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Path-programmable water droplet 
manipulations on an adhesion 
controlled superhydrophobic 
surface
Jungmok Seo1,*, Seoung-Ki Lee1,*, Jaehong Lee1, Jung Seung Lee2, Hyukho Kwon1,  
Seung-Woo Cho2, Jong-Hyun Ahn1 & Taeyoon Lee1

Here, we developed a novel and facile method to control the local water adhesion force of a thin and 
stretchable superhydrophobic polydimethylsiloxane (PDMS) substrate with micro-pillar arrays that 
allows the individual manipulation of droplet motions including moving, merging and mixing. When 
a vacuum pressure was applied below the PDMS substrate, a local dimple structure was formed and 
the water adhesion force of structure was significantly changed owing to the dynamically varied pillar 
density. With the help of the lowered water adhesion force and the slope angle of the formed dimple 
structure, the motion of individual water droplets could be precisely controlled, which facilitated 
the creation of a droplet-based microfluidic platform capable of a programmable manipulation of 
droplets. We showed that the platform could be used in newer and emerging microfluidic operations 
such as surface-enhanced Raman spectroscopy with extremely high sensing capability (10−15 M) and 
in vitro small interfering RNA transfection with enhanced transfection efficiency of ~80%.

Functionally integrated microfluidic devices that allow various laboratory operations in multidisciplinary 
fields have attracted considerable attention due to their efficient and adjustable reactions with small 
amounts of samples1–4. Owing to the large spectrum of potential uses, advances in microfluidics over 
the past decade have achieved sophisticated functionality and in-depth strategies for fluid handling. 
Conventionally, microfluidic devices have been studied based on a continuous flow system composed 
of microchannels, which requires multiple components including pumps, valves and mechanical mix-
ers. However, several inherent problems of the microchannel based system such as unintended flow 
patterns caused by particular boundary effects, limited flow velocities and the lack of reconfigurability, 
have become serious obstacle to sustainable development. Interest in the development of a droplet-based 
microfluidic system as an alternative platform has increased due to its benefits in terms of low sample 
consumption, rapid reactions and the capability of integration with other analytical techniques5–8. A fair 
number of approaches have been investigated for the individual control of droplets including electrowet-
ting6,8,9, light-induced actuation10,11, magnetic fields12–15, electrostatic forces16,17, and dielectrophoresis18. 
However, the aforementioned techniques require the additional additives such as magnetizable particles 
in droplets and external electric/magnetic field sources; these may result in undesired reactions during 
the operation of the microfluidic devices, which frustrate the versatile applications.

Recently, bio-inspired superhydrophobic surfaces that exhibit unique surface wetting properties have 
been utilized in the droplet-based microfluidic systems, since liquids on the surfaces can exist in indi-
vidually controllable droplet states19,20. Droplet manipulation on the superhydrophobic surface can be 
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achieved by engineering of the surface’s chemical or structural properties, which are directly related 
to the surface wetting and adhesion. Malvadkar et al.21 described anisotropic textured superhydropho-
bic surfaces that facilitated the uni-directional transportation of water droplets owing to energy barrier 
principles, which caused wettability differences along the sliding direction. Li et al.22,23 and Seo et al.24,25 
developed smart superhydrophobic surfaces with tunable surface wetting and adhesion properties by 
using organic and inorganic materials that are responsive to external stimuli such as temperature, light 
sources and gas. Wu et al. demonstrated a curvature-driven in situ switching of superhydrophobic state 
from the pinned to roll-down for water droplet transportation26. Nevertheless, droplet manipulation on 
the superhydrophobic surfaces has included only a limited set of simple fluidic operations, significantly 
hindering its practical usage in an open-channel, droplet-based microfluidic system.

Herein, we present a novel method to control the water droplet motions on a thin and stretchable 
superhydrophobic polydimethylsiloxane (PDMS) surface via the formation of a local dimple structure. 
We found that an as-fabricated flat superhydrophobic surface without deformation had uniform adhesive 
force to water (Fadh) in all of the areas with a water contact angle (WCA) of 151 ±  3°. When the local 
dimple structure was formed by the applied vacuum pressure below the suspended superhydrophobic 
substrate, Fadh of the superhydrophobic surface could be locally changed by the generated positive/neg-
ative curvature of the dimple structure. Consequently, the changed Fadh and slope wall of the dimple 
structure enable the capturing and moving water droplets along the local dimple structure without any 
additives and external field sources, by the utilization of the gravitational force. Based on the real-time 
manipulation of the dimple structure, the in situ control of water droplet motions including droplet 
transportation, merging, mixing and analysis were accomplished. As a proof-of-concept experiment, we 
demonstrated a programmable platform capable of newer and emerging bio-chip applications such as 
highly sensitive surface-enhanced Raman spectroscopy (SERS) measurements up to 10−15 M of sensing 
capability and in vitro small interfering RNA (siRNA) transfection with enhanced transfection efficiency 
of ~80%, due to the increased homogeneous mixing of transfection complexes on the platform.

Results
Fabrication of a superhydrophobic substrate for a droplet-based microfluidic platform.  
Figure 1a shows a schematic illustration of our open-channel, droplet-based microfluidic platform, which 
enables the individual control of droplet motions including moving, merging, mixing and analysis via the 
simple formation of a local dimple structure. PDMS was used as a substrate due to its excellent flexibility, 
superior chemical stability, and biocompatibility27. A wafer-scale, thin PDMS substrate with micro-pillar 
arrays was successfully fabricated through a single moulding step (Supplementary Fig. 1). Figure  1b 
illustrates a typical scanning electron microscope (SEM) image of the regular PDMS micro-pillar arrays 
with 4.5 μ m periods. The micro-pillar arrays that were designed with round tips could effectively reduce 
the contact area between the substrate and the water droplets, which induced superhydrophobicity with 
an extremely large WCA of 151 ±  3° (Fig. 1c,d). Owing to the thin (275 μ m thick) and flexible nature of 
the PDMS substrate, the fabricated substrate with micro-pillar array could provide excellent reversible 
stretchability without residual distortion (Fig. 1e).

Formation of vacuum induced local dimple structure. To manipulate individual water droplet 
motions on the superhydrophobic PDMS substrate, a millimeter-scale dimple structure was utilized that 
generated a local deformation of the substrate. Figure  2a includes photographic images and schematic 
illustrations of the formation of the local dimple structure on the PDMS micro-pillar arrays using a 
vacuum tip with a diameter of 2.85 mm, which directly contacted the underside of the PDMS substrate. 
Without the application of vacuum pressure, the pressure inside the vacuum tip (pint) was equal to the 
external atmospheric pressure (pext) of 101 kPa. When the vacuum pressure was applied, a significant 
pressure difference, ∆p =  pint −  pext, was generated across the PDMS substrate. Due to the generated pres-
sure difference, the PDMS substrate was stretched and deflected downward, forming the local dimple 
structure. In this work, ∆p was fixed at − 81 kPa for the sake of convenient analysis. Considering the 
circular shape of the vacuum tip, it can be assumed that the pressure and corresponding strain stress 
were uniformly distributed across the entire surface of the dimpled PDMS substrate28. To characterize the 
structural changes of the vacuum-induced dimple structure, duplicated mould of the dimple structure 
were used (see Methods and Supplementary Fig. 2). Figure 2b,c show the optical photographic and SEM 
images of the negative replica’s cross-sectional image and duplicated dimple structure, respectively. The 
dimple structure caused the local stretching of the PDMS substrate as the substrate deflection formed a 
hemispherical shape. The degree of substrate stretching can be obtained by calculating the ratio of the 
relaxed (LR) to the stretched (LS) characteristic length of the dimple structure, as measured from the 
cross-sectional image of the negative replica. When the diameter of the vacuum tip was 2.85 mm, the 
measured substrate stretching (100 ×  (LS −  LR)/LR) was 20.7%. Due to the hemispherical shape of the 
dimple structure and the thickness of the PDMS substrate, negative and positive curvatures were gener-
ated at the bottom and border of the dimple structure, respectively. This local stretching of the substrate 
and the generation of the negative and positive curvatures enabled the dynamic changes in the distance 
between adjacent micro-pillars (εdist), which is proved by the magnified SEM images (Fig.  2d) of the 
micro-pillar arrays taken from the flat region (Fig. 2di), the negative curvature region (Fig. 2dii) and the 
positive curvature region (Fig. 2diii). On the flat region (εdist =  0%), the distance between adjacent pillars 
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was 2 μ m. On the local dimple structure, εdist could be dynamically changed due to the combined effects 
of the substrate stretching and the positive/negative curvatures; the maximum value of εdist is 49% for the 
positive curvature region and the minimum value is − 11% for the negative curvature region.

Tuning the structural properties of local dimple structures. To further identify the local defor-
mation of the PDMS film with micro-pillar array, we controlled the bending radius of positive/negative 
curvature (Rp/Rn) and the slope of the dimple structure (θslope), by varying the sizes of the vacuum tips. 
Figure  3a represents a series of cross-sectional profiles of the dimples as a function of tip diameter 
under the same pressure condition (∆p =  − 81 kPa). Due to the high mechanical strength and elasticity 
of PDMS, the substrate was stretched from ~7 to ~32%, when the diameters of the vacuum tips were 
increased from 2 to 3.75 mm, forming positive/negative curvatures with corresponding bending radii 
Rp/Rn. Figure 3b shows the results of the extracted values of the bending radii and slopes of the dimple 
structures from the cross-sectional profiles in Fig. 3a. Rn and Rp indicate the minimum radii at the center 
and border of the dimple, respectively, and θslope represents the steepest angle on the side of the dim-
ple. The absolute value of Rp decreased from ~0.8 to ~0.4 mm as the diameter of the tip became larger, 
while the absolute value of Rn gradually increased from ~1.3 to ~1.8 mm as the tip diameter increased. 
The structural changes in the dimple structures that were dependent on tip size directly affect εdist of 
micro-pillars. To investigate εdist between the neighboring pillars depending upon Rp/Rn, we measured 
εdist of micro-pillars from the SEM images taken from positive and negate curvatures of the duplicated 
dimple structures (Supplementary Fig. 3). As shown in Fig. 3c, even though the substrate was deformed 
only between ~7 and ~32% by tensile stress caused by substrate stretching, the lateral distance between 
the neighboring pillars that we can adjust would be enlarged from − 15 to 61% due to additionally gen-
erated deformations by a micro-pillar placed on the positive/negative curvature. For example, when the 
diameter of the tip is 2 mm, the distance between adjacent pillars at the positive curvature will be 28% 
broader than in the flat state, whereas the negative curvature has a 15% denser pillar interval. The grey, 
blue and orange colored region represents variations of substrate stretching, εdist at positive and negative 

Figure 1. Superhydrophobic PDMS with micro-pillar arrays for manipulations of water droplet motion. 
(a) Schematic illustration of the microfluidic platform that used a local dimple structure to manipulate water 
droplet motions including moving, mixing and analysis on the suspended PDMS substrate with micro- 
pillar array. (b) SEM image of a regular micro-pillar arrays (2.5 μ m radius, 4 μ m height). Scale bar, 5 μ m.  
(c,d) Photographs of water droplets on the surface of the PDMS substrate with micro-pillar arrays. Scale  
bar, 1 cm. (e) Photograph images showing the excellent stretchability of the PDMS substrate.
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Figure 2. Vacuum induced local dimple formation on the PDMS substrate with micro-pillar arrays. 
(a) Photographic images and schematic illustrations of the local dimple formation on the substrate using a 
vacuum tip. Scale bar, 5 mm. (b) Cross-sectional photographic image of the negative replica of the dimple 
structure. PDMS substrate is uniformly stretched by the applied vacuum pressure. Scale bar, 1 mm.  
(c) Typical SEM image of the duplicated dimple structure. Scale bar, 30 μ m. (d) SEM images of the  
micro-pillar arrays taken from the flat region (i), negative curvature region (ii) and positive curvature  
region (iii). Scale bar, 5 μ m.

Figure 3. Geometric deformation of dimple as a function of vacuum tip diameter. (a) Cross-sectional 
profiles of local dimple versus position for five different diameters of vacuum tips. (b) Measured positive/
negative bending radii and slope angles of dimple structures as a function of tip diameter. Red, blue and 
black lines indicate the positive bending radius, negative bending radius and slope angle, respectively.  
(c) The variation in εdist as a function of tip diameter.
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curvature, respectively. The experimental results showed good agreement with the calculated εdist, that 
considered the substrate stretching, Rp, and Rp. (Supplementary Fig. 4).

Droplet manipulation by dynamic control of water adhesion force. Since the changing effects 
of εdist has a sensitive correlation with the water adhesion force26, we investigate the dynamic Fadh changes 
on the dimple structure. Figure  4a depicts the force-distance curves for the PDMS substrate obtained 
with different values of εdist. For these measurements, a water droplet suspended at a metal ring was 
attached and detached from the flat PDMS micro-pillar arrays to measure the force between the water 
droplet and the substrate. The measured force was gradually increased after contact and reached a maxi-
mum just before the contacted droplet was separated from the substrate. Fadh of the PDMS substrate with 
micro-pillar arrays was significantly decreased from 67 to 49 μ N as εdist increased up to 50%. Figure 4b 
shows the measured Fadh as varying εdist. It could be clearly observed that the Fadh of the PDMS micro-pillar 
arrays was gradually decreased as εdist increased. These Fadh changes according to εdist could be attributed 
to the variations in contact area between the micro-pillar arrays and the water droplet on the substrate. 
Theoretically, the wetting on the superhydrophobic PDMS micro-pillars without stretching is similar to 
the Cassie-Baxter wetting model, where air pockets exist between a droplet and a rough surface29; in 
this model, Fadh is proportional to the number of pillars in contact with the droplet30–32. Therefore, when 
the stretching-induced strain stress was applied to the PDMS substrate, the number of micro-pillars that 
were directly contacting the water droplet could be reduced, resulting in decrease of Fadh.

Figure  4c is a schematic illustration of the forces on the surface of the dimple structure affecting 
the water droplet motions (left) and time-sequential photographic images of a blue-dyed, 10 μ l moving 
water droplet on the PDMS micro-pillar arrays being moved via the controllable dimple structure (right). 
When the dimple structure was formed, the water droplet could be put into the structure and it seemed 
that the water droplet was spread along the dimple structure. Thus, the overall contact area of the water 
droplet with dimple structure was increased and the corresponding adhesion force between the water 
droplet and the surface was also increased. However, at the border of the dimple structure, the water 
droplet can be easily detached from the substrate due to the decreased local Fadh and generated sloped 
wall-induced gravitational force (Fg =  mgsin θslope). Here, m is the mass of the water droplet and g is the 
gravitational acceleration constant. When Fg became larger than the local Fadh at the boundary of dimple, 
the droplet detachment from the substrate continuously occurred during the horizontal moving of the 
dimple structure. Consequently, the water droplet could be moved along with the moving dimple struc-
ture (Supplementary Fig. 5). We observed that the controllable droplet volume could be determined by 
the diameter of vacuum tip (Supplementary Fig. 6). A larger vacuum tip could manipulate smaller water 
droplet, which can be attributed to the smaller Fadh and larger θslope of the generated dimple structure. 
When the volume of water droplets were larger than the minimum volume, the motions of the water 
droplets could be successfully manipulated even when the diameter of a water droplet was larger than 
the tip size due to the surface tension of the water droplet.

Figure 4. Dynamic water adhesion force changes for the manipulation of droplet motions on the PDMS 
substrate with micro-pillar arrays. (a) The force-distance curves for the PDMS substrate contacted with 
a water droplet. (b) Relationship between Fadh and εdist on the PDMS substrate. Fadh is decreased as εdist 
is increased. (c) Schematic illustration of the forces on the surface of a dimple structure that affect water 
droplet motions (left) and time-sequential photographic images of a moving water droplet on the PDMS 
substrate via the tunable dimple structure (right). Scale bar, 3 mm.



www.nature.com/scientificreports/

6Scientific RepoRts | 5:12326 | DOi: 10.1038/srep12326

Operation of the superhydrophobic, droplet-based microfluidic device. In situ manipulation 
of droplet motions including moving, merging and mixing was demonstrated on the superhydrophobic, 
droplet-based microfluidic platform. Since the motions of water droplets on the platform are controlled 
by the vacuum-induced dimple structure, the moving path can be freely designed without additional 
patterning process (Fig. 5a). These individually controllable droplet movements can be used for merging 
and mixing operations of droplet (Fig. 5b and Supplementary Movie 1). The capture and release of water 
droplets during the operations could be controlled by adjusting the applied pressure of the vacuum tip. 
When transported droplets were brought into proximity, they merged and mixed slightly as forming one 
large droplet. The complete mixing of the water droplet could be achieved by moving the water droplet 
back and forth on the superhydrophobic PDMS micro-pillar arrays. The mixing process could be attrib-
uted to the rolling effect on the dimple structure, which may generate internal hydrodynamic flows in 

Figure 5. In situ manipulation of water droplet motions on the PDMS micro-pillar arrays for droplet-
based microfluidic operations. (a) A 10 μ l moving water droplet follows the trace of a character “N” 
shape. Scale bar, 5 mm. (b) Droplet operations including transportation, merging and mixing on the 
superhydrophobic PDMS substrate. Scale bar, 5 mm. (c) Scheme of the SERS measurement system (top)  
and typical in situ/ex situ SERS analysis spectra with different concentrations of analyte (R6G), obtained 
from a droplet mixture of R6G/Ag NP and evaporated R6G/Ag NP droplet, respectively (bottom).  
(d) Scheme of the siRNA-lipidoid complex formation for in vitro transfection. (e) Fluorescent images (top) 
and flow cytometry analyses of GFP-HeLa cells two days after transfection (bottom). Scale bar, 200 μ m 
(n =  3, **p <  0.01, compared to the conventional group).
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the moving water droplets. As previously mentioned, the water droplet manipulation could be achieved 
by the slope angle and variations in Fadh of the dimple structure; therefore, a water droplet on the moving 
dimple structure could be continuously rolled along the slope wall of the dimple structure, following the 
trace of the dimple structure. Our method for the manipulation of droplet motions takes advantage of 
the fact that the pathway of the water droplet motion is freely designed and additional additives are not 
required to be added into the water droplets during the operations.

In situ and ex situ SERS measurement. The simple and intuitive mechanism of our system ena-
bles an efficient reaction and analysis capability using microliter-sized analytes or reagents. The pro-
grammable bio-chip platform could be applied to SERS measurements, which enable the detection of a 
few molecules in a highly diluted solution33. Figure 5c shows the schematic of the droplet-based SERS 
measurement system and in situ/ex situ Raman spectra of Rhodamine 6G (R6G) with concentrations 
ranging from 10−3 to 10−15 M. For the in situ SERS measurement, individual water droplets containing 
the target molecules and Ag nanoparticles (Ag NPs) which exhibit a wide resonance spectrum wave-
length range were merged at the detection spot using the dimple structure, and then signals were col-
lected from the droplet mixture. As shown in Fig.  5c, several typical peaks for R6G can be identified 
such as the C− C− C ring in plane bending (612 cm−1), C− H out of plane bending (773 cm−1), aromatic 
C− H bending (1183 cm−1), C− O− C stretching (1312 cm−1) and C− C stretching (1363, 1511, 1575 and 
1650 cm−1)34. We note here that the locations of observed peaks were identical to the previous work 
(Supplementary Fig. 7)34. In addition, droplet mixture could be removed without any residues remaining 
on the substrate, which enable the highly repeatable and reproducible in situ SERS measurements on 
the same substrate (Supplementary Fig. 8). However, in situ SERS measurements on the droplet-based 
microfluidic platform had a detection limit of 10−5 M due to freely diffusing Ag NPs and target molecules 
in the water droplets, which hindered the binding of the molecules to the surface of the Ag NPs33. To 
overcome the detection limit, the droplet mixture was evaporated on the surface over time until water 
was fully evaporated35. On a conventional hydrophilic SERS substrate, solution with target molecules 
could be spread out along the surface during the evaporation process and only few target molecules are 
located on the detection spot. In contrast, on the superhydrophobic surface, the contact area between 
the droplet and the surface can be minimized during the evaporation process due to the large contact 
angle35. As evaporation proceeded, the R6G/Ag NP solution became more and more concentrated and 
the target molecules and Ag NPs accumulated within an area of hundreds of square micrometres. After 
full evaporation, the target molecules were highly enriched on the Ag NPs detection spot, which per-
mitted extremely high sensing capability even at femtomolar levels (10−15 M) for the ex situ SERS meas-
urements. This detection limit is a hundred-fold lower than conventional SERS measurements on the flat 
substrate34. The obtained detection limit is poorer than the previously reported SERS measurements on 
superhydrophobic nanosensors35, due to the water adhesive property of the PDMS micro-pillar arrays. 
It is believed that the detection limit of our platform could be improved by using the water-repellent 
superhydrophobic surface since it enables the more enrichment of target molecules within smaller area.

In vitro siRNA transfection. The superhydrophobic surface allowing for the intuitive movement of 
droplets was further tested by generating uniform complexes composed of gene and vector for intracellu-
lar gene transfer. For decades, a great effort has been made to develop non-viral gene delivery vectors that 
can replace viral vectors, which have inherent safety concerns including tumorigenicity, immunogenicity, 
and insertional mutation36−40. Most of the non-viral gene delivery vectors based on cationic polymers or 
lipids have relied on manual pipetting or vortexing to formulate transfection complexes via electrostatic 
charge interactions between anionic genetic materials and cationic delivery reagents36,41,42. However, the 
manual handling of the droplets often results in the inefficient formulation of transfection complexes and 
loss of the samples43. Thus, we hypothesized that the homogeneous mixing of the droplets of genes and 
delivery vectors by automated operation on the superhydrophobic surface may be able to minimize the 
loss of the materials and also generate uniform complexes with higher transfection efficiency by increas-
ing the chance of interaction between anionic and cationic materials. To test the potential application of 
our surface in the efficient formulation of transfection complexes, the surface was used to induce the for-
mation of the complexes with lipidoid, a potent lipid-like material for gene delivery, and siRNA. Lipidoid 
has been identified as a highly effective siRNA delivery vector with a higher transfection efficiency and 
lower cytotoxicity than currently available transfection reagents36. Lipidoid can mediate siRNA transfer 
into various types of cells and tissues, and thus it has shown great potential for therapeutic applications 
in diverse diseases44−48.

The transfection efficiency of the lipidoid-siRNA complexes generated on our surface was compared 
with that of the complexes prepared by the conventional mixing method using manual pipetting. The 
complexes composed of lipidoid (ND98) and green fluorescent protein-siRNA (siGFP) for the trans-
fection were prepared on the PDMS micro-pillar arrays by simply merging and mixing the solutions of 
lipidoid and siRNA via microfluidic operations (Fig. 5d). Two days after the transfection into GFP-HeLa 
cells, ~70% silencing of GFP expression (70.0 ±  1.9%) was observed in the cells transfected with the 
complexes prepared by the conventional mixing method (Fig. 5e). Interestingly, the formulation of the 
complexes on our surface further increased GFP silencing up to ~80% (78.8 ±  0.5%) (Fig. 5e). The auto-
mated precise handling of the droplets of lipidoid and siRNA solutions on our surface may induce the 
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efficient formation of more homogeneous complexes, ultimately leading to the enhancement of siRNA 
transfection efficiency and GFP silencing. Considering the high intercellular gene transfer efficiency of 
GFP-HeLa cell36, ~10% of improvement in the transfection is meaningful and it might be further increase 
in the cells usually exhibiting low transfection efficiency such as stem cells or primary cells. Given that 
the superhydrophobic PDMS micro-pillar array enables the formation of homogeneous complexes with 
enhanced transfection capability and minimal loss of the materials, and is also compatible with an intu-
itive automated operation, this system would be useful as a high-throughput platform to screen the 
material candidates for effective gene delivery and produce genetic therapeutics for disease treatment.

Discussion
Herein, we have developed and presented a novel way to manipulate droplets by dynamically controlling 
of the adhesion through the geometric deformation of the PDMS micro-pillar arrays. Due to the low 
water adhesion force and high stretchability of the superhydrophobic PDMS substrate with micro-pillar 
arrays, the structural modulation of the micro-pillars via local dimple structure could be amplified. 
The detailed distribution of pillar arrays according to the location of a local dimple was clarified by 
visual observation using SEM as well as by numerical calculations. Experimental and theoretical results 
revealed that the density difference of the pillar was more than 50% between the edge and center of the 
dimple; this difference can be utilized to manipulate the droplet to the desired position without any 
loss of weight. The actual measurement results show that the minimum adjustable capacity of the drop-
let was ~7 μ l, which is a sufficient amount to be applied to programmable bio-chip devices. Moreover, 
the local deformation-based non-contact control method provides not only pure droplet manipulation 
without any additives, but also degrees of freedom on the surface, since additional path, patterns or 
additives are not necessary. These advantages facilitate the open-channel microfluidic operations such 
as ultra-sensitive molecular detection and siRNA transfection, which are not easy to achieve with con-
ventional droplet-based, open-channel microfluidics. We foresee that our deformation-driven droplet 
manipulation on the superhydrophobic surface will have a significant impact on the evolution of next 
generation microfluidic systems for chemical and biological applications due to their advantages, includ-
ing simple and clean manipulation without contact, multiple-degrees of freedom and good repeatability.

Methods
Fabrication of superhydrophobic PDMS micro-pillar arrays. The 4-inch wafer-scale Si mould 
with micro-holes (2.5 μ m radius, 4 μ m height) was fabricated by conventional photolithography and sub-
sequent reactive ion etching. The surface of the Si mould was modified with a hydrophobic self-assembled 
monolayer (dodecyltrichlorosilane: DTS, Aldrich) by immersing the mould in a 3 mM solution of DTS 
dissolved in toluene for 30 minutes at room temperature. Then, the DTS-coated Si mould was rinsed 
with ethanol and baked at 130 °C for 1 h to obtain a dense DTS layer. Next, 5 g of polydimethylsiloxane 
(PDMS, Sylgard 184, Dow Corning), mixed with a curing agent at a volume ratio of 10:1, was spin-coated 
onto the mould (500 rpm, 10 seconds). To ensure the fine replication of the micro-pillar structures, the 
remaining air bubbles between the PDMS and the Si mould were removed in a vacuum chamber. The 
PDMS was cured at 70 °C for 2 h and carefully peeled off. The obtained PDMS micro-pillar arrays showed 
superhydrophobicity without further surface modification processes.

Manipulation of droplet motions on PDMS micro-pillar arrays. The obtained PDMS substrate 
with micro-pillar arrays was suspended on a sample holder with an 85 mm-diameter central hole, with-
out sagging of the substrate. The central hole, the actual area for the water manipulation, is smaller than 
the PDMS substrate because the adhesion area between the substrate and the mould is required to mount 
the substrate on the sample holder. A vacuum tip, which created a local dimple on the PDMS substrate, 
was placed beneath the substrate for the manipulation of droplet motions. The location of the vacuum 
tip was precisely controlled by a programmed translational stage.

Fabrication of the negative replica and duplicated PDMS micro-pillar arrays. Firstly, a neg-
ative replica of the dimple structure, made of ultraviolet-curable photoresist (SU-8, Microchem), was 
obtained by ultraviolet light exposure for 30 min. Then, the negative replica was detached from the 
substrate and PDMS mixed with curing agent was poured onto the negative replica to fabricate the 
duplicated mould of the dimple structure.

SERS measurements. Rhodamine 6G (R6G, Aldrich) was used as a probing molecule for the SERS 
measurements in solution of various concentrations (10−3, 10−6, 10−9, 10−12 and 10−15 M). An aqueous 
nanoparticle suspension containing Ag NPs ~80 nm in diameter was synthesized using the polyol pro-
cess49. Then, 5 μ l of the Ag NP suspension and R6G solution were dropped onto the PDMS substrate and 
each droplet was moved to the detection spot for SERS measurement using the droplet motion manip-
ulating system. A focused He-Ne laser (633 nm, 2 mW) was used as the Raman excitation light source. 
The signals from each sample were collected for 1 s using a 10 ×  microscope objective (Olympus) and 
analyzed using a Raman spectrometer (Horiba-Jobin-Yvon, LabRam HR).
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In vitro siRNA transfection using lipidoid-siRNA complex formulation. GFP-expressing HeLa 
(GFP-HeLa) cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco BRL) supple-
mented with 10% (v/v) fetal bovine serum (FBS, Gibco BRL), penicillin (100 U/mL), and streptomycin 
(100 mg/mL) in humidified air with 5% CO2 at 37 °C. Lipidoid (ND98), a potent siRNA transfection rea-
gent, was synthesized as previously described36,48. The lipidoid-siRNA complexes prepared by the conven-
tional mixing method with pipetting36 were used for control transfection. To prepare the lipidoid-siRNA 
complexes on the PDMS micro-pillar arrays, ND98 lipidoid and GFP-siRNA (siGFP) were dissolved 
in the same volume of 25 mM sodium acetate (NaOAc) buffer solution (Sigma-Aldrich, pH 5.2). The 
droplets of each solution were placed apart on the PDMS micro-pillar arrays and then merged using 
the microfluidic operations. Subsequently, the merged droplets were further mixed by moving them 
side to side within a range of 30 mm for 5 min to induce complex formation. The mixed droplets were 
transferred into a tube right after the mixing and further incubated at room temperature for 15 min. 
The ratio of siGFP to ND98 in the formed complexes was 5:1 (w/w). The cells (2.5 ×  104 cells/cm2) were 
then transfected with the complexes (0.2 μ g siGFP/cm2). To evaluate the GFP silencing two days after the 
siRNA transfection, GFP expression in the transfected cells was observed using a fluorescent microscope 
(IX71, Olympus). The fraction of GFP-positive cells was quantified by flow cytometry analysis. For the 
flow cytometry analysis, the cells were collected by trypsin treatment, washed with 1 ×  phosphate buff-
ered saline (PBS, Sigma-Aldrich), resuspended in 2% (v/v) FBS (in PBS), and analyzed by a FACSCalibur 
flow cytometer (BD Biosciences, San Jose, CA, USA) (n =  3).

Characterization. The surface morphologies of the PDMS micro-pillar arrays and duplicated PDMS 
structures were characterized using a field emission scanning electron microscope (JSM-6360, JEOL). 
Static WCA measured using a contact angle measurement system equipped with a dynamic image cap-
ture camera (Phoenix 300, SEO Co., Ltd.). To characterize structural properties of the dimple structure, 
cross-sectional images of negative replicas were obtained using the contact angle measurement system 
and values of the substrate stretching, Rp, Rn, and slope angles were measured by Image J software. εdist 
values were measured from the SEM images taken from the duplicated PDMS structures and compared 
with the calculation that considered the substrate stretching, Rp, and Rn. The water adhesion force of 
the PDMS with micro-pillar structures was measured by a home-made micro-electromechanical bal-
ance system. A 10-μ l water droplet suspended from a hydrophobic metal ring was moved toward and 
retracted from the sample at a speed of 0.01 mm s−1. After the droplet was contacted to the substrate, it 
was dragged back from the substrate. The value of the measured force reached a maximum just before 
the contacted droplet separated from the substrate. To measure water adhesion force under stretched 
condition, micro-pillar arrayed PDMS substrates with different εdist (0, 25, 50, 75%) were fabricated using 
εdist tuned Si moulds.
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