet as a whole, leaving a small 
part of droplet attached to the needle, hence dosing less volume than expected. 

 


