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Wicking is an efficient liquid-handling strategy used in biomedicine, textile engineering, and environmental
monitoring. Laser micromachining is a powerful method that induces unidirectional wicking by altering a sur-
face’s physical and chemical properties in one step. This research examines how laser machining affects the
wicking dynamics of open microchannels. Microchannels were fabricated on a pre-laser-machined hydrophobic
square on a silicon substrate, and their wicking performance, i.e., flow rate, water meniscus shape, and dura-
bility, was evaluated under various conditions, including different laser parameters, channel orientation, and
engraving designs. Depending on its distribution, surface roughness, influenced by laser parameters, is critical in
enhancing or hindering wicking. The laser can create two distinct wicking modes on a single platform. Increased
roughness slows wicking in horizontally oriented channels, while in vertically oriented channels, it significantly
boosts the capillary rate. The durability of wicking also depends on surface roughness properties; microchannels
with tightly structured textures maintain durable wicking independent of their capillary flow rate. This study
provides insights into how laser machining influences wicking dynamics in microstructures, offering strategies

for optimizing microfluidic devices.

1. Introduction

Wettability changes can be achieved by modifying either the
morphology or chemistry of surface structures [1]. The wetting behavior
of a surface is characterized by the contact angle of a water droplet
placed on it. According to this definition, a surface is considered
superhydrophobic if the measured contact angle exceeds 150°, hydro-
phobic if the contact angle ranges between 90° and 150°, hydrophilic
when it is less than 90°, and superhydrophilic if the contact angle is
lower than 10°, indicating a high degree of wickability.

Wicking generally refers to capillary-driven fluid flow resulting from
the interplay between adhesive forces at the liquid-solid interface and
cohesive forces among fluid molecules [2]. This phenomenon is
commonly observed in nature, with a notable example being the ab-
sorption of water by plants through their roots in the soil. Wicking en-
ables passive water flow without any external force or power, resulting
in a low-cost and simple liquid transport system for a broad range of
applications. The wicking behavior of a platform is influenced by factors
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such as liquid surface tension and surface properties [3].

Achieving a system with these properties is challenging. Laser
machining offers a rapid and efficient method for creating such a plat-
form through single-step processing. This technique allows for the
modification of both surface morphology and chemistry [4]. Immedi-
ately after laser machining on metals, the resulting structures exhibit
superhydrophilic properties with varying degrees of wettability. The
heat generated during the laser ablation process induces these changes
in wettability [5].

The wicking performance of fluid in a microchannel is generally
characterized by the flow rate, the distance travelled by the fluid over
time, and the overall flow pattern. Beyond its capability of generating
micro- and nano-scale patterns, laser machining has significant potential
to induce varied modes of wicking on metallic surfaces. This capability
allows for precise control and manipulation of the wicking behavior
within microchannels.

With the significant advancement in laser micro/nano
manufacturing methods, various studies proposed new ways to enhance
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laser-induced wicking [6-8]. Fang et al. linked the wicking performance
of microgroove structures to temperature, demonstrating the de-
pendency of wicking behavior on temperature [9]. Additionally, some
researchers developed bioinspired structures to achieve the desired
capillary flow performance through morphological alteration [10,11].
Recently, Huang et al. fabricated gradient-patterned microgrooves to
control capillary fluid flow on surfaces [12]. The team demonstrated an
enhancement in the capillary rising performance of these step-gradient
structures compared to non-gradient ones.

While previous works primarily focused on controlling wicking
through factors such as geometries [13,14], surface chemical properties
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[4,15,16], or applied heat [17-19], the present study aims to explore a
different perspective on the concept of laser-induced wicking by posi-
tioning the laser as the sole determinant of wicking dynamics.

This paper addresses the parameters affecting wicking behavior, i.e.,
flow rate and flow pattern in a microchannel, followed by an exami-
nation of wicking durability. A microstructure comprising inlet and
outlet circles connected by a microchannel was laser-textured on a pre-
machined hydrophobic background to confine water flow within the
microchannel. First, the roles of various laser parameters, including
laser power, speed, the number of laser passes, and the type of scanning
lines (linear, spiral), were investigated for the horizontally oriented
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Fig. 1. (a) Schematic of the laser textured microchannel structure on post-processed laser pre-machined square background on a 4-inch silicon wafer. (b) Actual
image of the laser textured microchannel structure on post-processed laser pre-machined square background on a 4-inch silicon wafer. (c) Scanning line patterns of
laser-textured background relative to the microchannel orientation. (i) Horizontal microchannel-scanning lines are parallel to the lines on the background. (ii)
Horizontal microchannel-scanning lines are perpendicular to the lines on the background. (iii) Horizontal microchannel on mesh-type background. (iv) Vertical
microchannel-scanning lines are parallel to the background lines. (v) Vertical microchannel-scanning lines are perpendicular to the background lines. (vi) Vertical

microchannel on mesh-type background.
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microchannel structure. Given that the hydrophobic background was
also prepared via laser machining, we systematically investigated the
effects of its scanning line pattern and the microchannel’s orientation
relative to the background structure on wicking performance. Our study
underscores the transformative potential of laser micromachining in
precisely controlling the wicking phenomenon, marking a notable
advancement in the field.

2. Materials and methods
2.1. Fabrication and surface modification of silicon wafers

A series of fabrication steps were performed to investigate the effects
of laser-induced surface modifications on silicon wafers. First, 4-inch
silicon wafers with <100> crystal orientation were ultrasonically
cleaned with deionized (DI) water and ethanol. A 3 cm x 3 cm square
was machined on the silicon substrate using a femtosecond laser ma-
chine (A-Series, Oxford Lasers, United Kingdom) wavelength(s) 1028
nm, frequency range 1 kHz-1 MHz, maximum average power 6W at 30
kHz and maximum energy 0.2 mJ at 30 kHz. The laser parameters for
this square-shaped background are as follows: laser power of 5 W,
scanning speed of 30 mm/s, and scanning line thickness of 80 pm. These
parameters were selected to achieve optimal surface texturing while
maintaining the integrity of the silicon substrate. Next, the laser-
textured surface underwent a chemical post-processing experiment
introduced by Tran et al. [20]. This process aimed to shift the wettability
of the surface structure from superhydrophilic, induced by laser pro-
cessing, to hydrophobic.

The design structures, consisting of two inlet and outlet circles
(radius = 1.5 mm) connected by a microchannel with a length of 1 cm
and a width of 500 pm, were machined on the chemically post-processed
hydrophobic background through a second round of laser processing.
Fig. 1(a), (b) illustrate the design of the proposed laser-fabricated
microstructure.

As the first step of the study, five horizontally oriented microchannel
samples, with scanning lines parallel to those of the background (Fig. 1
(c)(@)), were tested. These samples were subjected to variable laser pa-
rameters, including laser power, scanning speed, type of scanning lines,
and rounds of machining. All the tested samples and their design fea-
tures are listed in Table 1.

In the second stage, six different samples were designed to investi-
gate the effects of microchannel’s orientation (horizontal/vertical) fol-
lowed by their scanning lines’ orientation relative to the background
with different laser scanning line patterns, Fig. 1(c). The first category
consists of horizontal structures on a hydrophobic background with the

Table 1
Different samples with different laser parameters.

Sample Laser Parameter
Number . R
Laser Laser Type of Scanning Number Scanning
Speed Power Lines of Laser Line
(mm/ W) Passes Thickness
s) (pm)
1 30 3 Linear 1 8
= —
=4 =4
2 4 3 Linear 1 8
—\ —
=4 =4
3 30 5 Linear 1 8
—\ —
=4 =4
4 30 3 Spiral 1 8
5 30 3 Linear 2 8
= =
= =
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following scanning line patterns: 1) lines parallel to those of the
microchannel, 2) lines perpendicular to the microchannel, and 3) a mesh
structure combining both horizontal and vertical lines. These conditions
were also examined for the vertical orientation of the channel.

2.2. Analysis of wicking behavior

To analyze the wicking behavior of the flow through the micro-
channel, we utilized a setup consisting of an upright microscope (Nikon
SMZ 745T, Japan), a camera (Dino-lite digital microscope camera)
mounted on the microscope, and a syringe pump, Fig. 2. The sample was
placed under the microscope, and the lighting was adjusted to optimize
the experimental conditions. A 5-pl droplet was gently applied to the
inlet circle via the syringe pump. The camera recorded the entire process
of water flow through the channel. The captured videos were then
further processed for quantitative data.

2.3. Surface characterization and analysis techniques

We conducted a series of tests at different stages to comprehensively
characterize the samples’ surface morphology and chemical composi-
tion. The surface morphology of the laser-machined microstructures was
analyzed using a scanning electron microscope (SEM) (Apreo 2S,
Thermo Scientific, United States). The SEM’s energy dispersive spec-
troscopy (EDS) function was employed to detect the chemical compo-
sition of the surface structures. The resultant structures’ dimensions and
average surface roughness (Ra) were evaluated using a 3D laser scan-
ning microscope (LEXT 5100, Olympus, Japan). Water contact angle
(CA) values of droplets on the laser-machined structures were measured
using an optical tensiometer (Theta Flex, Biolin Scientific, Finland).

3. Results and discussion

3.1. Surface morphology and chemical composition of laser-machined
microchannels

This section details the surface morphology and chemical composi-
tion of the laser-machined microstructures, which are critical for un-
derstanding their wettability and subsequent fluid dynamics within the
microchannels. The morphology of the laser-machined structures was
characterized using SEM (Fig. 3(a—f)) and the laser scanning microscope
(Fig. 3(g-i)). The SEM images provide detailed topographical features of
the microchannels, while the laser microscope offers complementary
three-dimensional views of the surface. Fig. 3(a—f) present the SEM
images of the laser-machined horizontal microchannel structures on a
square-shaped hydrophobic background. These images illustrate the
intended wicking region. Images were taken for background surface
designs with different scanning line patterns, where the lines on the
background are clearly visible.

The laser parameters used for this microchannel align with those
specified for sample 1 in Table 1. The SEM images reveal a distinct array
of micro- and nano-scale protrusions on the surface of the microchannel.
During laser machining, the generated heat causes molten material to
splash and resolidify, forming these protrusions. Created through laser
ablation on the hydrophobic background, these features contribute to
surface porosity. The randomly distributed porous micro/nano-
structures play a critical role in enhancing the superhydrophilic and
wicking properties of the microchannels [21].

EDS analysis was conducted to evaluate the elemental composition
of the sample at various stages of processing, Fig. 4(a—d). The EDS data
was collected at four stages: (i) pristine silicon substrate, (ii) laser-
textured square background immediately after laser machining, (iii)
after chemical post-processing, and (iv) after the second round of laser
texturing on the chemically modified hydrophobic surface.

Laser machining in air is a high-energy process where silicon reacts
with atmospheric oxygen, leading to the formation of silicon oxide on
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Fig. 2. (a) Schematic illustration of the experimental setup for wicking analysis in laser-machined open microchannels.Created in https://BioRender.com (b) Actual

image of the setup of the experiment.

the surface of the structure [22]. The increased oxygen content enhances
the hydrophilic nature of the silicon surface, which significantly con-
tributes to the super-wicking behavior observed in the laser-textured
samples. Elemental composition analysis before and after laser pro-
cessing shows an increase in the oxygen content after laser machining,
which is associated with reactions occurring during the process and the
subsequent formation of silicon oxide on the sample.

Following chemical post-processing, the initially superhydrophilic,
high-energy laser-textured surface of the square background transitions
to a low-energy hydrophobic state. The EDS analysis of chemically post-
processed samples reveals a decrease in oxygen content on the square
background, Fig. 4(c). This reduction is attributed to the chemical re-
actions during the processing steps, which effectively altered the surface
chemistry.

The EDS analysis of the laser-machined microchannel highlights
notable differences in elemental composition, particularly in oxygen
content, Fig. 4(d). These variations reflect the complex interactions
between laser machining and chemical modifications.

3.2. Mechanism of wicking

As previously discussed, the laser machining process significantly
alters the silicon surface, transforming the smooth, pristine silicon wafer
into a porous, permeable structure [21]. This newly generated porous
texture is a key factor in facilitating the wicking phenomenon on the
substrate. The primary driving force behind the wickability in these
microchannels is the capillary pressure difference. According to the
Laplace-Young equation, the capillary pressure difference (APcsp) is
defined as [23]:

20 cos 0
p

APcap = (€D)

where ¢ (N/m), 6 (°) and r, (m) are the surface tension, contact angle,
and capillary pore radius, respectively.

The capillary pressure difference can be expressed as the sum of
viscous friction, gravity, and evaporation effects, contributing to the
momentum balance [23]:

26 c0s 0 qpuxv my
Tp - k 2dﬁlmpK

X%+ pgh (2)

Since the tested samples are positioned horizontally under the mi-
croscope (Fig. 2), the effect of gravity is negligible. Additionally, as
liquid transport occurs quite rapidly, evaporation of the tested liquid is
not a factor. Thus, the equation can be simplified to:

26 cos 0 quxv
n  k

€))

dx 20k cos 0
d_ _ OK COS (4)
t Tpypux

Capillary filling time can be calculated by integrating with respect to
channel length.

X ryeux
t= _ P dx 5
/0 20k cos 0 ®

The above relation can be rewritten as follows, which is renowned as
the Lucas-Washburn equation:

, 4okcos 6
X=———t
K@

(6)

where x (m) is the capillary distance travelled by the fluid through the
wicking medium, k (m?) is the permeability function, p (Pa.s) is the
liquid viscosity, ¢ is the porosity factor of the structure and t is the time.

Equation (6) can be further simplified to x> = Dt, where D = %

represents the capillary performance parameter. Like the diffusion co-
efficient, this parameter determines the rate at which fluid traverses the
channel.

Based on these relationships, the wicking performance intrinsically
depends on both the fluid characteristics and surface properties. In this
study, water was chosen as the working liquid in all cases.

3.3. Role of laser machining in wicking dynamics

3.3.1. Effect of laser parameters on wicking dynamics of horizontally
oriented microchannel

Following two distinct laser machining processes, first, to create a
square-shaped hydrophobic background and second, to fabricate the
microchannel structure, we observed a pronounced super-wicking
phenomenon within the microchannel. When a 5 pl water droplet was
applied to the inlet circle, water flowed through the microchannel,
constrained by the surrounding hydrophobic region, with no lateral
spreading. The microchannel demonstrated super hydrophilic proper-
ties, while the background remained hydrophobic, keeping the applied
droplet in a stable, spherical shape.

Five case studies were conducted to understand how varying laser
parameters influence wicking behavior in microchannel structures. Each
case analyzed wicking performance in horizontally oriented micro-
channel under conditions illustrated in Fig. 1(c)(i). Table 1 summarizes
the samples’ characteristics and the corresponding laser parameters.
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Fig. 3. SEM images of laser-machined microchannel on hydrophobic background. (a—c) Horizontal microchannel with scanning lines parallel to the background’s
lines. (d-f) Horizontal microchannel on hydrophobic background with mesh patterns. Laser microscopy images of (g) horizontal microchannel on background with
parallel scanning lines to microchannel’s lines. (h) Horizontal microchannel on background with perpendicular lines relative to the microchannel scanning lines. (i) A

horizontal microchannel on the background with a mesh pattern.

Fig. 5 depicts all the meniscus x position versus time graphs of the tested
samples.

3.3.1.1. Laser scanning speed. Fig. 5(a) shows the data plot of the
capillary dynamics for sample 1, with the water spreading duration
recorded 4 s. Snapshots of the water propagation through the micro-
channel at different time intervals (t = 0s, t = 1s, t = 2s, t = 3s, t = 4s)
are provided in Fig. 5(b). Capillary flow progresses through several
distinct stages [17,24]. The first stage is the acceleration phase, where
the spreading distance of the water is proportional to the square of time
(x « t2), and the velocity peaks [17]. During this phase, the fluid in
sample 1 reaches an initial flow velocity of approximately 2000 pm/s
(refer to the velocity—time graph in Fig. 5(a)). After the acceleration

phase, the flow transitions into an inertial (or quasi-linear) mode; the
distance travelled by the fluid changes linearly with time (x « t), and the
velocity remains constant [17]. This stage lasts for around 0.2 s for this
sample. The fluid then enters the Washburn regime, where the spreading
distance is proportional to the square root of time (x « t'/2). Fig. 5(c)
presents the comparison between experimental x « t!/2 data plot for
sample 1 with the theoretical values based on Washburn theory.

To explore how laser scanning speed affects the wicking dynamics of
microchannels, the scanning speed was varied from 30 mm/s to 4 mm/s
Fig. 5(d) displays the fluid travel distance over time for samples 1 and 2,
which were subjected to various laser scanning speeds. The results
indicated that decreasing the laser scanning speed from 30 mm/s to 4
mm/s reduces the flow velocity over time. As shown in the graph, it



E. Lori Zoudani et al.

W
) %

C 272 %

Si 72.8 %

Element | Atomic Weight

% %
© 8.4 % 3.9 %

(0] 4.9 % 3.0%

86.6 % 93.1%

Journal of Science: Advanced Materials and Devices 9 (2024) 100819

Element | Atomic Weight
% %
C
o

Element ‘Weight
%
(O
o

Fig. 4. EDS analysis of (a) Pristine silicon wafer (b) Fresh laser-machined background. (c) Post-processed background. (d) Laser-textured microchannel on hy-

drophobic background.

takes only 4 s for the fluid to traverse the 1 cm length of the micro-
channel in sample 1, whereas fluid in sample 2 requires 12.5 s to cover
the same distance.

The laser scanning speed directly influences the duration of laser-
surface interaction. At a scanning speed of 4 mm/s, the laser beam
spends significantly more time on the engraving area compared to a
speed of 30 mm/s. As a result, the heat generated has a more pro-
nounced effect on the sample at the lower scanning speed. This phe-
nomenon significantly influences the surface properties and
subsequently the wicking dynamics of the sample. The wetting property
of surfaces was characterized by analyzing the water contact angle,
which is determined by surface chemistry and roughness.

The initial contact angle of a 3-pL water droplet on the channel
surface was measured: 30° + 2 for sample 1, and 56° + 3 for sample 2.
The observed difference in contact angles between these two samples is
attributed to the distinct surface properties induced by laser ablation.
Specifically, the smaller water droplet contact angle on sample 1 in-
dicates a higher level of hydrophilicity, resulting in superior wicking
performance as compared to sample 2.

3.3.1.2. Laser power and scanning line pattern. The effects of laser power
and scanning line pattern on the wicking behavior of the microchannel
were also investigated. Laser power represents the energy delivered by
each laser spot, with higher power resulting in more intense energy
emission onto the sample. Fig. 5(e) demonstrates that increasing laser
power from 3W (sample 1) to 5W (sample 3) results in a decrease in the
capillary flow rate.

A sample with a spiral-shaped scanning line pattern was fabricated to
evaluate the impact of different laser scanning line patterns on micro-
channel wickability, as shown in Table 1 (sample 4). The meniscus x
position versus time graphs for the linear (sample 1) and spiral (sample
4) patterns (Fig. 5(e)) show only slight differences. This is because the
scanning line pattern in the channel section of the microstructures is the
same. The primary difference between these designs lies in the
engraving line pattern in the inlet and outlet circles, indicating that the
inlet’s scanning line pattern minimally influences the wicking behavior.
However, the shape of the scanning lines alters the flow pattern, leading
to a different fluid flow shape in the outlet circle compared to the linear

type.

3.3.1.3. Multiple laser passes. In the final step of this study, the effect of
multiple laser passes was analyzed. A sample was fabricated with two
rounds of laser passes, and the resulting distance versus time graph is
shown in Fig. 5(f) (sample 5). The figure indicates that increasing the
number of laser passes reduces the water flow rate in the microchannel.
For instance, the 1 cm microchannel was traversed in 4 s by the applied
water droplet on the sample with 1 round of laser pass (sample 1),
whereas it took 6.4 s for the sample with two rounds of machining
(sample 5). Two rounds of laser passes altered the microchannel’s sur-
face properties, increasing surface roughness and changing the amount
of element oxide due to repeated machining.

We non-dimensionalize the relationships to simplify the resulting
spreading distance versus time graphs. From the Washburn equation,
Equation (6), the non-dimensional parameter is defined as:
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Fig. 5. Wicking performance analysis. (a) Meniscus x position versus time and velocity versus time graphs for sample 1. (b) Snapshots of water spreading in the
microchannel (att = 0, t = 1s, t = 2, t = 3s, t = 4s). (c) Meniscus x position versus t*/2 graphs of experiment (sample 1) and Washburn theory. (d) Meniscus x position
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line pattern). (f) Meniscus x position vs time graph for samples 1 and 5. (Effect of number of laser passes).
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Therefore, non-dimensionalized x* and t* can be calculated as
follows:

« X . t.D
KT K

Fig. 6 shows the x*2 — t* graphs for all 5 samples.

The resulting plot reveals that the general pattern of the x*2 — t*
graphs for these five samples is linear. Differences among these data sets
arise from factors related to surface properties, which reflected in the
calculated parameters.

The tested samples exhibit various modes of capillary-induced fluid
flow, characterized by distinct surface characteristics resulted from
different laser machining conditions. These characteristics include
average surface roughness (Ra, pm), capillary performance factor (D,
m?/ s), and water contact angle (°). Ra, D and initial water contact angle
were measured for each case and are summarized in Table 2. Addi-
tionally, the contact angle evolution of a 3-pL water droplet, from initial
placement to complete spreading on the channel surface, was recorded
for each sample (Fig. 7(a)), highlighting variations in wetting dynamics.
These parameters indicate each surface structure’s hydrophilicity level
and, consequently, its wickability. Higher D values, combined with
lower initial contact angles and shorter droplet spreading times, suggest
enhanced wickability of the microchannel structures.

Table 2 shows that sample 2, which demonstrates the weakest
wickability, has the lowest D parameter and the highest initial contact
angle among the cases. In contrast, sample 1, which exhibits the best
wicking performance, has the highest D value and the lowest initial
contact angle. In addition, a correlation exists between surface rough-
ness and the capillary performance factor. As shown in Table 2, samples
with lower average roughness values exhibit better wicking perfor-
mance, indicated by higher D values. Fig. 7(b) further illustrates this
relationship, showing that Ra is inversely related to D: as surface
roughness increases, the capillary performance factor—and thus,
wicking dynamics—decrease. This inverse relationship suggests that the
distribution and inherent characteristics of the generated roughness act
as a hindrance, where increased roughness slows the water flow rate.

(3

3.3.2. Effect of laser engraving line pattern of hydrophobic background and
microchannel orientation on wicking dynamics

The primary purpose of designing a hydrophobic background was to
restrict the water flow within the borders defined by the microchannel
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Table 2

Surface characteristic parameters.
Sample Number Initial contact angle (deg) Ra (pm) D (m?%/s)
Sample 1 30+2 1.347 2.8 x107°
Sample 2 56 + 3 9.54 6.6 x 10°°
Sample 3 33+2 1.768 2.14 x 107°
Sample 4 30 +2 1.525 2.6 x 107°
Sample 5 35+1 3.51 1.68 x 107°

walls. However, further analysis reveals that the background pattern
also plays a significant role in controlling the wicking dynamics within
the microchannel. This background not only serves as a mechanism for
lateral water flow control but also introduces a novel approach for
manipulating wicking behavior. Various strategies have been explored
to control wicking, including modifications to the wicking region, such
as altering the structure’s shape or adjusting laser parameters, as dis-
cussed in the previous section of the current study. Additionally,
chemical surface treatments can be employed to modify wickability.

In this section, we present another factor to manipulate the wicking
dynamics, i.e., the characteristics of the laser-textured hydrophobic
background surface. Three distinct cases were investigated, as illus-
trated in Fig. 1(c).

e Parallel Scanning Lines: The scanning lines of the microchannel
run parallel to those on the hydrophobic background.

e Perpendicular Scanning Lines: The scanning lines of the micro-
channel are oriented perpendicular to the lines of the background.

e Mesh Pattern: The scanning lines of the hydrophobic background
create a mesh pattern, combining both vertical and horizontal lines.

This section reports on the effects of various hydrophobic back-
ground patterns on the wicking dynamics of the samples. These effects
were analyzed for two configurations: microchannels oriented hori-
zontally and vertically relative to the square background structure. Note
that the laser parameters for all the tested samples of this section match
those of sample 1 in Table 1.

3.3.2.1. Horizontal orientation. The orientation of the microchannel
structure dictates the engraving line style and the corresponding laser
scanning pattern. Fig. 8 illustrates the differences in the scanning paths
between horizontally and vertically oriented microchannels. These ori-
entations influence the beam motion during the process and the duration
of laser exposure on the surface, affecting the microstructure formation.

Fig. 9(a) presents the meniscus x position versus time graphs for
horizontally oriented channels on backgrounds with different laser
scanning line patterns. According to this graph, among the three con-
figurations of horizontally oriented channels, the first type—where the
scanning lines are parallel to the lines of the hydrophobic back-
ground—provides the best wicking performance in terms of the time
required for the fluid to traverse the 1 cm microchannel. This path was
travelled in 4 s for parallel and 10.8 s for perpendicular style samples.
For the mesh pattern of the hydrophobic background, the water only
partially wets the surface of the microchannel, failing to pass beyond 4
mm.

3.3.2.2. Vertical orientation. Next, we changed the microchannel
orientation from horizontal to vertical. If rotated 90°, the scanning lines
on the surface of these microchannels were aligned differently from
those on horizontal channels, Fig. 8(b). This shift in the laser engraving
line pattern leads to distinct wicking dynamics. Fig. 9(c and d) presents
velocity-over-time graphs for both orientations, each having the same
laser scanning line design (with channel lines parallel to those on the
background). The vertical microchannel exhibits higher velocity mag-
nitudes compared to the horizontal one. Specifically, the initial flow
velocity reaches 3108 pm/s in the vertical microchannel, whereas it
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Fig. 8. Schematic of laser beam motion direction for microchannels in (a)
Horizontal (b) Vertical orientation.

reaches 2000 pm/s in the horizontally orientated channel.

Fig. 9(b) shows that all three vertically oriented microchannels on
hydrophobic background with different scanning line styles exhibit
faster wicking than their horizontal counterparts, most notably on the
mesh-patterned background. In the horizontal position, water in chan-
nel on the mesh background fails to traverse the microchannel fully.
Meanwhile, in the vertical orientation, water completes the 1-cm path in
just 2.2 s. Among the three vertical configurations, the microchannel on
the mesh-patterned background exhibits the best performance, with a
complete water spreading time of 2.2 s. This is followed by the micro-
channel on the background with perpendicular scanning line alignment
relative to the channel (2.5 s) and the parallel alignment (3.4 s).

The surface characteristics of horizontal and vertical microchannels,
with scanning lines parallel to the background lines, were analyzed
using contact angle measurements. Fig. 10(a) and (b) depict the droplet
behavior on the surface of each sample. In the horizontal orientation, the
droplet retains its spherical shape after detachment from the dispenser.
Conversely, the droplet spreads immediately upon detachment in the
vertical orientation, showing no spherical form. This fast droplet
spreading reflects a higher degree of superhydrophilicity in the vertical

microchannels than the horizontal ones.

The observed differences highlight variations in the inherent surface
properties of the two samples, as reflected in the droplet behavior on
each. Both surface chemistry and topography (roughness) determine the
mode of surface wetting. In this case, the chemical composition of the
two structures is identical, as both channels were fabricated on the same
substrate with equivalent properties. The key difference, however, lies
in the surface morphological features.

Fig. 10 (c)-(f) present SEM images of these microchannels, high-
lighting differences in surface morphology and physical properties of
laser-generated surface roughness between the two orientations. The
SEM images of the horizontally oriented microchannel (Fig. 10(c) and
(d)) show a surface with loosely arranged micro bumps in an array-like
pattern. In contrast, the vertical microchannel (Fig. 10(e) and (f))
exhibit a more densely packed structure characterized by a cauliflower-
like morphology with a crust-like layer containing visible microcracks.

Surface roughness (Ra) and the capillary performance parameter (D)
were measured for all samples. Fig. 11(a) and (b) illustrate the rela-
tionship between D and Ra for both horizontal and vertical micro-
channels. For horizontal samples (Fig. 11(a)), an inverse relationship is
observed, where increased roughness results in lower D values. This
suggests that greater roughness correlates with a reduced capillary flow
rate in horizontally oriented microchannels, a trend consistent with the
five samples discussed in the previous section.

In contrast, the D-Ra relationship for vertical microchannels (Fig. 11
(b)) shows a direct correlation, with increased roughness enhancing
wicking dynamics. This trend is further highlighted in samples subjected
to multiple laser passes: two laser passes on horizontally oriented
microchannels result in increased roughness and a slower flow rate
(Fig. 11(c)). However, for vertical microchannels, two laser passes,
despite increasing roughness, yield a higher flow rate than a single pass
(Fig. 11(d)).

The contrasting behaviors of vertical and horizontal microchannels
highlight the impact of surface roughness on capillary flow. Rough
surfaces can create energy barriers that affect liquid movement.
Depending on their nature and distribution, these barriers can either
facilitate or hinder wicking. Increased roughness may pin the water
contact line, slowing or stopping the flow [25]. However, it can also
enhance wicking by increasing contact surface area and improving
liquid-surface contact points, thereby enhancing capillary action [26].
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Fig. 9. Meniscus x position versus time graphs of (a) Horizontal (b) Vertical microchannels on hydrophobic background surfaces with different scanning line
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This dual influence of roughness is apparent in the varied wicking per-
formance of samples with different orientations, attributable to differ-
ences in the morphology and distribution of the micro/nanostructures
generated by laser treatment (see Fig. 10(d)-(f)).

3.4. Role of laser machining in water front meniscus shape

The meniscus shape of the water-front line reflects the surface
characteristics of the microchannels. By comparing the meniscus shapes
for vertical and horizontal microchannels, both processed under iden-
tical laser conditions (including laser parameters and scanning line
orientation relative to the background), differences in surface properties
are observed. Fig. 10(g, h) illustrate the meniscus shapes for horizontal
and vertical microchannels, with scanning lines parallel to those on the
background.

The vertical microchannel, which exhibits superior wicking perfor-
mance, possesses a concave meniscus. This concavity suggests that the
adhesion between the liquid and the microchannel walls is stronger than
the cohesion among water molecules. Conversely, the horizontally ori-
ented microchannel displays a convex meniscus. The disparity in
meniscus shapes is attributed to variations in laser processing between
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the two orientations, resulting in distinct wetting patterns on the
machined surfaces.

Laser machining typically induces a superhydrophilic wetting mode
on the channel surface; however, the hydrophilicity level may vary
across the surface. This variation arises from specific patterns of micro-
and nano-scale protrusions generated by the laser. SEM images in Fig. 10
(c) and (e) highlight these structural differences for the two cases of
horizontal and vertical microchannels. Closer examination of the verti-
cal microchannel section reveals a more pronounced aggregation of
silicon oxide with a dense distribution along the channel walls. This
denser distribution likely contributes to the concave meniscus shape
observed in the water front, suggesting a higher degree of hydrophilicity
on the channel side walls, which promotes water attraction and shapes
the meniscus morphology.

3.5. Role of laser machining in wicking durability

The metal surface initially becomes superhydrophilic after laser
machining, exhibiting excellent wickability. However, this property
degrades over time when exposed to ambient air. Despite the unchanged
morphology of the laser-engineered structure, the transition from



E. Lori Zoudani et al.

()

500 ym
| |

Journal of Science: Advanced Materials and Devices 9 (2024) 100819

(b)

Fig. 10. Water droplet contact angle measurement test on (a) Horizontal (b) Vertical microchannels with scanning lines parallel to the lines on the background. SEM
images of (c¢) Horizontal microchannel (d) Close view of the channel section. (e) Vertical microchannel (f) Close view of channel section. Schematic illustration of (g)
Convex shape of meniscus of water-front line of the horizontal microchannel. (h) The concave shape of the meniscus of the vertical microchannel.

superhydrophilic to hydrophobic behavior results from changes in sur-
face chemistry: the surface gradually absorbs organic substances from
the environment, which diminishes its wickability [22]. Consequently,
the high level of wickability achieved by laser machining is not inher-
ently stable and is susceptible to environmental conditions. Wicking
durability is crucial for the longevity of the wicking effect. This study
demonstrates how laser machining can impact the durability of wicking
performance, with wicking durability of microchannels being adjustable
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by modifying laser machining conditions.

Among the horizontally oriented microchannels, sample
5—subjected to two laser passes—exhibits the highest durability.
Although its initial wicking performance is weaker than that of the
single-pass sample (sample 1), it retains this property longer over time.
As shown in Fig. 12(a), which presents the meniscus x-position versus
time for sample 5 after 15 days, the number of laser passes significantly
enhances durability. Notably, all other horizontally oriented samples
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microchannel with one and two rounds laser passes.

shifted to a hydrophobic state during this period.

In case of channel orientation, the vertical style exhibits more du-
rable behavior than its horizontal counterpart. Fig. 12(b) illustrates this
difference 7 days after laser processing.

The observed differences in wicking longevity among these samples
can be attributed to variations in surface properties resulting from the
laser machining process. Interestingly, the superior wicking durability of
sample 5 compared to sample 1, despite its weaker capillary perfor-
mance, suggests that surface durability is closely related to roughness
physical properties (morphology and arrangement) than to capillary
flow performance.

The more durable samples possess higher roughness values. For
instance, sample 5, which underwent two rounds of laser machining, has
an average roughness of 3.51 pm, compared to 1.347 pm for the single-
pass channel. Moreover, when comparing microchannels with identical
laser machining conditions but differing orientations, the vertically
oriented microchannel demonstrates higher roughness than the hori-
zontal counterpart.

However, high roughness alone is insufficient to ensure wicking
durability. The distribution pattern of laser-generated micro- and
nanostructures plays a more critical role in maintaining durable wicking
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properties. SEM images of samples 1, 5 and the vertically oriented
microchannel reveal that samples with greater wicking durability
(sample 5 and the vertical microchannel) display tighter, more compact
micro/nano structural distribution patterns (Fig. 12(c—e)). As previously
discussed, the transition from a laser-induced superhydrophilic to a
hydrophobic state is driven by the adsorption of airborne organic
compounds. A denser micro/nanostructure arrangement restricts the
diffusion of the adsorbed compounds [22], thereby enhancing the sta-
bility of the surface wettability.

4. Conclusion

Laser machining has proven to be an effective method for inducing
superhydrophilicity and enhancing wicking performance on metal sur-
faces. Various capillary dynamics can be achieved by modifying the
structures’ physical and chemical characteristics. This study demon-
strates how different laser conditions affect the wicking behavior of
microchannels on a chemically modified hydrophobic surface.

The findings reveal that the wettability induced by laser machining
varies with the conditions used. The nature and distribution of the
generated roughness strongly impact capillary dynamics, either
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enhancing or impeding the flow. For horizontally oriented channels,
increased roughness leads to a slower flow rate. In contrast, in vertically
oriented microchannels, higher roughness results in a faster water flow
rate. For example, among horizontal channels on different background
patterns, the fastest flow rate (1 cm in 4 s) was observed in the channel
with scanning lines parallel to the background’s lines, which also had
the lowest roughness value (1.347 pm) compared to the channel with
scanning lines perpendicular to the background’s (3.265 pm) and that
on a mesh-patterned background (9.418 pm). On the other hand, in
vertical channels, the roughest case (channel with average roughness of
11.013 pm on mesh-type background) achieved the fastest wicking flow
rate, passing 1 cm in just 2.2 s.

Notably, vertical microchannels show greater durability in wicking
performance over time compared to horizontal ones, and increasing the
number of laser passes improves the surface’s resistance to wetting
transition. It should be added that surface durability appears to be more
closely related to roughness than to wicking dynamic performance, as
confirmed by the results from the sample with multiple rounds of
machining for horizontally oriented microstructure.

These insights have important implications for applications where
precise fluid movement control is crucial, such as in microfluidic devices
for biomedical diagnostics, lab-on-a-chip technologies, and advanced
material handling systems. Future research should further optimize laser
machining parameters to enhance wicking performance and durability
in various applications. Investigating the long-term stability of the
induced hydrophilic states under different environmental conditions
and exploring the potential for integrating these techniques into prac-
tical devices will be essential for advancing the field.
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