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Abstract: Efficient mixing under laminar flow conditions remains a critical challenge in microfluidic systems because molecular diffusion alone is generally insufficient to achieve rapid and homogeneous species transport. In this study, the influence of obstacle orientation on mixing performance in passive micromixers was systematically investigated through numerical simulations. Inclined straight obstacles with orientation angles of 15°, 30°, 45°, and 60° were incorporated into microchannels under both leaky and leak-free configurations. Flow and concentration fields were solved using COMSOL Multiphysics, and the resulting mixing efficiencies and times were quantitatively evaluated. It was found that the introduction of inclined obstacles substantially enhanced mixing performance relative to a simple unobstructed microchannel. Superior mixing behavior was consistently achieved in the leak-free configuration, where stronger flow perturbations and more pronounced recirculation zones were generated within the central mixing region. For the leak-free configuration, mixing efficiency was observed to increase with decreasing obstacle angle. In contrast, no monotonic relationship between obstacle angle and mixing performance was identified for the leaky configuration. Among all investigated designs, the 15° obstacle configuration exhibited the highest overall performance, achieving mixing efficiencies of approximately 92% and nearly 100% in the leaky and leak-free configurations, respectively. To further evaluate the influence of geometric scale, the microchannel length was doubled for the 45° configuration. Enhanced concentration uniformity and reduced mixing time were achieved in the extended leaky microchannel, whereas no improvements were observed in the corresponding leak-free design. 

These findings demonstrate that obstacle orientation and channel configuration exert a strong influence on microscale transport phenomena and mixing enhancement. The proposed obstacle-based passive micromixer design provides an effective and energy-efficient strategy for improving mixing performance in microfluidic devices and offers valuable design guidelines for applications in biomedical analysis, chemical processing, and lab-on-a-chip systems. 
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1 Introduction

Micromixers are essential microfluidic devices designed to promote rapid and homogeneous mixing of fluids at the microscale [1, 2]. Owing to their compact structure and high transport efficiency, micromixers have attracted considerable attention in biomedical engineering, chemical synthesis, pharmaceutical processing, and microscale transport systems [3–6]. They have been widely employed in applications such as nanoparticle synthesis [7–9], 

biomarker detection [10, 11], and controlled mixing of multiple fluid streams in microfluidic platforms [12, 13]. 

Because of the small characteristic dimensions of microchannels, fluid flow inside micromixers is generally dominated by laminar behavior with low Reynolds numbers [14–16]. Under such conditions, viscous forces suppress transverse fluid motion, and molecular diffusion becomes the primary mixing mechanism, resulting in relatively slow mixing rates [17]. Improving mixing performance under laminar flow conditions therefore remains a major challenge in microfluidic systems. 

To enhance mixing efficiency, both active and passive micromixing strategies have been developed [18, 19]. 

Active micromixers rely on external energy sources, including magnetic fields [20], electric fields [21], and acoustic excitation [22], to generate flow perturbations and improve species transport. In contrast, passive micromixers utilize

https://doi.org/10.56578/peet050301

193

[image: Image 3]

geometric modifications within the microchannel to manipulate flow behavior without external energy input [23]. 

Various passive designs have been proposed, including embedded obstacles, baffles, curved channels, and complex flow paths, which promote mixing by inducing secondary flow structures and localized vortices. Previous studies have demonstrated that the geometric configuration of obstacles significantly influences the hydrodynamic characteristics and mixing performance of microchannels [24, 25]. 

Despite their effectiveness, many reported passive micromixers involve highly complicated geometries that increase fabrication difficulty and manufacturing cost. Examples include displaced herringbone structures [26], 

rhombic barriers [27], and fractal-shaped stepped obstacles [28]. 

Although these configurations can improve

mixing performance, their structural complexity limits practical implementation and large-scale fabrication [29–

31]. Therefore, the development of simple and efficient passive micromixer designs remains an important research objective. 

Jain and Unni [32] introduced a passive micromixer incorporating inclined blade obstacles positioned at a 45°

angle relative to the transverse direction of the microchannel. Two configurations were considered, namely leak-free and leaky arrangements. The results showed that the leak-free design achieved a mixing efficiency of 88%, while the leaky configuration reached 82% in a 190 µm long microchannel. Since obstacle geometry strongly affects microscale flow characteristics and species transport, further investigation of obstacle orientation is required to better understand its influence on mixing enhancement. Accordingly, the present study numerically investigates the effect of obstacle inclination angle on the mixing behavior of passive micromixers using both leak-free and leaky configurations. Obstacle angles of 15°, 30°, 45°, and 60° are examined and compared in terms of concentration distribution, mixing efficiency, and mixing time. In addition, the influence of microchannel length on the mixing performance of the 45° configuration is evaluated. The objective is to identify a simple geometric configuration capable of improving mixing performance while maintaining structural simplicity and fabrication feasibility. 

2 Methods

In this study, the performances of a simple micromixer and micromixers equipped with barriers at different angles of 15°, 30°, 45°, and 60° were compared. The analysis involved two designs: a leaky configuration and a leak-free configuration. Figure 1 illustrates both the simple micromixer and the micromixer featuring 15° blades, positioned relative to the middle axis of the channel under both leaky and leak-free designs. As shown in the figure, Fluid 1 and Fluid 2 enter from different inlets with different concentrations and then they are mixed at the horizontal part of the microchannel. 

Figure 1. Micromixer designs: (a) simple; (b) leaky with 15° blades; and (c) leak-free with 15° blades All steps involved in geometry generation, meshing, and flow solution were carried out using COMSOL

Multiphysics (Version 6.2). The meshing process utilized irregular triangular elements. To ensure that the solution was independent of the mesh count, velocity and concentration values were measured at five random points with progressively finer meshes. A mesh with an error of less than 1% was chosen as optimal. For the leaky mixer with 15° blades, the selected mesh consisted of 14,946 elements. Figure 2 illustrates an example of the mesh created for a mixer without leakage, featuring 15° blades. 
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Figure 2. Computational mesh and enlarged view of the blade–wall region

2.1 Governing Equations and Boundary Conditions

This study used the governing equations for the continuity equation, Navier–Stokes, and the concentration equation as follows [32]:

∇ · V = 0

(1)

∂V

ρ

+ ρ(V · ∇)V = −∇p + µ∇2V + F

(2)

∂t

∂c + (V · ∇)c = D∇2c

(3)

∂t

where, V represents the fluid velocity vector; ρ denotes the fluid density; p is the pressure; µ indicates the dynamic viscosity of the fluid; F denotes the volumetric forces per unit volume; c is the concentration; and D is the diffusion coefficient. 

The no-slip condition was applied to all walls. Inlets 1 and 2 were subject to an inlet flow boundary condition with a velocity ranging from 4×10−4 m/s, while an outlet flow boundary condition was applied at the outlet. Fluid 1 was introduced at a concentration of 1 mol/m3, and Fluid 2 was pure solvent at a concentration of 0 mol/m3. The density was set at ρ = 1000 kg/m3, the dynamic viscosity was µ = 0.001 Pa·s, and the diffusion coefficient was D =

1×10−10 m2/s [32]. 

The comparison of different designs was based on the difference between the highest and lowest concentration values at the outlet as follows:

ε = cmax − cmin

(4)

where, ε denotes the concentration difference, or concentration non-uniformity, between the maximum and minimum outlet concentrations.The optimum condition was ε = 0, which was the state for maximum mixing. 

The efficiency of the mixer (ηmix) was defined as follows:

0.5 − ε

ηmix =

× 100

(5)

0.5

The value of 0.5 in that formula was the highest possible concentration of the mixture. 

3 Results

In the present study, different designs of leaky and leak-free micromixers with and without barriers were simulated with different lengths and angles. Firstly, the 45° sample that was previously investigated by Jain and Unni [32] was simulated for validation in the present study. As shown in Figure 3, the concentration distribution results obtained in the present work exhibited good agreement with the results obtained by Jain and Unni [32]. 

Figure 4 illustrates the velocity contour, concentration distribution, and concentration graph at the outlet of a simple micromixer. The velocity contour showed that, due to the very low velocity, the flow reached a fully developed state within a short distance inside the microchannels. Meanwhile, the concentration distribution contour indicated 195
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minimal mixing at the interface between the two fluids. The data presented demonstrates that after two seconds, the concentration distribution at the outlet stabilized. Under these conditions, the difference between the maximum and minimum concentrations at the outlet was 0.5, and the concentration graph exhibited a steep slope, indicating inhomogeneous and undesirable mixing. That was the reason that prompted researchers to explore methods to enhance the performance of micromixers. 

Figure 3. Comparison of concentration distributions at the micromixer outlet with the 45° barriers between the present work and Ref. [32]

Figure 4. Velocity contour, concentration distribution, and concentration diagram at the outlet of a simple micromixer

Figure 5 and Figure 6 show the velocity contour and concentration distribution inside the microchip, along with the concentration diagrams at the outlet for the leaky and leak-free micromixers at different obstacle angles, respectively. In the leaky design, the highest local velocity occurred in the central areas near the obstacles. The best mixing performance was achieved at an angle of 15°, which exhibited a relatively uniform green distribution at its outlet region, corresponding to an optimal concentration of 0.5. The outlet concentration distributions yielded ε

values of 0.05, 0.18, 0.09, and 0.17 for obstacle angles of 15°, 30°, 45°, and 60°, respectively. Thus, in the leaky case, the angle of 15° achieved the best performance, followed by 45°. The slope of the concentration line at the outlet for the 15° angle was very gentle, indicating a uniform concentration after mixing. The design featuring the 15° angle achieved a relatively stable concentration with an efficiency of 92% after 2 seconds, while the 45° sample reached an efficiency of 82% after 3 seconds. Here, the difference between the maximum and minimum mixing rates at the output was influenced by the angle of the obstacles; however, this relationship did not follow a proportional trend of either increase or decrease. 
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Figure 5. Velocity contours, concentration distributions, and outlet concentration profiles for the leaky micromixer at obstacle angles of 15°, 30°, 45°, and 60°

The leak-free samples exhibited a similar velocity distribution to the leaky samples, but with noticeable differences: stronger velocity contours were seen in the central areas of the microchannel for the leak-free samples. 

An examination of the concentration distribution across different designs revealed that all the leak-free samples demonstrate better mixing compared to their leaky counterparts. That improved mixing can be attributed to the increased flow rate in the central regions of the leak-free microchannel, which generated more pronounced vortices, thereby enhancing the mixing process. In the leak-free samples with 15° and 30° designs, a relatively uniform green concentration, indicative of complete mixing, was observed starting from the middle of the microchannel. These two samples recorded a mixing efficiency of approximately 100% at the outlet within less than 2 seconds, as shown in Figure 6. The slope of the concentration line at the outlet was nearly zero, signifying homogeneous and uniform mixing. For the design with a 45° angle, the mixing efficiency was about 88%, revealed by a gentle slope and a relatively uniform concentration distribution. A comparison of the leak-free samples with obstacle angles of 15° and 30° revealed nearly identical mixing efficiencies approaching 100%, which were achieved over the shortest mixing distance and within the shortest mixing time. In the leak-free samples, the difference between the maximum and 197
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minimum mixing rates at the micromixer outlet diminished proportionally with an increase in the angle. Table 1

shows the mixing efficiency for the leaky and leak-free micromixers at different obstacle angles. 

Figure 6. Velocity contours, concentration distributions, and outlet concentration profiles for the leak-free micromixer at obstacle angles of 15°, 30°, 45°, and 60°

Table 1. Mixing efficiency and mixing time for leaky and leak-free micromixers at different obstacle angles Leaky

Leak-Free

Obstacle

Mixing

Mixing Time

Mixing

Mixing Time

Angles

Efficiency (%)

(s)

Efficiency (%)

(s)

15°

92

2.1

99

3

30°

64

2.4

92

3

45°

82

3

88

0.9

60°

66

3

54

3
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In the present study, the effect of increasing the length of the mixing microchannel in the 45° sample was also investigated. Figure 7 shows the results of increasing the length of the microchannel in the 45° sample for both leaky and leak-free samples. Analyzing the concentration results from the outlet indicated that the performance of the leak-free sample exceeded that of the leaky design, as previously observed in the other cases. In this situation for the leak-free design, the mixing efficiency became approximately 100% just after 0.9 seconds. However, no improvement in the mixing of the leaky design was observed with the increased length of the microchannel. In the leaky 45° design, the mixing time was 6 seconds. These findings indicate that while extending the length of the microchannel enhances mixing, the time required for complete mixing varies across different geometries. 

Figure 7. Velocity contour, concentration distribution, and concentration diagram at the outlet for the 45°

micromixer with a double length of 380 µm

4 Conclusion

This study investigated the impact of obstacles with varying angles in the flow path on the mixing performance of the micromixers. Two designs were compared: a leaky configuration and a leak-free configuration. The results demonstrated that the presence and orientation of obstacles exerted a significant influence on microscale mixing behavior. In all the angles studied in this study, the leak-free design demonstrated superior performance, achieving shorter mixing lengths and times, along with higher mixing efficiency. Specifically, in the leak-free design, mixing efficiency decreased as the angle of the obstacles increased. However, in the leaky design, changes in mixing efficiency did not correspond proportionally to variations in the angle of the obstacles. Both designs revealed that using obstacles inclined at 15° provided the most effective mixing enhancement. Additionally, simulation results specified that increasing the length of the mixing path considerably reduced mixing time and improved mixing quality in the leak-free configuration. Nonetheless, mixing time remained dependent on the geometry of the microchannel. 

Simulations offer a cost-effective means for investigating the impact of the various parameters on desired outcomes, making them a valuable tool for researchers. The design examined in this study is both simple and feasible to construct compared to other passive micromixer designs from previous research, while still exhibiting strong performance. 
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Abstract: Efficient mixing under laminar flow conditions remains a critical challenge in microfluidic systems
because molecular diffusion alone is generally insufficient to achieve rapid and homogeneous species transport. In
this study, the influence of obstacle orientation on mixing performance in passive micromixers was systematically
investigated through numerical simulations. Inclined straight obstacles with orientation angles of 15°, 30°, 45°, and
60° were incorporated into microchannels under both leaky and leak-free configurations. Flow and concentration
fields were solved using COMSOL Multiphysics, and the resulting mixing efficiencies and times were quantitatively
evaluated. It was found that the introduction of inclined obstacles substantially enhanced mixing performance
relative to a simple unobstructed microchannel. Superior mixing behavior was consistently achieved in the leak-free
configuration, where stronger flow perturbations and more pronounced recirculation zones were generated within the
central mixing region. For the leak-free configuration, mixing efficiency was observed to increase with decreasing
obstacle angle. In contrast, no monotonic relationship between obstacle angle and mixing performance was identified
for the leaky configuration. Among all investigated designs, the 15° obstacle configuration exhibited the highest
overall performance, achieving mixing efficiencies of approximately 92% and nearly 100% in the leaky and leak-free
configurations, respectively. To further evaluate the influence of geometric scale, the microchannel length was
doubled for the 45° configuration. Enhanced concentration uniformity and reduced mixing time were achieved in
the extended leaky microchannel, whereas no improvements were observed in the corresponding leak-free design.
These findings demonstrate that obstacle orientation and channel configuration exert a strong influence on microscale
transport phenomena and mixing enhancement. The proposed obstacle-based passive micromixer design provides an
effective and energy-efficient strategy for improving mixing performance in microfluidic devices and offers valuable
design guidelines for applications in biomedical analysis, chemical processing, and lab-on-a-chip systems.

Keywords: Passive micromixer; Microchannel flow: Mixing enhancement; Mass transfer; Numerical simulation;
Obstacle orientation; Flow characteristics

1 Introduction

Micromixers are essential microfluidic devices designed to promote rapid and homogeneous mixing of fluids at
the microscale [1, 2]. Owing to their compact structure and high transport efficiency, micromixers have attracted
considerable attention in biomedical engineering, chemical synthesis, pharmaceutical processing, and microscale
transport systems [3-6]. They have been widely employed in applications such as nanoparticle synthesis [7-9],
biomarker detection [10, 11], and controlled mixing of multiple fluid streams in microfluidic platforms [12, 13].
Because of the small characteristic dimensions of microchannels, fluid flow inside micromixers is generally dominated
by laminar behavior with low Reynolds numbers [14-16]. Under such conditions, viscous forces suppress transverse
fluid motion, and molecular diffusion becomes the primary mixing mechanism, resulting in relatively slow mixing
rates [17]. Improving mixing performance under laminar flow conditions therefore remains a major challenge in
microfluidic systems.

To enhance mixing efficiency, both active and passive micromixing strategies have been developed [18, 19].
Active micromixers rely on external energy sources, including magnetic fields [20], electric fields [21], and acoustic
excitation [22], to generate flow perturbations and improve species transport. In contrast, passive micromixers utilize
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