Korean Chem. Eng. Res., 60(2), 277-281 (2022)
https://doi.org/10.9713/kcer.2022.60.2.277
PISSN 0304-128X, EISSN 2233-9558

Visualization Study on Microscale Wetting Dynamics of Water Droplets on Dry and
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Abstract — The wetting dynamics of water droplets dispensed on the surface of dry and wet hydrophilic membranes
were investigated experimentally from a microscale point of view. By using a high-speed, white-beam x-ray
microimaging (WXMI) synchrotron, consecutive images displaying the dynamic motions of the droplets were
acquired. Through analyzing the characteristics observed, it was found that the dry hydrophilic membrane showed
local hydrophobicity at a certain point during the absorption process with apparent contact angles greater than 90.
While on the other hand, the apparent contact angles of a water droplet absorbing into the wet membrane remained
less than 90 and showed total hydrophilicity. The observations and interpretation of characteristics that affect the
contact, wetting, recoiling, and dynamic behaviors of droplets are significant for controlling liquid droplet

impingement in a desired manner.
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1. Introduction

The spreading and absorption dynamics of liquid droplets
dispensed on solid surfaces are of vital importance in various
natural phenomena and industrial processes. When discussing the
areas of technological applications associated with researches of
droplet impacting on solid surfaces, the following are frequently
mentioned: spray coating, pesticide control, medical science, inkjet
printing, and metal forming [1-3]. In particular, the fundamental
knowledge on stable and precise deposition of droplets is exceptionally
important in both academic and industrial fields that require printing of
very small amount of liquids containing chemical, biological,
electronic materials [4-6]. To meet the increasing and diverging
requirements for stable and precise deposition of droplets, the
fundamental study on visualization of spreading and absorption
behaviours of liquid droplets depending on the surface wettability
is essential in determining (or designing) the absorbability of solid
surfaces to appropriately a liquid droplet [1,7-8].
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When a droplet impacts on a hydrophilic or hydrophobic solid
substrate, it exhibits various behaviors (e.g., spreading, crown-forming,
and recoiling) depending on its physical properties (e.g., surface
tension, viscosity, density, and impacting velocity) and the wettability
of solid substrates, and consequently reaches various wetting state
[7.9]. In other words, the outcomes of the deposition of a liquid
droplet are influence by many physical factors, including droplet size,
impacting velocity, physical properties of the liquid, and surface
wettability [10]. The intriguing features of surface wettability frequently
reveal in considering deposition of liquid droplets on textured
surfaces [11-12].

When a sessile droplet is gently dispensed on a solid substrate, it
has an intrinsic apparent contact angle arised from intermolecular
interactions (i.e., interfacial tensions) between the solid-liquid,
solid-vapor, and liquid-vapor interfaces [13-16]. In general, the
surface wettability is determined to be hydrophilic when the apparent
contact angle is less than 90°, while it is hydrophobic when the
apparent contact angle is above 90° [17-19]. The alteration of apparent
contact angles above and below the threshold indicates switching
of surface wettability [20]. In general, the wettability switching can
be achieved by modification of surface structure and roughness
[12]. While many researchers have extensively focused on fundamental
properties of hydrophobic and super-hydrophobic surfaces and
droplet behaviours on these surfaces [21,22], we here aim to observe
interfacial phenomena arising from the interaction between a liquid
droplet and a hydrophilic surface, investigating for manifestation
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of local hydrophobicity.

In the present study, we visualize the microscale, interfacial
dynamic behaviors of the collision of a water droplet against both
dry and wet surfaces of hydrophilic membranes. A highspeed, white-
beam x-ray microimaging (WXMI) technology in synchrotron
facility is utilized to acquire information on spatial-temporal shape
variation of the water droplet on the hydrophilic membrane and
analyze its impacting, spreading, and penetration dynamics. This
visualization strategy is of superiority due to the inclusion of a high
frame rate, short exposure time, miniscule pixel size, large field-of-
view, and phase-contrast imaging enhancement. The wettability
characteristics at various temporal stages of the absorption process
can be experimentally found out from high-speed recorded image
sequence of the variation of droplet shape at near contact line area.

2. Experimental Details

2-1. Experimental setup for synchrotron-based microimag-
ing of water droplet-membrane interface

For visualizing the morphology of a water droplet on the surface
of hydrophilic membranes, the Pohang Light Source IT (PLS-IT) 9D
beamline was utilized, as shown in Fig. 1. We employed the same
experimental setup used in the previous our research [23], which enabled
to obtain high-resolution images through a fast shutter and high-
speed camera that provided high frame rate and short exposure times.

2-2. Preparation of the test samples used for water absorp-
tion on dry and wet hydrophilic membranes

The conventional nonwoven filter paper made from a mixture of
cellulose (1.5 g/cm3 ) and polyester (1.39 g/cm3) with a pore size of
around 20 pm was used as the hydrophilic membrane. The
microscale image on the hydrophilic membrane is illustrated in
Fig. 2. On the other hand, for clearer visualization of the dynamic
morphology of the water droplets on the fibrous membrane, the
imaging contrasts were enhanced by adding an aqueous solution
containing iodine (12, 1% w/v) and potassium iodide (KI, 2% w/v)
to the water phase. The water droplet with a volume of 100 pL was
gently dropped onto the membrane surface with both dry and wet
conditions. Physical properties of the water droplet exhibits following
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Fig. 2. The microscale image on the conventional nonwoven filter
paper used as the hydrophilic membrane, which is made from
a mixture of cellulose (1.5 g/cm3) and polyester (1.39 g/cm3)
with a pore size of around 20 pm.

values: viscosity of 0.89 mPa-s, surface tension of water/air of 72.0
mN/m, and density of 997 kg/m.

3. Results and discussion

3-1. Temporal variation in morphology of droples impacting
onto dry and wet hydrophilic membranes

Dynamic behaviours of the water droplet impacting onto dry and
wet hydrophilic membranes are observed from the microscopic point
of view by utilizing a high-speed, synchrotron WXMI technique.
The dynamic morphology of the droplets after impacting on these
surfaces over time are shown in Fig. 3. Various dynamic behaviors
of the droplet, including spreading, recoiling, and oscillating are
observed during entire adsorption process. Here, the initial state
(i.e., time of 0 ms) is determined to be when the water droplet in a
spherical shape instantly contacts with the membrane surface.
Immediately after contacting with the membrane surface, a toroidal
shape is initially formed at the base of the spreading droplet, regardless
of membrane condition.

On the dry membrane surface, the height of the central cavity of
the droplet diminishes rapidly and a hallow concave region appears.
Subsequently, the droplet reverses the transformations of its shape,
in which the downwards pit disappears, and the central mount
reappears. The droplet repeats the movements continuously, oscillates
both horizontally and vertically during the absorption process as
shown in Fig. 3(a).
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Fig. 1. Schematics of synchrotron white-beam X-ray microimaging (WXMI) for visualizing transient behaviors of the droplets on dry and

wet surfaces of hydrophilic membranes.
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Fig. 3. Transient deformation of spreading of droplets near the contact line on the (a) dry membrane and (b) wet membrane. The scale bar
indicates 500 pm.
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Fig. 4. Subtraction images of the transient deformation of spreading of droplets near the contact line on the (a) dry membrane and (b) wet
membrane. The orange and red arrows indicate the starting point and moving distance of the contact line, respectively. The scale bar
indicates 500 pm.
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On the other hand, the central mount of the water droplet on the
wet membrane retains its shape and does not form any hallow pits.
Instead, the central mount of the droplet slowly oscillates vertically
while naturally decreasing its height. The droplet on the wet
membrane reaches the equilibrium state much earlier compared
with the case of the dry membrane, as shown in Fig. 3(b).

To clearly identify the interfaces of the spreading dynamics of
the droplets, subtraction analysis is carried out as shown in Fig. 4.
The yellow and green colors indicate weaker absorption intensity,
depending on material density; dense components absorb X-rays
and thus exhibit highlevel attenuation, whereas less dense materials
facilitate X-ray transmittance. As shown in Fig. 3, when the density
difference between the two media is small, it is difficult to
distinguish between the two materials. This method of subtraction
emphasizes the edges, providing a clear interface.

Based on the consecutive images of the spreading droplets
illustrated in Figs. 3 and 4, temporal variations of apparent contact
ane and spreading velocity for the contact line are quantitatively
analyzed (Fig. 5). As shown above, the water droplet on the dry
membrane initially oscillates, and then settle at the stable equilibrium
state. Accordingly, the initial fluctuations and subsequent damping
of apparent contact angle and spreading velocity are exhibited.
That is, the spreading behavior of the water droplet on the dry
membrane corresponds to an underdamped response. On the contrary,
the water droplet on the wet membrane initially spreads to the
maximum spreading diameter with maintaining an acute dynamic
contact angle. Subsequently, its contact line is almost pinned at the
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Fig. S. Dependencies of temporal variations for (a) apparent contact
angle and (b) spreading velocity on membrane condition.
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equilibrium state. That is, the spreading behavior of the water droplet
on the wet membrane corresponds to an overdamped response.

The difference in the temporal variation of dynamic contact angle
of water droplets on the dry and wet surfaces can originate from surface
roughness and resultant spreading velocity. The resistance of a water
droplet from penetrating the surface of a dry membrane is due to
the low interfacial energy caused by the air pockets present between
the droplet and the surface [24]. The Cassie-Baxter equation suggests
that as the roughness increases, the thickness of the interfacial air
film proportionally increases [1,7,25-26]. When the droplet was
dispensed on the dry surface, hollow craters of entrapped air were
formed between the two surfaces [27]. The development of this air
film decreased the interfacial energy and made the surface of the solid
substrate non-wetting, leading to the enhancement of hydrophobicity.
[28] For this reason, it was found to retain local hydrophobicity for
a period of time during the absorption process of the droplet on the
dry membrane. Without the presence of spaces of entrapped air
between the water droplet and the membrane, the introduction of
deduced surface roughness amplifies the wetting property of the
original surface to be more hydrophilic [29-30]. As a result, the
dynamic contact angle of the droplet on the wet membrane retain
acute angle until it reaches the equilibrium.

On the other hand, the absorption time for dry and wet membrane
surfaces are measured to be 180 ms and 108 ms, respectively. The
different spreading patterns depending on the membrane condition
is found to affect the absorption time.

4. Conclusions

In the present study, dynamic behavior of the water droplet
impacting on the dry/wet membrane is directly visualized by employing
a high-speed, synchrotron X-ray white-beam microimaging (XWMI).
With our synchrotron-based X-ray microimaging techniques, capture
of the whole droplet motion (large FOV of 4.4 x 4.4 mm) was
enabled. The dynamic characteristics of a spreading water droplet
dispensed on membrane surfaces with different conditions (i.e., dry
and wet conditions) was analyzed with measuring temporal variations
of apparent contact angles and spreading velocity and adsorption
time. The spreading behaviors of the droplets on dry and wet
membranes are found to exhibit an underdamped and overdamped
responses, respectively. In addition, the different spreading patterns
depending on the membrane condition is found to affect the absorption
time. The present study will provide in-depth understanding of the
early interfacial dynamics on porous media and will guide you in
developing technical strategies for improving the control of wettability
on the surface of hydrophilic membranes.

Acknowledgments

This research was supported by Basic Science Research Program
through the National Research Foundation of Korea (NRF) funded
by the Ministry of Education (2021R111A1A01061221).



10.

11.

12.

13.

14.

15.

16.

17.

18.

Visualization Study on Microscale Wetting Dynamics of Water Droplets on Dry and Wet Hydrophilic Membranes 281

References

. Wang, M.-]J,, Lin, F.-H., Ong, J. Y. and Lin, S.-Y., “Dynamic

Behaviors of Droplet Impact and Spreading—Water on Glass
and Paraffin]’ Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 339(1-3), 224-231(2009).

. Rein, M., “Phenomena of Liquid Drop Impact on Solid and Liq-

uid Surfaces] Fluid Dynamic Research, 1993.

. Modaressi, H. and Garnier, G., “Mechanism of Wetting and

Absorption or Water Droplets on Sized Paper: Effects of Chemical
and Physical Heterogeneity,” Langmuir, 18(3), 642-649(2002).

. Modak, C. D., Kumar, A., Tripathy, A. and Sen, P., “Drop

Impact Printing)’ Nat Commun, 11(1), 4327(2020).

. Kwon, K.-S.; Kim, H.-S. and Choi, M., “Measurement of Inkjet

First-drop Behavior Using a Highspeed Camera}’ Rev Sci Instrum,
87(3), 035101(2016).

. Krainer, S., Smit, C. and Hirn, U., “The Effect of Viscosity and

Surface Tension on Inkjet Printed Picoliter Dots” Rsc Adv, 9(54),
31708-31719(2019).

. Li, Z.,Kong, Q., Ma, X., Zang, D., Guan, X. and Ren, X., “Dynamic

Effects and Adhesion of Water Droplet Impact on Hydrophobic
Surfaces: Bouncing or Sticking]” Nanoscale 9(24), 8249-8255(2017).

. Wijshoff, H., “Drop Dynamics in the Inkjet Printing Process.’

Curr Opin Colloid In 36, 20-27(2018).

. Gao, Y. S., Jung, S. W. and Pan, L., “Interaction Forces between

Water Droplets and Solid Surfaces across Air Films] Acs Omega
4(15), 16674-16682(2019).

Li, X., Ma, X. and Lan, Z., “Behavioral Patterns of Drop
Impingement onto Rigid Substrates with a Wide Range of Wet-
tability and Different Surface Temperatures.” Aiche J., 55(8),
1983-1992(2009).

Shen, J., Liburdy, J. A., Pence, D. V. and Narayanan, V., “Droplet
Impingement Dynamics: Effect of Surface Temperature During
Boiling and Non-boiling Conditions]’ Journal of Physics: Con-
densed Matter, 21(46), 464133(2009).

Verplanck, N., Coffinier, Y., Thomy, V. and Boukherroub, R.,
“Wettability Switching Techniques on Superhydrophobic Sur-
faces) Nanoscale Research Letters, 2(12), 577-596(2007).
Larher, Y., “A Very Simple Derivation of Young’s Law with
Gravity Using a Cylindrical Meniscus” Langmuir, 13(26), 7299-
7300(1997).

Tran, P. A. and Webster, T. J., “Understanding the Wetting Prop-
erties of Nanostructured Selenium Coatings: the Role of Nano-
structured Surface Roughness and Air-pocket Formation) Int J
Nanomed, 8, 2001-2009(2013).

Nakajima, A. and Nakajima, A., “Design of Hydrophobic Sur-
faces for Liquid Droplet Control}’ NPG Asia Mater. NPG Asia
Materials, 3, 49-56(2011).

Yonemoto, Y. and Kunugi, T., “Theoretical Model of Droplet
Wettability on a Low-Surface-Energy Solid under the Influence
of Gravity, The Scientific World Journal, 2014, 647694(2014).
Banertjee, S., “Simple Derivation of Young, Wenzel and Cassie-
Baxter Equations and its Interpretations.’ arXiv preprint arXiv:
0808.1460 (2008).

Whyman, G, Bormashenko, E. and Stein, T., “The Rigorous Deri-
vation of Young, Cassie-Baxter and Wenzel Equations and the
Analysis of the Contact Angle Hysteresis Phenomenon] Chemi-
cal Physics Letters, 450(4-6), 355-359(2008).

19. Huang, X. M. and Gates, 1., “Apparent Contact Angle around
the Periphery of a Liquid Drop on Roughened Surfaces;’ Sci
Rep-Uk, 10(1), (2020).

20. Ferrari, M., “Switching Surface Wettability Properties] Journal
of Adhesion Science and Technology, 28(8-9), 791-814(2014).

21. Pandey, P. R. and Roy, S., “Is it Possible to Change Wettability
of Hydrophilic Surface by Changing Its Roughness?;” The Jour-
nal of Physical Chemistry Letters, 4(21), 3692-3697(2013).

22. Chen, L. and Li, Z., “Bouncing Droplets on Nonsuperhydropho-
bic Surfaces]” Phys Rev E Stat Nonlin Soft Matter Phys, 82(1-2),
016308(2010).

23. Kim, S., Choi, H., Polycarpou, A. A. and Liang, H., “Morphol-
ogy-influenced Wetting Model of Nanopore Structures;” Fric-
tion, 4(3), 249-256(2016).

24. Bae, K. J., Yao, W. H., He, Y. L. and Cho, Y. R., “Wetting Behavior
of Liquids on Micro- Patterned Polymer Surfaces Fabricated by
Thermal Imprinting]” Korean J Met Mater, 55(9), 624-631(2017).

25. Bormashenko, E., “Wetting Transitions on Biomimetic Surfaces]’
Philos T R Soc A4, 368(1929), 4695-4711(2010).

26. Li, Y.; Li, J.; Liu, L.; Yan, Y.; Zhang, Q.; Zhang, N.; He, L.; Liu,
Y.; Zhang, X.; Tian, D.; Leng, J. and Jiang, L., “Switchable Wet-
tability and Adhesion of Micro/Nanostructured Elastomer Surface
via Electric Field for Dynamic Liquid Droplet Manipulation}’
Advanced Science, 7(18), 2000772(2020).

27. Shetabivash, H. and Dolatabadi, A., “Numerical Investigation of
Air Mediated Droplet Bouncing on Flat Surfaces]’ AIP Advances,
7(9), 095003 (2017).

28. Quetzeri-Santiago, M. A.; Castrejon-Pita, A. A. and Castrejon-
Pita, J. R., “The Effect of Surface Roughness on the Contact Line
and Splashing Dynamics of Impacting Droplets) Sci Rep-Uk
9(1), 15030(2019).

29. Kannangara, D., Zhang, H. and Shen, W., “Liquid—paper Inter-
actions During Liquid Drop Impact and Recoil on Paper Sur-
faces, Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 280(1-3), 203-215(2006).

30. Lee, K., Ivanova, N., Starov, V., Hilal, N. and Dutschk, V., “Kinetics
of Wetting and Spreading by Aqueous Surfactant Solutions]
Advances in Colloid and Interface Science, 144(1-2), 54-65(2008).

Authors

Kyungjin Park: Research Professor, Department of Medical Life
Sciences, College of Medicine, The Catholic University of Korea,
Seoul, 06591, Korea; kjpark@catholic.ac.kr

Seong Yeon Kim: Senior, Department of Chemical Engineering,
McGill University, 845 Sherbrooke St W, Monctreal, Quebec H3A
0GA, Canada; serena.kim1575@gmail.com

Jiwoo Hong: Professor, School of Mechanical Engineering, Soongsil
University, 369 Sangdo-Ro, Dongjak-Gu, Seoul, 06978, Republic of
Korea; jiwoohong@ssu.ac.kr

Jong Hyun Kim: Researcher, Pohang Accelerator Laboratory (PAL),
Pohang University of Science and Technology (POSTECH), 77
Cheongam-ro, Nam-gu, Pohang, Gyeongbuk, Republic of Korea, 376735;
kjh9818@postech.ac.kr

Geunbae Lim: Professor, Department of Mechanical Engineering,
Pohang University of Science and Technology (POSTECH), 77
Cheongam-ro, Nam-gu, Pohang, Gyeongbuk, Republic of Korea,
37673; limmems@postech.ac.kr

Korean Chem. Eng. Res., Vol. 60, No. 2, May, 2022



