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Abstract 
 
This article reports a novel design of a micromixer showing efficient mixing by creating vortex flow in a microchannel. The main 

microchannel splits and recombines into two sub-channels at a tangential position that facilitates the generation of vortex flow. The 
height and width of the sub-channels are half the height and width of the main microchannel. The fluid flow and the mixing 
characteristics of the micromixer were demonstrated by performing numerical and experimental studies at different Reynolds numbers 
(Re = 2.5~40). The micromixer was fabricated using a standard soft lithography process. The fluid streams from the subchannels create 
vortex flow in the main microchannel which increases the interface area. The idea of creating multiple vortex flow zones by repeating the 
design of vortex T-mixer was successfully shown in mixing enhancement. The design of the micromixer is promising for mixing the 
fluids in a short length of the microchannel (5.5 mm at Re = 10 and 2.6 mm at Re = 40).  
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1. Introduction 

The mixing of fluids is an essential process required for the 
development of microfluidic devices. These devices are in-
creasingly finding applications in chemical, biological, and 
biomedical fields [1, 2]. The mixing of fluids inside such 
miniaturized devices is a challenge, as the flow is laminar with 
Reynolds numbers below the transition to turbulence flow [1]. 
The performance of such devices greatly depends on the extent 
of mixing of the fluids. The need for efficient mixing of fluids 
in microfluidic devices has marked the development of a large 
variety of micromixers operating on different principles [3, 4]. 
In general, micromixers can be broadly grouped as active and 
passive micromixers. Active micromixers operate using exter-
nal sources of energy (electrical, magnetic, acoustic, etc.) to 
agitate the flow field to enhance mixing, while passive mi-
cromixers do not require any such source of energy and are 
relatively easy to fabricate and operate. Passive micromixers 
primarily focus on the design modification of the microchannel 
to create a special flow that is favourable for increasing mixing. 

The basic design of any passive micromixer is T- or Y-
shaped, where the fluid streams come into contact from the 
inlet channels and mix in a straight microchannel [5, 6]. In 
such micromixers, the incoming fluid streams make a thin and 

straight interface across which mixing takes place mainly due 
to the diffusion of the fluid molecules. These micromixers are 
found to be effective for mixing only above certain higher 
Reynolds numbers (Re≥136), where secondary flows become 
prominent [7]. Some effective designs of micromixers capable 
of mixing fluids are a grooved wall microchannel [8, 9], ser-
pentine microchannel [10] and split and recombine (SAR) 
microchannel. These micromixer designs increase mixing by 
generating flow structures that increase the interface area of 
the fluid streams. A grooved wall microchannel and serpen-
tine microchannel create secondary flow structures that in-
crease the mixing of fluids. For laminar flow in any simple 
straight microchannel, the flow is uniaxial and have only one 
prominent velocity component in the flow direction (out of the 
three velocity components, u, v and w). In microchannels with 
secondary flows, there will be more than one velocity compo-
nent. Such flows are effective in increasing mixing of fluids. 
In uniaxial flow, mixing will take place only due to molecular 
diffusion of the fluid particles across the interface of the fluid 
streams. While secondary flow will increase the mixing of 
fluids by intercrossing of the fluid streams along with possible 
stretching of the fluid streams interface area. An SAR mi-
cromixer is lamination-based, where the fluid streams repeat-
edly split and recombine by splitting the microchannel. 

SAR micromixers can be grouped into two categories: pla-
nar [11-16] and three-dimensional [17-25]. The design of pla-
nar SAR micromixers has an advantage from a fabrication 
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point of view but is less efficient for mixing than three-
dimensional micromixer designs. Although the basic concepts 
of SAR micromixers seem similar, some design modifications 
make these micromixers different from each other. 
Schwesinger et al. reported a three-dimensional SAR mi-
cromixer using silicon wafers [17]. Schonfeld et al. presented 
an SAR micromixer directing fluid streams in three-
dimensional structures producing multiple lamella, and this 
micromixer increases the number of interfaces of the fluid 
stream and reduces the length of diffusion of fluid molecules. 
At every stage of splitting and recombining the fluid stream, 
the number of interfaces continues to increase [18]. One of the 
two sub-streams in a topological SAR micromixer was pro-
vided rotation that increased the number of interfaces of the 
fluid streams by two-fold at each stage of split and recombine 
[19]. The combined effect of SAR and chaotic advection was 
further used to enhance mixing [20, 21]. Xia et al. [22] re-
ported a chaotic micromixer with two-layer crossing channels, 
and this micromixer showed high mixing performance at a 
low Reynolds number [22]. Local enhanced convection in 
serpentine microchannels was further utilized to increase mix-
ing [23]. 

Passive micromixers with tangential inlets creating vortex 
flow are effective in increasing mixing in circular chambers 
[26, 27], three-dimensional cylindrical chambers [28, 29] and 
rectangular microchannels [30-32]. In a three-dimensional 
cylindrical mixing chamber or rectangular microchannel, the 
strength of the vortex is higher near the inlet connection and 
decreases after a certain distance due to the viscous effect of 
the fluids. In such cases, the fluid flow becomes uniaxial; 
hence, the mixing of fluid streams becomes slow. A strategy 
should be adopted to design a micromixer that can maintain a 
similar higher strength of the vortex flow in the maximum 
domain of the microchannel. This design can be attained by 
having multiple such vortex T-type junctions in the micro-
channel. Keeping in mind the limitations of the vortex T-
mixer, integrated vortex mixer has been proposed that will 
create multiple vortex flow regions by repeating the concept 
of the vortex T-mixer in most part of the micromixer. 

In this research article, we present a new design of a three-
dimensional micromixer, where the main microchannel splits 
and recombines into two sub-channels in two different planes 
such that the sub-streams entering the main microchannel 
create vortex flow. Numerical analysis was performed by 
solving the Navier-Stokes and continuity equations to show 
the fluid flow and mixing behaviour. The numerical analysis 
results were compared with experimental studies. A standard 
soft lithography technique was used to fabricate the device, 
and the mixing performance of the device was demonstrated 
and analysed using fluorescence microscopy. Confocal mi-
croscopy was used to capture the mixing images in the cross-
sectional plane of the main microchannel. The micromixer is 
very promising for rapidly increasing mixing performance 
within a very short length at low Reynolds numbers (5.5 mm 
at Re = 10). 

2. Micromixer design  

A schematic of the proposed three-dimensional micromixer 
is shown in Fig. 1. The main microchannel splits and recom-
bines tangentially into two sub-channels in two different 
planes so that the fluid streams create vortex flow in the main 
microchannel. The height (h) and width (w) of the sub-
channels are half the height (H) and width (W) of the main 
microchannel, as shown in Fig. 1. The inlet channels connect 
to the main microchannel at a tangential position, where the 
fluid stream entering the main microchannel creates vortex 
flow. Fig. 1(c) shows the basic design of the previous vortex 
T-mixer that we applied in designing the present micromixer 
[30]. For the vortex T-mixer, the vortex flow that develops 
near the junction exists to a certain distance from the joint of 
the vortex T-mixer. After a certain distance from the joint, the  
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Fig. 1. Schematic diagrams: (a) Three-dimensional view of the inte-
grated vortex micro T-mixer. The main microchannel splits two sub-
channels in different planes recombining in the same plane; (b) illustra-
tions of different sections and dimensions of the micromixer; (c) basic 
principle employed to design the integrated vortex micro T-mixer 
based on a vortex micro T-mixer. The two inlet channels connect the 
main microchannel at an offset position, facilitating the development 
of the vortex flow. The height of the inlet channel is half the height of 
the main microchannel [30, 31]. 
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flow becomes uniaxial, and mixing mainly relies on diffusion 
of the molecules across the interface. To overcome this issue, 
the concept of the vortex T-mixer has been extended to re-
peatedly create vortex flow by designing multiple tangential 
sub-channels by splitting and recombining the main micro-
channel. The area of the cross section of each split channel is 
one-fourth that area of the main microchannel. The reduction 
in the cross-sectional area of the sub-channels aims to increase 
the inertia of the fluid streams in the sub-channels to create 
strong vortex flow in the main microchannel. 

The dimensions of the SAR micromixer used in the simula-
tions are given below. The number of SAR segments in mix-
ing, N, is fixed and taken as 12. The other design parameters 
of the micromixer areas are W = 200 μm, H = 200 μm, w = 
100 μm, and h = 100 μm, where W and H are the width and 
height of the main microchannel, respectively, while w and h 
are the width and height of the sub-channels, respectively. The 
length of each main microchannel (d = 100 μm) between two 
sub-channels is fixed. 

 
3. Numerical analysis  

Numerical analysis of the micromixer was carried out by 
solving the continuity, Navier-Stokes and convection-
diffusion equations using a general-purpose finite volume 
solver, ANSYS CFX 15.0 (ANSYS, Inc., Canonsburg, PA, 
USA) [30]. The mixing performance and fluid flow analyses 
were obtained by performing simulations on the entire domain 
of the micromixer. The study included adopting certain as-
sumptions in the simulations, i.e., steady, laminar, Newtonian, 
single-phase and incompressible flow. The inlets were as-
signed a normal velocity component, an outlet with zero aver-
age static pressure and a wall with a no-slip boundary condi-
tion. Water and ethanol were selected as the working fluids for 
the numerical analysis. The two fluids were assumed to mix at 
the molecular level and have the same velocity and pressure. 
Details about the numerical methods and the solver scheme 
are described in a published article [25]. The Reynolds num-
ber was evaluated using the properties of water and consider-
ing the dimensions of the main microchannel. Hexahedral 
grids were applied over the full computational domain of the 
micromixer. The mesh density was kept high in the split-and-
recombine zone compared to that in the inlet and outlet chan-
nels to reduce the numerical uncertainty. 

To quantify the mixing of fluids in the numerical results, the 
mixing index was evaluated by calculating the variance in the 
mass fraction of the mixture at a number of sampling points, 
N, on cross-sectional planes at different axial positions. The 
cross-sectional planes were constructed at the middle of the 
main microchannel. The sampling points, N, were equidistant, 
and the number was kept high to attain good accuracy. 

The mixing index is defined as: 
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where 2s  is the variance in the mass fraction of the fluid 
component of the mixture and 2

maxs  is the maximum variance. 
The variance was calculated on a cross-sectional plane per-

pendicular to the direction of the flow. The value of the mass 
fraction was evaluated at N sampling points on this plane. ic  
is the mass fraction at sampling point i, and mc  is the optimal 
mixing mass fraction. The value of the optimal mass fraction, 

mc , is 0.5 for completely mixed fluid mixtures. The variance 
is minimized for completely mixed fluids and maximized for 
completely unmixed fluids. 

 
4. Experimental section  

4.1 Device fabrication  

The present three-dimensional vortex flow SAR mi-
cromixer was fabricated in PDMS using a standard soft li-
thography technique. Silicon wafer was used as the mould 
substrate for PDMS. Briefly, a 100 μm thick layer photoresist 
(GM1075, GersteltecSarl, Switzerland) was spun coated on a 
4” silicon wafer. UV exposure was performed on the coated 
Si-wafer using a standard UV aligner followed by soft and 
hard baking on a hot plate. A solution of PDMS prepolymer 
(Sylgard 184 silicon elastomer) and curing agent well mixed 
in a 10:1 ratio was poured into the master mould. Degassing 
was performed in a vacuum desiccator (H42050, Bel-Art 
product, NJ, USA) to remove air bubbles from the PDMS 
solution. The solution was cured at 72 °C for 2 hrs for po-
lymerization in a convection oven (NDO-400, Sanyo, Osaka, 
Japan) and then peeled off from the silicon wafer to obtain 
the PDMS mould. Inlet and outlet holes were punched (33-
31AA-P, Miltex, NJ, USA) into one layer of the PDMS rep-
lica. The design required binding of two layers for creating a 
three-dimensional micromixer and hence was fabricated into 
two moulds that comprised the top and bottom layers. Each 
PDMS layer included a half-section of the main microchan-
nel, one row of split channels and one inlet channel. Both 
PDMS layers were moulded on the same silicon wafer to 
ensure equal heights for each layer. The presence of a minor 
difference in the flow area of the sub-channels was avoided, 
as it would change the inertia of the fluid streams that are 
likely to produce different fluid flow and mixing behaviour. 
The micromixer was fabricated with similar dimensions as 
those of the main microchannel and sub-channels that were 
used in the numerical simulation. 

The two layers of the PDMS mould needed precise align-
ment before binding together to obtain the final design of the 
micromixer. Oxygen plasma-treated surfaces of PDMS layers 
were brought into contact for alignment (CUTE-100LF, 
FEMTO Science, Hwasung, Korea). The markers were placed 
on the mould for precise alignment of the two layers. The 
position of the marker on both structures was controlled and 
aligned manually under an optical microscope. Solvent helps   
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in alignment by allowing easy movement of the PDMS layers 
and preserving the irreversible bonding properties of the sur-
face for a longer time. After the solvent evaporates, the bond-
ing properties of the surfaces come into action and bind the 
two layers. 

 
4.2 Experimental procedure  

Mixing visualization and experiments were carried out under 
a fluorescence microscope using Rhodamine B (Sigma-Aldrich, 
USA) solution (100 μM concentration) and distilled water 
(Milli Q purified). Rhodamine B was properly mixed with 
water by using a vortex mixer (KMC-1300V, Vision Scientific 
Co., Ltd, Kyeonggi-do, Korea) and sonicator (ultrasonic wave) 
to ensure a particle-free solution. Fluids were infused into the 
micromixer through the two inlet ports by syringes using a 
multi-feed pump (Model 200, Kd Scientific Inc., MA, USA). 
The inlet port was connected to the syringe pump by a Teflon 
tube. An equal volume flow rate for both fluids was maintained 
and controlled by the multi-feed pump. 

The planar images were captured at different axial positions 
by a Nikon CCD camera (DS-Qi1Mc, Nikon, Japan) con-
nected to an inverted fluorescence microscope (Ti-u, Nikon, 
Tokyo, Japan). The spatial distribution of the fluorescence 
intensity in the images provides the rate of fluid mixing. 
Cross-sectional mixing images were captured using a confocal 
microscope (LSM510META, Carl Zeiss, Germany) and pro-
vided useful information on the formation of the three-
dimensional flow structure in the micromixer. 

 
5. Results and discussion  

Numerical and experimental analyses were carried out to 
demonstrate the mixing performance of a three-dimensional 
SAR micromixer creating vortex flow. A preliminary grid 
independence test was carried out on grid systems with dif-
ferent numbers of nodes (41x104, 78x104, 151x104, 261x104 
and 310x104) by evaluating the mixing index along the axial 
length of the micromixer to ensure that the simulation results 
were grid - independent. A grid system with a number of 
nodes equal to 261x104 was selected to carry out the simula-
tions.  

The fluid flow structures, and mixing performance of the 
proposed design are presented in detail for different Reynolds 
numbers. 

The numerical results were supported by the experimental 
results showing planar as well as cross-sectional mixing im-
ages. Fig. 2 shows the velocity vector plot on the yz-plane at a 
fixed position located in the middle of the main microchannel 
for different Reynolds numbers (Re = 2.5 to 40). The forma-
tion of vortex flow can be observed even at a low Reynolds 
number (Re = 2.5). The strength of the vortex flow gradually 
increases with increasing Reynolds number. The presence of 
the vortex flow in the main microchannel provides rotation to 
the interface of the fluid streams that changes the proportions 

of the fluid entering the next sub-channels. Additionally, the 
presence of such vortex flow stretches the interface area of the 
fluid streams and hence increases the mixing of the fluids. Fig. 
3 shows the projected streamlines from the inlet channels at 
three different Reynolds numbers: 2.5, 10 and 40. At a low 
Reynolds number, Re = 2.5, the fluid stream flows on the 
same side of the micromixer. The major amount of the fluid 
stream from the main microchannels enters the sub-channels 
on the same side of the flow, while only a small portion of the 
fluid stream flows into the sub-channels on the opposite side. 
This result implies that the inertia of the fluid stream is not  

 
Fig. 2. Simulation results: Velocity vector plot in the yz-plane at posi-
tion A-A in the micromixer at different Reynolds numbers. Position A-
A is located in the middle section of the main microchannel. 

 
 

 
 
Fig. 3. Projected streamlines from the two inlet channels at different 
Reynolds numbers, Re = 2.5, 10 and 40. 
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strong enough to cross and enter the sub-channels on the other 
side. This finding is one of the reasons for the low mixing 
performance of the micromixer at a low Reynolds number (Re 
= 2.5). For Re = 10 and 40, the fluid streams from the main 
microchannels equally enter both sub-channels. The crossing 
of the fluid streams at every SAR stage significantly increases 
the mixing of the fluids. Secondary flow can easily be ob-
served at a higher Reynolds number, Re = 40.  

Fig. 4 shows the mass fraction distribution of ethanol in the 
yz-plane located in the middle of the main microchannel for 
Re = 2.5, 7.5, 20 and 40. The development of the mass frac-
tion distribution in the yz-plane along the x-axis in the initial 
few main microchannels was analysed to understand the 
mechanism of mixing. The profile of the interface of the fluid 
streams that developed (at Plane0) is quite similar to the pro-
file reported for a vortex T-mixer [30]. At Re = 2.5 and 7.5, 
the interface of the fluid streams is straight, thin and diago-
nally located at the cross section of the main microchannel. At 
Re = 20 and above, the inertia of the fluid streams is able to 
provide rotation to the interface of the fluid streams. As the 
Reynolds number increases, the inertia of the fluid stream 
increases, which reorients the interface of the fluid streams to 
a greater extent. This effect provides significant rotation and 
stretching to the interface area of the fluid streams (see results 
for Re = 40) and directly enhances the mixing of fluids. The 
mixing of fluids in the micromixer can be understood by ana-
lysing the mass fraction distribution in the yz-plane at differ-
ent downstream positions (Plane0, Plane1, Plane2, and on-
wards). At Re = 2.5 and 7.5, the mass fraction in the yz-plane 
shows very little increase in the interface area of the fluid 
streams in successive SAR stages. A small kink in the profile 

of the fluid stream interface can be observed, and this effect 
increases at each successive SAR stage. The mass fraction 
distribution in the yz-plane and the profile of the interface of 
the fluid streams vary in a similar manner in each main micro-
channel. The interface area of the fluid streams increases with 
increasing Reynolds number, as shown at Re = 40 (see 
Plane1). A qualitative comparison of the mass fraction distri-
bution at a fixed position (Plane4) shows increased mixing of 
fluids at higher Reynolds numbers. 

The mixing performance of the micromixer was evaluated 
by calculating the mixing index along the x-axis at different 
Reynolds numbers (as shown in Fig. 5). The mixing index 
was calculated for yz-planes located in the middle of the first 
five consecutive main microchannels and then in alternating 
main microchannels. At Re = 2.5, 5 and 10, the mixing index 
gradually increased along the x-axis. For Re = 10, the mi-
cromixer could completely mix the fluids within a length of 
5.5 mm of the micromixer. At these Reynolds numbers (Re 
≤ 10), the inertia of the fluid stream was enough to gradually 
increase the mixing of the fluids (as shown by the nearly 
linear mixing curve for Re = 2.5, 5 and 10). The fluid 
streams from the sub-channels simply merged together in the 
main microchannel, causing a gradual increase in the inter-
face area of the fluid streams (as shown in Fig. 4 for Re = 5). 
Distinguishable mixing performance was observed at Re = 
20, 30 and 40. The mixing of fluids is quite fast, and the 
mixing curve gradually reaches nearly the highest possible 
mixing (represented by the nonlinear curve when it becomes 
horizontal). At a higher Reynolds number (Re 40), the mi-
cromixer mixes the fluid streams within a short length of 2.6 
mm of the micromixer. The micromixer attains rapid mixing 
in the initial section; thereafter, the mixing curve becomes 
horizontal, implying that at higher Reynolds numbers, the 
micromixer can mix the fluids within a very short length. 

Fig. 6 shows the experimental planar mixing images of four 
SAR units near the inlet junction and at the end of the mi-
cromixer. These images were captured using a CCD camera  

 
Fig. 4. Simulation results: Mass fraction distribution in the yz-plane 
located in the main microchannel at different Reynolds numbers. The 
locations of the different planes are at the centre of the main micro-
channel between the split channels. Plane0 corresponds to the mass 
fraction distribution after the T-connection of the micromixer. 
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Fig. 5. Mixing index vs. x-axis as a function of Reynolds number. The 
mixing index was calculated for a cross-sectional plane located in the 
middle of the main microchannels. 
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mounted on a florescent microscope for Re = 10 and 20. At 
Re = 10, the two fluid streams were oriented into two different 
layers (upper and bottom layers). The relative intensity distri-
bution of the fluorescence in the fluid streams can give an idea 
of the mixing for the planar images. For Re = 20, the fluid 
streams entering the micromixer from the inlet at one side 
crossed each other and reached the opposite side. For Re = 10 
and 20, the fluid streams were completely mixed near the 
outlet of the micromixer. Fig. 6(b) shows the fluorescence 
intensity distribution across the width of the main microchan-
nel at two positions, i.e., after the inlet channel junction (A–A) 
and near the outlet (B–B) for Re = 10 and 20. The intensity 

was obtained using ImageJ software (NIH, Bethesda, MD, 
USA) and was normalized using an equation presented in 

  
(a) Experimental results 

 

 
(b) Numerical results 

 
Fig. 7. Comparison of experimental and numerical results at Re = 10: 
(a) Experimental results showing the cross-sectional mixing images in 
the middle of the main microchannel at different locations; (b) numeri-
cal results showing the mass fraction distribution in the yz-plane lo-
cated in the main microchannel. 
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Fig. 6. Experimental Results: (a) Top view mixing images near the 
inlet and outlet of the micromixer; (b) fluorescence intensity distribu-
tion across the width of the main microchannel at two positions near 
the inlet (A–A) and near the outlet (B–B) for Re = 10 and 20. 
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previous work [15]. At the micromixer position near the outlet 
(B–B), the intensity distribution becomes horizontal for both 
the Re = 10 and 20 cases, showing better mixing of fluids. 

The planar mixing images provide a basic understanding of 
the crossing of the fluid streams in the main microchannel. 

However, for three-dimensional micromixers, cross-
sectional images will be more useful for understanding the 
fluid flow and mixing mechanism. Fig. 7 shows the cross-
sectional experimental and numerical results in the yz-plane 
located in the middle of the main microchannel at Re = 10. 
The positions of the yz-planes in the initial few main micro-
channels are shown in the figure. The experimental results of 
the fluorescence intensity in the yz-plane are compared with 
the mass fraction distribution in the yz-plane from the numeri-
cal results. The profile of the interface of the fluid streams for 
both the experimental and numerical results are quite similar 
at each plane (acceptable for validation). 

 
6. Conclusions 

We report a micromixer design that mixes the fluid streams 
within a very short length by creating vortex flow in the mi-
crochannel using tangential splitting and recombining sub-
channels. The main microchannel splits and recombines into 
two sub-channels in two different planes. The fluid flow and 
mixing performance of the micromixer were demonstrated 
both experimentally and numerically. The micromixer showed 
a gradual increase in mixing along the x-axis for Reynolds 
numbers of 2.5-10. However, the mixing performance of the 
micromixer rapidly increased at higher Reynolds numbers (Re 
= 20, 30 and 40). The vortex flow generated in the main mi-
crochannel by the fluid sub-streams is very effective for mix-
ing the fluids. The design of the micromixer is very effective 
and shows efficient mixing (attaining the asymptotic nature of 
the curve) within a short length of the micromixer (~5.5 mm 
at Re = 10 and ~2.6 mm at Re = 40). 
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Nomenclature------------------------------------------------------------------------ 

H    : Height of the main microchannel, mm 
h      : Height of sub-channel, mm 
W     : Width of the main microchannel, mm 
w      : Width of sub-channel, mm 
D      : Diffusion coefficient 
Lo     : Length of the channel inlet, mm 
d      : Length of the main microchannel, mm 
N      : Number of sampling points 
Re     : Reynolds number 

M     : Mixing index 
c      : Mass fraction 

 
Greek letters 

μ : Absolute viscosity of fluid, Kgm-1s-1 
ρ : Fluid density, Kgm-3 
σ : Variance 

 
Subscripts 

m  : Mixture 
i : Sampling point 
max : Maximum value 
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