MseTIvmanalulaganavnssy (The Journal of Industrial Technology)
ISSN (online): 2697-5548
DOI: 10.14416/j.ind.tech.2025.04.003

-

UNAMNITY

Mechanism of Reducing Local Flow Velocity Using Obstacle Trenches

in Microfluidics

Teeraphat Kongsaktrakul1, Alongkorn Pimpin1, Ampol Kamnerdsook® and

Thammawit Suwannaphan®*

' Department of Mechanical Engineering, Faculty of Engineering, Chulalongkorn University, Bangkok

2 Department of Mechanical Engineering Technology, College of Industrial Technology (CIT),
King Mongkut's University of Technology North Bangkok, Bangkok

3 Center of Sustainable and Energy Engineering Materials, Department of Mechanical Engineering
Technology, College of Industrial Technology, King Mongkut’'s University of Technology North Bangkok

" Corresponding author, E-mail: thammawit.s@cit.kmutnb.ac.th

Received: 1 October 2024; Revised: 15 January 2025; Accepted: 27 January 2025
Online Published: 22 April 2025

Abstract: Trapping efficiency in microwell technique is influenced by both microwell geometry and flow
velocity. At higher flow velocity, microplastics tend to flow over microwells resulting in reduced trapping
efficiency. Therefore, decreasing flow velocity to enhance trapping efficiency is important. This research
introduces triangular obstacle trenches in front of the microwells to reduce local flow velocity leading to
the improvement of trapping efficiency. The simulation results show that two mechanisms must occur
concurrently to effectively reduce local flow velocity. They are the spreading of streamlines from the
apex to the back of triangular trench, and the suitable recirculation inside the trench. In this study, the
obstacle trench has dimensions of 600 um on each side with a depth of 300 ym while the square
microwell measured 1,000 um on each side with a depth of 600 um. The flow rate was at 0.3 ml/min.
Experiments confirmed that the use of triangular obstacle trenches significantly enhanced trapping

efficiency by 30 times compared to the case without trenches.
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1. Introduction

Microplastic contamination has been drawn a
great concern as a serious global issue with tiny
particles entering water supplies and human tissue.
Recently, microplastics were found within bodies of
human [1-2]. This finding sparked concerns about
the potential harmful effects of microplastics to
human health. In addition, microplastics can absorb
[3], and carry toxic contaminants [4]. These toxic
substances enter and then diffuse toxicities into
living human’s body resulting in detrimental effects
on human health including nausea, irritation,
diarrhea, vomiting and confusion [5]. Human may
accidentally consume microplastics through food or
water, and these particles can be found in bottled
water, inhalation and dermal contact, especially
from water sources [6]. For this, raising public
of contamination

awareness microplastic

by
detecting microplastics in water bodies is
significantly important to quality of human’s life and
environments.

A number of techniques have been developed
for microplastic detection, especially, for identifying
small amount of microplastics within large sample
volumes. These methods often demand
interdisciplinary across various fields such as
engineering, chemistry, biology and environment
science as well as access to advanced equipment,
specialized facilities and well-equipped laboratories.

To address these challenges, microfluidic techniques
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have drawn significant interest in microplastic

detection. Due to their versatility, microfluidic
technologies have shown significant promise and
growth, especially in water quality monitoring.

Trapping techniques are commonly used to
capture small particles in large sample volumes for
analysis through a light microscope. Among various
techniques [7-11], microwell trapping technique [12]
shows a great potential for trapping particles without
the need for external forces. Moreover, it allows for
the real-time detection of small amounts of
microplastics in large sample volumes.

The principles of microwell trapping rely on the
balance between two forces—gravitational force and
hydrodynamic force. When the gravitational force is
stronger than the hydrodynamic force, the particles
are effectively dragged and trapped in microwells
regardless of their shape. In contrast, when the
hydrodynamic force is stronger than the gravitational
force, particles are dragged out or floated over the

microwells, reducing trapping efficiency [13-14].

In real-world application, a microwell trapping
device can be directly installed in a water pipe to
capture debris and contaminants, particularly
microplastics from tap water. However, a high flow
rate in a water pipe may possibly result in reducing
trapping efficency due to the strong of the
hydrodynamic force as previously mentioned. To

address this issue, it is important to reduce flow

velocity locally in front of the microwells. Previously,
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the technique to reduce flow velocity across the
entire cross-section is preferred. However, it is not
practical such as microplastics may stick on a pipe’s
surface. Moreover, the hydrodynamic force exerting
on particles should be small before moving forward
the microwell in order to enhance the possibility of
trapping. Thus, a new method of reducing local flow
velocity in front of the trapping microwells for

improving microplastic trapping efficiency is proposed.

According to our previous studies, we proposed
the use of array of triangle microwells for particle
trapping. We observed that the microwells in the
first row were unable to trap particles well while the
second row successfully trapped most particles that
passed through. This observation led us to explore
how the first row of microwells influences the
trapping efficiency of the second row. We believed
that a local flow velocity reduction from the first-row
of microwells responds to the increasing of trapping
efficiency.

In this study, the triangular obstacle trenches are
introduced in front of the microwells to reduce local
flow velocity before microplastics are trapped. The
principle behind the obstacle trenches is that as
microplastics flow along the fluid flow stream and
approach the obstacle trenches, they tend to be
dragged into the trenches due to recirculation within
the trenches. Once flowing into the trench,
microplastics are eventually dragged out of the

trenches. In this stage, as microplastics are dragged

ISSN (online): 2697-5548
DOI: 10.14416/j.ind.tech.2025.04.003

out of the trenches to the surface, microplastics
tend to move slowly and roll on the surface at a
lower speed. This slower movement allows them to
be trapped easily in the next-row (microwells) as
shown in Fig. 1. In addition, the trench will not
introduce flow resistance as much as the other

structures penetrating into the main flow.

The purpose of this research is to investigate
the mechanism of obstacle trenches that reduces
local flow velocity, and analyze key parameters that
potentially effect the reduction in local flow velocity.
The research also serves guideline for alternative
trench designs to further reduce local flow velocity

for enhancing the trapping efficiency.

2. Systematic concept

Based on our previous findings [13-14], we
hypothesized that microplastics were dragged into the
trench resulting in reducing both flow velocity and the
distance from the surface as shown in Fig. 1.

In this research,
(COMSOL Multiphysics) is used to investigate the

mechanism and key parameters that influence the

an engineering program

reduction of local flow velocity. The governing
equations for fluid flow in this model are derived

from the Navier-Stokes equations, expressed as:
P(0u/0t) + pu-Vyu = —Vp + uVau

Here, P is the fluid density (998 kg/m3, U is
the dynamic viscosity (0.001 Pa's), u is the

velocity field, and p is the pressure field. The fluid
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flow behaves as Newtonian and is defined as
laminar and incompressible. No slip condition is
applied to the walls. The inlet's entrance is set to
be fully developed at 0.3 ml/min while the outlet
allows for no suppress backflow (Fig. 2).

To explore the effects of trench design on
these parameters, three models of obstacle
trenches—triangle, square and circle shape are
simulated to investigate the effects on velocity
and streamline after passing from them. We
found that the triangular trench allowed only
streamlines toward the apex moving into it. This

|Top View of Obstacle Trench |
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Streamlines

High Flow Velocity

"% 0ut of Trench
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would result in trapping of a smaller number of
particles in the trench as showed in Fig. 3.
Interestingly, the streamlines at the back also
tended to move closer to the surface. For other
designs including square and circular trenches,
the streamlines at the front and the back
remained the same distance from the surface
with a large area of recirculation inside. Among
these designs, the square trench provided the
large recirculation. Consequently, it increased the
higher possibility for trapping a larger number of

microplastics.

|Top View of Microwell

Trapping

& & O
Dragging o Reducing Rolling Particles
@, v ((C®
Microplastics Local on q Trapping
into Trench Velocity Surface A.‘—

Obstacle Trench

Fig. 1 Working principles of obstacle trench and microwells to enhance particle trapping inside the microwells
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Fig. 2 Boundary condition setup for the model
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Fig. 3 Various designs of a trench showing the
possibility for trapping and the distance of
streamlines entering and exiting the trench

(a) triangle (b) square and (c) circle

Based on the ability to reduce flow velocity,
lower the distance of streamlines from the
surface and create small recirculation inside, the
triangular trench is chosen. Meanwhile, for the
microwell, the square shape is chosen due to the
large recirculation so that it has high possibility of

particle trapping.
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3. Proposed mechanism

We examined flow velocity and recirculation
patterns in a 3D model through the equilateral
triangular obstacle trench and square microwell. To
ensure the accuracy of the flow velocity results, a
mesh independence analysis was conducted by
progressively refining the mesh until the flow
velocity results reached stability. The mesh density
on the obstacle trenches and microwells are
customized with maximum and minimum element
size of 30 and 0.3 ym with the total meshes of
approximately 3x10° elements in this model.

We discovered that there were two important
mechanisms that must occur concurrently to let
streamlines into the obstacle trenches. The first
thing was only the streamlines moving toward at the
apex of triangular obstacle trench is allowed to
move inside. Other streamlines that moved toward
the inclined lines of triangle would not go into the
trench. This is a unique flow pattern for a triangular
trench [13-14].

Secondly, the streamlines moving toward the
apex were recirculated whose strength was
depended on the shape and depth of trench. If the
trenches are too shallow, the recirculation will not
occur. Therefore, the microplastics that are
suspended in the flow will not being trapped but
dragged out from the trenches (Fig. 4(a)). However,
if the trenches are too deep, most microplastics will

be trapped within the trenches instead (Fig. 4(c-d)).
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For this, the depth of the triangular obstacle
trenches should be deep enough to create sufficient
recirculation to reduce local flow velocity instead of
trapping microplastics. Therefore, the depth of
trench is one of the crucial factors that can influent
either reducing local flow velocity or trapping

particles.

A. Depth and flow recirculation

To determine the appropriate depth, triangular
trench of 600 uym in each side with four different
trench depths were examined. The results
showed that increasing the trench depth, the
recirculation became larger. However, increasing
depth beyond a certain depth, it had no effect on
recirculation. Therefore, the trench depth should
remain shallower than the critical depth.

According to the simulation, we found that the
trench depth of shallower than about 300 ym did
not generate recirculation (Fig. 4(a)) while a
depth of about 300 ym was sufficient to induce
strong recirculation (Fig. 4(b)). As the depth
increased beyond 300 um, recirculation became
larger until it reached to 600 um. At this depth,
recirculation extended to the bottom of the trench
(Fig. 4(c)). Beyond 600 uym depth, a large area of
recirculation occurred but its size remained
constant and no longer correlated with trench
depth (Fig. 4(d)). Based on these findings, the
trench depth was set at 300 um about the half of

the triangular trench side that was set at 600 pm.
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Using same concept, a 1,000 pm square
microwell with varying depths was simulated to
study recirculation. At a depth of 200 pm, a small
recirculation formed at the front of square
microwell (Fig. 5(a)) and gradually increased as
depth (Fig. 5(b)).

At a depth of 600 pm, streamlines became

the microwell increased
fully recirculated within the microwells (Fig. 5(c)).
This suggests that the depth of 600 pym was the
critical value for particle trapping, as it is
equivalent to approximately the half of the length

of the microwell's side. Once the depth surpassed
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600 pm, the recirculation pattern remained
unchanged, however, the recirculation zone

continued to extended as the microwell depth

increased (Fig. 5(d)).

B. Distance of streamlines from a surface

Furthermore, we analyzed the distance of the
streamlines from the surface at the front and the
back of the trench. The distance of streamlines
entering the trench was determined by plotting
streamlines at the center of the trench (apex) on the
x-z plane. It was discovered that the streamlines
were separated into three distinct distance regions.
In the first region, streamlines were recirculated into
the trench. In the second region, streamlines
entered the trench but did not recirculate. However,
in the third region and above, streamlines flowed
over the trench as shown in Figs. 6.

To measure the distance and velocity of the
streamlines at the front and the back of the trench,
the farthest distance of the streamline from the
bottom surface and its velocity magnitude in each
region was measured. The results of the 1% region
(Fig.6 (a)), showed that the distance entering the
trench was approximately 45 pm at velocity of
2 mm/s. At the exit, the level of the streamline was
reduced to approximately 20 ym at a velocity of
about 1 mm/s. This suggests that the distance of
the streamlines and the local velocity were about

half decreased. At the back, most streamlines in the

ISSN (online): 2697-5548
DOI: 10.14416/j.ind.tech.2025.04.003

! e
2" regioni (A0
1* region]| o
o

(b)

Fig. 6 Streamlines in three regions flowing toward

(a) an equilateral and (b) right-angle

triangular trench

1% region spread out from the apex to the corners of
the triangular base.

In the 2™ region, most streamlines with the level
between 45 to 85 uym from the surface were curved
into the trench to the depth of 100 uym and then
exited through the middle of the trench at a
maximum distance of about 45 ym from the surface
without recirculating. In the 3™ region, above the
level of approximately 85 ym from the surface, all
streamlines remained above the trench.

Furthermore, at the level of approximately
45 um (1% region) from the surface, only streamlines
within the region about 50 pm around its apex

entered the trench. These streamlines expanded to
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a width of about 500 uym at the back of the
trench. This is a reason that flow velocity and the
suspended particle’s velocity would be locally
reduced after passing the trench.

To investigate the reduction of local flow
velocity with different designs, a right-angle
trench was simulated and compared with the
equilateral design. The right-angle trench was
designed based on the equilateral design but
increasing the apex angle from 60° to 90° while
maintaining a constant triangle altitude (Fig. 6
(b)). The results indicate that both streamline
level and velocity at the exit of the right-angle
trench were reduced as well. Streamlines that
were located at a longer distance from the
surface were included in the 1 region when
comparing to the equilateral case. In the 2™
region, entering streamline was approximately 60
um above the surface. Regarding velocity, the
entering and exiting streamline velocities were
found to be similar for both designs.

The results suggest that the right-angle trench
would enhance the recirculation of particles inside
the trench more effectively than the equilateral
trench as it pulls fluid from a farther distance into
the trench. However, the reduction in velocity

magnitude is comparable.
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Furthermore, at the level of approximately 60
um (1% region) from the surface, the streamlines
entering and exiting the trench had the widths of
about 80 and 1,000 um which were wider than in
the equilateral case.

To summarize how the triangular obstacle
trench successfully reduces local flow velocity,
Fig. 7 illustrated streamlines in the 1°' region with
the velocity contour. At the front of the triangular
trench, microplastics are dragged (position 1) into
the trench with the velocity decreasing. As can be
seen, they then recirculate at the bottom (position
2) where the velocity significantly dropped.
Microplastics continued flowing along the
streamlines (position 3) and are eventually
dragged from the back of the trench to the
surface with the lower local flow velocity and

moved closer to the surface (position 4).

Fig. 7 Velocity contour with the possible particle

movement at four positions
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4. Prototype of obstacles and microwells

To evaluate the efficacy of obstacle trench, an
experiment is conducted by introducing triangular
obstacle trench in front of square microwells.
The number of particles trapped in microwells then
counted the

is to evaluate and compare

effectiveness of trapping.

A. Design of the system

The microfluidic system is fabricated using a
polymer-casting technique. The microfluidic channel
is designed in a chamber with 15 mm in width and
65 mm in length and 600 ym in height as shown in
Fig. 8. One reason for extending the chamber’s
length is to ensure that the fluid flow from the inlet
to the outlet is fully developed before reaching
obstacle trenches.

The chamber's central region is divided into two
sections. The first section is obstacle trenches
which are designed in equilateral triangular shape
with 600 pm in each side and 300 um in depth
(Fig. 9(a)). In contrast, the second design is a right
triangle with a 90° apex angle and 300 pm in depth
as demonstrated in Fig. 9(b). The second section is
microwells which are designed in a square shape
with 1,000 ym in each side and 600 ym in depth as
showed in Fig. 9(c).

For the alignment, obstacle trenches and
microwells are arranged in a chessboard pattern

with six columns and three rows. This pattern is

designed to minimize flow disturbance caused by
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Fig. 8 Dimension of microfluidic device

Fig. 9 Dimensions of (a) equilateral triangular

trench (b) right-angle triangular trench and

(c) square microwell

adjacent trench structures. The first row consists of
triangular obstacle trenches while the 2™ and 3"
rows consist of square microwells. The distance
from the apex of an obstacle to another is 1.6 mm
while the distance from the base of a triangular
obstacle trench to the leading edge of a microwell

is 2 mm.

B. Fabrication and sample preparation
The mold for polymer casting is fabricated using
a 3D resin printing technique. Polydimethylsiloxane

(PDMS) are mixed together with a curing agent
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(CAT-RG) in a 10:1 ratio. After that, vacuum pump
is used to eliminate air bubbles from the mixture.
Later, the mixture is carefully poured into the mold
and then heated to harden leading to the formation
of flow chamber and microwell part.

Both parts are then bonded together using the
oxygen plasma to bond the upper part (flow
chamber) to the bottom part (microwells) together to
enclose these two parts as an assembled device.
Finally, the assembled device is connected by
microtubes (inlet and outlet). Fig. 10 demonstrates
the actual microfluidic device and microplastics are
trapped in a microwell.

For sample preparation, polystyrene beads of 10
um diameter are suspended in deionized (DI) water.
Several trials are examined to determine the optimal
concentration of beads to achieve low level of
uncertainty in experiments. Finally, the concentration

was chosen at 5 x 10* particles/ml.

5. Experimental results

A microplastic suspension was introduced in
microfluidic system at 0.3 ml/min for 10 minutes.
The number of microplastics was counted using a
light microscope and tally counter. To understand
the effects of obstacle trenches on the trapping in
microwells, three designs of trench models—
equilateral, right-angle and no obstacle (control)
trenches were examined repeatedly three times.

The system consisted of six obstacle trenches in

the 1% row followed by six front-microwells in the
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Fig. 10 Microfluidic device and microplastic beads
of 10 ym trapped in wells
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Fig. 11 The average number of microplastics

trapped in three experimental cases

2" row and six rear-microwells in the 3™ row. The
total number of trapped microplastics in each row
was counted and averaged to determine the
trapping efficiency as shown in Fig.11.

According to the results of equilateral triangle, a
small number of microplastics were trapped in the
obstacle trenches averaging about 37+11 particles.
In contrast, the majority of trapped microplastics
were found in the front square microwells (2™ row)
with an average of 142437 particles and in the rear
square microwells (3 row) with an average of

126432 particles.
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For the right-angle design, most microplastics
were trapped in the front microwells (2" row) and
rear microwells (3™ row) averaging 160+4 and
116110 particles, respectively while the obstacle
trenches trapped a small number of particles with
an average of 6216 particles.

In control case, there was no obstacle
trenches introduced in front of the microwells. A
small number of microplastics in the front and
rear microwells (2" and 3") were comparably
trapped. The number of microplastics in front
microwells averaging 5+1 particles while the rear
microwells averaging 7+1 particles were
significant lower compared to the equilateral and
right-angle trench design.

The results suggest that the amount of
trapped microplastics in the microwells with the
triangular obstacle trenches was about 30 times
higher than in the control case. Furthermore, the
right-angle trenches showed slightly higher
particle trapping efficiency than the equilateral
trenches.

According to the simulation and experimental
results, the triangular trench demonstrated a
reduction in local flow velocity, that would be able
to enhance the trapping efficiency of microwells.
Future research should focus on further
improving the trench designs and developing their
potential for industrial purposes and commercial

applications.
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In addition, further studies could investigate
alternative fabrication methods and examine how

the sizes of particles influence trapping efficiency.

6. Conclusion

In this study, we proposed the mechanism for
reducing flow velocity using triangular obstacle
trenches in microfluidic systems demonstrating in
both simulations and experiments. This velocity
reduction is achieved through two key processes.
Firstly, fluid flow is directed toward the apex trench
and spread out at the back of the triangular
trenches. Secondly, the trench must have an
appropriate  depth to generate sufficient
recirculation, and avoid the trapping of particles
inside the trench.

To validate the simulation, the experiments
were conducted by comparing equilateral, right-
angle trench to a control case. The experimental
results showed that the use of triangular trench
increased trapping efficiency by 30 times
compared to the case without trenches. However,
the trapping efficiency results between both
designs were comparable, with no significant
differences in the number of trapped microplastics.

Ultimately, we hope this study enhances the
understanding of mechanisms and key parameters
for reducing local flow velocity in the obstacle
trenches as well as helping readers to
appropriately select parameters for higher trapping

efficiency.
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