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Abstract
In this study, we applied scaling elements to design micromixers. We designed four passive micromixers with different struc-
tures, including common micromixer, common micromixer with scaling elements, snake-like micromixer, and snake-like 
micromixer with scaling elements (SMWSE). We used COMSOL Multiphysics 5.2a software to simulate and analyze. The 
numerical simulation results show that the scaling elements can cause the chaotic convection between the fluids with differ-
ent concentrations. Through the analysis of the variation in concentration and velocity on the cross section of micromixers, 
it can conclude that the micromixer with scaling elements has high mixing efficiency, and the mixing efficiency of SMWSE 
is more than 92% at all fluid velocities.

Keywords  Mixing efficiency · Scaling elements · Chaotic convection

1  Introduction

Microfluidic systems have a good application prospect in 
chemical analysis and biological engineering and other 
fields. Mixing process is fundamental and important in 
chemical analysis [1–3]. However, in most cases, the fluid 
is in laminar flow and the mixing mechanism is diffusion [4, 
5]. As an important part of microfluidic chip, micromixer 
plays an important role in improving the mixing efficiency 
in chemical analysis. Micromixers can be divided into pas-
sive micromixers and active micromixers according to the 
causes of fluid mixing [6]. The active micromixers can dis-
turb the flow of fluids in microchannel through the external 
energy fields, which accelerates the fluid diffusion and con-
vection, and improved the mixing efficiency. The common 
external energy fields include electric field, magnetic field, 
and ultrasonic [7, 8]. The requirements for mixing time and 
microchannel length of active micromixers are lower than 
those of passive micromixers. However, active micromixers 
are usually multilayer structures and not easy to make. The 

passive micromixers mainly rely on changing the internal 
structures to change the flow trajectory of fluids and improve 
the mixing efficiency. The main principle of passive micro-
mixers to improve the mixing efficiency is to enhance the 
molecular diffusion and the chaotic convection.

The passive micromixer improves the mixing efficiency 
mainly by changing the design of geometric structures. Pas-
sive micromixers can be divided into two types of mixing 
mechanisms, namely chaotic convection and lamination 
[9–13]. In this study, we designed 3D passive micromixers 
and improved the mixing efficiency by generating chaotic 
convection in micromixers. Niu and Lee [14] designed a cha-
otic micromixer with multiple side microchannels; it can stir 
the fluid through the side microchannels. Mouza et al. [15] 
designed a novel micromixer by combining the structure of 
curved channel; this chaotic micromixer has better mixing 
performance than planar meandering micromixer at a lower 
Dean number. Liu designed a three-dimensional micromixer 
with a “c-shaped” repeating element, which uses chaotic 
convection to enhance fluid mixing. They used wet-etching 
technology on silicon chips to achieve a three-dimensional 
geometry [16]. Chen et al. had done a lot of simulation and 
numerical researches, which prove that the numerical simu-
lation based on hydrodynamics is reliable for studying the 
performance of micromixers [17–24]. Lee et al. did numeri-
cal simulations of six different shapes of micromixers. The 
optimized micromixer has higher mixing efficiency and 
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lower pressure drop [25]. Su et al. [26] studied the fluid mix-
ing in the curved microchannels and found that the mixing 
efficiency was proportional to the diffusion rate and density 
ratio, and inversely proportional to the microchannel width 
and flow velocity. The micromixer designed in this paper is 
composed of microchannels with right angles, and scaling 
structures are placed in the middle of the microchannel to 
improve the mixing efficiency. The optimal structure has a 
high mixing efficiency of more than 93% within the range 
of Re 0.04–22.

In this study, we designed four kinds of three-dimensional 
passive micromixers with different structures, including 
CM, CMWSE, SM, and SMWSE. The chaotic convection 
occurred in the microchannel and the mixing efficiency is 
improved. In the discussion section, we analyzed the vari-
ation in cross section concentration and mixing efficiency 
curves of micromixers. The simulation results show that the 
micromixer with scaling structure has higher mixing effi-
ciency. The SMWSE has the characteristics of high mixing 
efficiency at all fluid velocities.

2 � Micromixer designs

Figure 1 shows the schematic diagram of the four passive 
micromixers. The fluids flow in from the two inlets on the 
left side and flow out from the right outlets. The total length 
of the micromixer is 17 µm, and the height of the micro-
channel is 1 µm. Figure 1a shows the structure of common 
micromixer (CM). Figure 1b shows the structure of common 
micromixer with scaling element (CMWSE); p is a scaling 
element. Figure 1c shows the structure of snake-like micro-
mixer (SM). Figure 1d shows the structure of snake-like 
micromixer with scaling element (SMWSE).

3 � Theoretical background

3.1 � Governing equations

The Navier–Stokes equation is usually used to describe the 
dynamic characteristics of the fluid velocity and the pressure 
of incompressible fluid flow. It can be expressed as follows:

Fig. 1   The structure of the four passive micromixers (h = 1 µm, p = 1 µm × 0.25 µm × 0.25 µm)
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where u is velocity vector, ρ is the fluid density, t is the 
time, η is the dynamic viscosity and p is the pressure. Con-
vection–diffusion equation can be applied to describe the 
mixing efficiency of different concentrations of reagents, as 
follows:

where c is the species concentration and D is the diffusion 
coefficient.

Calculating the mixing efficiency gives us a more 
intuitive understanding of the mixing performance of 
fluids. The calculation equation of mixing efficiency is 
as follows:

where N is the total number of sampling points, ci is the 
standard concentration and c̄ is the expected standard con-
centration, respectively. Mixing efficiency ranges from 0 
(0%, not mixing) to 1 (100%, full mixed).

Reynolds number (Re) is an important parameter for 
studying the mixing efficiency of fluids, which is defined 
as:

where ρ is the fluid density, Dh is the hydraulic diameter of 
the cross section of the microchannel, Dh = 1 µm, U is the 
average velocity of the fluid and η is the dynamic viscosity 
of fluid.
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3.2 � Simulation setting

In this study, COMSOL Multiphysics 5.2a is used to con-
duct numerical simulation on the four kinds of passive 
micromixers which designed with different structures. 
Micromixer at the inlets is speed, and the boundary condi-
tion at the outlet is pressure. The fluid channel wall is set to 
compressible and no-slip boundary conditions. The mate-
rial selected for the study is liquid water, whose dynamic 
viscosity is V = 1×10−6 m2/s and the diffusion constant 
D = 1.1 × 10−10 m2/s. The initial concentration conditions 
of the fluids are, respectively, set to be C1 = 1 mol/L and 
C2 = 0 mol/L.

It is important to choose a reasonable grid system. A good 
grid system selection can improve the accuracy of simula-
tion results and reduce the computing time. In this study, we 
choose the free mesh of triangle to divide geometry; the ele-
ment growth rate is 1.1. Figure 2a shows the grid system of 
CM; the color legend represents the quality of elements. The 
CM has 331,685 elements. The minimum element quality 
is 0.0139. Figure 2b shows the local velocity profiles at the 
outlet of CM at V = 0.1 m/s with four mesh refinements. The 
331,658 grid numbers corresponding to the green curve are 
the best result to obtain a mesh-independent solution. Other 
designs in the paper are divided according to the results of 
the grid independency test. The computational time required 
for simulation of a micromixer at one velocity is 268 s. The 
simulation results are correct and reliable according to FEM 
theory.

4 � Results and discussion

4.1 � The analysis of mixing performance on CM

Figure 3 shows the simulation result of CM. For the conveni-
ence of the following discussion, sections a, b, and c are the 
objects of discussion.

Fig. 2   a The gird system of CM 
with 331, 685 elements and 
b the velocity profiles along 
the middle line at the outlet at 
V = 0.1 m/s (color figure online)
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Figure 4 shows the concentration changes on the cross 
section of CM at different Re. The mixing performance 
of the same cross section is different with the changes in 
Re according to the simulation results. The more uniform 
the color of the cross section concentration, the higher the 
mixing efficiency of fluids. Figure 5 shows the mixing effi-
ciency of CM under different Re. From the mixing efficiency 
curve of CM, we can conclude that the mixing efficiency 
decreases first and then increases. When Re is 1, the mix-
ing efficiency is the lowest. When Re is 0.04, the mixing 
form is dominated by molecular diffusion due to the low 
velocity. The molecular diffusion time is long, and thus the 
mixing efficiency is high in this time. When Re is within the 
range of 0.04–1, the time required for molecular diffusion is 
shortened although the flow velocity is increased, and thus 
the mixing efficiency is not improved. When Re is within 
the range of 1–20, the mixing efficiency increases gradually 
with the increase in Re. The reason for this phenomenon 

is that chaotic convection occurs when the fluid velocity 
increases, which improves the mixing efficiency.

Figure 6 shows the fluid velocity distribution on the cross 
section of CM. The arrows on the cross section represent 
the flow direction. It can be clearly seen from the simula-
tion results that the direction of the fluid is almost uniform 
and no chaotic convection occurs when Re = 1, and thus the 
mixing efficiency is low. When Re = 20, the chaotic convec-
tion occurs in the microchannel of the micromixer, which 
improves the mixing areas and time, and thus the mixing 
efficiency is improved.

4.2 � The analysis of mixing performance on CMWSE

In order to further improve the mixing efficiency, we added 
two scaling elements based on CM structure to form the 
CMWSE. Figure  7 shows the concentration results of 
CMWSE, a, b, and c are where the concentration cross sec-
tion is. As the results show, when Re = 1, the mixing perfor-
mance of CMWSE is better than CM.

Figure 8 shows the mixing efficiency of CMWSE under 
different Re. When Re is in the range from 0.04 to 5, it can 
be concluded that the mixing efficiency gradually decreases 
with the increase in Re. When Re = 5, the mixing efficiency 
of CMWSE reaches a minimum of 80%. When the Re 
increases gradually in the range of 5–22, the mixing effi-
ciency of the micromixer increases gradually. The mixing 
efficiency finally reaches 97% and tends to be stable.

Figure 9 shows the velocity changes on cross section of 
CMWSE, the position of cross section a, b, c, as shown in 
Fig. 7. The simulation results show that when Re = 1, the 
fluid is in laminar flow and the velocity direction of the fluid 
is approximately the same. There is no obvious chaotic con-
vection in microchannel. When Re = 20, the chaotic convec-
tion occurs in cross section c. By comparison, it is found that 

Fig. 3   The mixing performance of CM at Re = 1

Fig. 4   The concentration changes on cross sections of CM at different 
Re (color figure online)
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Fig. 5   The mixing efficiency of CM
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the more obvious of the chaotic convection phenomenon, 
the higher of the mixing efficiency. The results show that 
the chaotic convection can improve the mixing efficiency 
of the micromixer.

4.3 � The analysis of mixing performance on SM

Figure 10 shows the mixing efficiency of SM under dif-
ferent Re. As the results show, when Re is in the range 
of 0.04–1, it can be concluded that the mixing efficiency 
gradually decreases with the increase in Re. When Re = 1, 

the mixing efficiency reaches the lowest of 60%. Accord-
ing to the above discussion, it can be concluded that the 
mixing efficiency is related to the existence of chaotic con-
vection in the microchannel. There is no obvious chaotic 
convection phenomenon in the micromixer when Re = 1, 
and thus the mixing efficiency is the lowest. The mix-
ing performance of SM is shown in Fig. 11. When Re 
increases gradually in the range of 1–22, the mixing effi-
ciency of the micromixer increases gradually and reaches 
92% when the Re = 22.

Fig. 6   The fluid velocity varia-
tion on cross sections of CM

Fig. 7   The mixing performance 
of CMWSE at Re = 1
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4.4 � The analysis of mixing performance on SMWSE

We added scaling elements based on SM structure to form 
the SMWSE. The SMWSE has three scaling elements, and 
the simulation results are shown in Fig. 12. When Re = 1, 
the mixing performance of SMWSE is better than SM. 
Figure 13 shows the mixing efficiency of SMWSE. As the 
results show, when Re is in the range of 0.04–0.1, the mixing 
form is dominant by molecular diffusion, and thus the mix-
ing efficiency can reach above 99%. When Re is within the 
range of 0.1–1, the mixing efficiency of the fluid decreases 
with the increase in the flow velocities. At this time, the 
molecular diffusion time is shortened, and the chaotic con-
vection phenomenon in the microchannel is not obvious, 
and thus the mixing efficiency is reduced. When Re = 1, the 
mixing efficiency of SMWSE is above 92%, which indicates 
that SMWSE has a good mixing performance. When Re is 

in the range of 1–22, the chaotic convection phenomenon is 
gradually obvious in the microchannel, and thus the mixing 
efficiency is improved. Figure 14 shows the chaotic convec-
tion phenomenon in the micromixer at Re = 20. The above 
results show that the mixing efficiency of the micromixer 
with scaling elements is higher. The scaling elements can 
improve the mixing efficiency by generating the chaotic con-
vection phenomenon in the micromixer.

4.5 � The pressure drop and mixing efficiency 
of the four passive micromixers

Besides the mixing efficiency, the pressure drop is another 
important parameter to analyze the mixing performance 
of passive micromixers. A stable pressure drop variation 
ensures that the micromixer is not crushed during fab-
rication. Figure 15 shows the simulation results of CM, 
CMWSE, SM, and SMWSE on pressure drop. We measured 
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Fig. 8   The mixing efficiency of CMWSE

Fig. 9   The fluid velocity 
changes on cross section of 
CMWSE
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Fig. 10   The mixing efficiency of SM
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the pressure drop of the micromixer at Re = 0.04, 0.06, 0.08, 
0.1, 0.5, 1, 5, 10, 20. The pressure drop increases with Re 
in all micromixers. As the results show, the micromixer 
with scaling elements has the higher pressure drop than the 
micromixer with no scaling elements. From the above dis-
cussion, SMWSE has the highest mixing efficiency, but at 
the same time its pressure drop is also the highest.

The mixing efficiency curves of four passive micromix-
ers under different Re are shown in Fig. 16. As the results 
show, the SMWSE has the highest mixing efficiency at all 
velocities. The minimum mixing efficiency of SMWSE is 
92% at Re = 1. The CM has the lowest mixing efficiency at 
all velocities.

5 � Conclusion

In this paper, we designed four passive micromixers with 
different structures. The mixing efficiency, pressure drop, 
and fluid flow in the microchannel were analyzed. The 
simulation results show that the order of mixing efficiency 
of micromixers from low to high is CM, CMWAE, SM, 
and SMWSE. The variation characteristics of mixing effi-
ciency curves are similar; the mixing efficiency decreases 
first and then increases with the increase in Re. CM, 
CMWSE, and SM have the lowest mixing efficiency when 
Re = 1, and when Re = 5, SMWSE has the lowest mixing 

Fig. 11   The concentration 
change in SM on cross section 
at Re = 1

Fig. 12   The mixing perfor-
mance of SMWSE at Re = 1
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efficiency. The SMWSE has the highest mixing efficiency 
of above 92% at all velocities, but at the same time it has 
the highest pressure drop. The scaling elements can cause 
the chaotic convection between the fluids with different 
concentrations and thus improve the mixing efficiency of 
micromixer. The pressure drop of micromixer with scaling 
elements is higher than the micromixer with no scaling 
elements. This structure can be widely used in the micro-
fluidic system and microchemical-reaction devices.
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