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Abstract

In recent years, anisotropic wetting surfaces have attracted wide scientific at-
tention for both fundamental research and practical applications. Directional
transportation of droplets, as an efficient method to conduct droplet motion,
has attracted great interest in research and industrial fields. Nevertheless, the
great challenges in its application focus on these aspects such as sample con-
servation, velocity, distance, precision and driving force. Very recently, some
research highlights were published regarding improving the directional
transportation of aqueous droplets by creating micro topological channels.
The conceptually novel multi-bioinspired strategy based on structures and
functions is rendering a promising candidate for practical applications. In
addition, the numerical simulation and experimental verification can adjust
and optimize the configuration parameters to improve the transportation ca-
pacities of the channels. This review focuses on typical and recent advances in
the area of directional droplet transportation on micro channels, mainly
based on micro-/nanostructures. As a result of their excellent performance in
solving the aforementioned challenges, we anticipate that these works would
prosperously promote the fabrication and application of directional droplet
transportation.
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1. Introduction

Directional transportation of water has tremendous application potential in a
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number of fields such as microfluidic devices, cell screening, heat transfer, direc-
tional oil/water separation and water collection [1]. Therefore, its development
has attracted broad interest for decades [1] [2]. However, the conventional me-
thods (e.g. uPADs) have problems in conducting water, such as low velocity,
short distance, low accuracy and mass loss, which lay back the application of
water transportation [3] [4] [5]. What’s more, due to their low slippery perfor-
mance, in which solutions stick onto the surface instead of freely sliding off, ex-
ternal driving forces, such as gas pressure [6], light [7], UV irradiation [8], grav-
ity [9] and magnetic [10], are required for the droplet motion. This limits the
application scenarios of conventional directional transportation protocols.
Herein, it is crucial to develop new directional transportation technologies that
solve the problems mentioned above.

The excellent directional water transportation behavior, by contrast, can be
widely observed on natural surfaces, such as plant leaves, bug wings and bird
feathers [1] [7] [11] [12]. Surface characterization reveals that hydrophobic to-
pological channels on those surfaces act as micro-sized railways and transport
water droplets from one end to the other [1] [2]. Very recently, inspired by these
intriguing phenomenon, the creation of slippery anisotropic channels on sub-
strates has been reported for transportation of water droplets [3] [4] [5] [11]
[13]. These channels could contain the water drops in the designed areas and
conduct them directionally with excellent performances in aspects of velocity,
volume range, mass conservation and driving force [14]. This work has briefly
summarized recent advances in the development and application of novel direc-
tional wetting interfacial phenomena based on the utilization of unique mi-
cro-/nanostructures, and we believe that it could promote the development of

directional water transportation on microchannels.

2. Directional Droplet Transportation
2.1. T-Shaped Channels

Among all natural products, the directional transportation capability of Sarrace-
nia trichome is highlighted. The water transportation speed is tens of times fast-
er than spider silk and cactus [13]. The mass loss of the solution during the drop
migration is an obstacle in directional transportation, especially for droplet-scale
sample transportation. Huang et al revealed that the liquid residue is the result
of a transport-velocity-dependent dynamic wetting mechanism [5]. To over-
come this challenge, radially arranged Reentrant shape (T-shaped) omniphobic
channels were initially fabricated on silicon substrate. After comparing two types
of coating materials (rigid layer vs flexible brush), a liquid-like perfluorinated
polyether (PFPE) was chosen to craft the channels (Figure 1(a) and Figure 1(b)).
The fabricated substrate could directionally transport liquid with a wide range of
surface tension (27.5 to 65.3 mN-m™) without liquid residue on channels, mi-
croscopically. The transportation behavior is efficient, with the highest velocity

up to 122.1 mm-s™ for transporting N-hexadecane (C16SH), which was attributed
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Figure 1. (a) schematic illustration of liquid on “T”-shaped slant microwall assays grafted
with liquid-like brushes; (b) SEM image of the “I”-shape reentry channels; (c) Schematic
illustration of abraded channels grafted with liquid-like PDMS and the chemical structure
of the formed liquid-like PDMS brushes (right side). Reproduced with permission from
ref. 4 and 5; copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim and
2020 Wiley-VCH GmbH.

to lower contact angle hysteresis and superamphiphobicity created by T-shaped
channels. And similarly, the recent study also fabricated the directional trans-
portation substrates by grafting the liquid-like polymers on microchannels [4].
Initially, the silicon wafer was abraded using different diamond lapping films. It
was found that the larger lapping size of films corresponds to better wetting
performance (higher water contact angles and lower sliding angles). Then, lig-
uid-like Polydimethylsiloxane (PDMS) brushes were coated onto the prepared
silicon substrates. This fabricated substrate has an excellent anisotropic omni-
phobic sliding property that could resist droplets with surface tensions lower
than 37.7 mN-m™', and a long shelf life of up to 240 days (Figure 1(c)).

2.2. L-Shaped Channels

Moreover, high-resolution scanning electron microscope (SEM) images showed
that the surface of Sarracenia trichome was covered with parallel hierarchical
ribs. Based on the results of this finding, Chen et al proposed that pre-wetted
thin water film inside base channels could be attributed to the ultra-fast water
transportation property. By mimicking this morphology, the researchers fabri-
cated hierarchical microchannels on glass slides with lithography technology.
Transport distance on fabricated substrates will increase with the increasing
number of ribs (NA), inclined angle of ribs (20G), and number ratio of high/low
ribs (Figure 2(a) and Figure 2(b)). It was demonstrated that the water transporta-
tion speed on a pre-wetted substrate could be about four-fold faster than that on
a dry substates (~3.8 mm-s™' vs. ~0.9 mm-s™'), which verified that pre-wetted

channels could increase the transportation speed. Afterward Wu et al. increased
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Figure 2. (a) and (b) are SEM images of microchannels designed by Chen et al, where W = 1500 um, NA is the total number of
ribs, 260G is the inclined angle of two neighboring ribs, H = 50 um and h = 20 pum; (c) is the cross-section image of slant microwall
channels. Reproduced with permission from re£. 13 and 14; copyright 2022 Springer Nature and 2020 Wiley-VCH GmbH.

the speed of drop transportation up to 22.86 mms™ on silicon wafer constructed
with parallel L-shaped slanted microwall channels, which were created by fem-
tosecond laser oblique ablation (Figure 2(c)). The high transportation speed and
large volume ranges of droplets (Vy,/Vy;, = 100) could be achieved with the
help of horizontal vibration [13] [15].

2.3. Topological Microchannels

Very recently, to improve the precision of channels during water transportation,
Yang et al. created the three-dimensional topological slippery liquid-infused por-
ous surfaces (SLIPS) on copper substates using laser milling, as Figure 3 shown
[3]. The surface is finished by infusing the surface with silicon oil and forming a
uniform lubricating layer. It was shown that the sliding resistance anisotropy of
the resulting substrate is 27 times greater than that of natural rice leaves. With
mere gravity force, this type of substrate can be used efficiently and precisely
transport droplets. The velocity of transportation is five times higher than the
conventional substrates. Also, water droplets could move freely across the sur-
face without mass loss. It is worth highlighting that inspired by the beak of sho-
rebirds, wedged-shape channels were also created to transport water droplet
without external forces (including gravity). It can transport water droplets for a

distance of up to 12 mm, which is sufficient for microfluidic applications.

2.4. Microspine Chips

It could be predicted that more micro railway-based directional water transpor-
tation methods will be created in the near future. To solve multiple challenges in
this field, different strategies could be combined together, for instance, combin-
ing wedged-shaped channels (ref 3) and hierarchical microchannel strategy ap-
plied in ref 14 (high and low ribs) to self-transport longer and faster. For other
strategies, the transportation could be applied to liquids with a lower surface by
treating specific topography (e.g. doubly re-entry channels for transporting hy-
drofluoric acid solutions [15] [16]), or simplify the substrate design by using

sand paper to scratch the polymer surface (such as polycarbonate, and so on).
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Figure 3. schematic illustration of the cross section of fabricated hierarchical anisotropic microchannels (a) and image of direc-
tional water transportation behavior on the substrate (b); (c) is schematic illustration of self-driven droplet transpiration on
wedge-shaped microchannels. Reproduced with permission from ref: 3; copyright 2021, American Chemical Society.

Bioinspired Biosensing
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Figure 4. Directional droplet transportation on the superwettable microspine (SMS) chip,
inspired by the water-collecting phenomenon on the cactus spine. Reproduced with per-
mission from ref 18; copyright 2020, American Chemical Society.

Inspired by cactus, Chen et al fabricated nanomaterial-based superwettable
microspine (SMS) chips, as shown in Figure 4 [17]. The gradient of the Laplace
pressure arising from the geometric asymmetry of the SMS chip can dominate
the directional transportation of the droplet, and the superhydrophilicity of the
nanomaterial-based microspine can also contribute to the droplet self-transpor-
tation. It was demonstrated that the droplet moves faster by increasing wedged
channel angle. Such chips are able to transport droplet longer, faster and without

external forces, which greatly increases hydrophobicity.

3. Conclusions

In this review, recent advances in the development and application of novel di-
rectional wetting interfacial phenomena based on the utilization of unique mi-
cro-/nanostructures have been briefly summarized. In order to achieve the ex-
pected directional wetting phenomena, the micro-/nanostructures on the direc-
tional wetting surfaces should be controlled within a suitable range. If the drop-
let volume is too large or small to interact with different kinds of directional
wetting surfaces, the ideal directional wetting behavior cannot be realized [18].

The conceptually novel multi-bioinspired strategy based on structures and func-
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tions is rendering a promising candidate for practical applications [19]. In addi-
tion, the numerical simulation and experimental verification can adjust and op-
timize the configuration parameters to improve the transportation capacities of
the channels.

The trend of development relating to directional wetting may mean increasing
growth in the areas of the design, preparation, and application of more compli-
cated and subtle multifunctional directional wetting surfaces [20] [21]. As great
advances are achieved, it is expected that directional wetting surfaces will be ap-
plied in many fields, and we anticipate their contributions to the energy, envi-

ronmental, biological, analysis and medical domains, and other fields.

Ethical Compliance

There is no research conducted on animals or humans.

Acknowledgements

This work was supported by the National Natural Science Foundation of China
(82003507), and Postdoctoral Science Foundation of China (2019M661699).

Conflicts of Interest

The authors declare no conflicts of interest regarding the publication of this paper.

References

[1] Liu, M., Wang, S. and Jiang, L. (2017) Nature-Inspired Superwettability Systems.
Nature Reviews Materials, 2, Article No. 17036.
https://doi.org/10.1038/natrevmats.2017.36

[2] Ge, P., Wang, S., Zhang, ]. and Yang, B. (2020) Micro-/Nanostructures Meet Aniso-
tropic Wetting: From Preparation Methods to Applications. Materials Horizons, 7,
2566-2595. https://doi.org/10.1039/DOMH00768D

[3] Yang, X., Zhuang, K., Lu, Y. and Wang, X. (2020) Creation of Topological Ultras-
lippery Surfaces for Droplet Motion Control. ACS Nano, 15, 2589-2599.
https://doi.org/10.1021/acsnano.0c07417

[4] Wang, X., Wang, Z., Heng, L. and Jiang, L. (2020) Stable Omniphobic Anisotropic
Covalently Grafted Slippery Surfaces for Directional Transportation of Drops and
Bubbles. Advanced Functional Materials, 30, Article ID: 1902686.
https://doi.org/10.1002/adfm.201902686

[5] Huang, S., Li, J., Liu, L, Zhou, L. and Tian, X. (2019) Lossless Fast Drop
Self-Transport on Anisotropic Omniphobic Surfaces: Origin and Elimination of
Microscopic Liquid Residue. Advanced Materials, 31, Article ID: 1901417.
https://doi.org/10.1002/adma.201901417

[6] Tuteja, A., Choi, W., Ma, M., Mabry, ].M., Mazzella, S.A., Rutledge, G.C. and Co-
hen, R.E. (2007) Designing Superoleophobic Surfaces. Science, 318, 1618-1622.
https://doi.org/10.1126/science.1148326

[7] Chen, H., Zhang, P., Zhang, L., Liu, H., Jiang, Y., Zhang, D. and Jiang, L. (2016)
Continuous Directional Water Transport on the Peristome Surface of Nepenthes
Alata. Nature, 532, 85-89. https://doi.org/10.1038/nature17189

[8] Yu, X, Lai, H., Kang, H., Liu, Y., Wang, Y. and Cheng, Z. (2022) Underoil Direc-

DOI: 10.4236/0alib.1109253

6 Open Access Library Journal


https://doi.org/10.4236/oalib.1109253
https://doi.org/10.1038/natrevmats.2017.36
https://doi.org/10.1039/D0MH00768D
https://doi.org/10.1021/acsnano.0c07417
https://doi.org/10.1002/adfm.201902686
https://doi.org/10.1002/adma.201901417
https://doi.org/10.1126/science.1148326
https://doi.org/10.1038/nature17189

L. L. Chuetal.

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

tional Self-Transportation of Water Droplets on a TiO,-Coated Conical Spine. ACS
Applied Materials & Interfaces, 14, 6274-6282.
https://doi.org/10.1021/acsami.1c24815

Wang, Z., Li, H, Kang, H., Yang, X., Guan, M. and Wang, L. (2022) Mul-
ti-Bioinspired Janus Copper Mesh for Improved Gravity-Irrelevant Directional
Water Droplet and Flow Transport. Langmuir, 38, 2137-2144.
https://doi.org/10.1021/acs.Jlangmuir.1c03267

Buriak, J.M. (2004) Magnetic Chaperones for Droplets. Nature Materials, 3, 847-849.
https://doi.org/10.1038/nmat1271

Feng, L., Li, S, Li, Y., Li, H., Zhang, L., Zhai, J. and Zhu, D. (2002) Super-Hydrophobic
Surfaces: From Natural to Artificial. Advanced Materials, 14, 1857-1860.
https://doi.org/10.1002/adma.200290020

Zheng, Y., Zhang, C., Wang, J., Yang, L., Shen, C., Han, Z. and Liu, Y. (2020) Non-
wet Kingfisher Flying in the Rain: The Tumble of Droplets on Moving Oriented

Anisotropic Superhydrophobic Substrates. ACS Applied Materials & Interfaces, 12,
35707-35715. https://doi.org/10.1021/acsami.0c08889

He, Q., Hughes, T.L., Armitage, N.P., Tokura, Y. and Wang, K. (2022) Topological
Spintronics and Magnetoelectronics. Nature Materials, 21, 15-23.
https://doi.org/10.1038/s41563-021-01138-5

Liu, Z., Liu, H., Li, W. and Song, J. (2022) Optimization of Bioinspired Surfaces
with Enhanced Water Transportation Capacity. Chemical Engineering Journal, 433,
Article ID: 134568. https://doi.org/10.1016/j.cej.2022.134568

Liu, T. and Kim, C.J. (2014) Turning a Surface Superrepellent Even to Completely
Wetting Liquids. Science, 346, 1096-1100. https://doi.org/10.1126/science.1254787

Soltani, M. and Golovin, K. (2022) Lossless, Passive Transportation of Low Surface
Tension Liquids Induced by Patterned Omniphobic Liquidlike Polymer Brushes.
Advanced Functional Materials, 32, Article ID: 2107465.
https://doi.org/10.1002/adfm.202107465

Chen, Y., Li, K., Zhang, S., Qin, L., Deng, S., Ge, L. and Zhang, X. (2020) Bioins-

pired Superwettable Microspine Chips with Directional Droplet Transportation for
Biosensing. ACS Nano, 14, 4654-4661. https://doi.org/10.1021/acsnano.0c00324

Wang, Q., He, Y., Geng, X., Hou, Y. and Zheng, Y. (2021) Enhanced Fog Harvesting
through Capillary-Assisted Rapid Transport of Droplet Confined in the Given Mi-
crochannel. ACS Applied Materials & Interfaces, 13, 48292-48300.
https://doi.org/10.1021/acsami.1c14696

Bhatia, D. and Santis, A. (2020) A Preliminary Numerical Investigation of Airborne
Droplet Dispersion in Aircraft Cabins. Open Journal of Fluid Dynamics, 10,
198-207. https://doi.org/10.4236/0jfd.2020.103013

Liu, C,, Sun, Y., Huang, J., Guo, Z. and Liu, W. (2021) External-Field-Induced Di-
rectional Droplet Transport: A Review. Advances in Colloid and Interface Science,
295, Article ID: 102502. https://doi.org/10.1016/j.¢is.2021.102502

Son, J., Bae, G.Y., Lee, S., Lee, G., Kim, S.W., Kim, D. and Cho, K. (2021) Cac-
tus-Spine-Inspired Sweat-Collecting Patch for Fast and Continuous Monitoring of
Sweat. Advanced Materials, 33, Article ID: 2102740.
https://doi.org/10.1002/adma.202102740

DOI: 10.4236/0alib.1109253

7 Open Access Library Journal


https://doi.org/10.4236/oalib.1109253
https://doi.org/10.1021/acsami.1c24815
https://doi.org/10.1021/acs.langmuir.1c03267
https://doi.org/10.1038/nmat1271
https://doi.org/10.1002/adma.200290020
https://doi.org/10.1021/acsami.0c08889
https://doi.org/10.1038/s41563-021-01138-5
https://doi.org/10.1016/j.cej.2022.134568
https://doi.org/10.1126/science.1254787
https://doi.org/10.1002/adfm.202107465
https://doi.org/10.1021/acsnano.0c00324
https://doi.org/10.1021/acsami.1c14696
https://doi.org/10.4236/ojfd.2020.103013
https://doi.org/10.1016/j.cis.2021.102502
https://doi.org/10.1002/adma.202102740

	Directional Droplet Transportation on Microchannels
	Abstract
	Subject Areas
	Keywords
	1. Introduction
	2. Directional Droplet Transportation
	2.1. T-Shaped Channels
	2.2. L-Shaped Channels
	2.3. Topological Microchannels
	2.4. Microspine Chips

	3. Conclusions
	Ethical Compliance
	Acknowledgements
	Conflicts of Interest
	References

