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� Different microfluidic devices were designed, simulated and made for micro-mixing purposes.
� Microstructures were integrated into PDMS microfluidic devices from the same material.
� The fine 3D microstructure were created by focused ion beam lithography.
� The mixing efficiencies were improved, in some cases to near 100%, keeping the size of the chip in a few mm.
� The presented method opens the opportunity to further improve mixing efficiencies and to further decrease chip dimensions.
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a b s t r a c t

In this work, different microfluidic passive mixer devices were designed, simulated and realized. The
mixing unit area was functionalized by microstructures, whose shapes and layouts were designed in
the simulations to improve the mixing efficiency of the chips. It is known that a micro wall array is a
promising tool for mixing in a microfluidic passive mixer device. In the present work, the length and
the areal density of the walls in the micro wall array were varied in order to find good mixing perfor-
mance. The devices were then created with ion microlithography and UV lithography techniques.
Mixing test were performed from which the mixing efficiencies were determined. It was found, that
the mixing efficiency of the fabricated passive micromixers can be improved to an excellent value by
more densely distributed and longer micro-walls.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Microfluidic devices have become important part of technology
nowadays in numerous fields of application, such as chemical
reactions, biosensors, synthesis of nanomaterials, diagnostic device
for detection of biological samples, etc. These devices are
characterized by small dimensions and high surface to volume
ratio, so that they offer unique and very different physical charac-
teristics comparing to the macroscopic world. In microfluidic
devices, micromixers are used to mix two or more fluids. Mixing
of two different fluids in microchannels is difficult, because of
the laminar flow (i.e.: Reynolds number, Re is typically smaller
than 100). In this case, mixing between parallel fluid flows (i.e.:
perpendicular to the flow direction) occurs only by molecular
diffusion, because convective mass transfer takes place only in
the direction of the fluid flow. (Beebe et al., 2002).
In general, micromixers can be classified into two types: active
and passive. (Hessel et al., 2003; Sullivan et al., 2007; Knight et al.,
1998; Bessoth et al., 1999; Stroock et al., 2002; Wang et al., 2007;
Hassell and Zimmerman, 2006; Fu et al., 2006; Sato et al., 2005). In
the mixing process, active micromixers need external turbulence
effects such as electrokinetics, dielectrophoretics, electrohydrody-
namics, temperature, pressure, etc. (Yang et al., 2001; Bau et al.,
2001; Lin et al., 2005; Tsouris et al., 2003; Fu et al., 2005) Hence,
the structures of active micromixers are often complicated. On
the other hand, the passive-type mixers are mainly based on
breakup, folding, fluid stretch, and molecular diffusion. This results
a simpler fabrication process, but, in spite of this, their mixing effi-
ciency can approach that of the active mixers. (Hong et al., 2004;
Liu et al., 2004; Goullet et al., 2006; Park et al., 2004; Jiang et al.,
2004; WONG et al., 2004; Chen and Meiners, 2004)
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1.1. Passive micromixers

Most passive micromixers have various micro-structures with
which high mixing performance can be achieved with low pressure
drop and a short mixing length. Passive micromixers rely on
molecular diffusion and chaotic advection phenomena of mass
transport. The best way to maximize the mixing efficiency of a
micromixer is to decrease the diffusion path. By varying the design,
it will allow to manipulate the laminar flowwithin the channels, so
the enhancement of chaotic advection can be realized. A shorter
diffusion path will increase the mixing efficiency.

There are many studies about passive micromixers utilizing
simple planar structures such as obstacles, unbalanced collisions,
convergence–divergence, and spiral channel layouts, among
others, and their results shows acceptable range for mixing effi-
ciency (79–95%). Several experimental and theoretical investiga-
tions have been carried out for different passive micromixers in
the last decades.

Different types of mixing mechanism can be found in the liter-
ature about passive micromixers, as following:

a. flow lamination, which is used in basic T-mixer and Y-mixer
Bothe et al., 2011; Kamholz, 1999; Swickrath et al., 2009;
Chen et al., 2011 using different geometries: zig-zag,
square-wave, rhombic and similar (Hossain et al., 2009), in
serial multi-stage and multi-layer mixers (Tofteberg et al.,
2010);

b. chaotic mixing by eddy formation, stretching and folding
(Kim and Ansari, 2007; Kim et al., 2010; Shih and Chung,
2008; Xu et al., 2011; Cho et al., 2011; Yu et al., 2011;
Afzal and Kim, 2014);

c. split-and-recombine concepts (SAR) (Ohkawa, 2008; Lee and
Lee, 2008; Chen et al., 2009; Chen et al., 2011; Nimafar et al.,
2012), etc.

Mixing performance enhancement can be achieved in passive
micromixers by optimizing the structural dimensions of the
microchannel in such a way that the mixing performance is
improved. There are various structural dimensions were reported
in a review article (Cai et al., 2017), that can be used to improve
the mixing efficiency. The design of a Y-shaped micromixer, with
rectangular and triangular barriers, was designed and introduced
to mix fluids with small diffusion coefficient molecules, and the
resulted mixing efficiency is 100 % at a flow rate corresponding
to the Reynolds number (Re) of 25. (Karthikeyan et al., 2017) An
experimental study was performed employing split and recombi-
nation micromixer, T-type and O-type mixers, with Reynolds num-
ber ranging from 0.083 to 4.166 and the corresponding mixing
efficiency can be reached to 90 % in a short length. (Nimafar
et al., 2012)

A numerical evaluation of a passive micromixer with Reynolds
numbers ranging from 0.1 to 60, using cylindrical restrictions
within a curved microchannel, found that the mixing efficiency
values were 72% � 88% (Alam et al., 2014). With a three-
dimensional, staggered herringbone shaped micromixer, opti-
mized for mixing of two fluids, with low diffusion coefficient, less
than 90 % of mixing efficiency was obtained (Afzal and Kim, 2014) T
type three-dimensional designs of twisted microchannels were
constructed and numerically simulated as a chaotic mixers. (Jen
et al., 2003) Numerical calculations and practical tasks on a planar
serpentine micromixer have been evaluated using chaotic mixing,
and yielded 90% of mixing efficiency at Re of 2. (Tung et al., 2009)

A passive micromixer with deformable baffles was examined
numerically and the achieved mixing efficiency was 98% at the
Re from 0.01 to 300. (Madhumitha et al., 2017) Micromixer was
fabricated using PDMS as material by a lithography process, in
2

which, the staggered herringbone chaotic layout was designed
and experimented, and the mixing efficiency of 99.7 % at 20 ll/
min and 99.2 % at 100 ll/min was resulted. (Chen and Wang,
2015) Numerical simulation and experimental study of split and
recombine micromixer have also been studied and 84% of mixing
efficiency was achieved. (Wang et al., 2016).

Numerical simulation and experimental study of tesla valve
micromixer was investigated and mixing efficiency of 95.3 % was
achieved at Re of 1. (Wang et al., 2014) A three-dimensional chess-
board shape micromixer was reported with a 95% of mixing effi-
ciency at 12.7 ml/min. (Cha et al., 2006) A micromixer device for
lab on chip application was developed by UV cured adhesive bond-
ing technique. (Kapilmanoharan and Lekurwale, 2014) SU-8 used
to fabricate a micromixer device where a bonding process was
developed using SU-8 coated over the substrate. (Svasek et al.,
2004) A three-dimensional spring like micromixer device was
experimented and it was bonded to the substrate using a control-
lable furnace (Saragih and Ko, 2009).

In this work passive micromixers, consisting of a circular frame
filled with obstructions, were studied, and their mixing perfor-
mance were investigated by Finite Element Method (Comsol Mul-
tiphysics). The different obstructions were simulated, optimized
and designed for real chip micromixers. The functionalization of
the mixers with the optimized obstructions were realized by pro-
ton beam lithography. The mixing efficiencies in the real chips
were measured and calculated by spectrophotometric method.

2. Methodology

2.1. COMSOL simulation

Computational Fluid Dynamics (CFD) simulations were con-
ducted using Comsol Multiphysics version 5.3a, with which the
designs of our passive micromixers presented in our earlier work
(Nady et al., 2021) were further improved. During the simulation,
water and a diluted aqueous solution are injected to the mixer
through two inlets. They flow through the chip, including the mix-
ing unit area, where they start to mix together. The level of the
mixing depends on the mixer designs and parameters.

The simulated geometries and dimensions of two-dimensional
proposed designs are shown in Fig. 1. The main parts of the
micromixers are 2 inlets, 2 outlets, a mixing unit area and straight
channels that connects the inlets and the outlets with the mixing
unit area with length (L) = 2 mm.

As shown in Fig. 1, the proposed mixing unit areas are:

� SC: simple circle, radius (r) = 1 mm,
� CLSW: circle with low number and same level walls, wall thick-
ness (T) = 0.03 mm, gap between walls (G) = 0.17 mm,

� CHSW: circle with high number and same level walls, wall
thickness (T) = 0.03 mm, gap between walls (G) = 0.07 mm,

� CLTW: circle with low number and tall walls, wall thickness
(T) = 0.03 mm, gap between walls (G) = 0.17 mm and

� CHTW: circle with high number and tall walls, wall thickness
(T) = 0.03 mm, gap between walls (G) = 0.07 mm.

The creeping flow and transport of diluted species modules were
applied to perform the mixing simulations for the two-
dimensional designs. The governing equations used in these mod-
ules are presented in equations 1–3. The flow of an incompressible
Newtonian liquid in micromixer can be described by the Navier-
Stokes and continuity equations, shown in equations (1) and (2),
respectively,

r �pI þ lðruþ ruð ÞTÞ
h i

þ F ¼ 0 ð1Þ



Fig. 1. Geometry of the main parts of the micromixers : a) inlets, outlets and mixing unit area, b) simple circle [SC], c) circle with low number and same level walls [CLSW], d)
circle with high number and same level walls [CHSW], e) circle with low number and tall walls [CLTW], and f) circle with high number and tall walls [CHTW]. T is the wall
thickness (30 um in all cases), G is the gap between the walls.
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qr uð Þ ¼ 0 ð2Þ
where p is the fluid pressure, l is the dynamic viscosity of the

fluid, I is the identity matrix, T is viscous stress tensor, F is the body
force, q is the fluid density and u is the flow velocity.

The transport of the solved molecules in the systems can be
described by the convection – diffusion equation as shown in equa-
tion (3),

r �Drcð Þ þ urc ¼ R ð3Þ

where D and c are the diffusion constant and the concentration
of the species, respectively, and R is the source term.

2.2. Microfluidic chip fabrication

The proposed microfluidic mixer chips were realized using the
combination of UV soft lithography and proton beam microlithog-
raphy (PBW). This process can be found in detail in our earlier work
(Nady et al., 2021), here we give only a brief description. The
microstructures for the mixing unit area were created in a poly
(dimethyl-siloxane) (PDMS) base layer by proton beam lithogra-
phy. The microfluidic channels, inlets and outlets and the cap for
the mixing unit area were fabricated by UV lithography, also from
Table 1
Results of mixing efficiencies for different mixer designs.

Structure Mixing unit area
dimensions (Width /
Height)(lm / lm)

Inlets and outlets
dimensions (Width /
Height)(lm / lm)

Flow Rate
Range (lL/
min)

Reynol
Numbe
Range

SC53 2000/65 200/65 1–6 0.19–1
CLSW 170/28 200/28 1–6 0.43–2
CHSW 70/27 200/27 1–6 0.49–2
CLTW 170/25.5 200/25.5 1–6 0.51–3
CHTW 70/27 200/27 1–6 0.49–2

3

PDMS polymer. It has been taken into account that the heights of
the fabricated microstructure (mentioned in Table 1) should be fit-
ting to the depth of the caps, so the base and the cap parts (have
the same height and depth) are bonded together chemically by
plasma treatment. By this way, the height of the channels (or
any part of the chip) after bonding is equal to the mentioned height
of the microstructure in the table.

Fig. 2 shows the electron microscopic images of the four differ-
ent mixing unit areas created by PBW technique, while Fig. 3
shows the optical microscopic images of the fully assembled chips.
These chips were used to measure the mixing efficiencies as fol-
lows: water was injected into one inlet and diluted methylene blue
aqueous solution into the other. The methylene blue solution con-
centration is low enough (2 � 10-5 mol/dm3) that its parameters
can be considered equal to that of water.

The mixed samples at the outlets were collected for all the dif-
ferent micromixers, then the concentrations of the collected sam-
ples were measured using UV/vis spectrophotometry. There is a
linear relationship between the absorbance (A) and the concentra-
tion. This was firstly described by the Lambert-Beer law, equation 4,
where c is the concentration, e is the molar absorption coefficient
and l the optical path length in cm.

A = ecl (4)
ds
r

Concentration outlet 1
(mol/dm3) at flow
rate = 1 ll/min

Concentration outlet 2
(mol/dm3) at flow
rate = 1 ll/min

Mixing Efficiency
(%) at flow
rate = 1 ll/min

.15 0.291 � 10-5 1.709 � 10-5 29.11

.61 0.637 � 10-5 1.363 � 10-5 63.67

.96 0.959 � 10-5 1.041 � 10-5 95.86

.06 0.817 � 10-5 1.183 � 10-5 81.72

.96 0.971 � 10-5 1.029 � 10-5 97.08



Fig. 2. The electron microscopic image of the real different mixing unit areas (CLSW, CHSW, CLTW and CHTW), created by PBW technique.

Fig. 3. Top view of the whole microfluidic chips (pipes + PDMS cap bonded to PDMS microstructures) for different mixing microstructures, and high magnification photos of
the mixing unit area of PDMS microstructures: a. SC, b. CLSW c. CHSW d. CLTW and e. CHTW.
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After the mixing of the two fluids, the mixed fluids were col-
lected for absorbance measurements. Consequently, the concentra-
tions of the two fluids can be determined using the equation 4. The
mixing efficiency (M) of the micromixers can be calculated using
equation (5). (Cai et al., 2017).

In the case of COMSOL simulations all data point were exported
point by point, not only the endpoints. Then, we use the equation
(5) to calculate the mixing efficiency at every point, and then make
an average from them. Though, in the case of the experimental
measurements, we collect the outlets separately in two sample
holders and we have only two values after measuring the absor-
bance. From the two point, knowing the concentrations, the mixing
efficiency can be calculated directly:

M ¼
$
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cout � �cout

�cout

� �2
s %

� 100% ð5Þ

where cout is one of the outlet concentrations and �cout is the
average concentration of the two outlet concentrations (Cai et al.,
2017). The average concentration is the half concentration of the
initial c0 concentration, which is 1 � 10-5 mol/dm3. The mixing effi-
ciency is always compared to this by one of the outlet concentra-
tion, as in equation (5). The average of the outlets will be also
always the half concentration of the inlet.

In accordance with equation (5), the mixing efficiency M = 0 %
indicates completely unmixed state of the solved molecules, i.e.
concentrations at the two outlets correspond to the concentrations
at the two inlets, while M = 100 % indicates the completely mixed
state, i.e. the concentrations at the two outlets are equal to each
other. For practical applications, the acceptable range for efficiency
of mixing is between 80 and 100%.

3. Results and discussion

3.1. COMSOL simulation and mixing efficiency

The fluid flow and mixing properties of different 2-dimensional
designs (illustrated in Fig. 1) were simulated.. The value of molec-
ular diffusion coefficient using in this model is fixed at 10 -11 m 2 /s.
The molar concentration of the two fluids entering the two inlets
are set to 0 and 100 mol/m3. The fluid velocities at the inlets were
set to 0.01 m/s. The simulations of the mixing in the proposed
mixer designs are presented in Fig. 4. The left hand panel of each
figure shows the concentration distribution, while the right hand
panels show concentration profiles at the indicated cross-
sections (cut lines).

The indicated two cut lines (distance = 0) and (distance = 5),
shown in Fig. 4, were used to find the mixing efficiency values
around the inlets and outlets of micromixers respectively.

The value of concentration at each point of the cut line of each
micromixer separately was exported from the simulated data.
Then by equation (5), the initial concentration (c0) = 100 mol/m3

and the average concentration = 50 mol/m3, the mixing efficiency
for each point of the cut line was calculated individually, and
averaged.

The results showed that the efficiency of mixing was poor and
its value was 38.17 % for simple circle [SC], while it improves for
higher values 73.18 % for circle with low number and same level
walls [CLSW] but still below the accepted range of mixing effi-
ciency. The accepted value 91.36 % of mixing efficiency can be
obtained by low number and tall walls [CLTW],while excellent val-
ues of mixing efficiency 99.45 % and 99.99 % were achieved using
micromixer circle with high number and same level walls [CHSW]
and circle with high number and tall walls [CHTW] respectively.

As a conclusion, the simulations predict inefficient mixing in
the case of the [SC] and [CLSW] mixer designs, while it improves
5

in the case of [CLTW] and reaches the maximum mixing in case
of [CHSW] and [CHTW] chips.

3.2. Microfluidic chip test

A syringe-pump was used to pump the two fluids at the inlets
with different flow rate (from 1 to 6 ml/min). The fluids (water
and diluted aqueous solution of methylene blue) density and vis-
cosity are 1000 kg/m3 and 10 -3 kg/ (m.s), respectively. The concen-
tration of the methylene blue solution is low enough (initial
concentration (c0) = 2 � 10-5 mol/dm3) that its parameters can
be considered equal to that of water. The mixed samples were col-
lected at the outlets. The concentration of these samples were
measured by UV/vis spectrophotometry. Then, the mixing effi-
ciency (M) was calculated using equation (5).

All of the fabricated microfluidic chips, the simple circle [SC],
circle with low number and same level walls [CLSW], circle with
high number and same level walls [CHSW], circle with low number
and tall walls [CLTW] and circle with high number and tall walls
[CHTW] micromixers are shown in Fig. 5.

The result of the mixing efficiency calculations for all the mixer
designs are summarized in Table 1.

The velocity (V) of the fluids through the designed micromixer,
described by the following equation (6), depends on the flow rate
(Q) and the hydraulic diameter of the used structure (Dh). The Dh

can be calculated using equation (7), where (a) and (b) are the
height and the width of the designed walls, respectively. The calcu-
lated results of velocity were listed in Table 1,

V ¼ 4Q
pDh

ð6Þ

Dh ¼ 2ab
aþ b

ð7Þ

The Reynolds number were calculated for all design and geome-
tries as a function of the flow rates (1–6 ml/min). The calculations
showed that Re ranges 0.19–1.15, 0.43–2.61, 0.49–2.96, 0.51–3.06
and 0.49–2.96 for SC, CLSW, CHSW, CLTW and CHTW, respectively.
This low value of Re indicates that in our work the flow is laminar.

Mixing efficiencies were calculated for a range of flow rates in
case of all mixer designs. Fig. 6 show the results.

As illustrated in Fig. 6, the graphs show that the mixing effi-
ciency is decreasing when the flow rate increases for all
micromixers.

From Fig. 6, the values of mixing efficiency at flow rate 1 ml/min
were 29.11 %, 63.67 %, 95.86 %, 81.72 % and 97.08 % for the micromix-
ers SC, CLSW, CHSW, CLTW and CHTW respectively. The highest
mixing efficiency can be achieved using CHSW and CHTW
micromixers due to the fact of its geometry, which increases the
surface area between the different fluids and decreases the diffu-
sion path. This is a considerable improvement in the mixing effi-
ciencies comparing to the microfluidic passive mixers
functionalized by microstructures of our earlier work (Nady
et al., 2021).

The trend of the measured mixing efficiencies of the geometries
agreed well with the trend of the simulated mixing efficiencies, i.e.:
increasing order of the mixing efficiency as a function of the geom-
etry is SC, CLSW, CLTW , CHSW and CHTW for both the simulation
and the experiment.
4. Conclusions

In this work, different microfluidic passive mixer devices were
designed, simulated and realized. The mixing unit area was func-
tionalized by microstructures, whose shapes and layouts were



Fig. 4. Left: COMSOL simulation of mixing of two fluids for a. Simple Circle structure (SC), b. Circle with Low number and same level Walls structure (CLSW), c. Circle with
High number and same level Walls structure (CHSW), d. Circle with Low number and Tall Walls level Walls structure (CLTW), and e. Circle with High number and Tall Walls
structure (CHTW). Right: Concentration profile for distance = 0 (blue line) and distance = 5 (green line) for a. (SC), b. (CLSW), c. (CHSW), d. (CLTW), and e. (CHTW),
respectively.
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Fig. 5. 1: Optical microscope image of whole chips (2 inlets + 2 outlets + mixing unit area) a) simple circle [SC], b) circle with low number and same level walls [CLSW], c)
circle with high number and same level walls [CHSW], d) circle with low number and e) tall walls [CLTW] and circle with high number and tall walls [CHTW] respectively. 2:
Zoom in for the mixing unit area, a. SC, b. CLSW, c. CHSW, d. CLTW and e. CHTW, respectively.

Fig. 6. Mixing efficiency VS flow rate of different wall micromixers: a) simple circle
[SC], b) circle with low number and same level walls [CLSW], c) circle with high
number and same level walls [CHSW], d) circle with low number and e) tall walls
[CLTW] and circle with high number and tall walls [CHTW].
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designed in the simulations to improve the mixing efficiency of the
chips.

From our earlier work, it was found that the so called micro-
wall-array is a promising candidate for passive mixing tasks. In
the present work, the length and the areal density of these walls
were varied in order to find a better mixing performance. The
results showed that, generally, the more densely distributed and
the longer walls are more efficient and their combination (long
walls, densely distributed) showed the highest performance.

The devices were then created with ion microlithography and
UV lithography techniques. Mixing test were performed from
which the mixing efficiencies were determined. It was found, that
the mixing efficiency of the fabricated passive micromixers, the
densely distributed short walls and the densely distributed long
walls, improves to an excellent value of 95.86 % and 97.08 %,
1 ml/min flow rate. From these results, we conclude that the distri-
bution of the walls has the higher effect on the mixing.

The basic principle of our chips are that the fluid flow forced to a
very narrow ‘‘serpentine” shape, where the width of these serpen-
tine are small enough to make the cross diffusion path very low, so
7

the mixing by diffusion will be high and quick. We could make this
with micro structures created with proton beam lithography, with
which smaller structures can be created than just with UV lithog-
raphy method. Furthermore, with this construction method we can
keep the mixing chip at the same size, and can control the param-
eters of the serpentine. Therefore, if we work with a smaller mole-
cule we can make a less densely distributed wall chip, getting less
pressure drop, or in case of higher molecules we can make more
densely distributed chips, in the same basic sizes.

In conclusion, the parameters of the serpentines can easily be
controlled, keeping the same chip size.
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