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Abstract 

Micromixer is a significant component of microfluidics particularly in lab-on-

chip applications so that there has been a growing need for design and 

fabrication of micromixers with a shorter length and higher efficiency. Despite 

most of the passive micromixers that suffer from long mixing path and 

complicated geometry to increase the efficiency, our novel design suggests a 

highly efficient micromixer while taking advantage of having a short length. The 

novelty of our work stems from utilizing all three mixing techniques of injection, 

recombination, and zigzag mixing resulting in benefits such as multi-flow 

lamination and flow resistance reduction in microscale. Moreover, the 

contraction and expansion of the microchannel width improve mixing. The 

present work deals with the parametric study, numerical simulation, as well as 

experimental tests and characterization of small planar passive micromixer. The 

high mixing efficiency yield of 98.02 was obtained with the length of only 

1857.8 microns which shows good agreement in comparison with numerical 

simulation. 
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Nomenclature 
c0 Initial concentration 

Cin Main input concentration 

Cout Output concentration 

D Diffusion coefficient 

Dh Hydraulic diameter 

H Microchannel depth 

L1 Main inlet length 

c0 Initial concentration 

L2 Lateral shift length 

L3 Buffer constriction length 

Lbuf Funnel length 

Ld Longitudinal shift length 

M Efficiency 

Pe Peckel number 

Q1 Flow rate 1 

Q2 Flow rate 2 

Re Reynolds number 

Sc Schmidt number 

w1 Main inlet width 

w1b Max decompression width 

w2 Main constriction width 

w3 Buffer constriction width 

wbuf Buffer inlet width 

1. Introduction

Micromixer is a key component of Lab on Chips 

(LOC) and micro Total Analysis Systems 

(μTAS) that enables efficient mixing in the 

process. The key dominant factors for 

characterization of mixing in microfluidic 

systems are defined as efficiency and flow rate 

of mixing [1]. There has been a lot of attempts 
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for developing versatile and efficient 

micromixing mechanisms.  

Hossain et al. analyzed the mixing performance 

of microchannels with different geometric 

shapes including zigzag, square-wave, and 

curve; they found that square-wave micro-

channels yielded better performance than the 

other geometric shapes. However, the mixing 

efficiency for all three geometries was not better 

than 90% with the mixing length of around 2000 

micrometers [2]. Ansari et al. proposed a passive 

micromixer design with unbalanced splits and 

collisions of fluid streams. They obtained an 

efficiency of only 65% with a mixing length as 

long as 5550 micrometers [3]. Chen et al. 

designed a passive micromixer based on 

topology optimization method where they 

numerically studied topological micromixers 

with the reversed flow. They reported their best 

efficiency as 95% with a length of 3710 

micrometers [4]. In another paper, they studied 

and analyzed micromixers with serpentine 

microchannels with different geometries. They 

compared six forms of microchannels and 

reported their efficiency in the following 

descending order: square-wave>multiwave> 

zigzag>T>mouth>loop [5]. In the case of 

square-wave, they indicated the mixing length of 

7800 micrometers with the efficiency of 93.7%. 

In their recent study, Chen et al. offered a 

scheme for improving passive zigzag micro-

mixers with the purpose of enhancing the mixing 

rate. However, the mixing length was obtained 

as 11200 micrometers with an efficiency of 93% 

[6]. 

In microfluidics, the value of Reynolds number 

is less than 100 denoting that viscosity happens 

due to inertial forces in a fully developed laminar 

flow, and the streamlines are parallel to each 

other, so that mass transfer and convection 

happen only in the direction of the fluid flow. 

Therefore, the mixing mechanism is ruled by the 

phenomenon of diffusion that is based on a 

concentration gradient which intrinsically leads 

to higher mixing time and length. In fact, in such 

systems more efficient mixing happens by 

increasing the diffusion rate among the mixing 

fluids. 

The mixing technology in microscale can be 

classified into passive and active according to 

efficiency factors. In active micro-mixing, 

external forces are applied to the flow, whereas 

in passive one, the contact area of mixtures and 

the mixing length are enhanced by appropriate 

designing of microchannels structure leading to 

better convection and advection. Since most of 

micro-channels have been designed through trial 

and error, there is a need for a consistent design. 

The main advantage of microfluidic instruments 

lies in the fact that by using a low amount of 

liquids, complicated hydrodynamic effects may 

be consistently studied. 

Microfluidic mixers are generally composed of a 

set of two-dimensional planar channels which 

include sudden changes of flow in two paths. 

Sharp T or Y shapes, spiral shapes, or sudden 

changes in flow area in expansion or contraction 

can be mentioned as some examples. In such 

structures, flow is characterized by the type of 

sudden flow change, small Reynolds numbers, 

and even the viscosity of mixing fluids. Despite 

the high efficiency of mixing in active micro-

mixers and 3D passive micro-mixers, neither are 

used in practical lab-on-chip devices since they 

require external feeding sources or complicated 

design and fabrication methods. Therefore, a 2D 

passive micromixer can be a popular choice in 

microfluidic methods for applications such as 

chemical and biological uses; the reason is its 

easy design and simple fabrication methods as 

well as low cost. The following section is a brief 

introduction to passive micromixers.  

Passive micromixers rely on the mass transport 

phenomena provided by molecular diffusion and 

chaotic advection. These devices are designed 

with a channel geometry that increases the 

surface area between different fluids and 

decreases the diffusion path. By contrast, the 

enhancement of chaotic advection can be 

realized by modifying the design to allow the 

manipulation of the laminar flow inside the 

channels. The modified flow pattern is 

characterized by a shorter diffusion path that 

improves the mixing velocity. Different phases 

of the mixture in micro-mixer can be classified 

as follows [7, 8]: 

1. T- and Y-shaped micromixers

2. Laminated parallel micromixers

3. Sequential micromixers with laminated

surface
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4. Micromixer with enhanced mixing

concentration

5. Chaotic advection micromixers

6. Droplet micromixers

The simplest type of convection mixture may be 

created by using two T or Y shaped micro-

channel inputs. Despite its simplicity, rather 

advanced changes are necessary for the purpose 

of having more effective diffusion. As an 

example, multi-flow lamination improved 

mixing by increasing the contact surface 

between the two flows. In another method, re-

division and recombination method is used for 

the purpose of increasing mixing efficiency in 

the form of flat design with diamond and circle 

shapes in the major and minor branches of the 

channel. In another method, the hydrodynamic 

concentration of mixing with laminated mixing 

design has been used in order to obtain a perfect 

mixing in a span of a few milliseconds. Chaotic 

advection is another major method for mass 

transfer in slow flow and can result from adding 

blocking structures inside the channel. In spite of 

complexities in offering an appropriate design 

for creating chaotic advection, for Re<<100, 

mixing by convection is still the most common 

phenomenon [7]. A summary of the efforts done 

for this field in recent years is shown in Table 1; 

Table 1. Summary of the best examples in this field. 

Reference Topic Main 

micromixer 

length (µm) 

Mixing efficiency 

[1] Numerical and Experimental Study of micromixer zigzag

geometry 

5400 99.6% 

[4] Numerical study of a passive micromixer based on topology

optimization method with reversed flow 

3710 95% 

[6] Numerical study passive micromixer designed by applying an

optimization algorithm to the zigzag microchannel 

20000 93% 

[9] Finite element simulations and optical study in the process of

mixing in a zigzag microchannel 

2828 98.6% 

[10] Numerical and Experimental Study on planar passive

micromixer with modified Tesla structures 

10000 95% 

[11] Experimental study of fluid mixing in planar spiral

microchannels 

23620 90% 

[12] Study of theoretical and experimental characteristics of split

and recombinant micromixers in low Reynolds number

96000 95% 

[13] Numerical and Experimental Study of turbulent micromixers

Modeled by the Vortex models 

28000 95% 

[14] Experimental study of increasing particle dispersion in a

passive micromixer using rectangular barriers 

5000 90% 

[15] A numerical study to increase the mixing improvement by

using the  serpentine laminating with enhanced local advection

10000 96% 

[16] Numerical study of three-dimensional vortex micromixer 44950 95% 

 [17] Numerical Study of Zigzag Geometry 79800 96% 

[18] Mixing Analysis in a Three-Dimensional Serpentine Split-and-

Recombine Micromixer 

11000 88.4% 

[19] Numerical and Experimental Study micromixer of chaotic

advection using dual opposing strips on microchannel walls

15000 90% 

[20] Study and analyze the performance of different types of

micromixers with spiral geometries 

11520 95% 
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[21] Numerical and experimental investigations of chaotic mixing

behavior in an oscillating feedback micromixer 

10000 75.3% 

[22] Numerical study of a three-dimensional spiral Micromax with

a short serpentine split and recombination micromixer 

1500 90% 

[23] Numerical and experimental study of a micromixer with two-

layer serpentine crossing channels at low Reynolds numbers

7500 99% 

[24] Numerical analysis of a three-input planar mixing geometry

named cascaded splitting and recombination 

15000 90% 

[25] Optimization of a split and recombine micromixer by

improved exploitation of secondary flows 

96000 100% 

[26] Numerical study on the mixing process in an in-plane spiral

micromixer utilizing chaotic advection 

10000 79% 

[27] Numerical study of a micromixer based on multi-lamination

principle at low Reynolds number 

6000 98% 

[28] Numerical study of split-and-recombine micromixer 11000 88% 

[29] Numerical study a planar passive micromixer with circular and

square mixing chambers 

16000 95% 

[30] Numerical investigation on layout optimization of obstacles in a

three-dimensional passive micromixer 

2900 90% 

[31] Numerical and experimental analysis of a passive micromixer

variable radius spiral–shaped Micromixer 

9700 92% 

[32] 3D Numerical analysis for T- Micromixer shape with Swirl-

Inducing Inlets and Rectangular Constriction

2000 91.8% 

[33] 3D Numerical analysis for passive micromixer based on

Cantor fractal structure 

5000 90% 

[34] Simulation and experimental study of asymmetric split and

recombine micromixer with D-shaped sub-channels 

10200 95% 

[35] Numerical analysis of an eye-shaped split and collision (ES-

SAC) element based micromixer 

13500 98% 

[36] Analysis of numerical simulation, on the passive micromixer

with an angled bend inversely proportional to the channel

width and flow velocity 

30000 100% 

The present study stands out from the other 

studies in suggesting a new passive micromixer 

with an effective planar geometry combining 

injection, serial lamination, and zigzag effects to 

enhance the mixing efficiency. It has been 

conducted according to a wide variety of 

numerical modelings and empirical validations. 

In this work, two main inputs for a mixing 

process were used,  that were used in previous 

work ofthis type for the mixing process from the 

three main inputs [1]. The new design provides 

up fewer space conditions as well as the less 

fluid is required. In the current  paper, the length 

is about 1.8 mm, which is more than 98% in this 

part of the runtime, it is unique in comparison to 

1.8 mm work, and has the highest accuracy and 

efficiency. In addition, according to the chosen 

geometry, the cost of making this micromixer is 

more important than other examples due to its 

smaller size and volume, which is much lower 

than that of the complex geometric model. Here, 

we address these requirements by investigating a 

passive mixer design capable of efficient mixing 

in the low Re range. The device is a planar and 

thus is easy to fabricate. The main advantages of 

this new design is the short length of this 

micromixer that is very useful and efficient with 

zigzag design  to be used in a wide range of 

biological systems that have the limitations of 

space and  are in need of high efficiency. 

2. Methodology

2.1. Passive micromixer design

The phenomenon of turning or reflow in a zigzag 
microchannel, which causes the proximity of 
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sections, flow lines, and speed vectors to 
approach each other can be used to augment the 
mixing process at low Reynolds. Therefore, it is 
still possible to increase the efficiency of 2D 
micromixers in terms of the length and time of 
mixing as well as pressure drop by designing an 
efficient structure. In this paper, a new passive 
micromixer with an effective 2D geometry is 
suggested which is a combination of injection, 
numerous laminations of the flow, and the 
effects of zigzag shapes aimed at increasing the 
mixing efficiency. There are several important 
issues to consider in designing an efficient 
passive microfluidic mixer including the 
knowledge of mixing, fluid dynamics, and ease 
of fabrication method in order to integrate with 
other microfluidic components. The micromixer 
designed in the present study has been simulated 
in a slow 2D flow in which two fluids with 
different levels of density and mass are mixed 
together. The minerals concentration in the main 
solution and the solvent are C = C0 and C = 0,
respectively. Fig. 1(a) shows flat microstructure 
with a rectangular cross-section composed of a 
zigzag with an asymmetrical order. This 
microfluidic mixing machine has two inlets; the 
main inlet has a flow rate of Q1 and the main
solution enters the microchannel. Moreover, for 
injecting the second solution with a flow rate of 
Q2 from part A or the side microchannel, the
solution enters the microchannel shown in Fig. 
1(b) The microchannel is expanded from part A 
to part B leading to less resistance against the 
flow. Also, to have a better mixing, lamination 
has been used in this design. 

2.2. Governing equations and dimensional 

numbers 

The first governing equation is the Navier-

Stokes equation [24]:  

𝜌(𝑢 ∙ ∇)𝑢 = ∇ ∙ [−𝑝𝑙
+ 𝜇(∇𝑢 + (∇𝑢)𝑇)]
+ 𝐹

  (1) 

The second governing equation is related to 

continuity. This equation is a prerequisite for 

specific transfer equations such as Boltzmann 

and Navier-Stokes equations [24]: 

ρ∇ ∙ (u) = 0 (2) 

The third governing equation is the phenomenon 

of diffusion [24]: 

∇ ∙ (−𝐷𝑖∇𝑐𝑖) + 𝑢 ∙ ∇𝑐𝑖 = 𝑅𝑖 (3)

The fourth governing equation is convection 

[24]: 

𝑁𝑖 = −𝐷𝑖∇𝑐𝑖 + 𝑢𝑐𝑖 (4)

The dimensionless numbers of this area are 

Reynolds, Péclet, and Schmidt number. The 

formula of which is as follows [1]: 

Fig. 1. Schematic representation of the details of 

geometric parameters of the inlet design of the 

micromixer (a), General schematic representation of 

the inlet for the main solution in which red arrow 

shows the entrance place of the main solution, and the 

blue arrow shows the buffer solution. The outlet is 

also shown (b). 

𝑅𝑒 =
𝜌𝑄𝐷ℎ

𝜇𝐻𝑤
  (5) 

(a)

(b)
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𝑃𝑒 =
𝑄𝐷ℎ

𝐷𝐻𝑤
= 𝑅𝑒. 𝑆𝑐   (6) 

𝑆𝑐 =
𝜇

𝜌𝐷
  (7) 

In these formulas, H refers to depth, Q indicates 

the flow speed, and ρ shows the density. 

Moreover, μ indicates dynamic viscosity, 𝐷ℎis

hydraulic diameter, and D refers to the diffusion 

rate of the mineral in the solution. It should be 

noted that Sthe Schmidt number depends only on 

sample features and buffer. 

In this study, Reynolds and Schmidt numbers in 

the main inlet are defined by 𝑤 = 𝑤1 and 𝑄 =
𝑄1. The numerical simulation in this design is

conducted with a two-dimensional model, and 

the depth of channel H is exclusively used for 

determining Reynolds number, Péclet number, 

and hydraulic diameter of 𝐷ℎ. For a rectangular

microchannel, the hydraulic diameter is defined 

as [1, 32]: 

𝐷ℎ = 2
𝐻𝑊1

𝐻 + 𝑊1  (8) 

Since the efficiency of micromixers is highly 

essential for designers and researchers, this 

significant factor was mainly investigated in our 

study and calculated through the following 

equation [1][34]: 

M = 1 − Sout = 1 −
∫(Cout −

c0
2 )2dl

∫(Cin −
c0
2 )2dl

(9) 

In this formula, Sout refers to the relative

difference between concentrations in the inlet 

and outlet. lin.out = W1 refers to the length of the

inlet and outlet in the vertical part and 
c0

2
 is the 

average concentration after ideal mixing. 

2.3 Parameters required in design and 

simulation 

In this design, simulation software has been used 

where transfer, flow, and particle tracing 

solutions in rarefied flows were utilized in a 

coupled way. The main input mass of 1060 

(
𝑘g

m3⁄ ), the second input mass of 999.7 (
kg

m3⁄ ), 

and the dynamic viscosity of 1 × 10−3  (Pa. s)
were used. Using hydraulic diameter formula, 

Dh is calculated as 72μm.
The effect of Reynolds number is investigated in 
the range of 10−2 < Re < 102. The results
show that the mixing efficiency reduces 
dramatically by 30% when Reynolds number 
rises from 0.01 to 0.1, while this lessening is only 
5% in the range of 0.1 to 100 meaning that high 
Reynolds number reduces the contact time 
between the two fluids and decreases diffusion 
or convection leading to lower efficiency of 
mixing process. All parameters required to 
design and simulation are shown in Table 2. 

Table 2. Designing parameters for two-dimensional 

simulation. 

Value Parameter 

μm 360   𝑤1

μm 400   𝑤1𝑏

μm 360  𝑤𝑏𝑢𝑓

μm  80  𝑤2

μm   60 𝑤3

μm 300  𝐿1

μm 200  𝐿𝑏𝑢𝑓

μm  820  𝐿2 

μm180    𝐿3 

μm 300  𝐿𝑑 

μm 40   𝐻 

m2

s⁄10−11×5D

mol
m3⁄10−7×1.85𝑐0 

0.6 
μl

min⁄Q1 = 𝑄2 

Following various previously done studies, 

several parameters have been investigated and 

analyzed as the effective parameters, the most 

important of which include input flow rates, 
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contraction width, and the expansion of 

microchannel as well as the main width of the 

channel. Three parameters were selected out of 

the available list to parametric study, and final 

empirical results will be discussed based on the 

mentioned three parameters. 

Fig. 2 shows the input flow rates of the 

micromixer and the final mixing efficiency. The 

numerical results indicate that the best efficiency 

is obtained when both flow rates are equal. 

Based on these results, in all three fabricated 

micromixers, the same flow rates were selected 

in both inlets for the sake of better simulation 

and analysis. 
Mixing efficiencies by variation of maximum 
decompression width, 𝑊1𝑏 . and contraction
width of the main channel, 𝑊2 . are shown in
Table 3. 𝑊1𝑏 𝑎𝑛𝑑 𝑊2 dimensions have signify- 
cant roles in mixing and affect the mixing 
efficiency by creating laminated diffusion of 
flow which causes flow turbulence helping the 
mixing process. This parameter is experiment- 
tally examined in three fabricated micromixers. 

Fig. 3 shows the significance of the parameter, 

𝑊2, changing from 30 to 250 μm. In the best

case, the micromixer designed in Fig. 3a 

indicates an efficiency of 98.02% in which 𝑊2 is
30 micrometers. In Fig. 3)b(, 𝑊2 is 80

micrometers, which leads to an efficiency level 

of 96.77%. Moreover, in Fig. 3)c(, 𝑊2 is 250

micrometers corresponding to an efficiency of 

73.22%.  

It is worth mentioning that even though our 

micromixer has a zigzag shape with only one 

turn after the second inlet, high efficiency of 

98.02% has been obtained with the length of 

only 1857.8 micrometers. Here the micromixer 

has the shortest width at the width of the 

microchips, in Fig. 3 the width of the 

micromixers is from A to C, 2771, 2607.4 and 

2469.2, respectively. 

3.2. Experimental Setup and Testing Result 

The experimental setup consists of a multi-

injection syringe pump (SAMANE TAJHIZ DANE-

SH, IRAN, Auto Calibration Type, Injection accuracy is 

0.1 
𝛍𝐥

𝐦𝐢𝐧⁄  .), a microscopic (SAMANETAJHIZ

DANESH, IRAN) with image recording camera 

(CCD X400), and several samples of the solution 

containing distilled water and food dyes. Normal 

standard lithography was used for microfluidic 

production. This manufacturing process has a 

precision of ±5 micrometers in length, width, 

and height. Initially, the performance of this 

micromixer was tested by pumping two samples 

of the solution containing a mixture of distilled 

water and yellow/blue food dyes. 

In the present study, the same pumping process 

with a similar mass flow rate has been used with 

a double injection syringe pump for all three 

micromixers, separately. The flow rate for both 

inlets of all three fabricated micromixers was 0.6 

(𝜇𝑙
𝑚𝑖𝑛⁄ ). Under the mentioned conditions, all

experiments were successfully conducted in 

micromixers, and their images indicate nearly 

complete mixing of about 100%. 

The images of the mixing process have been 

recorded with a magnification of 100 times. Fig. 

4(a) shows an original image of all three chips, 

and Fig. 4(b) represents a magnified sample of 

the empty channel of the micromixer indicating 

an excellent structure since the channel neck in 

this sample is only 15 micrometers. 

Observations and examinations of all chips 

indicate that fabrication operation is highly 

precise and has high quality. Fig. 5 shows the 

prospect of conducting the experiment; this 

image by itself indicates good performance of 

the micromixer.Fig. 6 shows the mixing process 

in different stages of the micromixer which 

shows high mixing efficiency at the outlet in 

color scale. Uncertainty is a fact of life in 

engineering. We rarely know any engineering 

properties or variables to an extreme degree of 

accuracy. 

Fig. 2. The effects of 𝑄1 and 𝑄2 flow rates on mixing

efficiency. 
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Fig. 3. Concentration profile for a) 𝑊2 =

30, b) 𝑊2 = 80, c) 𝑊2 = 250 𝜇𝑚.

Fig. 4. Original image of the micromixers (a), The 
magnified image of micromixer (b). 

Fig. 5. Experimental setup for micromixer test. 

Table 3. Mixing efficiencies by variation of 𝑊1𝑏 and
𝑊2.

Mixing efficiency W2 W1b 

98.02% 30 400 

97.97% 60 400 

95.82% 50 400 

95.71% 60 500 

95.27% 100 400 

94.19% 60 300 

93.71% 100 600 

93.51% 100 1000 

93.21% 100 300 

93.03% 30 600 

81.83% 250 100 

74.34% 50 200 

73.83% 80 400 

73.23% 250 400 

( 

( 

( 

(a) 

(b)
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Fig. 6. Mixing process in micromixer. 

The uncertainty of data is normally defined as 

the band within which one is 95 percent 

confident that the true value lies. Suppose that 

the desired result P depends on a single 

experimental variable x. If x has an uncertainty 

δx, then the uncertainty δP is estimated from the 

calculus [37]: 

δP ≈
∂P

∂𝑥
𝛿𝑥 (10) 

If there are multiple variables, P = P(x1, x2, x3, ... 

xN), the overall uncertainty δP is calculated as a 

root-mean-square estimate [38]: 

δP = [(
∂P

∂𝑥1
𝛿𝑥1)

2

+ (
∂P

∂𝑥2
𝛿𝑥2)

2

+ ⋯

+ (
∂P

∂𝑥𝑁
𝛿𝑥𝑁)

2

]

1 2⁄ (11) 

If the quantity P is a simple power-law 

expression of the other variables, 𝑃 =

𝐶𝑜𝑛𝑠𝑡 𝑥1
𝑛1𝑥2

𝑛2𝑥3
𝑛3 …, then each derivative in Eq.

(11) is proportional to P and the relevant power-

law exponent and is inversely proportional to

that variable [37].

If, 𝑃 = 𝐶𝑜𝑛𝑠𝑡 𝑥1
𝑛1𝑥2

𝑛2𝑥3
𝑛3 …, then 

δP

𝑃
= [(𝑛1

𝛿𝑥1

𝑥1

)
2

+ (𝑛2

𝛿𝑥2

𝑥2

)
2

+ (𝑛3

𝛿𝑥3

𝑥3

)
2

+ ⋯ ]

1 2⁄ (12) 

The effective equation for the final efficiency of 

micromixer is the Reynolds number, which is the 

main determinant of the mixing efficiency; in 

this Eq. (5) effective parameters are including 

flow rate, density, hydraulic diameter, dynamic 

viscosity, depth, and Main inlet width. 

Therefore, estimating uncertainty in this 

problem using Eqs. (11 and 12) is equal to: 

𝑈 =
δRe

𝑅𝑒
= [(1

𝛿𝑄

𝑄
)

2
+ (1

𝛿𝜌

𝜌
)

2
+ (1

𝛿𝐷ℎ

𝐷ℎ
)

2
+

(1
𝛿µ

µ
)

2
+ (1

𝛿𝐻

𝐻
)

2
+ (1

𝛿𝑊

𝑊
)

2
]

1 2⁄

≈ 

1.0000006% 

4. Image processing and mixing efficiency

As depicted in Fig. 7, there are some original 
images with a color pattern at the mixer outlet. 
To obtain the mixing efficiency based on the 
distribution and smoothness of the color, the 
image processing technique was used via 
MATLAB image processing tool box. Image 
processing is a method to perform some 
operations on an image, in order to get an 
enhanced image or to extract some useful 
information from it. It is a type of signal 
processing in which input is an image and output 
may be image or characteristics/features 
associated with that image. Nowadays, image 
processing is among rapidly growing 
technologies. Image processing basically 
includes the following three steps importing the 
image via image acquisition tools, analyzing and 
manipulating the image and reporting 
information based on image analysis. 

So, a fixed distance (50 μm from the end of the 
zigzag at the outlet) was defined for any image 
to compare the mixing efficiency in the same 
place. The color of the different pixel in this line 
was extracted. If the efficiency was complete, 
the same color over the line would be achieved. 
Thus, different color indicates the mixing 
efficiency and also from the color distribution 
the standard deviation from the mean value can 
be evaluated. As shown in Fig. 8, the results are 
close to each other, and by calculating the 
standard deviation for each graph, it can be 
claimed that the results are reliable and ensure 
the accuracy of the experimental data. 
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Fig. 7. Operating micromixer with a) 𝑊2 =
30, 𝐛) 𝑊2 = 80, c) 𝑊2 = 250 𝜇𝑚.

Fig. 8. Repeatability chart of experimental efficiency 

a) 𝑊2 = 30, 𝐛) 𝑊2 = 80, c) 𝑊2 = 250 𝜇𝑚.

4. Conclusions

Recent studies show many attempts to make 

short micromixers with high efficiency, 

especially for microfluidic lab-on-chips. 

However, they mostly lack either short length or 

high yield. In this study, small 2D passive 

micromixers with a short length and high 

efficiency have been designed, numerically 

studied, experimentally fabricated, and 

characterized. This has been accomplished by 

combining several mixing techniques including 

injection, recombination, and zigzag mixing 

which yielded the lamination of flows as well as 

decreasing the flow resistance. Furthermore, 

narrowing and widening of the flow path helped 

the mixing process. Different design parameters 

were analyzed to characterize the performance 

of the micromixer concluding the short mixing 

length of only1857.8 microns with the high 

mixing efficiency of 98.02%. Comparison 

between the experimental data and simulation 

results shows good agreement. The short length 

in this paper has been targeted for less mixing 

time, less fluid consumption and low space in 

microchips with high mixing efficiency. Due to 

the extraordinary mixing performance in a short 

length, the proposed micromixer has prospective 

applications in micro chemical-reaction and 

biochemical devices. 
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