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Droplet control on textured surfaces has attracted much attention in the fields of drag reduction and high-efficiency microreactors. 
We investigated the profile characterization and temperature dependence of droplet control between wetting and non-wetting on a 
series of textured silicon surfaces. Surfaces were fabricated using photolithography, and the temperature-dependent wettability of 
the single phase regime droplets was characterized using dynamic contact angle measurements. The experiments demonstrated 
that the profile of textured surfaces characterizes the droplets Leidenfrost point. The Leidenfrost point is proportional to the mi-
cro-pillar size and rectangular wave-length of the textured surface and is inversely proportional to ambient temperature. The Lei-
denfrost droplets moved freely on the textured surface, almost without hysteresis. Droplets could be directed on the surface of 
microreactors with a low driving force. 
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Microelectronic mechanical systems have recently been 
developing rapidly across many fields. Microfluidics is es-
sentially a branch of microelectronic mechanical systems 
and has applications in biochemical analysis, blood tests, 
and microelectronic cooling systems [1]. It is becoming 
clear that the traditional methods for doing chemistry are 
not sustainable and must be changed. Droplet-based micro-
reactor technologies offer a solution because they are in-
herently less wasteful than traditional methods and because 
they provide unprecedented reaction control. The small size 
of microreactors provides complete mixing and precise 
temperature control, thus avoiding hot spots. It also offers 
better regioselectivity, chemical selectivity, and yield for 
many chemical reactions with minimal byproducts [2–7]. 
With the development of better droplet control models, mi-
croreactors have attracted much attention from the funda-
mental and applied scientists in biology and chemistry [8,9].  
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Microreactors still require improvements on many issues, 
including dynamic flow development, precise droplet con-
trol, rectifying incompatibilities with reagents and interme-
diates, and the removal of side products. Hence, precise 
droplet control is a core issue. Methods for manipulating 
droplets are continuously being developed to take advantage 
of physical principles. Examples include hydrodynamics, 
acoustic waves [10] or mechanical vibrations [11], elec-
trokinetics [12,13], thermal gradient effects [14], Marangoni 
effects [15–17], and surface chemistry [18,19]. Such devel-
opments will lead to further applications, especially for 
thermal gradient systems where a droplet deposited on a 
Leidenfrost ratchet-like surface has achieved speeds of 5 
cm/s over distances of up to 1 m, without any external 
power. For a Leidenfrost droplet, a smooth hysteresis arises 
from a lubricating vapor layer separating the droplet from 
the supporting surface [20]. In 1756, Leidenfrost discovered 
that a droplet could maintain its motion and be sustained for 
a long time on heated surfaces by a vapor layer, and this 
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became known as self-lubrication of the Leidenfrost droplet. 
However, it is unknown how the profile of rough surfaces 
affects the Leidenfrost droplet. Advances in research of 
Leidenfrost droplets will help lead to precise control of 
thermal and motion states in droplet-based microreactors. 

Here, we report the temperature dependence of droplet 
control on a textured surface. The textured surfaces have 
been constructed from parallel square-pillars fabricated by 
the photolithography of silicon plates. The temperature- 
dependent wettability of single-phase regime droplets was 
characterized on these surfaces using dynamic contact angle 
measurements. With increasing temperature, the microli-
ter-sized droplets showed single-phase, nucleate-boiling, 
transition-boiling, and film-boiling regimes. Droplets have 
been called Leidenfrost droplets within the film-boiling 
regime. The Leidenfrost droplets moved freely on an in-
clined textured surface (inclination angle of 2°), and drop-
lets could be directed with a low driving force. Our experi-
ments have characterized the effect of textured surface pro-
file on the droplet’s Leidenfrost point (LFP). The LFP is 
proportional to micro-pillar size and rectangular wave- 
length of the textured surfaces and inversely proportional to 
ambient temperature. 

1  Experimental 

1.1  Design of the textured surface in microreactors 

Microreactors have been constructed from various materi-
als, such as silicon, quartz, glass, metals, and polymers. 
Various fabrication methods are available, including photo-
lithography, hot embossing, powder blasting, injection 
molding and laser micro forming, the choice of which de-
pends on the material being used [21]. Microreactors have 
often been designed with many micro channels for use in a 
two-phase fluid system. To our knowledge, there have been 
few details published concerning microreactors prepared 
from textured plates. If such a microreactor could induce the 
formation of self-lubricating Leidenfrost droplets, it would 
be useful for controlling the motion and heat management 
of the droplets. 

1.2  Fabrication of the textured surface 

Textured surfaces with square pillars of different dimen-
sions were made from silicon wafers. The silicon was 
etched using lithography (Karl Suss MA6, Shipley LC100A 
1 μm) and inductively coupled plasma techniques to form 
square micropillar arrays. This is depicted scheme sche-
matically in Figure 1. The regular textured surfaces con-
sisted of a micro square pillar array, characterized by pillar 
size d×d, height H, and pillar spacing w. The rough surface 
was designed in a regular arrangement with a variable 
roughness gradient, by controlling d and w (parameters of  

 

Figure 1  (a) Photograph of the textured surface sample; (b) A 3D image 
of the textured surface (3D laser scanning microscope dimensions system, 
Keyence VK-9700). Plan and cross-section schematic views of the square 
pillar geometry are shown in (c) and (d), respectively. 

the textured surface are shown in Table 1). The height was 
kept constant for all the micropillars at 5 μm. 

1.3  Characterization of droplets on the textured  
surface 

The dynamic contact angle and morphology of droplets on 
the textured surface were recorded using a camera of Data-
physics contact angle measuring system (OCA-20, Ger-
many, 200 frames/s). A dataphysics TC/TEC 700 electrical 
thermal chamber was used to control the surface tempera-
ture. Droplets were deposited by a Hamilton DS 500/GT 
(USA) precision syringe. Silicon plates were ultrasonically 
cleaned in ethanol before use. Deionized water was used in 
all experiments and the water was frequently replaced to 
ensure consistent fluidic conditions. 

Table 1  Parameters profiling the textured surface 

Group d (μm)a) w (μm)a) f b) 

A1 2.5 2.5 0.25 

A2 2.5 3.09 0.2 

A3 2.5 4 0.15 

A4 2.5 5.4 0.1 

A 

A5 2.5 8.7 0.05 

B1 5 5 0.25 

B2 5 6.2 0.2 

B3 5 7.9 0.15 

B4 5 10.8 0.1 

B 

B5 5 17.4 0.05 

C1 10 10 0.25 

C2 10 12.4 0.2 

C3 10 15.84 0.15 

C4 10 21.6 0.1 

C 

C5 10 34.7 0.05 

D D1 50 50 0.25 

a) Arithmetic mean, b) f=d2/(d2+w2). 
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2  Results and discussion 

With increasing temperature of the textured surface, a 
transformation from wetting to dewetting of the droplet 
properties was observed. This progressed through four dis-
tinct heat transfer regimes, namely individual single phase, 
nucleate boiling, transition boiling, and film boiling regimes 
(Figure 2). Only the film-boiling regime provided the drop-
let with the ability for motion, lubricating the motion using 
the evaporation film between the droplet and surface. This 
droplet took longer to evaporate than the other droplets at 
high temperature. The surface temperature during the drop-
let state transformation from transition boiling to film boil-
ing is termed the LFP. Once in the film boiling regime, the 
droplet is known as the Leidenfrost droplet. Leidenfrost 
droplets offer the potential for accurate droplet control in 
microreactors, given the self-lubricating and long-surviving 
properties of such droplets at high temperature. Leidenfrost 
droplets may also offer an ideal micro-environment to sustain 
a constant solute concentration during reaction, with the inert 
carrier gas removing surplus evaporation from the solution. 

Gas-liquid-solid interfaces of droplets on a textured sur-
face can be continuous in the single-phase regime. The 
temperature-dependent wettability of single-phase regime 
droplets was characterized using dynamic contact angle 
measurements. In this regime, heat from the surface was 
conducted through the liquid film and dissipated by evapo-
ration at the liquid-gas interface. In the nucleate boiling 
regime, vapor bubbles were produced, and the correspond-
ing heat flux increased dramatically. Droplet lifetime de-
creased and tended to a minimum at the critical heat flux 
point. We traced the droplet state in these two regimes using 
two different profiled textured silicon surfaces (A1 and D1, 
Table 1) and dynamic contact angle measurements at three 
different temperatures (72°C, 92°C, 122°C), as shown in 
Figure 3. With increasing temperature, droplet lifetime  

 

Figure 2  Curve showing droplet evaporation on a hot textured silicon 
surface. 

 

Figure 3  Dynamic contact angle curves for droplets on textured surfaces. 
(a) A1 and (b) D1 textured surfaces (see Table 1). 

quickly decreased. Droplets evaporated faster on the smaller 
pillar surface. The droplet profile decreased in the single 
phase regime, and the contact angle gradually declined. 
Droplets could not maintain a continuous profile at 122°C, 
because vapor production increased in the nucleate boiling 
regime. These experiments demonstrated that the heat con-
duction of the textured silicon surfaces could be increased 
by increasing the surface roughness. It effectively shortened 
the wave-length of the surface micro pattern. 

With increasing surface temperature, the droplet pro-
gressed into the transition regime. Compared with the first 
two regimes, the surface showed a distinctive heat flux 
route between the solid-liquid interface. In the transition 
regime, a non-continuous insulating vapor layer developed 
beneath portions of the droplet, leading to a reduced evapo-
ration rate and increased drop lifetime. Heat conduction 
decreased and heat emission increased. At the upper end of 
the transition boiling regime (LFP), the vapor layer grew 
substantially to prevent any significant contact between the 
droplet and surface. Here, droplet evaporation time reached 
a maximum. Above the LFP, the droplets remained sepa-
rated from the surface by a thin vapor layer, through which 
heat was transmitted. 

Any rough surface could potentially show characteristics 
of heat emission. Bernarain et al. reported that the LFP 
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temperature was sensitive to polished, particle blasted and  
rough sanded surface finishes and their respective average 
roughness values were 97, 970 and 2960 nm [22]. Their 
study was limited to finishing methods and could not pro-
vide an accurate relationship between the surface micro- 
geometry and droplet LFP. In contrast, our study investi-
gated controlling the Leidenfrost droplet on a series of three 
textured silicon surfaces at a temperature of 23°C. Figure 
4(a) shows that the droplet LFP temperature depended on 
the pillar geometry of the textured surface. In the same pil-
lar size group, the LFP temperature decreased with the area 
ratio (f, the rate apparent surface to project surface) of the 
surface. For the same area ratio, the LFP temperature in-
creased with increasing pillar size. We speculate that the 
LFP temperature change resulted from various hot spots 
distributed on the surface, shown schematically in Figure 5. 
The short wave length of the micro pattern led to greater 
heat emission. The temperature of the top of the pillar will 
also be higher than that of the bottom of the spaces between. 
The top of the textured surface then adopted a thermal dis-
tribution pattern, which is representative of the orthogonal 
rectangular wave of the textured silicon surface. The distri-
bution of the hot micro-sites was directly related to the va-
por flow. Conversely, the vapor torrent affected the stability 
of the evaporated film under the droplet. Lastly, the droplet 
was broken up, and the LFP temperature increased. 

 

Figure 4  (a) Dependence of LFP temperature on droplet geometry, where 
f is the droplet area ratio; (b) effect of ambient temperature on the droplet 
LFP temperature. The textured surface was from series A (Table 1). 

 

Figure 5  (a) The scheme of hot spots distributions on a textured surface; 
(b) effect of the short-wave surface on droplet configuration; (c) effect of 
the long-wave surface on droplet configuration. 

Droplet LFP temperature depended on the surface ge-
ometry and also on the ambient temperature (Figure 4b). As 
ambient temperature increased from 23°C to 25°C, the LFP 
temperature decreased on 2.5 μm pillar series textured sur-
face. This is because the droplets reduced thermal require-
ments for constructing the evaporated film in the high tem-
perature environment. 

Figure 6(a) and 6(b) show the stickiness of the droplet on 
a textured surface at 50°C, which was lower than the LFP 
temperature. Figure 6(c) and (d) show the non-stickiness and 
self-lubricating motion of the Leidenfrost droplet. As the 
film boiling regime progressed, droplet mobility was as-
sisted by the evaporated film. The Leidenfrost droplet could 
vibrate freely on the horizontal textured surface (Figure 
6(c)). It could also move smoothly on the inclined textured 
surface (Figure 6(d)). A microreactor treated with different 
textured surfaces may satisfy different requirements for 
chemical reaction temperature, and so could be suitable for 
different solvent environments. Leidenfrost supercritical 
carbon dioxide droplets could also be used in the microre-
actor system. This research can contribute to building an 
ideal green system for the organic synthesis and drug dis-
covery, as it would reduce expense, space, and labor re-
quirements. 

3  Conclusions 

In this study, we have presented a thermal-assisted micro-
reactor model with controllable Leidenfrost droplets on 
textured surfaces that could be used to save energy. The 
experiments demonstrated that the profile of the textured 
surfaces characterizes the LFP of droplets. The LFP of 
droplets was proportional to the micro-pillar size and rec-
tangular wave-length of the textured surfaces, and inversely 
proportional to ambient temperature. The self-lubrication of 
the Leidenfrost droplet minimizes drag in microreactors. 
Based on our study, the profile characterization and tempera-
ture dependence of droplet control could be promising for 
microreactor development. The availability of microreactors  
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Figure 6  (a) Droplet shape on a horizontal A1 textured surface at 50°C; 
(b) droplet shape on an inclined A1 textured surface at 50°C, with a 30° 
angle of inclination; (c) the vibration of the Leidenfrost droplet on a hori-
zontal A1 textured surface at 50, 55, 100 and 110 ms; (d) the motion of the 
Leidenfrost droplet on an inclined A1 textured surface at 10, 40 and 70 ms, 
with a 2° angle of inclination. 

with different textured surfaces may broaden their applica-
tion in the chemical reactions over wide temperature ranges. 
Accumulated knowledge on textured surfaces will advance 
the design of future microreactors and benefit the chemical 
industry, building a greener world. 
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