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Abstract 
 

A rhombic with unbalanced three-split in a passive micromixer is studied. This 

work aims to optimize micromixers' three-split rhombic design for chemical 

analysis through mixing index and pressure drop analysis. The optimization was 

obtained by varying the angle of the rhombic and the ratio of the sub-

channel widths, including angles of 30°, 45°, 60°, 90° and widths of 150:100 μm, 

200:100 μm, 250:100 μm, and 300:100 μm. The COMSOL Multiphysics was used 

to simulate the performance based on a three-dimensional Navier-Stokes 

equation with the working fluid model in the form of water in the advection-

diffusion model. A parametric study was carried out to evaluate the effect of 

the geometric micromixer variable on the mixing performance for the 

Reynolds range of 10-120. The results show that a micromixer with an 

unbalanced triangular rhombic the structure with an angle of 30° and width 

of 200:100 μm on Re 120 achieve mixing efficiency at 0.91 with pressure drop 

1700 Pa. 

 

Keywords: Micromixer, three-split rhombic, Reynolds number, Mixing Index, 

Navier-Stokes Equation 

 

Abstrak 
 

Satu rombus dengan tiga pecahan tidak seimbang dalam pengadun mikro 

pasif telah dikaji. Kerja ini bertujuan untuk mengoptimumkan pengadun mikro 

dengan reka bentuk tiga bahagian rombus untuk analisis kimia melalui indeks 

pencampuran dan analisis penurunan tekanan. Pengoptimuman diperoleh 

dengan mengubah sudut rombus dan nisbah lebar sub saluran, meliputi sudut 

30°, 45°, 60°, 90° dan lebar 150:100 m, 200:100 m, 250: 100 m, dan 300:100 m. 

COMSOL Multiphysics digunakan untuk mensimulasikan prestasi berdasarkan 

persamaan Navier-Stokes tiga dimensi dengan model bendalir kerja dalam 

bentuk air dalam model adveksi-resapan. Kajian parametrik telah dijalankan 

untuk menilai kesan pembolehubah mikropembolehubah geometri ke atas 
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1.0 INTRODUCTION 
 

Lab on Chip (LoC) is a research topic that is widely used 

in various disciplines, including chemical reactions [1], 

chemical synthesis [2, 3], chemical analysis [4], etc. 

Advantages of LoC in combines [5], miniaturizes [6], 

and portable [7], make the topic continue to grow and 

increase rapidly in instrumentation or industry [5]. The 

microfluidic device is one part of the LoC that handles 

the control and manipulation of fluids on a small-scale 

geometry [8]. The small fluidity (laminar flow) makes 

mixing difficult in microsystems [9, 10, 11]. On a 

microscale, the mixing occurs as a result of the 

molecular diffusion process. Therefore, a micromixer 

design to enhance the mixing process is required. [12, 

13, 14, 15]. 

Generally, Micromixer can be categorized into two 

groups, namely active and passive micromixers [9]. 

Active micromixers require some external energy 

source or moving parts to stimulate flow. In addition, 

they are generally more efficient at mixing than passive 

micromixers. However, the drawback is difficult to 

manufacture and integrate with major microfluidic 

systems [10, 11]. In contrast, passive micromixers do not 

require external energy to separate and mix the streams 

[16].  

Furthermore, passive micromixers are easy to 

manufacture and do not require external power or 

force to manipulate the fluid [13]. Passive micromixers 

do not always require a low Re or a fixed flow rate for 

their operation. Consequently, passive micromixers are 

used in most microfluidic applications rather than 

active micromixers [16]. The passive micromixer utilizes 

the flow rate energy (provided by the pump, the static 

pressure difference, and the geometry of the 

micromixer) to separate and mix the flow [14]. The 

separation and mixing of streams can enhance the 

diffusion process and promote a convection-based 

secondary flow [17]. 

Previous studies have developed many structures of 

micromixer passive based on lamination [18], obstacles 

[19], divergence-convergence [5], and asymmetrical 

structures [20]. However, in convergence-divergence 

based on micromixer, the mixing quality improves as the 

convergence-divergence configuration is usually 

combined with other patterns such as resistance-

based, Split, and Recombined (SAR) [5]. Fang and Yang 

(2009) demonstrated that mixing using the SAR structure 

could create chaotic advection and showed better 

mixing performance at relatively high Reynolds 

numbers [21]. Schonfeld et al., (2004) Conducted a 

numerical investigation of the SAR micromixer at various 

Reynolds (Re) numbers, mixing on the SAR mixer 

resulted in efficient mixing [22].  

Based on previous studies, it can be concluded that 

the SAR micromixer effectively improves the mixing of 

liquids [5]. Chung and Shih (2007) revealed that 

combination effects of focusing/diverging, 

recirculation and Dean vortices lead to very high mixing 

efficiency [23]. The structure was developed by 

Schönfeld et al.  [24]. They set the halves and triples 

rhombus and achieved a mixing efficiency of 86% for 

the triples at Re = 60.  Bayareh et al. (2020) developed 

an unbalanced three-split rhombic sub-channel [17]. 

The three-dimensional Navier-Stokes equation 

combined with the advection-diffusion model using 

two types of fluids (water and ethanol). Mixing index 

and pressure drop were evaluated and compared with 

a two-split micromixer for the Reynolds number range 

from 0.1–120. The results showed that the proposed 

three-split micromixer is more efficient in mixing the 

Reynolds number range from 30–80 [17]. Parametric 

studies were carried out to determine the effect of 

rhombic angle and sub-channel width ratio on mixing 

and pressure drop. Although it is operating at the lowest 

Reynolds number, the rhombic angle of 90° provides 

the best mixing performance. The results show that the 

performance of a three-split micromixer with a minimum 

minor sub-channel width provides the best mixing 

performance [5, 9]. However, this study has a drawback 

where the pressure drop obtained is still relatively high. 

This pressure drop effect cannot be ignored because it 

can cause a cavitation effect for chemical analysis 

application, and the energy required to drain the liquid 

also increases. 

In this paper, we investigate the three-split rhombic 

sub-channel micromixer by varying the angle of the 

rhombus and the ratio of the width of the sub-channel. 

This work was carried out at Re 10-120 using the 

COMSOL Multiphysics simulation, and the 3-D Navier-

Stokes equation was used for mixing analysis using a 

working fluid in the form of water. Finally, this study is 

expected to produce a three-split rhombic design with 

mixing index >0.8 and pressure drop <3630 Pa. 

 

 

2.0 METHODOLOGY 
 

The schematic diagram of the SAR-based unbalanced 

three-section rhombic passive micromixer is shown in 

prestasi pencampuran bagi julat Reynolds 10-120. Keputusan menunjukkan 

bahawa pengadun mikro dengan rhombik segi tiga tidak seimbang struktur 

dengan sudut 30° dan lebar 200:100 μm pada Re 120 mencapai kecekapan 

pencampuran pada 0.91 dengan penurunan tekanan 1700 Pa. 

 

Kata kunci: Micromixer, rombus dengan tiga pecahan, nombor Reynolds, 

indeks campuran, formula Navier Stokes 

 

© 2022 Penerbit UTM Press. All rights reserved 
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Figure 1. Where the fluid is water with a density of 1025 

𝑘𝑔 ∙ 𝑚−3 and dynamic viscosity 1.5 × 10−3 𝑘𝑔 ∙ 𝑚−1 ∙ 𝑠−1 

enter through the inlet 1 and inlet 2 channels and then 

come into contact at the T channel junction. Mixing 

increases as the liquid flows splits into 3 lanes with 

varying angles and widths, then meet at the 

intersection. The division of the path is repeated several 

times so that the mixing index increases up to the outlet.   
 

 
 

Figure 1 Schematic diagrams of rhombic micromixer 

unbalanced three-split rhombic micromixer 

 

 

In this work, a parametric study was carried out to 

evaluate the effect of the geometric micromixer 

variable on the mixing performance for the Reynolds 

range of 10-120, which aims to obtain the most optimal 

geometry based on the mixing quality and to 

determine the effect of Reynolds number on mixing and 

pressure drop. In geometry (𝑤1) serves as the main sub-

channel width, (𝑤2) serves as the minor sub-channel 1 

width, and (θ) serves as the rhombic angle.  

In this case, controlling the sub-channel width is 

done by changing the outer wall with a constant inner 

wall. Furthermore, for the number of rhombic units, 

inside rhombic height (h) and the channel width when 

making angle θ changes must be kept constant. 

Dimensions based on the designed geometric 

structure are shown in Table 1 as shown in Table 1, the 

total length used is 6.5 mm with an inlet length of 1000 

μm. The parameter study on the width (𝑤1: 𝑤3) with 

each value are 150:100 μm, 200:100 μm, 250:100 μm, 

and 300:100 μm, as well as the variation of the angle 

with the value of 30°, 45°, 60°, 90°.  

 
Table 1 The design dimension of the microfluidic mixer 

 

No. Parameters Values 

1 Length (𝑙) 6.5 mm 

2 Width (w) 300 μm  

3 w1 : w2 150∶100,200∶100,250∶100,300∶100 

4 w2 50 μm 

5 Inlet length  1000 μm 

6 Inlet width 500 μm 

7 Angle (θ) 30°, 45°, 60°, 90° 

8 a 475 μm 

9 b 1.2 mm 

10 c 3 mm 

 

 

Numerical studies are used for simulation modelling 

on software COMSOL Multiphysics. Module Navier-

Stokes Incompressible and module Convection 

Diffusion is selected in this device. The properties of the 

liquids are shown in Table 2. Moreover, the mesh setting 

coarse in COMSOL is used due to the limitation of time 

calculation and computer performances. It provides 

around 158,587 of total domain elements calculate 

during the computation. 
 

Table 2 Property of fluid 
 

Fluid 
Density(𝒌𝒈 ∙
𝒎−𝟑) 

Dynamic viscosity (𝒌𝒈 ∙
𝒎−𝟏 ∙ 𝒔−𝟏) 

water 1025   1.5 × 10−3 

 

 

The primary and secondary fluids each use a 

solution with a different concentration. The 

concentration used is 𝐶1 = 1 mol/L and 𝐶2 = 5 mol/L. To 

determine the fluid velocity associated with the Re 

number, the hydraulic diameter (𝐷ℎ) is determined 

using equation (1).  
 

𝐷ℎ =
2(𝑎𝑏)

𝑎 + 𝑏
 (1) 

  
Where a is the width of the geometry and b is the 

length of the geometric plane. Meanwhile, the flow 

velocity (u) from the inlet is determined by equation (2). 
 

𝑢 = 𝑅𝑒
𝜇

𝜌𝐷ℎ

 (2) 

  

Where Re is the Reynolds number, μ is the dynamic 

viscosity, ρ is the density and (𝐷ℎ) is the hydraulic 

diameter. Based on equation (2), Re affects the flow 

velocity. The greater the number Re specified, the 

greater the flow velocity. The equations used are the 

Navier Stokes equation, the continuity equation, and 

the diffusion-convection equation which are generally 

described using equations (3) - (5). 
 

𝜌 [
𝜕𝑢

𝜕𝑡
+ (𝑢. 𝛻)𝑢] = -𝛻𝑝 +  𝜇𝛻2𝑢 (3) 

𝛻𝑢 = 0 (4) 
𝜕𝑐

𝜕𝑡
= 𝐷𝛻2 − 𝑢. 𝛻𝐶 (5) 

 

Where u denotes velocity, ρ is the density of the 

fluid, p is the pressure, and μ is the dynamic viscosity of 

the fluid. C and D represent concentration and 

diffusion, respectively. 

The output performance to be obtained from this 

study is mixing index (M). This performance can be 

calculated using the standard deviation of mass 

fraction for each sampling point in the cross-section, as 

seen in equations (6) and (7). 
 

𝜎 =  √
1

𝑛
∑(𝐶𝑖 − 𝐶𝑠)2

𝑛

𝑖=1

  (6) 

𝑀 = 1 − √
𝜎2

𝜎𝑚𝑎𝑥
2

 (7) 

Where n is the sampling points inside cross-section, 𝐶𝑖 

is the mass fraction at the sampling point i, and 𝐶𝑠 is the 

mean of the mass fraction, σ is the concentration at a 
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certain cross-sectional area of the microfluidic mixer, 

𝜎𝑚𝑎𝑥 is the standard deviation at the inlets. The value of 

mixing index is evaluated in the range of 0 to 1, where 

a value of 0 indicates that the solution has not been 

mixed completely, whereas a value of 1 show that the 

solution is perfectly mixed. 

 

 

3.0 RESULTS AND DISCUSSION 
 

3.1 Comparison between Three-Split Micromixers 

Variation of width  

 

The performance of an unbalanced three-split rhombic 

micromixer width variation was evaluated. Based on 

the evaluation results, the mixing index value with a 

width ratio of 200:100 μm has been tested better. To 

analyze mixing, each mass fraction distribution of water 

is plotted at the exit of each rhombic unit. The mixing 

enhancement occurs when the circulation flows 

through the channel and induces secondary 

circulation. There are two small recirculating streams 

near the small sub-channel inlet that can provide the 

mixing improvement. 

Figure 2 shows the variation of the mixing index for 

the variation of the width through the outlet of the 

rhombic unit (l = 6.5 μm) of the micromixer for the 

Reynolds number from 10-120 for the unbalanced 

three-split rhombic micromixer with the same axial 

length. For low Reynolds number (<1), molecular 

diffusion has an essential role in mixing. For low Reynolds 

number, mixing is affected by residence time and flow 

path length. As the Reynolds number increases, the 

value of the mixing index will decrease because it is 

affected by the decrease in residence time and 

reaches a minimum value at Re = 10. The unbalanced 

three-split rhombic micromixer showed the best mixing 

performance in the medium Reynolds number range 

(<120) based on the evaluation results. Figure 2 

variations of width in the mixing index at the exit of the 

micromixer vs Reynolds number.  

 

 
 

Figure 2 Variations of width in the mixing at the exit of the 

micromixer vs Reynolds number 

Figure 3 shows the characteristic of the pressure drop as 

a function of the Reynolds number in the range Re 10-

120 for variations in width and variation in angle. The 

pressure drop is calculated when the rhombic unit exits 

(l=6.5 μm).  For low Reynolds number (<10), small wall 

friction and passive transverse flow occur. Beside the Re 

number 10, the unbalanced three-split rhombic 

micromixer provides a more significant pressure drop 

due to greater wall friction and higher transverse 

motion. 

 

 
 

Figure 3 Variations of the pressure drop with Reynold number 

in unbalanced three-split rhombic micromixers 

 

 

3.2 Comparison between Three-Split Micromixers 

Variation of Angle  

 

The variation of the mixing index with the variation of 

the angle through the outlet of the micromixer for the 

Reynolds number from 10-120 for an unbalanced three-

split rhombic micromixer with the same axial length is 

shown in Figure 4. Based on the evaluation results, the 

best mixing index value is at an angle of 30°. For low Re, 

the mixing index increases as the angle increases and 

the residence time also increases. Moreover, for low Re, 

the main mixing is regulated by molecular diffusion. 

Figure 4 shows the greatest variation in the mixing index 

is at the Re number 60 and the maximum mixing index 

is at an angle of 30°. For the case of the three-split 

micromixer shown as the angle increases, the total flow 

path increases as pitch increases with a fixed height. 
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Figure 4 Effect of rhombic angle on mixing in the three-split 

micromixer vs Reynolds number 

 

 

Figure 5 visualizes the effect of the angle of a 

rhombic on the pressure drop on an unbalanced three-

split rhombic micromixer at Reynolds numbers 20, 40, 60, 

80, 100, 120. The pressure drop will gradually increase 

when the speed is almost constant, i.e., when the angle 

reaches 30°-120°. For the case of the unbalanced 

three-split rhombic micromixer shown, as the angle 

increases, the total flow path increases due to the 

increase in pitch with a constant height effect on the 

pressure change. 

 

 
 

Figure 5 Effect of rhombic angle on the pressure drop in the 

three-split micromixer for vs Reynolds number 

 

 

Figure 6 visualizes the velocity in a micromixer with a 

width of 200:100 μm and an angle of 30° on the Re 120. 

In this geometry, it is clear that along the microchannel, 

the fluid velocity is similar. Based on the results of the 

analysis, maximum velocity occurs when approaching 

the value of 0.8 m⁄s and as it approaches the 

microchannel wall it drops to 0. It occurs because the 

fluid layer's frictional force in the middle is much smaller 

than the frictional force around the walls. As a result, the 

velocity may decrease so that the minimum velocity is 

near the wall and the maximum velocity is at the 

center. 

 

 
 

Figure 6 The fluid velocity of micromixer a width 200:100 μm 

with an angle 30° on Re 120 

 

 

Figure 7 visualizes the mixing index process using 

different angles. A liquid concentration of 1 mol/m3 is 

marked in blue for the first fluid, and the red color 

indicates a liquid concentration of 5 mol/m3 for the 

second fluid. The mixture is homogeneous when it 

reaches the midpoint of 3 mol/m3. The angle is varied 

to see the effect of mixing efficiency on the change in 

angle, shown in Figures 7(a)-(d). The micromixer is 

efficient with a ratio of 200:100 μm at an angle of 30o.  

As the fluid flows through the corners of the first rhombus 

structure, the cross section is distorted by the centrifugal 

force. centrifugal force pushes the liquid so that the 

liquid can rise to flow out of three zigzag channels, three 

streams are combined into one stream which can 

improve mixing. Therefore, this rhombic with 

unbalanced three-split in a passive micromixer structure 

can increase the residence time of the fluid in the 

channel, which can cause the fluid to be more chaotic 

so that the mixing process in the micromixer increases. 

 
(a) 

 

mol/m3 
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(b) 

 

 
 

(c) 

 
(d) 

 
Figure 7 Concentration micromixer of ratio 200:100 µm (a) 

angle 30o, (b) angle 45o, (c) angle 60o, (d) angle 90o 

 

 

Based on Table 3, it can be seen that this structure 

has an improvement from the previous article to 

contribute to the development of the micromixer. The 

design of the Three-split rhombic structure in this study 

resulted in better mixing efficiency with lower pressure 

drop values. Pressure drop occurs due to friction 

between fluids or through walls. This cannot be ignored 

because it can cause a cavitation effect, and the 

energy required for the liquid to flow also increases 

 

Table 3 Comparison of our proposed micromixers with recent 

literature work 
 

Structure 
Mixing 

Index 

Pressure 

Drop 
Reference 

Rhombic with 

assymetrical flow 

0.84 3630 Pa [20] 

Three-split 

rhombic sub-

channels 

0.91 1700 Pa Our 

research 

 

 

4.0 CONCLUSION 
 

A passive micro-mixer was designed WITH three-split 

rhombic sub-channels, uses COMSOL Multiphysics to 

show performance by using the three-dimensional 

Navier-Stokes equation in the advection-diffusion 

model with the water working fluid model. This research 

study determines the effect of micromixer geometric 

variables on mixing performance for chemical analysis 

in the Re 10-120. The result shows that the three 

unbalanced split rhombic structure produces a mixing 

index > 0.8 for each angle variation in various Re. As for 

the width variation, the mixing index obtained >0.8 in 

various widths except for the width of 250:100 μm with 

Re 10-30 and the width of 300:100 μm with Re 10-40. The 

effect of pressure drops for a constant angle at a width 

of 200:100 μm produces a pressure drop that increases 

with the increase in the Re number. It can be 

concluded, the structure with an angle of 30° and width 

of 200:100 μm on Re 120 achieve mixing efficiency at 

0.91 with pressure drop 1700 Pa. This structure is 

compared with the existing structure in the literature 

resulting in better performance. It is expected that this 

design optimization applies to Lab on Chip such as 

chemical analysis applications. 
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