
A Fluidic Device with Polymeric Textured Ratchets

Koray Sekeroglu and Melik C. Demirel*

Materials Research Institute and Department of Engineering Science and Mechanics, 
Pennsylvania State University, University Park, Pennsylvania 16802, USA

Abstract

Nanotextured surfaces are widely used throughout nature for adhesion, wetting, and transport. 

Chemistry, geometry, and morphology are important factors for creating tunable textured surfaces, 

in which directionality of droplets can be controlled. Here, we fabricated nano textured polymeric 

surfaces, and studied the effect of tilting on the mobility of frequency modulated water droplet 

transported on asymmetric nano-PPX tracks. Plastically-deformed tracks guided water droplets for 

sorting, gating, and merging them as a function on their volume. Polymeric ratchets open up new 

avenues for the fields of digital fluidics and flexible device fabrication.

INTRODUCTION

Textured surfaces composed of nanoscale structures are widely used throughout nature for 

adhesion, wetting, and transport.[1–7] Inspired by natural surfaces [8, 9], a myriad of 

synthetic surfaces [10] with precisely tuned physicochemical properties to these functions 

were fabricated. Ranging from templated and template-free deposition to photolithography 

to direct printing, numerous techniques for manufacturing textured surfaces have been 

developed. For example, a micro-scale smooth surface enables transporting droplets, micro-

scale pumps, and adhesion [11]. Recently, bio-derived thermoplastics have also been used 

for fabrication of textured surfaces.[12]

Directional droplet motion on engineered surfaces have been extensively investigated via 

capillary action [13], electrowetting [14], focused acoustic waves [15], surface tension [16], 

transistor based actuation [17], Leidenfrost ratchets [18], and chemical gradient [19]. For 

example, droplets flow unidirectionally on asymmetrical surfaces due to vibrational 

frequency. Additionally, Sandre et al.[20], created directional micro-ratchets that are 

parallel, permitting water droplet transport using a breathing motion [20]. Likewise, Linke et 

al., investigated the propulsion of water droplets on micro-ratcheted surfaces at a 
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Leidenfrost state, concluding that the directional movement of the water droplets occurred 

due to vapor flow between a liquid (i.e., boiling water) and a solid surface (i.e., anisotropic 

ratchets) [21]. Shastry et al., produced microstructures with a superhydrophobic gradient, 

which propelled water droplets upon application of a mechanical vibration [22].

Surface chemistry, geometry, and morphology are important factors for creating tunable 

ratchets, in which directionality of droplets can be controlled. Recent work of tunable 

ratchets includes work of Bohringer and coworkers [23] who propelled droplets along a 

horizontal surface as well as studying the role of curvature for ratcheting performance.[24] 

Leidenfrost temperature-dependent tunable ratchets [25] as well as oil-based rachets were 

also recently fabricated including a directional oil-sliding, micro-grooved surface that 

combines omniphobic and anisotropic sliding [26]. Another parameter for tunable ratchets is 

the effect of contact angle hysteresis on the motion of drops subjected to an asymmetric 

vibration [27]. Additionally, chemical asymmetry has also been demonstrated to control 

reversible and unidirectional liquid transport by virtue of triangular micro-prisms consisting 

of thermo-responsive polymers.[28]

To date, simple platforms have been built to introduce assembly lines at micro-scale 

including devices, which not only carry micro-sized cargo, but also specify targets (e.g., 

directed assembly of microgels by microliter droplets via water transport across textured 

surfaces). Daniel et al., [29] and Mettu et al., [30], for instance, displayed that water droplets 

on non-wetting flat surfaces can be guided directionally by vibrating the surface 

asymmetrically. Meanwhile, our group fabricated nanotextured surfaces that can transport 

microliter water droplets unidirectionally via vertical vibrations [31], and Duncombe et al., 

engineered a surface with directional tracks to transport droplets on circular pathways [32]. 

These successful applications of directional water transport for micro-assembly, however, 

bring new challenges towards optimizing micro-assembly platforms to the forefront [32].

New strategies for merging and sorting droplets on directional pathways as well as a rapid 

addition of desired paths are essential for improvements in micro-assembly. To that end, we 

focused on wetting hysteresis that could be varied by controlling the texture geometry [33] 

(e.g., spacing, density, and angle of asymmetry) of oblique angle deposited polymers. 

Previously, upon moving water droplets unidirectionally across a polymeric nanotextured 

surface, [34] we reported that water droplets on a nanotextured surface could be leveraged as 

a soft cargo carrier. Furthermore, we demonstrated that the velocity of the droplet transport 

depends on the frequency of vertical vibrations and the droplet volume [35]. Here, we 

studied the effect of tilting on the mobility of frequency modulated water droplet transported 

on asymmetric textured surfaces with tracks fabricated by adjusting the asymmetric 

orientation (i.e., angle of anisotropy) of the nanotextured surface. As a result, we 

demonstrated sorting and merging of water droplets, thereby enhancing potential for the 

fields of digital fluidics and device fabrication.

RESULTS

We fabricated asymmetric textured surfaces via oblique angle polymerization of poly(p-

xylylene), commercially known as Parylene [36]. In this process, monomer vapors produced 
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by pyrolysis of chemically functionalized p-chloro-xylylene precursors are directed at an 

oblique angle of ten degrees towards a substrate to initiate textured polymer growth. This 

inclined deposition induces growth of textured Parylene or nano-PPX, a nanostructured 

surface comprised of clusters of submicron diameter nano-rods. Nano-PPX is a flexible 

polymer that has a Young’s Modulus of 100 MPa [11]. With hydrophobic surfaces (static 

contact angle ≥ 90°) and apparent water contact angles as high as 120°, the nano-PPX’s 

surface could be plastically deformed under constant pressure to create tracks. Figure 1a 

shows deformation of the nano-PPX surface under constant pressure along the nano-rod 

direction using a rubber strip. Cross sectional electron images demonstrate the effect of 

pressure for pristine and deformed surfaces in Figure 1b and 1c respectively. Figure 1d 

shows guided transport of a 5 µL droplet on the deformed nano-PPX surface, which 

performed on the deformed track with a constant velocity of 11.5 mm/s following a straight 

path. Figure 1e shows a control experiment that tested water transport performance by 

droplets on planar- and nano-PPX surfaces. Straight tracks were fabricated on both nano-

PPX and planar-PPX coated surfaces with 5 µl droplets placed on each. Mechanical 

vibrations were applied and set to a frequency of 95 Hz at an approximate 0.5 mm 

amplitude. The water droplet on the nano-PPX surface moved unidirectionally on the track 

whereas the droplet on the planar-PPX surface was sessile.

Nano-PPX films were further characterized by their capacity as a micro-assembly platform 

to transport and sort water droplets. To that end, we studied their anisotropic wetting 

behavior as well as associated droplet transport rates both via track formation and under 

variable surface pressures. Finally, we developed methods of sorting, mixing, and guiding 

droplets on nano-PPX.

Nano-PPX, composed of an array of nano-rods, provides a smooth nano-film on which to 

transport microliter droplets and, thus, demonstrates anisotropic wetting behavior by means 

of a pin-release droplet ratchet mechanism. Anisotropic wetting property of nano-PPX can 

be quantified by the critical droplet volume (V), the maximum water droplet volume 

adhering on the surface at an angle α. Critical droplet volume is reached when the 

gravitational force is equal to the retention force on the droplet. Figure 2a represents the V 
values for various stage angles (65°< α < 90°) at pinning, release, and isotropic (+ and −) 

directions. It shows that critical drop volumes for the release directions are larger than the 

pinning and isotropic directions and that isotropic (+) and isotropic (−) exhibit similar 

critical droplet volume at specific angles due to a lack of hysteresis along the isotropic 

direction. The ratio of critical drop volume in pinning direction to release direction is 

expressed as VPIN = C0 • VREL, where C0, a constant, is the strength of wetting anisotropy 

on the nano-PPX surface. Figure 2b shows that C0 for the anisotropic axis ranges from 0.75 

to 0.85. Adversely, C0 for the isotropic axis revolves around 1.0; hence, implying negligible 

wetting anisotropy. Figure 2c demonstrates the inverse relationship between the frequency 

of vibration and water droplet size on the deformed nano-PPX surface as water droplets are 

transported on the nano-PPX surface via vibrational frequencies at low amplitude (i.e., 

0.5mm). This is explained by Rayleigh’s spherical volumes theory and can be quantified as 

ω = √ (8γ/3πm), where ω is the frequency of vibration, γ is water surface tension, and ρ is 

water density. Figure 2d shows the droplet speeds as a function of normalized vibrational 
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frequencies such that ω* = √ (γ/m), where m is droplet mass, and ω* is the natural 

frequency. The curves, for drop speeds, overlap even though the data was collected at 

different frequencies. Overlapping is due to the Rayleigh scaling of natural frequencies.

Next, we investigated the droplet velocity related to the tilt angle of nano-PPX films, 

discovering that the growth of nano-rods is anisotropic when at a 45 degree angle from the 

substrate plane. By varying the tilting angle and increasing the normal pressure on the 

surface, however, the bending of the nano-PPX rods increases and the nano-rod spacing 

decreases. Figure 3a shows the cross section and top view image (inset) of the nano-PPX 

rods deposited on a glass substrate. Figure 3b–d show the cross sectional and top view of 

nano-PPX films with b, c, and d corresponding with angles θ equal respectively to 32°, 24°, 

and 20° and Figure 3e depicts the increasing pressures on these surfaces, thereby confirming 

that the tilt angle of the nanorods is inversely proportional to the applied pressure. 

Moreover, as the nanorods were compacted under increasing pressure, the surface porosity 

decreased. We tested velocity of various droplet volumes (between 4 to 8 µL) on the tilted 

nano-PPX surfaces as a function of tilt angles (i.e., θ = 45°, 32°, 24°, 20°). Due to the 

decreased porosity, the droplet speed is higher on deformed surfaces compared to pristine 

nano-PPX (45°). Among the tilted surfaces, 24° and 32° angles exhibited higher velocity 

compared to 20° tilt angle. Most likely, this is due to increase roughness and loss of nano-

texture (Figure 3).

We introduced a method of track fabrication to study the effect of channel width on drop 

speed. This was achieved by using a soft pen with a silicone tip attached to an electronic 

device controlled by an XY motorized stage as shown in Figure 4a. The pen’s tip diameter 

determines the channel width. Figure 4b shows the top view image of the tracking edge. 

When the water droplet was placed on a track smaller than itself, it was in contact with both 

nano-PPX and deformed nano-PPX. Therefore, it was essential to investigate how the track 

width of the deformed nano-PPX affected the droplet speed on the surface. Figure 4c 

illustrates the relationship between the droplet speed and the track width of deformed nano-

PPX with a fixed droplet size where if the track width is increased, the water droplets move 

faster on the surface. Reaching 16mm/s at maximum width (i.e., w=2r), the droplets move 

four times faster on the deformed nano-PPX surface.

Finally, studying droplet size, we designed simple devices (e.g., sorter, mixer, and gate) to 

guide and assemble droplets on the nano-PPX surface. Figure 5a–b demonstrates a volume-

dependent sorting device. A water droplet of 0.8 µl in volume was placed on Track 1 (Figure 

5a). This droplet was transported along Track 1 without switching to other tracks on the 

surface. A larger drop of 5 µl in volume, on the other hand, (Figure 5b) switches to Tracks 2 

and 3, which provides the volume dependent sorting. Noting the contour line diameter of 

droplets, we observed that when the drop diameter is smaller than the track width, the water 

droplets remain in Track 1. If the drop diameter is larger than the sum of the track width and 

the distances between the tracks, however, the water droplet switches to the second track. 

Figure 5c–d demonstrates a volume-dependent mixing device. In Figure 5c, two 2 µl 

droplets were placed respectively on Tracks 1 and 3 and transported on them from the 

beginning to the end without any mixing. Depicted in Figure 5d, larger (4 µl) droplets were 

placed on Tracks 1 and 3. Both droplets moved independently until they approached the 

Sekeroglu and Demirel Page 4

Polymer (Guildf). Author manuscript; available in PMC 2016 February 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



junction at Track 2 where they converge to form the 8 µl which is then transported to the end 

of the device. Figure 5e diagrams a discriminating ‘gate’ design, in which two parallel tracks 

(i.e., one continuous and other instead discontinuous) were fabricated. The discontinuous 

track only enables transport of droplets of sufficient volume that bridge the gap in the 

second track. Thus, the water droplet transport becomes volume dependent. For example, 

although a 2 µl droplet could not proceed beyond the gate, by incrementally (i.e., 2 µl 

increases) changing the volume, we showed that once a 10 µl volume was achieved, 

unidirectional water transport to the termination of the track was permitted by propulsion 

due to vibration frequencies.

CONCLUSION

We fabricated nano-PPX surfaces and studied the effect of tilting on the mobility of 

frequency modulated water droplet transported on asymmetric nano-PPX tracks. Plastically-

deformed tracks guided water droplets for sorting, gating, and merging them as a function 

on their volume. Droplet speeds were measured between 5 to 30 mm/s, which is ideal for 

transport in digital fluidic devices. The sorter device was used to separate two droplets based 

on volume, whereas the mixer device merged droplets as a function of volume and the gate 

device required a threshold volume for droplet transport.

Our future work will continue on nano-PPX but focus on the transportation of (non-water) 

organic liquids. In addition to surface energy modifications, adjusting the nano-rod 

arrangement in terms of the nano-rods’ lateral and longitudinal spacing [37] as well as 

encapsulating surfactants in between nano-rods could provide oleophobic transport.
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Figure 1. 
(a) Nano-PPX surface is deformed by a rubber strip along the nano-rod direction (scale: 

1mm). (b) Cross sectional SEM of nano-PPX before (scale: 10µm) and (c) after (scale: 5µm) 

deformation are shown. (d) Motion of a 5 µL water droplet on the deformed nano-PPX 

surface at a vibrational frequency of 95 Hz (Scale: 1cm). Dots show the deformed part of the 

surface. Straight lines indicate constant velocity of the droplet. (e) Droplet moves 

unidirectionally on the nano-PPX surface, but it is sessile on the planar PPX track.
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Figure 2. 
(a) Critical drop volumes (V) as functions of the substrate tilt angles for the release (VREL), 

pinning (VPIN) and isotropic (VISO−;) directions; (b) the anisotropy strength, C0, (i.e., ratios 

of VPIN/VREL and VISO−/VISO+) as functions of stage tilt angle is shown. Schematic of 

nano-PPX rods with anisotropic (pinning, release) and isotropic (+, −) directions are defined 

in the inset. The error bars indicate the standard deviation. (c) Vibration frequency as a 

function of water droplet size for deformed nanoPPX film of P = 0.18MPa (θ = 24°); (d) 

droplet transport speed on deformed nanoPPX film (θ = 24°) as a functional of normalized 

vibration frequencies shows clustering of the data around the peak velocity.
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Figure 3. 
Cross sectional SEM images of nano-PPX films under pressure of (a) 0 MPa (θ = 45°), (b) 

0.044 MPa (θ = 32°), (c) 0.180 MPa (θ = 24°), and (d) 0.830 MPa (θ = 20°) respectively. 

Insets are top view SEM images of nano-PPX with roughness values of 0.29±0.1, 0.21±0.1, 

0.16±0.1, 0.18±0.1 µm respectively. (e) Droplet speeds as a function of pressure on nano-

PPX surfaces.
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Figure 4. 
(a) Close-up image of silicon tips drawing tracks (Inset: image of track drawing setup); (b) 

Top view SEM image of track border; (c) Drop speed dependence on track width on nano-

PPX surface.
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Figure 5. 
(a) Volume dependent sorting; 0.8 µL droplet passes the junction towards the curved track, 

(b) 5 µL droplet continues straight to the double channel ahead, (c) Volume dependent 

mixing; 2 µL droplet moves on tracks and continues without mixing, (d) 4 µL droplet moves 

forward, mixes at the junction, and proceeds to the end of the channel. (e) Schematic of 

interrupted channel device; 2µl droplet is moving forward; 4 µl droplet (no propulsion); 6 µl 

droplet (no propulsion); 8 µl droplet (no propulsion); 10 µl droplet moves forward, (65 Hz 

frequency) jumping the gap on the tracks.
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