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A B S T R A C T   

Micromixers present essential roles in providing homogeneous mixtures in microfluidic systems. It is of critical 
importance to introduce strategies to increase the mixing efficiency of passive micromixers, capable of operating 
at high efficiency levels over a wide range of Reynolds (Re) numbers. To this end, a novel design of twisted 
microstructure for enhancing mixing performance in a wide range of Reynolds numbers was introduced. 
Incorporating this microstructure with straight and serpentine micromixers was numerically and experimentally 
investigated. Micromixers with twisted microstructures were fabricated in Poly(methyl methacrylate) (PMMA) 
using high-precision micromilling. The effects of Reynolds number, pitch number, and channel hydraulic 
diameter on mixing efficiency and pressure drop were analyzed. Results revealed that the twist architecture 
could increase mixing efficiency significantly with very low pressure drop of up to 0.89 kPa. The twisted 
serpentine micromixer could narrow the disparity of mixing efficiency from 87% (Re = 10) to 98% (Re = 400). 
High mixing efficiency could be achieved within a length of 4.8 mm in the twisted serpentine micromixer with a 
hydraulic diameter of 300 μm. Taken together, the twisted structure could be incorporated with various ge
ometries to create compact and high efficiency micromixers for operation in a wide range of Re numbers.   

1. Introduction 

In recent years, microfluidics has become increasingly widespread, 
as evidenced by countless applications in biomedical, chemical, and 
pharmaceutical realms. These platforms proffer superior advantages 
over conventional macroscale methods. In microfluidic devices, often, 
two or more samples mix together, followed by analyzing in down
stream. Micromixers are widely employed in microfluidic systems to 
produce homogenous mixtures for chemical reaction [1], chemical 
synthesis [2], purification [3], polymerization [4], sample 
pre-concentration [5], DNA digestion [6], and nanomedicine [7]. Mix
ing in such applications is of critical importance since heterogeneous 
mixing has negative impacts on the features of the final products. In 
microfluidic devices, mixing is usually restricted by diffusion, which is 
relatively prolonged and not efficient for downstream analysis [8]. To 
this end, the enhancement of mixing efficiency has been the focus of 
various investigations. 

In general, mixing processes could be modulated through two main 

groups of passive and active [9]. In active micromixers, the mixing 
process is enhanced through using an external actuation such as a 
magnetic field [10], ultrasonic vibration [11,12], electrical field [13, 
14], and electrothermal force [15,16]. Despite the degree of mixing 
efficiency, active micromixers are costly and more complex to fabricate 
and integrate with other components of a microfluidic system. More
over, the use of an external force may induce undesired impacts on some 
reagents and biological samples. Alternatively, passive micromixers 
have been extensively used in microfluidic devices owing to their 
valuable benefits such as simple to integrate, cost-effective to produce, 
and no requirement for using any external power supply [8]. Passive 
micromixers are mainly classified based on (i) mixing mechanism or (ii) 
their microstructure. The mixing mechanism could be sub-classified into 
chaotic advection and molecular diffusion, while the mixing micro
structures could be mainly categorized into two major subgroups to 
produce lamination or rotation in flow [17,18]. The lamination-based 
micromixers use multiple channels [19], obstacles within mixing re
gion [20], and convergence-divergence channels to produce consecutive 
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separation and recombination (SAR) for enhancing mixing efficiency 
relying on diffusion mechanism. 

Rotation-based micromixers with planar serpentine and spiral/heli
cal geometries are more popular in use and provide higher mixing ef
ficiency compared to lamination-based ones, by virtue of inducing 
transversal secondary flow and Dean vortices along mixing channel 
based on chaotic advection [21]. Generally, Dean vortices could be 
easily induced via curvatures [22]. Various micromixers based on Dean 
vortices have been proposed through the modulating of curved channel 
design. In one of the earliest studies, Liu et al. [23] experimentally 
assessed the performance of a 3D serpentine C-shaped passive micro
mixer for the Reynolds (Re) numbers from 6 to 70 and found that at the 
highest Re number, the serpentine micromixer, in order, had 16 times 
and 1.6 times higher performance than a straight and square-wave 
micromixer. With regard to improving the mixing efficiency by 
imposing more disturbance in flow lines, Li et al. [24] studied the per
formance of an S-shaped micromixer for Re numbers ranged from 
2.5–30. As compared to a planar serpentine micromixer, their structure 
had 38% and 79% higher mixing performance at Re numbers of 5 and 
30, respectively. It is clear that by increasing the number of curved 
channels and have a continuous curvature along the channel length, the 
mixing performance is improved. In this way, many investigations have 
shifted the attitude from single C-shaped and S-shaped geometries to 

spiral and periodic curved shapes. 
Passive micromixers based on helical shape utilizing two curved 

square channels was firstly introduced by Schönfeld and Hardt [25]. 
Sudarsan and Ugaz [17] experimentally investigated five various spiral 
microchannel shapes with varying channel lengths at Re numbers 
ranged from 0.02–18.6. They concluded that the mixing performance 
could be improved by combining vortex effects with sudden changes 
through the flow path. They declared that the transverse Dean flows 
result in the mixing performance of over 90%. By comparing six 
different structures for Re numbers within the range of 0.1–100, Chen 
et al. [26] found that amongst of all considered structures, the square 
wave micromixer in moderate pressure drop had higher mixing effi
ciency. Duryodhan et al. [21] performed a three-dimensional numerical 
and experimental research on the performance of passive micromixers 
with T-, meander, and spiral shapes with different aspect ratios in the Re 
numbers range from 1 to 468. They observed that the mixing perfor
mance for aspect ratio of 1.2 and Re number of 140 was 100%, and this 
value for aspect ratio of 0.36 and Re number of 90 was roughly 74%. 
Although the rotation-based micromixers could provide high mixing 
efficiency, their high-performance operation could mainly occur in a 
narrow range of Re numbers. To accelerate the mixing process in Dean 
vortices-based micromixers at a wide range of flow rates, the idea of 
incorporating additional passive effects has been explored in several 

Fig. 1. The structure of the designed micromixers; (a) straight micromixer; (b) serpentine micromixer; (c) twisted straight micromixer at pitch number of 8; and (d) 
twisted serpentine mixer at pitch number of 8. Insets (i) and (ii) show the computational mesh used for flow analysis in the twisted straight and twisted serpentine 
micromixers, respectively. Inset (iii) shows the top plane of twisted serpentine micromixer. 
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studies. Liu et al. [27] analyzed the effect of SAR shape on dual helical 
micromixers at low Re numbers for the rapid mixing process. It was 
shown that mixing efficiency of 99% could be achieved for Re numbers 
within the range of 0.003–30 for channels with four loops. To take 
advantage of simultaneous diffusion mixing and Dean vortices-based 
mixing, Rafeie et al. [28] developed a new passive micromixer with 
lemniscate-shaped using 3D printing technology. High mixing effi
ciencies of more than 90% over a wide range of Re numbers from 1 to 
1000 were obtained; however, high length (about 95 mm) and diameter 
(1.5 mm) of their micromixer may inhibit its deployment for many ap
plications. For further mixing efficiency improvement, Jafari et al. [29] 
compared the performance of various passive twisted micromixers with 
plain microchannel to liquid-liquid extraction of water and kerosene for 
76.7 ≤ Re≤460.3. They elucidate that by increasing the twist angle, both 
mixing efficiency and pressure drop were increased. Recently, Kang [30] 
carried out a 3D numerical study to assess the relative mixing cost and 
degree of mixing of micromixer with twisted structure in the range twist 
angle of 0− 34π (0–17 revolutions) and low Re number range of 0.15− 6. 
Based on their results, the mixing performance of twisted micromixer 
with 12 revolutions (twist angle of 24π) was 0.843, which was nearly 
four times higher than the straight channel. 

In general, the reported schemes of passive micromixing require 
operation within a limited range of Re numbers to provide high mixing 
efficiency. Moreover, the currently available three-dimensional passive 
micromixers with high mixing efficiency within a wide range of Re 
number [28] induce high pressure drop and require costly fabrication 
methods such as high-precision 3D printing methods. In this study, a 
twisted microstructure was incorporated into straight and serpentine 
geometries to enhance mixing efficiency (>90%) over a wide range of Re 
numbers from 1 to 400. In this way, twisted straight and twisted 
serpentine micromixers were designed and fabricated using a 
high-precision micromilling machine in PMMA and were assembled and 
bonded through low-pressure thermal fusion bonding. Their perfor
mance was numerically and experimentally characterized and compared 
with conventional T-shape and serpentine micromixers at various pitch 
number, Re numbers, and hydrodynamic diameter. The twisted micro
structure could enhance mixing in the straight micromixer by inducing 
flow rotation along its mixing channel, while the mixing was improved 
in the serpentine micromixer through induced Dean vortices. The pro
posed twisted design and fabrication method enables the development 
of high-performance micromixers in an easy and cost-effective method 
for various lab-on-chip applications. 

2. Numerical study 

In order to gain insight on the flow behavior and mixing performance 
of the proposed twist microstructures, a numerical analysis was estab
lished. The detailed description of the numerical modeling is as 
followed. 

2.1. Micromixers geometry 

The micromixers used in this study consisted of a two-inlet micro
channel with a square cross-section with a hydraulic diameter of Dh. We 
have compared the effect of twist microstructure in micromixers by 
analyzing four micromixers, named as straight, serpentine, twisted 
straight, and twisted serpentine. Fig. 1 shows the computational 
domain, the coordinate system, and the dimension details of four 
different micromixers with pitch number (the number of revolution of 
the cross-section) of 8 (twist angle of 16π) in twisted micromixers. The 
length of the straight micromixers was considered equal to the total 
length of the serpentine micromixers. 

2.2. Governing equations 

It was assumed that the fluid flow was steady-state, incompressible, 

three dimensional (3D), and behaved as a Newtonian fluid with constant 
properties. With these assumptions, governing equations were presented 
as the following forms: 

∇.V→= 0 (1)  

ρ
[
(V→.∇)V→)

]
= − ∇p + μ∇2 V→ (2)  

where V→
(

m
s

)
, ρ

(
kg
m3

)

, μ(Pa⋅s) and p(Pa) are the velocity vector, density, 

dynamic viscosity, and pressure, respectively. Furthermore, the distri
bution of species concentration is described as follows: 

∂C
∂t

+ (V→.∇)C = D∇2C (3)  

C
(

mol
m3

)

is the concentration of species, and D(m2/s) is the molecular 

diffusion coefficient of water. 
The boundary conditions are defined as follows:  

• Deionized water (DI) enters at inlet 1 having the following 
conditions: 

u = − uin, v = 0, w = 0, C = 1 (4) 

where u, v and w refer to velocity components in x, y and z di
rections, respectively.  

• DI water enters at inlet 2 having the following conditions: 

u = uin, v = 0,w = 0, C = 0 (5)    

• Outlet: pressure outlet (static gauge pressure equal to zero)  
• Micromixer channel wall: a stationary wall with no-slip condition 

(zero velocity) 

2.3. Mixing efficiency 

To evaluate the mixing efficiency of the micromixers, the mixing 
index (MI) of the species is defined as follows [31]: 

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
M

∑M

i=1
(ci − c)

2

√
√
√
√ (6)  

c =

∑m

1
ci

M
(7)  

MI = 1 −

̅̅̅̅̅̅̅̅̅̅̅

σ2

σmax
2

√

(8) 

In Eqs. (7) and (9), σ and σmax denote the standard deviation and 
maximum variance of the mixture, respectively. M is the number of 
nodes inside the cross-section plane, ci refers to the mass fraction of node 
i, c is the mass fraction at fully mixing region, which is equal to 0.5 in 
this study, and MI refers to the mixing index. The mixing index (MI) 
varies from 0 (0%, completely segregated state) to 1 (100%, homoge
neously mixed state). 

2.4. Numerical solution method 

A numerical model was established in ANSYS Fluent 18.2 to inves
tigate the fluid flow and mixing characteristics in the micromixer 
through the conservation Eqs. (1)–(3) with associated boundary condi
tions. It is worth mentioning that the SIMPLEC algorithm [32] was 
defined as a solution method for pressure-velocity coupling, and the 
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second-order upwind scheme was applied to discretize the continuity, 
momentum, and transport equation for species. 

To investigate the grid-independency, the effect of four mesh 
numbers of 256,000, 404,300, 864,800, and 1,523,000 on the mixing 
efficiency (MI) of twisted straight micromixer was evaluated. As Table 1 
reveals, beyond 864,800 elements, the effect of mesh numbers on the 
total performance of the mixer becomes negligible; therefore, the third 
mesh was adopted for the rest of the study. Fig. 1 shows that the mesh 
distribution is uniform with increasing the mesh density near the walls. 
Moreover, to validate the numerical model, the mixing efficiency of the 
T-shape micromixer was compared with the results of Cortes-Quiroz 
et al. [33], Fig. 2. The computational results are in close agreement 
with Cortes-Quiroz’s findings, indicating that the numerical model has 
relatively high accuracy and reliability. 

3. Fabrication process and mixing experiments 

3.1. Materials and micromachining 

Raw transparent Polymethyl Methacrylate (PMMA) sheets with a 
thickness of 4 mm were employed for the fabrication of the micromixers. 
The PMMA has high optical transparency and strong resistance to me
chanical deformation. Meanwhile, PMMA could be easily processed with 
rapid prototyping methods, including laser micromachining [34,35] and 
high-precision micromilling [36,37] in a cost-effective manner with 
minimum investments. Furthermore, this polymer is biocompatible and 
has low toxicity, making it a proper material for some medical appli
cations [38]. In this study, micromixers were fabricated in PMMA sheets 
using a commercially available micromilling CNC machine (DSP, 
China). Mastercam X7 software was employed to create CAM files for the 
micromilling process. The spindle speed, cutting speed, and feed rate in 
micromilling machine was set as 18,900 rpm, 75 m/min and 

80 mm/min, respectively. The cutting tool was a micro carbide end mill 
for general use with a diameter of 0.3 mm, 2-flute AlTiNs coated 60 
HRC. Fig. 3a illustrates the schematic of fabricated layers. 

3.2. Surface treatment of micromilled channels 

The surface of the twisted microchannels, fabricated through the 
micromilling process, was not smooth that might induce false results as 
appeared in the mixing performance. Thus, the microchannels were 
treated with chloroform to enhance their surface quality, as shown in 
Fig. 3b. For this aim, the micromilled channels were exposed to chlo
roform vapor at 40 ℃ for 3-4 min. Fig. 3c shows the surface topography 
obtained by a Scanning Electron Microscope (SEM) before and after the 
chloroform treatment. 

3.3. Thermal fusion bonding 

The fabricated PMMA specimens were assembled through the ther
mal fusion bonding process in two main stages. In the first stage, all 
PMMA specimens were washed using water-ethanol mixture and pre
heated at 90 ℃ and − 80 kPa for 8 h in a vacuum oven, with subsequent 
cooling to room temperature in 30 min. In this way, the gas bubbles, 
trapped within the bulk of PMMA specimens, were released. This pro
cess was performed to enhance the bonding quality and optical trans
parency of the assembled layers [34]. In the second stage, the thermally 
treated layers were cleaned again with ethanol, and assembled between 
two glass slides and fixed with binder clips for heating at 130 ℃ and 
− 80 kPa for 60 min. The workflow of the bonding process is shown in 
Fig. 3d and e. 

3.4. Mixing characterization 

Two micromixers with a pitch number of 8 and a diameter (D) of 
0.9 mm were fabricated using the above-mentioned fabrication method. 
In the next step, the mixing test was performed with the use of yellow 
and blue food dye to justify the credibility of the numerical simulations 
at Re number of 10. Fig. 3f shows the experimental setup. Two solutions, 
comprised of 5 mL DI water containing 0.15 mL of food dye, were 
injected to the micromixer through the two inlets at the same flow of 208 
μL/min, equivalent to Re = 10. Image acquisition was performed using 
an inverted microscope (TCM 400, Labomed, USA) coupled with a CCD 
camera (Labomed). 

4. Results and discussion 

4.1. Numerical simulation results 

The main objective of this study was to propose novel micromixers 
with twisted architectures for high mixing efficiency over a wide range 
of Re numbers. To this end, the fluid flow in straight T-shape and 
serpentine micromixers were analyzed and compared with their coun
terparts with twist microstructure. 

4.1.1. Effect of hydraulic diameters on mixing efficiency of twisted 
micromixers 

Fig. 4 shows the distribution of normalized concentration inside four 
designs of micromixers as well as the mixing efficiency at outlet 
(Re = 100). In this figure, the effects of three different hydrodynamic 
diameters of 100, 300, and 900 μm with a total length of 4.80, 14.58, 
and 43.6 mm on mixing efficiency were identified. The results demon
strate that the mixing efficiency in twisted micromixers in different 
hydraulic diameters was dramatically higher than the straight ones, 

Fig. 2. The comparison of mixing efficiency of T-shape micromixer at Re = 150 
with the results of the Cortes-Quiroz [33] study. 

Table 1 
The effects of grid number on mixing efficiency for straight twisted micromixer 
at Re = 100, P = 6.  

Mesh size MI (%) Error (%) 

256,000 78.3 9.2 
404,300 71.7 4.9 
864,800 68.3 1.01 
1,523,000 69   
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Fig. 3. Schematic illustrations of the fabrication process (a) fabricated layers in PMMA by micromilling; (b) chloroform treatment for 3-4 min at 40 ℃; (c) the SEM 
images before and after treatment; (d) thermal bonding at 130 ℃ and − 80 kPa for 60 min with subsequent cooling to room temperature in 30 min; (d) assembled 
micromixer; (f) the experimental setup. 
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Fig. 4a and b. The mixing efficiency was increased from 11.06% to 74 % 
for the straight micromixer in Dh = 100 μm and the total length of 
4.8 mm that has a seven-fold increase in mixing efficiency. Similarly, in 
serpentine micromixer, the twist structure could enhance the mixing 
efficiency from 48.7%–89%, which is a two-fold enhancement. In the 
twisted serpentine micromixer, the high mixing efficiency could be 
achieved in the length of 4.8 mm. Hence, the benefit of the proposed 
twisted structure on the performance of the straight and serpentine 
micromixers with different hydraulic diameter is highlighted in this 
figure. 

4.1.2. Physics of flow within twisted micromixer with straight and 
serpentine channel 

To comprehend the flow behavior in the twisted straight 

micromixers, the velocity contours and the streamlines in straight and 
twisted straight micromixers were depicted in Fig. 5a. The twisted 
structure induces flow swirling in the microchannel that enhances 
mixing efficiency, Fig. 5(a-2). Fig. 5b illustrates the distribution of 
normalized concentration in the top plane of mixing channel and six 
cross-sections along the mixing channel for straight and twisted straight 
micromixers with pitch number of 8 and Re number of 100 (2.08 mL/ 
min). The two swirling streams could enhance the mixing process, 
particularly over channel surface. However, the two streams at the core 
of the mixing channel experience lower mixing since they are far away 
from the wall and experience less advection compare to those that exist 
near the wall. After a specific length in the twisted straight micromixer 
(about 3 L/5), an increase in the length of the channel had a negligible 
impact on the mixing efficiency; however, it leads to an increase in the 

Fig. 5. (a) The x-velocity contours, streamlines and Dean Vortices; (b) the concentration distribution of species in top plane and six different sections of geometries in 
straight and twisted straight micromixer. 

Fig. 4. Normalized concentration of (a) straight, (b) twisted straight, (c) serpentine, (d) twisted serpentine micromixers in different hydrodynamic diameter and 
micromixer length at Re = 100. 
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pressure drop. Based on this trade-off, 3 L/5 is the efficient length of 
twisted straight micromixer. 

To understand the flow behavior of serpentine and twisted serpen
tine micromixers, the x-velocity contours, streamline, and Dean vortices 
in five cross-sections along the length of the channel were plotted, 
Fig. 6a. Unlike advection in straight micromixer, the chaotic advection 
produced by Dean Flow enhances transversal transport of species. 
Introducing a curvature in a serpentine micromixer generates centrifu
gal force, pulling the fluid, which is close to the inner walls, radially 
toward the outer walls along the midplane. Simultaneously, the fluid 
near the outer wall moves inwards along the channel wall. Thus, such 
fluid movements result in generating the secondary flow across the 
channel, as well as Dean Vortices in the channel cross-section. The 

strength of these vortices depends on the Dean number (De = Re
̅̅̅̅̅̅
D

2Rc

√
) 

where D is the cross-section diameter and Rc is the radius of curvature of 
the path. For the present micromixer shown in Fig. 6, Dean Number is 
equal to 38.72 for Re of 100. In the serpentine micromixer made of re
petitive constituted curved segments, the peak velocity position is 
reversed in subsequent 180-degree bend. Due to the pressure gradient in 
the outlet section, the maximum velocity of flow shifts toward the inner 
wall and return to the symmetric profile. Thus, the Dean vortices 
diminish in the outlet. In contrast, in the twisted serpentine channel, the 
twisted microstructure causes further instability in the flow and alters 
the configuration of vortices, Fig. 6(a-2). 

The distribution of normalized concentration in the top plane and six 
cross-sections of serpentine and twisted serpentine micromixers with the 
pitch number of 8 at Re = 100 (2.08 mL/min) were depicted in Fig. 6b. 
The induced rotation due to the centrifugal force causes the two-fluid to 
switch their positions completely which results in enhancement of 
mixing at the core of the channel, Fig. 6b-1. In comparison with the 
serpentine micromixer, the twisted serpentine micromixer provided 
higher mixing efficiency at the core area of the channel and near the 
channel wall, Fig. 6b-2. This is mainly because of the effects of swirling 
flow due to the twist microstructure and alternating velocity shift 
because of the serpentine structure. These synergic effects significantly 
increase the mixing efficiency. 

4.1.3. Effect of pitch numbers on mixing efficiency 
Fig. 7 illustrates the variation of mixing efficiency with pitch number 

in twisted straight and twisted serpentine micromixers at Re = 10 and 
Re = 100. In a twisted straight micromixer at Re of 100, there was a 
dramatic rise in the mixing efficiency for pitch numbers up to 6; how
ever, at higher pitch numbers, the mixing efficiency reached a plateau. 
There were about 71.1% and 601% enhancements in the mixing effi
ciency of twisted straight micromixer compared to the straight micro
mixer efficiency at Re = 100, at the pitch numbers of 2 and 6, 
respectively. Combining the two strategies of using (i) curve channel, 
which generates Dean flow across the channel cross-section, with (ii) 

Fig. 6. (a) The x-velocity contours, streamlines and Dean Vortices; (b) the concentration distribution of species in top plane and six different sections of geometries in 
serpentine and twisted serpentine micromixer. 

Fig. 7. The variation of mixing efficiency with pitch in the twisted straight and 
twisted serpentine micromixers at Re = 10 and Re = 100. 
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twist microstructure that results in rotating flow along the channel, 
could increase the mixing efficiency up to nine-fold (93%) at pitch 
number of 8. It is worth mentioning that the mixing efficiency showed a 
continual increase versus pitch number for serpentine design. On the 
other hand, the mixing efficiency illustrated a steady increase versus 
pitch number at Re number of 10 in both micromixers. Furthermore, the 
difference of mixing efficiency in low Re number between the twisted 
serpentine and the twisted straight micromixers was insignificant due to 
the weak secondary flow generated in the twisted serpentine micromixer 
design. 

4.1.4. Effect of Reynolds numbers on mixing efficiency 
Fig. 8a shows the effect of Re number on the mixing efficiency of the 

four micromixers with the same total length, which are straight, twisted 
straight, serpentine, and twisted serpentine micromixers. For Re = 1, all 
mixers provided high mixing efficiency almost close to 100% due to the 
diffusion-dominant mixing mechanism and high residence time of both 
streams in the mixing channel. However, as the velocity increases, the 
influence of diffusion on mixing declined gradually, thereby reducing 
the mixing efficiency. Reshaping the mixer design from straight to 
serpentine could enhance the mixing efficiency, particularly in high Re 
numbers (Re number greater than 100) due to the generation of sec
ondary flows. Accordingly, at Re number of 100, mixing efficiency in
creases from 9% to 44%. However, in low Re number (Re = 10), due to 
the relatively weak secondary flow (De = 3.87), the mixing efficiency 
was observed almost the same as the straight micromixer. In other 
words, there was a wide disparity in mixing efficiency between low Re 
number of 10 (52%) and a high Re number of 400 (78%). 

In the twisted straight micromixer, twist microstructure could 
enhance the mixing efficiency, particularly in low Re number, unlike the 
serpentine micromixer. Furthermore, there was a narrower disparity 
between Re number of 10 (87%) and Re number of 400 (98%), 
compared to the straight and serpentine micromixer. The minimum 
mixing efficiency of twisted serpentine micromixer was 87% that was 
observed at Re = 10. Therefore, this mixer design enabled us to achieve 
high mixing efficiencies for a wide range of Re numbers. The pressure 
drop versus Re number was illustrated in Fig. 8b. For all micromixers, 
the pressure drop increased as the Re number increased. The twisted 
structure had a minor effect on the pressure drop, especially in low Re 
number operations. In the twisted straight micromixer, the pressure 
drop increased up to 12.3% at Re = 400 (890 Pa), which was insignifi
cant compared to the extreme effect of this structure on the mixing 
efficiency. 

Changing the straight micromixer into serpentine micromixer could 

rise pressure drop from 792.16 Pa to 1277 Pa at Re = 400, that is 
equivalent to an increase of 61% compared to the straight micromixer in 
the same flow rate. For the twisted serpentine micromixer at Re numbers 
of 10 and 100, the pressure drop increased by 7.5% and 35% compared 
to the straight mixer. For high Re number (Re = 400), the pressure drop 
was 1547 Pa, 95% higher than straight micromixer in the same flow 
rate, mainly due to the channel curvatures and ridges on the surface of 
the channel. 

4.2. Experimental results 

Numerical and experimental results are juxtaposed for a better un
derstanding of the credibility of numerical simulations. Images of flow 
through the different locations of micromixers (both experimentally and 
numerically), as well as the normalized concentration from the numer
ical study, are elucidated in Fig. 9. Careful examination of the figure 
reveals that at the inlet junction, two streams formed a distinct liquid- 
liquid interface, represented by two distinct solid colors, with an inter- 
diffusion zone in green color at the channel centerline. The diffused 
mixed layer from two streams is discernible by green color, and it 
became more pronounced as the length increased. Sectional views 
characterize the level mixing in experimental results. Upon this com
parison, numerical results are able to accurately predict experimental 
results. It was clear that mixing efficiency increased through the chan
nel, and in the outlet section of both micromixers, the green color was 
observed, indicating the high mixing efficiency. 

In this section, to elucidate the advantages of the proposed micro
mixers, regardless of dimensions and diffusion number, the results are 
compared to other studies. Fig. 10 revealed that using twist micro
structure in serpentine micromixer enabled the mixer to operate in a 
wide range of Re number with high efficiency compared to other mixer 
designs available in the literature [8,21,26,39]. It was observed that the 
micromixers developed by Hossain et al. [39] and Duryodhan et al. [21] 
had low mixing efficiency in low and intermediate Re number 
(0.1–270). Based on this figure, the average mixing efficiency of spiral, 
Tesla, square-wave, and zig-zag micromixer in their studied Re numbers 
range was calculated to be about 74.2%, 83.5%, 68.6%, and 29.8%, 
respectively. While the average mixing efficiency in the twisted 
serpentine micromixer was 94.4% for the Re numbers ranged from 1 to 
400. It was clear that the simultaneous use of two designs (twisted wall 
and serpentine structure) dramatically increased mixing efficiency. 

Fig. 8. The variation of (a) mixing efficiency (b) pressure drop versus Re number in four designs of micromixers.  
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5. Conclusions 

In order to improve the mixing efficiency in a wide range of Re 
numbers, novel micromixers (twisted straight and twisted serpentine 
micromixer) were introduced and evaluated numerically and experi
mentally. The 3D microstructure of the micromixers was fabricated in 
PMMA using a micromilling machine and bonded using thermal diffu
sion bonding. A numerical model was established to analyze the fluid 
flow behavior and mixing performance within the proposed twisted 
microstructures. The effects of pitch, Re number, and channel hydraulic 
diameter on mixing efficiency and pressure drop were studied numeri
cally. The numerical results revealed that the twisted microstructure 
enhanced mixing efficiency dramatically, particularly near the wall due 

to the generating swirl flow through the mixing channel. The effect of 
twist microstructure on the performance of serpentine micromixer was 
investigated, and the results illustrated a high mixing efficiency with an 
average value of 94.4% in a wide range of Re numbers. The mixing 
length in the twisted serpentine micromixer with a hydraulic diameter of 
100 μm was 3.3 mm. Furthermore, the twist structure in straight 
micromixer increased pressure drop by 12.3%, which was insignificant 
compared to the extreme effects of this structure on mixing efficiency. 
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