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A facile gravity-induced sliding droplets method is reported for deposition of nanoliter sized droplets

on hydrophilic/superhydrophobic patterned surface. The deposition process is parallel where multiple

different liquids can be deposited simultaneously. The process is also high-throughput, having a great

potential to be scaled up by increasing the size of the substrate. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4947008]

Nanoliter sized droplet deposition is essential in many

biomedical, chemical, and microfluidic applications, including

droplet based microfluidic systems,1,2 delivery of DNA,3

DNA microarrays,4 cell screening,5 protein chips,6 and

material synthesis.7 There are several techniques for droplet

deposition, including contact8 and non-contact dispensing

technique,9 dip-pen nanolithography,10–13 and liquid deposi-

tion using patterned hydrophilic/hydrophobic surfaces14,15

including dip-coating.16–19 Dip-coating is a high-throughput

method, depositing massive number of droplets in a short

time,17 though does not allow deposition of different liquids

on individual deposition sites. On the other hand, all other

methods allow deposition of different liquids on desired depo-

sition sites. However, they are based on direct deposition of

liquid on substrates,9,11 which requires each deposition site

being addressed by individual heads of the dispensing device,

where the deposition throughput is linear to the speed of the

device. By increasing the number of operating dispensing

heads, the speed can be increased linearly at the expense of

associated device complexity and fabrication costs.9

In this paper, we introduce a facile gravity-induced slid-

ing droplets method for rapid and high-throughput deposition

of droplets which can break this linear relation between the

deposition throughput and the speed of dispensing device.

The deposition throughput can be scaled linearly by the size

of substrate without increasing the dispensing speed. We

employ sliding droplets on an inclined patterned hydrophilic/

superhydrophobic surface, where a nanoliter-range liquid

volume is deposited on the hydrophilic pads. The motion of

droplet has been extensively studied on superhydrophobic

surfaces in general,20–25 and a few studies also report on

droplet motion on patterned hydrophilic/hydrophobic surfa-

ces.15,26–30 However, the motion of a droplet moving on pat-

terned hydrophilic/superhydrophobic surfaces remains

unexplored. We characterize the motion of a droplet sliding

on a patterned hydrophilic/superhydrophobic surface by

investigating the speed of the droplet and the deposited

volume on hydrophilic pads. We also demonstrate that the

method can be used for parallel nanoliter deposition using

different liquids. The proposed method is simple to apply

and scalable, where the system only involves droplets and

patterned hydrophilic/superhydrophobic surfaces.

A sketch of the proposed deposition method is presented

in Fig. 1. A substrate containing a matrix of hydrophilic pads

with superhydrophobic background is placed on a motorized

rotational stage; different kinds of liquids are dispensed on

the first row of the hydrophilic pads as shown in Fig. 1(a).

The details of the deposition process are zoomed in Fig.

1(b). The substrate is then tilted and droplets start sliding by

gravity. Each droplet follows the path of its corresponding

column of hydrophilic pads, which are coated by the corre-

sponding liquid due to large wetting contrast between hydro-

philic pad and superhydrophobic background. During the

sliding process, the rear edge of the droplet is repeatedly

pinned and depinned (see Fig. 1(c)) from the hydrophilic

pads. As the rear edge of the droplet transforms from the pin-

ning state (zoomed view in Fig. 1(d)) to the depinned, part of

the droplet is deposited on the hydrophilic pad.

When a droplet is moving on an inclined hydrophilic/

superhydrophobic patterned surface, the major forces acting

on the droplet include contact line pinning force, gravita-

tional force, and viscous force. According to Macdougall

and Ockrent,31 the pinning force preventing the droplet

sliding down is caused by contact angle hysteresis and

unbalanced Young’s force, which can be described as

FY ¼ L � cLV � ðcos hr – cos haÞ, where L is the width of the

droplet and it is perpendicular to the droplet moving direc-

tion, cLV is the surface tension of the liquid, and ha and hr

are the advancing and receding contact angle at the down-

hill and uphill edges of the contact line. In our analysis, vis-

cous forces are negligible, because the droplet is mainly

sliding on the surface and there is no obvious viscous flow

observed within the droplet in our experiments, in agree-

ment with the previous report.32 The movement of a droplet

on a hydrophilic/superhydrophobic surface was simulated

using Matlab Simulink.
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As shown in Figs. 2(a) and 2(b), when the rear edge of the

contact line is pinned on the hydrophilic pad, the contact line

starts to elongate and a small tail forms. At this state, the pin-

ning force includes two parts: one part is the pinning force on

superhydrophobic surface FY1 and another is the pinning force

on the pad FY2. The total pinning force is the sum of two

FY1 þ FY2 ¼ LcLVðcos hr– cos haÞ þ lcLVðcos hp– cos hrÞ;
(1)

where FY1 ¼ ðL� lÞcLVðcos hr– cos haÞ; FY2 ¼ lcLV

ðcos hp– cos haÞ; L and l are the width of the droplet and

hydrophilic pad, respectively, hp is the rear contact angle on

the hydrophilic pad, varying between the advancing contact

angle and the receding contact angle of the pad.

Based on the gravitational force and the varying pinning

force, the total force acting on the droplet can be calculated,

and the acceleration and velocity of the droplet can be

derived. We simulated the motion of a 0.15 ml droplet slid-

ing on a 10� tilted hydrophilic/superhydrophobic substrate,

having a column of 0.5 mm� 0.5 mm pads with 0.2 mm and

0.5 mm gaps. The simulated velocity of the droplet is shown

in Fig. 2(c). The results show that the droplet periodically

speeds up and down according to the size of the hydrophilic

pad and the distance between two pads. When the rear edge

of the contact line is pinned on the hydrophilic pad, the ve-

locity drops, and as the edge of the droplet is depinned from

the pad, the velocity increases. The gap size has an obvious

influence on the velocity, with a smaller gap size leading to

more frequent fluctuations in velocity.

Experimental tests were carried out on a hydrophilic/

superhydrophobic patterned surface, which consists of

0.5 mm (L)� 0.5 mm (W) hydrophilic black silicon pads and

black silicon substrate coated with fluorocarbon polymer.

The measured advancing contact angle on the substrate and

the pad is 170� and 30�, respectively. The details of the fabri-

cation process are reported in the supplementary material.33

The sliding droplet deposition process was characterized

with a high-speed video camera (Phantom Miro M-310), and

images were analyzed by image processing algorithms in

MATLAB, see Figs. 3(a) and 3(b). The velocity of the drop-

let was estimated based on the trajectory of the contact line

center (Fig. 3(b)), and the amount of the deposition was esti-

mated using the same images.

The sliding droplet deposition in Fig. 3 is on a substrate

with gaps between hydrophilic pads of 0.2 mm. The rear edge

of the droplet was pinned on one pad for about 4 ms (see mul-

timedia view of Figs. 3(a) and 3(b)). The velocity of the slid-

ing droplet was observed to fluctuate periodically, where an

average of five sets of the experimental data is compared with

the simulation in Fig. 3(c), following well the trend of the the-

oretical estimation. The average speed of droplet was also an-

alyzed for tilt angle a of 10�, 20�, 30�, 40�, and 50�. The

FIG. 1. Sketch and illustration of depo-

sition by sliding droplets on patterned

hydrophilic/superhydrophobic surface:

(a) different kinds of liquids are placed

on the first row of a 10� 10 matrix of

hydrophilic pads surrounded by super-

hydrophobic substrate; (b) zoomed

view of sliding droplets deposition pro-

cess; (c) side view of a droplet sliding

on a patterned surface; (d) zoomed

view of the rear edge of the contact

line pinned on the hydrophilic pad.

FIG. 2. Force configuration and simulation: (a) and (b) force configuration

of a pinned and depinned droplet on a hydrophilic/superhydrophobic pat-

terned surface; (c) calculated velocity as a function of time.
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calculated capillary number Ca has linear relationship with

Bo sinðaÞ as shown in Fig. S2 of supplementary material,33

which is in consistent with an earlier report.30

We varied the gap from 0.2 mm to 2 mm to investigate

its influence on the deposited volume. Figs. 3(d)–3(h) show

the images of the deposited droplets on hydrophilic pads

with different gaps. The relationship between the volume of

deposited droplet and the size of the gap between the pads is

presented in Fig. 3(i), where each test was repeated 6 times.

The results show that 11–16 nl deposition with a standard

deviation of 0.5–1.5 nl can be achieved on patterned hydro-

philic/superhydrophobic surfaces. When the gap is 0.2 mm,

the deposition is 11.5 6 0 .5 nl. The deposited volume

increases slightly with larger gap sizes, and the standard

deviation increases to 1.5 nl.

The results agree reasonable well with the simulation

using HyDro,34 as indicated in Fig. 3(i). In the simulation,

we noticed that the neck between the small and the large

droplet is longer with larger gaps, and the breaking point of

the neck is further away from the hydrophilic pad, leading to

greater volume of the deposition on the pad.

The sliding droplet deposition was demonstrated by

liquid patterning and parallel deposition. Samples with dif-

ferent shapes of hydrophilic pads have been fabricated,

where the results are highlighted in Fig. 4. Figs. 4(a) and

4(b) show the detailed features in the logo of Uppsala

University and a flower-shaped pad visualized by the slid-

ing droplet. The possibility of parallel deposition was also

tested. Water droplets dyed in different colors were dis-

pensed (see multimedia view of Fig. 4(c)) and deposited

(Fig. 4(d)) on the sample. Additionally, the proposed depo-

sition method is scalable. Taking the parameters used in the

experiments (pad size: 500 lm, gap size: 200 lm, average

speed of the sliding droplet: 200 mm/s, size of the sliding

droplet: 0.15 ml, deposited volume on each pad: 15 nl), a

single sliding droplet can deposit 1000 pads in just 3.5 s.

The throughput can be further scaled up using the parallel

deposition method proposed in the paper, which leads to

10 000 deposition with 10 simultaneously sliding droplets

in 3.5 s. This shows the great potential of the proposed

method for large scale and high-density liquid deposition.

In summary, a simple deposition method was presented,

utilizing moving droplets on patterned hydrophilic/superhydro-

phobic surface to achieve parallel deposition. The combination

of a good wetting property of the pads and superhydrophobic-

ity of the substrate, as well as reasonable gaps between the

pads, can lead to deposition with uniformity better than 5%.

The proposed method should also be applicable to other sub-

strates such as glass or polymer, provided hydrophilic/superhy-

drophobic patterns can be produced on the substrate.

Additionally, the method can be used for parallel deposition

using multiple different liquids.

FIG. 3. Characterization of a droplet

sliding on a patterned hydrophilic/super-

hydrophobic surface tilted at 10�: (a)

and (b) side view images of a sliding

droplet on patterned surface with

detected contact line (green line) and

center (red dot), scale bar 2 mm; (c)

comparison of the simulated velocity

with the average of experimental data;

(d)–(h) deposited droplets on pads of

0.5 mm� 0.5 mm and with gap of

0.2 mm, 0.5 mm, 1 mm, 1.5 mm, and

2 mm, scale bars 0.5 mm; (i) volume of

deposited droplet as a function of gap

between pads. (Multimedia view) [URL:

http://dx.doi.org/10.1063/1.4947008.1]

154102-3 Chang et al. Appl. Phys. Lett. 108, 154102 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.233.189.209 On: Wed, 13 Jul

2016 10:06:16

http://dx.doi.org/10.1063/1.4947008.1


This research was supported by the Academy of Finland’s

Centres of Excellence Programme (HYBER, 2014-2019), the

Academy of Finland (Grant No. 275117), Aalto Energy

Efficiency Programme (Project MOPPI, 2012-2016). The

authors would like to thank Aalto Nanofabrication Center at

Micronova (Espoo, Finland) for provision of facilities and

Andreas Dahlin for drawing the sketch of the liquid deposition

method.

1G. M. Whitesides, Nature 442, 368 (2006).
2J. J. Agresti, E. Antipov, A. R. Abate, K. Ahn, A. C. Rowat, J.-C. Baret,

M. Marquez, A. M. Klibanov, A. D. Griffiths, and D. A. Weitz, Proc. Natl.

Acad. Sci. U.S.A. 107, 4004 (2010).

3K.-H. Kim, R. G. Sanedrin, A. M. Ho, S. W. Lee, N. Moldovan, C. A.

Mirkin, and H. D. Espinosa, Adv. Mater. 20, 330 (2008).
4J.-G. Lee, H.-J. Cho, N. Huh, C. Ko, W.-C. Lee, Y.-H. Jang, B. S. Lee, I.

S. Kang, and J.-W. Choi, Biosens. Bioelectron. 21, 2240 (2006).
5L. Mugherli, O. N. Burchak, L. A. Balakireva, A. Thomas, F. Châtelain,

and M. Y. Balakirev, Angew. Chem., Int. Ed. 48, 7639 (2009).
6P. O. B. Mark Schena, D. Shalon, and R. W. Davis, Science 270, 467

(1995).
7I. Takeuchi, J. Lauterbach, and M. J. Fasolka, Mater. Today 8, 18 (2005).
8W.-K. Choi, E. Lebrasseur, M. I. Al-Haq, H. Tsuchiya, T. Torii, H.

Yamazaki, E. Shinohara, and T. Higuchi, Sens. Actuators, A 136, 484

(2007).
9C. Ru, J. Luo, S. Xie, and Y. Sun, J. Micromech. Microeng. 24, 053001

(2014).
10R. D. Piner, Science 283, 661 (1999).
11P. L. Stiles, “Direct deposition of micro- and nanoscale hydrogels using

Dip Pen Nanolithography (DPN),” Nat. Methods 7, (2010).
12S. Sekula, J. Fuchs, S. Weg-Remers, P. Nagel, S. Schuppler, J. Fragala, N.

Theilacker, M. Franzreb, C. Wingren, P. Ellmark, C. A. K. Borrebaeck, C.

A. Mirkin, H. Fuchs, and S. Lenhert, Small 4, 1785 (2008).
13O. A. Nafday and S. Lenhert, Nanotechnology 22, 225301 (2011).
14E. Ueda and P. A. Levkin, Adv. Mater. 25, 1234 (2013).
15M. J. Hancock, F. Yanagawa, Y.-H. Jang, J. He, N. N. Kachouie, H. Kaji,

and A. Khademhosseini, Small 8, 393 (2012).
16A. A. Darhuber, S. M. Troian, J. M. Davis, S. M. Miller, and S. Wagner,

J. Appl. Phys. 88, 5119 (2000).
17J. Huang, R. Fan, S. Connor, and P. Yang, Angew. Chem., Int. Ed. 46,

2414 (2007).
18R. J. Jackman, D. C. Duffy, E. Ostuni, N. D. Willmore, and G. M.

Whitesides, Anal. Chem. 70, 2280 (1998).
19R. Moerman and G. W. K. van Dedem, Anal. Chem. 75, 4132 (2003).
20M. A. Raza, J. Van Swigchem, H. P. Jansen, and H. J. W. Zandvliet, Surf.

Topogr.: Metrol. Prop. 2, 035002 (2014).
21P. Olin, S. B. Lindstr€om, T. Pettersson, and L. Wågberg, Langmuir 29,
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