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Preface to ”Analysis, Design and Fabrication of
Micromixers, Volume II”

Micromixers are an important component in micrototal analysis systems and lab-on-a-chip

platforms which are widely used for sample preparation and analysis, drug delivery, and biological

and chemical synthesis. The successful operation of microfluidic devices requires fast and adequate

mixing, but mixing is a challenging task due to the laminar feature of the flow at the microscale.

Mixing in laminar flows relies on diffusion and requires a longer channel to achieve complete mixing

due to the slow process compared to that in turbulent flows. Hence, it is crucial to overcome this

challenge to improve the mixing performance. Based on their mixing mechanism, micromixers are

classified into two types: active and passive. Passive micromixers are easy to fabricate and generally

use geometry modification to cause chaotic advection or lamination to promote the mixing of fluid

samples, unlike active micromixers, which use moving parts or some external agitation/energy for

the mixing. This reprint covers new mechanisms, numerical and/or experimental mixing analysis,

design, and fabrication of various micromixers, which were reported by the Special Issue ’Analysis,

Design and Fabrication of Micromixers II’ published in Micromachines.

Kwang-Yong Kim

Editor
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micromachines

Editorial

Editorial for the Special Issue on Analysis, Design and
Fabrication of Micromixers II
Kwang-Yong Kim

Department of Mechanical Engineering, Inha University, Incheon 22212, Republic of Korea; kykim@inha.ac.kr;
Tel.: +82-010-3641-3096

Micromixers are important components of lab-on-a-chip systems, and also have many
biological and chemical applications [1]. Micromixers are generally classified into two
categories, i.e., active and passive micromixers, depending on the mechanism of mixing
enhancement. Our previous Special Issue (Special Issue on Analysis, Design and Fabri-
cation of Micromixers I) [2] reported mostly on passive micromixers, in addition to two
electrokinetic micromixers. However, except for two review papers [3,4], the current Spe-
cial Issue places a greater emphasis on active mixing, reporting on five active [5–9] and
six passive [10–15] micromixers. Three of the active micromixers have an electrokinetic
driving force [5–7], but the other two are activated by mechanical mechanisms [8] and
acoustic streaming [9]. Three studies [5,13,14] employ non-Newtonian working fluids,
one of which deals with nano-non-Newtonian fluids [13]. Most of the cases investigate
micromixer design, except for ref. [5]. Additionally, most of the passive micromixers
have three-dimensional (3D) obstructions [10,12,14] or 3D channel shapes [11,13]. Seven
studies [5,6,9,12–15] are numerical, two [7,10] are experimental, and the other two are ex-
perimental with numerical validation [8] and numerical with experimental validation [11].

Hejazian et al. [3] reviewed previous studies on microfluidic mix-and-jet devices,
which are efficient for sample delivery in biomolecular applications. They introduced
designs, characteristics, and fabrication techniques. Experimental techniques for the analy-
ses of mixing and jetting are also summarized. They expect innovative designs of these
devices to appear in applications in many other fields, such as basic studies on physics
and chemistry, polymer fabrication, and the kinetics of nanoparticles. The review paper by
Sahadevan et al. [4], which was selected as a feature paper and an Editor’s Choice paper by
this journal, reports on recent progress and future perspectives on microfluidic applications
of artificial cilia, which have good capabilities in mixing, pumping, and particle handling.
Microfluidics using artificial cilia can be an efficient tool to control fluid flow with high
precision in lab-on-a-chip and other biomedical applications. They suggest that effective
and economic manufacturing techniques must be developed to make artificial cilia more
practical in these applications.

Banos et al. [5] examined the effects of combinations of non-Newtonian fluids, slip-
page, and finite-sized ions on the mixing of fluids in an oscillatory electroosmotic flow.
They proposed a numerical model for the analysis of the mixing. The results revealed that
the effects enhanced the mixing by about 90%. Shi et al. [6] proposed a novel electrokinetic
micromixer with staggered electrodes based on light-actuated AC electroosmosis, and ana-
lyzed the mixing of fluids numerically using the finite element method. They performed a
parametric study using parameters such as the width, length, and spacing of the electrodes,
as well as the channel height to identify effects on mixing performance, and thus optimal
micromixer geometry. Yang et al. [7] also proposed a new electrokinetic micromixer with a
quasi T-channel and electrically conductive sidewalls. An experiment was carried out to
find the effects of Reynolds number, AC voltage and frequency, and electric conductivity
ratio on mixing performance. They suggested that the proposed micromixer showed higher
mixing performance compared to the conventional micromixers with the electrodes located
at the channel outlet.
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Koike and Takayama [8] introduced a novel active micromixer design for the con-
centration control of the fluids. They developed a mechanical mechanism to produce
concentration gradients in multiple main chambers, arranged parallel to the body channel.
Each main chamber is surrounded by a driving chamber, and agitation is caused in the main
chamber due to the expansion or contraction of the driving chamber. The fluid moving
back and forth in the channel connecting the main chamber to the body channel controls the
concentration. The concentration gradient was determined experimentally, but numerical
simulation was also performed to confirm the mechanism of the micromixer. Although they
could produce a concentration gradient, the concentration control was not so successful.
An active micromixer using acoustic streaming was proposed by Endaylalu and Tien [9].
The acoustic streaming in a Y-junction microchannel was generated by introducing triangu-
lar structures at the channel walls. The mixing performance was evaluated numerically.
A parametric study of the mixing performance was performed using the inlet velocity,
triangular structure’s vertex angle, and oscillation amplitude. The results suggested that
installing the triangular structure at the junction enhanced mixing by causing acoustic
streaming. Additionally, lower inlet velocity, higher oscillation amplitude, and smaller
vertex angle also improved the mixing performance.

Oevreeide et al. [10] proposed a novel passive micromixer design with double-curved
structures located on a surface of the microchannel. In the experiment, confocal imaging was
used to find the flow patterns. Additionally, analyzing the fluorescence pattern monitored
the development of homogenization. They suggested that introducing a second curved
structure to the simple curved structure had a remarkable effect on mixing performance.
Rouhi et al. [11] investigated a passive micromixer with a non-planar spiral microchannel
with various cross-sections. The mixing performance was evaluated numerically in a
Reynolds number (Re) range of 0.001–50. An experiment was also performed to validate
the numerical solution. In the numerical test, a large-angle outward trapezoidal cross-
section showed the best mixing performance of up to 95%. Juraeva and Kang [12] presented
a passive micromixer design with eight mixing units. Each mixing unit was composed of
four alternatively arranged baffles. The mixing units were stacked in a cross-flow direction,
and four different arrangements were tested: one-, two-, four-, and eight-step stacking. The
mixing was analyzed numerically in a range of Re from 0.5 to 50. The numerical results
suggested that the highest mixing was obtained with the eight-step stacking for Re > 2, but
with the two-step stacking for Re < 2.

Tayeb et al. [13] numerically analyzed the characteristics of nano-non-Newtonian
fluids in a novel passive micromixer with a 3D channel structure. Mixing and heat transfer
between two heated fluids were investigated. How the concentration of Al2O3 nanoparti-
cles affects the pressure drop and thermal mixing for a Re range from 0.1 to 25 was tested.
The results revealed that higher nanofluid concentration and stronger chaotic advection
improved the hydrodynamic and thermal performances over the whole Re range remark-
ably. Mahammedi et al. [14] also numerically examined the mixing of non-Newtonian
fluids in Kenics micromixers for Re = 0.1–500. The Y-shaped micromixer consisted of six
helical elements arranged alternately. They suggested that for the carboxymethyl cellulose
solutions with power–law indices of 0.49–1, the Kenics mixer showed high mixing for
both low and high Reynolds numbers. Juraeva and Kang [15] reported on the mixing
performance of a modified Tesla micromixer. The design was modified by introducing
a tip clearance above the wedge-shaped divider. The mixing performance was analyzed
numerically for Re = 0.1–80. In order to measure the mixing performance, the degree of
mixing at the micromixer outlet and the pressure drop through the mixer were used. They
suggested that the tip clearance introduced in the modified design enhanced the mixing
performance in a wide Re range.

I appreciate all the authors who contributed to this Special Issue. Additionally, thanks
also go to the reviewers for the submitted papers and the editorial staff who conducted the
review process. Further contribution to this topic can be made to the Topical Collection
“Micromixers: Analysis, Design and Fabrication” of this journal.

2



Micromachines 2022, 13, 2176

Conflicts of Interest: The author declares no conflict of interest.

References
1. Afzal, A.; Kim, K.-Y. Analysis and Design Optimization of Micromixers; SpringerBriefs in Computational Mechanics; Springer Nature

Singapore: Singapore, 2021.
2. Kim, K.-Y. Editorial for the Special Issue on Analysis, Design and Fabrication of Micromixers. Micromachines 2021, 12, 533.
3. Hejazian, M.; Balaur, E.; Abbey, B. Recent Advances and Future Perspectives on Microfluidic Mix-and-Jet Sample Delivery

Devices. Micromachines 2021, 12, 531.
4. Sahadevan, V.; Panigrahi, B.; Chen, C.-Y. Microfluidic Applications of Artificial Cilia: Recent Progress, Demonstration, and Future

Perspectives. Micromachines 2022, 13, 735.
5. Baños, R.; Arcos, J.; Bautista, O.; Méndez, F. Steric and Slippage Effects on Mass Transport by Using an Oscillatory Electroosmotic

Flow of Power-Law Fluids. Micromachines 2021, 12, 539.
6. Shi, L.; Ding, H.; Zhong, X.; Yin, B.; Liu, Z.; Zhou, T. Mixing Mechanism of Microfluidic Mixer with Staggered Virtual Electrode

Based on Light-Actuated AC Electroosmosis. Micromachines 2021, 12, 744.
7. Yang, F.; Zhao, W.; Kuang, C.; Wang, G. Rapid AC Electrokinetic Micromixer with Electrically Conductive Sidewalls. Micromachines

2022, 13, 34.
8. Koike, F.; Takayama, T. Generation of Concentration Gradients by a Outer-Circumference-Driven On-Chip Mixer. Micromachines

2022, 13, 68.
9. Endaylalu, S.A.; Tien, W.-H. A Numerical Investigation of the Mixing Performance in a Y-Junction Microchannel Induced by

Acoustic Streaming. Micromachines 2022, 13, 338.
10. Oevreeide, I.H.; Zoellner, A.; Stokke, B.T. Characterization of Mixing Performance Induced by Double Curved Passive Mixing

Structures in Microfluidic Channels. Micromachines 2021, 12, 556.
11. Rouhi, O.; Bazaz, S.R.; Niazmand, H.; Mirakhorli, F.; Mas-hafi, S.; Amiri, H.A.; Miansari, M.; Warkiani, M.E. Numerical and

Experimental Study of Cross-Sectional Effects on the Mixing Performance of the Spiral Microfluidics. Micromachines 2021, 12,
1470.

12. Juraeva, M.; Kang, D.-J. Mixing Performance of a Passive Micro-Mixer with Mixing Units Stacked in Cross Flow Direction.
Micromachines 2021, 12, 1530.

13. Tayeb, N.T.; Hossain, S.; Khan, A.H.; Mostefa, T.; Kim, K.-Y. Evaluation of Hydrodynamic and Thermal Behaviour of Non-
Newtonian-Nanofluid Mixing in a Chaotic Micromixer. Micromachines 2022, 13, 933.

14. Mahammedi, A.; Tayeb, N.T.; Kim, K.-Y.; Hossain, S. Mixing Enhancement of Non-Newtonian Shear-Thinning Fluid for a Kenics
Micromixer. Micromachines 2021, 12, 1494.

15. Juraeva, M.; Kang, D.-J. Mixing Performance of the Modified Tesla Micromixer with Tip Clearance. Micromachines 2022, 13, 1375.

3





micromachines

Review

Recent Advances and Future Perspectives on Microfluidic
Mix-and-Jet Sample Delivery Devices

Majid Hejazian , Eugeniu Balaur and Brian Abbey *

Citation: Hejazian, M.; Balaur, E.;

Abbey, B. Recent Advances and

Future Perspectives on Microfluidic

Mix-and-Jet Sample Delivery Devices.

Micromachines 2021, 12, 531.

https://doi.org/10.3390/mi12050531

Academic Editor: Kwang-Yong Kim

Received: 19 April 2021

Accepted: 4 May 2021

Published: 7 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

ARC Centre of Excellence in Advanced Molecular Imaging, Department of Chemistry and Physics,
La Trobe Institute for Molecular Sciences, La Trobe University, Melbourne, VIC 3086, Australia;
m.hejazian@latrobe.edu.au (M.H.); e.balaur@latrobe.edu.au (E.B.)
* Correspondence: b.abbey@latrobe.edu.au

Abstract: The integration of the Gas Dynamic Virtual Nozzle (GDVN) and microfluidic technologies
has proven to be a promising sample delivery solution for biomolecular imaging studies and has the
potential to be transformative for a range of applications in physics, biology, and chemistry. Here,
we review the recent advances in the emerging field of microfluidic mix-and-jet sample delivery
devices for the study of biomolecular reaction dynamics. First, we introduce the key parameters and
dimensionless numbers involved in their design and characterisation. Then we critically review the
techniques used to fabricate these integrated devices and discuss their advantages and disadvantages.
We then summarise the most common experimental methods used for the characterisation of both
the mixing and jetting components. Finally, we discuss future perspectives on the emerging field
of microfluidic mix-and-jet sample delivery devices. In summary, this review aims to introduce
this exciting new topic to the wider microfluidics community and to help guide future research in
the field.

Keywords: microfluidics; micro-mixer; micro-jet; XFEL; molecular imaging; sample delivery

1. Introduction

The three-dimensional structure determination of biological molecules is a critical
step for understanding the dynamics of biological reactions and is essential for rational
drug design [1]. The emergence of X-ray Free-Electron Lasers (XFELs) has facilitated the
measurement of complex protein structures and the associated dynamics of biomolecular
systems with atomic resolution [2]. These experiments require rapid and precise delivery
of the liquid sample to the X-ray interaction region in order to capture the structural
changes that occur in biomolecules on sub-microsecond to millisecond timescales [3]. The
use of microfluidic mix-and-jet devices capable of triggering reactions and delivering
liquid samples to the X-ray beam via a free-standing jet has become a reliable technique
for solving the structure of biomolecules. The free-standing jet provides a continuous
supply of liquid sample solution to the high-intensity X-ray pulses whilst minimising
background diffraction noise and radiation damage [4]. Over the past decade, innovative
fabrication techniques have led to numerous efficient sample delivery solutions using
microfluidic technology capable of both rapid mixing and the creation of a free-standing
liquid jet [5]. Additionally, cryogenic Electron Microscopy (cryo-EM) is another well-
established experimental technique for studying the structure of biomolecules and their
dynamic conformational changes [6]. Microfluidic sample delivery devices have also
been employed for pre-mixing and deposition of liquid samples onto cryo-EM grids for
time-resolved studies [7].

The Gas Dynamic Virtual Nozzle (GDVN) is currently the most commonly employed
method for focusing and accelerating liquid sample streams and creating free-standing
liquid micro-jets [8]. Injectors that take advantage of the GDVN principle of flow focusing
can be categorised based on their fabrication method, i.e., capillary, lithography-based
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microfluidics, and 3D printed nozzles. A capillary GDVN usually comprises two co-axial
capillaries, e.g., fused silica and ceramic hollow capillaries. The inner capillary carries the
liquid sample, and the end of the outer capillary is tapered to further focus the gas flow
and create a liquid micro-jet [4]. Lithography-based microfluidics nozzles, which often
employ high resolution and replicable lithography techniques in their fabrication, have
also recently been of interest. Lithography-based microfluidics technology offers greater
flexibility in terms of microchannel geometry design beyond conventional capillary-based
approaches, allowing for multiple microfluidic components to be integrated onto a single
chip. By implementing this method for microfluidic jetting, the GDVN nozzle is fabricated
as one of the features of the lithography-based microfluidics alongside other components,
e.g., a micro-mixer, on the same chip.

The recently developed 3D printed microfluidic technology offers a host of advan-
tages over standard methods. It enables the creation of low-cost and rapid prototyping
of microfluidic devices with intricate 3D designs, which can be readily adjusted at mini-
mal additional effort [9]. Despite the current fabrication challenges [10,11], 3D printing
for microfluidic device fabrication has been rapidly moving toward becoming the domi-
nant microfluidic fabrication method for numerous biochemical and biomedical research
projects [12–14].

Microfluidic mixers can be classified as either ‘active’ or ‘passive’ mixers. Passive mi-
cromixers often use complex channel geometries in order to amplify the chaotic advection
effect. Passive micromixers are usually integrated into microfluidic sample delivery devices
to rapidly mix the solutions and to trigger a reaction before the mixed solution is delivered
via the liquid microjet. The chaotic advection effect in passive micromixers maximises the
contact surface for mass transfer between the mixed solutions, and consequently increases
the overall mixing efficiency [15]. A variety of different designs for passive microflu-
idic mixers have been reported in the literature [16–18]. For example, Lee et al. [19] have
previously systematically reviewed the most common passive micromixer designs and
summarised their operational principles and mixing performance. Recently, Raza et al. [18]
presented a comparative review based on quantitative analyses of a wide range of different
types of passive micromixers, which included looking at their mixing efficiencies, pressure
drops, and fabrication costs.

Mix-and-jet microfluidics is an emerging field that has shown a promising capability
for implementation as a sample delivery platform for molecular imaging applications. Here,
we review the most recent trends in microfluidic jetting, particularly on-chip microfluidics.
We first discuss the main parameters for designing the GDVN component. Next, we discuss
each of the leading fabrication approaches’ limitations and challenges, namely: capillary,
on-chip, and 3D printed microfluidics. We then explore different experimental methods for
the characterisation of both free-standing liquid jets and integrated micromixers. Finally,
we highlight the future potential and opportunities for microfluidic jetting, specifically in
the context of molecular imaging applications.

2. Design Considerations

The principle of the GDVN is based on hydrodynamic focusing, which relies on
squeezing a continuous fluid stream using a sheath flow, with a different velocity, as
depicted in Figure 1. The surrounding sheath fluid, which is injected around the core
stream, shapes the core fluid meniscus into a steady micro or nano-jet, which has a smaller
size than the outlet microchannel [20]. This section of the review introduces the main
design parameters that should be considered when designing GDVN nozzles and passive
micro-mixers.
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Figure 1. Schematic of the microfluidic nozzle illustrating the main design parameters (reproduced
with permission from Reference [21]).

2.1. Main Parameters for Nozzle Design

Ganan-Calvo et al. [21–23] have described the relative effect of the principle geomet-
rical and flow parameters on jetting stability. Aside from the fluid property parameters,
the key parameters that determine the jetting regime with a GDVN nozzle are shown in
Figure 1. Liquid with a flow rate of Q is injected through the sample microchannel, which
has a hydrodynamic diameter of dh. The liquid meniscus is accelerated via a pressure drop
in the gas stream and is hydrodynamically focused in order to form a jet, exiting an orifice
with a hydrodynamic diameter of dorf. The distance from the sample microchannel to the
orifice is H, and the hydrodynamic radius of the jet is rhj.

The velocity of the jet can be expressed as

Vjet =
4Q

πrhj
2 (1)

and the pressure drop of the gas sheath flow is given by

∆Pg =
ρlV2

jet

2
(2)

where ρl is the density of the liquid. The Reynolds number (Re) is the ratio of the inertial
forces versus the viscous forces within the liquid stream and is defined as

Re =
ρlQ

πrhjµ
(3)

where µ is the viscosity of the liquid.
The Weber number (We), which is the dimensionless ratio of inertial forces to surface

tension forces, is expressed as

We =
ρQ2

π2rhj
3σ

(4)

where σ is the surface tension of the liquid. The Weber number must be >1 in order to
produce a stable jet [24].

Vega et al. [21] experimentally and numerically investigated the effect of these key
parameters on jetting stability and mapped the regions of stability and instability using
the dimensionless We and Re numbers. From their stability/instability maps, stable jetting
tends to occur at relatively higher We and Re numbers, i.e., where the inertial force is
dominant. They reported that the transition from unstable to stable regions is mainly
determined by the jet dynamics rather than the geometrical parameters. The relative effect
of the fluid property parameters, i.e., density, viscosity, and surface tension, are more
dominant when working with viscous liquids and very thin liquid jets. Vega et al. also
reported that the optimum values for H and Q increase with increasing orifice diameter.
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2.2. Main Parameters for Mixer Design

Imaging the dynamics of biomolecules requires sample delivery devices that incorpo-
rate micro-mixers capable of efficient mixing with sub-millisecond and millisecond mixing
times [25]. The main parameters that are used for the design and evaluation of efficient
mixers for integration into mix-and-jet sample delivery devices are the Reynolds number
(Re), Peclet number (Pe), and the mixing efficiency (ηmixing) [19].

The Peclet number is the ratio of convective mass transport rate to the diffusion mass
transport rate and is given by:

Pe =
ul
D

(5)

where l is the length of the mixing path, and D is the diffusion coefficient. The chaotic
advection effect that is induced by the geometry of the passive mixer microchannels leads
to local increases in the velocity and, consequently, an increase in the Pe values.

The evaluation of mixing in microchannels is usually achieved by measuring the de-
gree of mixing at different cross-sections within the mixing channel. This can be quantified
using the normalised concentration, c*, defined as

c∗ =
c − cmin

cmax − cmin
(6)

where c is the concentration of the species in solution, and the subscripts indicate the
minimum (min) and maximum (max) concentration values.

The mixing efficiency (ηmixing) is defined as

ηmixing = 1 −

√√√√ 1
N

N

∑
i=1

(
c∗i − c∗m

c∗i

)2

(7)

where N is the number of sampling points, c∗i is the normalised concentration at point i,
and c∗m is the mean normalised concentration.

3. Fabrication Methods

There are numerous techniques that are used for the fabrication of integrated mix-and-
inject devices. The materials used to fabricate these devices are specially chosen in order
to address the key challenges of sample solution compatibility and mechanical stability.
Based on the particular fabrication method, the devices can be fabricated with either planar
or circular microchannels.

3.1. Co-Axial Capillary Devices

The use of co-axial capillary nozzles for the acceleration of a laminar liquid stream
to create microscopic free-standing jet flows was first introduced by Ganan-Calvo [22].
Since then, various innovative developments in GDVNs have been reported for their
implementation as sample delivery devices for serial femtosecond crystallography (SFX)
using XFELs [8].

The capillary devices typically consist of two co-axial glass capillaries, which are
co-aligned to form a GDVN. For a typical capillary-based GDVN [26], the liquid sample
capillary has an outer diameter of about 50 µm and is tapered at the end. The surrounding
co-axial capillary that allows the gas sheath stream to pass has an inner diameter of around
70 µm; with an average liquid sample flowrate of around 10 µL/min, this results in the
creation of a liquid jet with a diameter of 4 µm. The conventional fabrication of the
GDVN nozzles involves fabricating the individual nozzles by hand, which can result in
inconsistent device characteristics. An example of the lengthy 6-step fabrication procedure,
shown in Figure 2, was described in detail by Calvey et al. [27,28], which involves multiple
flattening, polishing, tapering, and centring steps that require access to custom-designed
chucks and jigs. However, using glass capillaries has the significant advantage of high
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pressure and solution pH resistance and, as a result, has been the most commonly used
method for sample delivery for molecular imaging with XFEL [8,29].

Figure 2. Glass capillary-based GDVN devices. (a) overview of the multi-step device fabrication process (reprinted with
permission from Reference [28]). (b) Optical composite images of the completed devices (reproduced with permission from
Reference [27] and Reference [28]).

Beyerlein et al. [30] introduced an easier and faster manufacturing technique for
fabricating capillary nozzles based on ceramic micro-injection moulding. Their method
offers a higher resolution (~1 µm) and reproducibility whilst having the advantage of
also working at lower flow rates and being stable with respect to high pressures, making
them compatible with SFX experiments. Zahoor et al. [31,32] performed comprehensive
Computational Fluid Dynamics (CFD) studies of ceramic GVDN’s based on the Volume of
Fluid (VOF) and Finite Volume Method (FVM). Their simulation covers a wide parameter
space of liquid Reynolds numbers within the ranges of 17–1222, different geometrical
parameters, and Weber numbers in the range of 3–320, which can be used for adjustment of
the nozzle geometry design and operating conditions for specific liquid samples. However,
the ceramic nozzle moulding method also has significant disadvantages, including the
high manufacturing cost of the micro-injection moulding tools and misalignment of the
inner capillary.

3.2. Lithography-Based Microfluidics

Soft lithography using Polydimethylsiloxane (PDMS) is another conventional method
for the fabrication of microfluidic devices. This fabrication approach is fast, high resolution,
reproducible, and cost-effective, and allows for the fabrication of high aspect ratio mi-
crochannels. Trebbin et al. [33] first reported mix-and-inject microfluidic devices fabricated
using a 3-layer bonding PDMS technique, as shown in Figure 3. The technique enables
the fabrication of microchannels with different depths, integrating the GDVN nozzle onto
a single microfluidic chip, and producing nozzle arrays. Their microfluidic chip could
generate liquid jets with diameters ranging between 0.9 and 20 µm. They reported a range
of jet diameter, jet length, and the operating conditions under which their devices were
able to produce stable jetting under both atmospheric and vacuum conditions.
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Figure 3. Illustration of the multilayer 3D PDMS microfluidic GDVN devices (reproduced with
permission from Reference [33]).

Feng et al. [34] reported the fabrication of a microfluidic sprayer based on a two-layer
PDMS technique for use as an alternative to the conventional pipetting/blotting method
of cryo-EM for depositing liquid sample droplets on the EM grid. They reported that
by changing the sprayer-grid distance and gas pressure, the ice thickness of the droplets
could be controlled. Their proposed micro sprayer has the potential to be implemented for
solving the structure of apoferritin using single-particle cryo-EM at high resolution.

Microfluidic GDVN nozzles have also been implemented for the production of mi-
crofibers. Zhao et al. [35] used soft lithography with PDMS to fabricate a double flow-
focusing nozzle microfluidic chip for the production of microfibers. The double-nozzle tech-
nique, using DI-water as a sheath flow, prevents drop formation near the exit of the nozzle
and generates a continuous stream of microfibers into the atmosphere. Hofmann et al. [36]
implemented the same multilayer PDMS bonding technique used by Trebbin et al. [33] to
fabricate a microfluidic nozzle device for the generation of ultrafine fibres. Their approach
takes advantage of the GDVN principle, which leads to the creation of a steady and con-
tinuous stream of uniform microfibers. Precise control over the microfiber diameter and
morphology could be achieved by adjusting the air pressure and solution flow rate.

Devices made using the soft lithography method with PDMS suffer from low solvent
and pressure resistance, which are significant disadvantages when they are employed
for molecular imaging using synchrotron and XFELs, compared to the original glass
capillary-based GDVNs. Marmiroli et al. [37] presented a micromachining technique using
X-ray lithography to engrave 60 µm thick channels into polymethyl-methacrylate (PMMA)
slides, as demonstrated in Figure 4. They used finite element simulations to optimise the
geometrical parameters in order to combine a micromixer with a free-standing liquid jet for
time-resolved molecular studies at sub-0.1 ms resolution. Their microfluidic injectors were
employed for synchrotron small-angle X-ray scattering (SAXS) measurements studying the
formation of calcium carbonate from calcium chloride and sodium carbonate. The fastest
recorded dynamics that they were able to track occurred on a timescale of just 75 µs.
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Figure 4. Schematic of the micromixer fabrication process from Marmiroli et al. [37]. (a) The production of an intermediate
X-ray mask using Electron beam lithography, (b) replication of the mask by soft X-ray lithography, (c) fabrication of deep
micromixer channels on PMMA using Deep X-Ray Lithography (DXRL), (d) adhesive bonding of the device. (reproduced
with permission from Reference [37]).

Koralek et al. [38] proposed a microfluidic glass chip fabricated using standard hard
lithography to create sub-micron liquid sheets, as depicted in Figure 5. They performed
optical, infrared, and X-ray spectroscopies to measure the thickness of the liquid sheet,
which was found to range from approximately 20 nm to around 1 µm. The liquid sheet was
stable for flow rates between 150 and 250 µL/min and a gas flow rate of around 100 SCCM.
The nanometer-thick sheet could have transformative potential for applications in infrared,
X-ray, electron spectroscopy studies.

Figure 5. Microfluidic GDVN for ultrathin liquid sheet generation. (a) The microfluidic chip
(6 × 19 mm) with gas and liquid ports incorporated, (b) liquid and gas microchannel can be distin-
guished via the introduction of blue dye into the liquid channel, (c) the jet regime varies as a function
of gas pressure, (d) a detailed view of the alternating orthogonal liquid sheet structure (reproduced
with permission from Reference [38]).
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Hejazian et al. [39–41] have proposed a novel SU8 on glass technique to fabricate
mix-and-inject devices suitable for experiments at both the synchrotron and XFEL. The
use of SU8 for the fabrication of the microchannels provides high chemical inertness and
X-ray stability, which is further supported by a glass body to increase the mechanical
rigidity making it suitable for enduring high pressures. The microchannels were made
using high-resolution photolithography, which offers reproducibility and facilitates the
fabrication of serpentine-shaped mixer microchannel structures. The integration of a planar
passive micromixer demonstrated a superior mixing performance compared to a straight
channel micromixer. Schematics of the 3D design of the jig, the liquid jetting, and the
mixing component are demonstrated in Figure 6. Furthermore, they observed three distinct
jetting regimes, including the ultrathin liquid sheets reported by Koralek et al. [38], which
are achievable by only adjusting the operating conditions with a single device.

Figure 6. The SU8 on glass microfluidic mix-and-jet devices, (a) 3D schematics showing how the
microfluidic chip is interfaced to tubing using a custom-made jig, (b) the ribbon regime created by
the microfluidic mix-and-jet devices under gas flow rates ranging from 162 to 234 mg/min and liquid
flow rates of 80 to 100 µL/min, (c) mixing of water and a diluted fluoresceine salt solution in the
serpentine mixing component (reproduced with permission from Reference [39]).

Vakili et al. [42] presented a prototyping technique based on laser ablation of Kapton®

polyimide foils for the fabrication of a microfluidic chip GDVN, shown in Figure 7. Kapton®

foils of 125 µm thickness were micromachined using a 193 nm argon fluoride (ArF) excimer
laser and bonded to each other using hot embossing. The use of Kapton® sheets has the
advantages of having high chemical inertness and x-ray transparency which makes these
devices ideal for serial crystallography experiments at synchrotrons and XFELs as well as
SAXS measurements at these facilities.
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Figure 7. Schematic of the fabrication process of Kapton® GDVN devices. (a) Alignment and hot embossing bonding of the
Kapton® foils, (b) stacking order of the bonding procedure, (c) microscopic image of the finished GDVN device showing
gas and liquid microchannels (reproduced with permission from Reference [42]).

3.3. Three-Dimensional Printed Microfluidic Devices

The fabrication processes discussed above typically involve time-consuming manual
steps and have only limited capability for making complex true 3D micro-features. The
3D-printing fabrication technique has recently gained attention as a fully digital and auto-
mated rapid-prototyping method for producing small batches of customised microfluidic
devices [43,44]. The technique also reduces assembly work due to the capability of printing
chip holders and the chip-to-tubing connections [45].

Despite the current challenges in microfluidic 3D printing [11], for example, the com-
paratively low throughput, there have been numerous successful reports on the utilisation
of submicron resolution 2-photon polymerisation (2PP) 3D printing techniques and using
IP-S resist (Nanoscribe GmbH, Karlsruhe, Germany) printing material for the fabrication of
mix-and-inject devices. Nelson et al. [46] introduced a 3D printed GDVN sample delivery
device for time-resolved studies using an XFEL. They implemented a submicron resolution
2PP 3D printing technique to fabricate nozzle tips, which were glued to gas and liquid
capillaries. The off-axis jetting of their first device was corrected by adjusting the design
of the nozzle tip, characterised using X-ray tomography, achieving a straight jet. The
3D printing method was able to overcome the geometrical constraints of conventional
fabrication methods, and their device was able to achieve stable jetting with a gas pressure
lower than for glass GDVNs.

Galinis et al. [47] introduced 3D printed nozzles to create a stable thin liquid sheet jet
in a vacuum, using high resolution (0.2 µm) direct two-photon laser writing. They used a
custom-made plate holder for batch printing of the nozzles and the average printing time
for each nozzle was around 2 h. The devices could withstand pressures of up to 8 bars
and achieve a jet thickness within the range of 1.02–4.58 µm at 9.1 mL/min under both
vacuum and normal atmospheric conditions. Wiedorn et al. [48] used the 3D printed nozzle
design first reported in Nelson et al. [46] for high-resolution structure determination of hen
egg-white lysozyme (HEWL) microcrystals (6–8 µm in diameter) using megahertz serial
femtosecond crystallography (SFX) at the SPB/SFX beamline at the European XFEL. The
3D printed devices were able to deliver the sample using high-speed liquid jets with a
1.8 µm diameter at speeds of between 50 and 100 m/s to match the megahertz repetition
rate, which is equivalent to a total of 150–1200 pulses per second. They found that the
high-speed jet speeds produced by the 3D printed sample delivery device combined with
the megahertz beamline could significantly reduce sample consumption and the data
acquisition time.

Bohne et al. [49] have reported on a hybrid fabrication method consisting of 2PP 3D
printing the nozzle head onto a 2D microfluidic silicon-glass chip fabricated via lithography.
The method omits the assembly steps for connecting the nozzle tip to the liquid sample
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and gas channels, which previously required gluing of the capillaries to the nozzle tip. The
device was capable of generating stable jets under atmospheric and vacuum conditions,
with a 1.5 µm diameter at a liquid flow rate of 1.5 µL/min, and a more than 20 µm
diameter at a flow rate of 100 µL/min. The hybrid method allowed for integrating multiple
microfluidic components on a single chip to make custom-designed sample delivery devices
to suit a particular sample’s characteristics.

Nazari et al. [50] employed 2PP 3D printing with an IP-S material to fabricate a GDVN
nozzle which had an asymmetric design. Their method was able to achieve submicron
resolution printing with a printing time of between 35 min to a few hours. The device could
establish stable jets with speeds greater than 170 m/s, which is suitable for MHz XFEL
experiments. They systematically characterised the liquid jets produced by the device and
reported the jet diameter, length, speed, and Weber number as a function of the gas sheath
flow rate by using a dual-pulsed nanosecond image acquisition and analysis method.

Knoska et al. [51] reported an optimised 2-photon stereolithography 3D printing tech-
nique achieved by adjusting the print resolution during fabrication to reduce the printing
time for mix-and-inject sample delivery devices to minutes. The designed assembly and
the liquid jet created by the device are demonstrated in Figure 8. The devices could achieve
submicron jets with jet speeds higher than 200 m/s, suitable for megahertz time-resolved
structural biology studies at XFELs. They also fabricated and tested a double-orifice nozzle
for creating narrower jets with a reduced sample consumption for liquid jet samples. They
introduced the X-ray microtomography technique for the characterisation of their 3D mil-
lisecond mixer component of the devices. Their 3D integrated micromixer consisted of a
series of 180◦ turn helical elements that facilitate high mixing efficiencies, minimising iner-
tial forces to avoid damaging the microcrystals in the liquid sample whilst maintaining a
constant cross-section to prevent blockage of the device. The fabrication methods and their
advantages and limitations that were discussed in Section 3 are summarised in Table 1.

Figure 8. Three-dimensional printed double-flow-focusing GDVN. (a) The design assembly consisting of inserting three
glass capillaries into a machined 10 cm long aluminium body, (b) 3D schematics of the gas orifice with three capillary
inlets for gas, liquid sample, and sheath flow, (c) the 3D printed nozzle in operation jetting a solution containing 3 µm
Hemoglobin crystals (reproduced with permission from [51]).
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Table 1. Summary of fabrication methods (see Section 3) along with their pros and cons.

Fabrication Method Pros Cons

Co-axial capillary devices fabricated via
glass extrusion [27,28]

High pressure and solution pH resistance
and uses well-established

fabrication methods.

Arduous manual intervention required
during fabrication and assembly;

poor reproducibility.

Co-axial capillary devices fabricated via
ceramic micro-injection moulding [30]

Good reproducibility and reduced
fabrication complexity compared to glass

co-axial capillary devices.

Manual intervention required during
fabrication, processing, and

device assembly.

Microfluidic injector devices fabricated in
PDMS [33–36]

Straight forward fabrication protocols,
reproducible results, high

spatial resolution.

Lack of mechanical stability and chemical
inertness. Can only handle low pressures.

Deep X-Ray Lithography (DXRL) in
PMMA [37]

Reproducible fabrication and
high resolution.

Requires access to a synchrotron
beamline; low PH resistance due to

using PMMA.

Microfluidic glass chip fabrication using
hard lithography [38]

High spatial resolution and
reproducibility. Chemically and

mechanically robust.

Costly manufacturing processes
involving a high degree of complexity.

Microfluidic SU8 on glass lithographic
fabrication [39–41]

Simple fabrication achieving high
resolution combined with chemical and

mechanical inertness and
design lexibility.

Requires additional micromachining to
produce the device inlet and outlet.

Laser ablation of Kapton® polyimide
fims [42]

High resolution, and high chemical and
mechanical inertness.

Manual alignment required during
fabrication employing
laser micromachining.

Microfluidic devices fabricated via 3D
nanoprinting [46–51]

Automated rapid-prototyping, high
spatial resolution, and

reproducibility possible.

Requires manual assembly and use of
glass capillaries, limited flexibility in

terms of geometry.

4. Characterisation Techniques

The fabricated devices require lab testing and calibration before being implemented
as sample delivery devices for applications such as molecular imaging at XFEL facilities.
In this section, we summarise the standard methods that were used for the characterisation
of mixing and jetting within integrated microfluidic mix-and-jet sample delivery devices.

4.1. Jetting Analysis

The analysis of jetting is mostly conducted through microscopic imaging of the mi-
crojet to map the stable and unstable regions as a function of the operating parameters,
e.g., gas pressure and liquid flow rate. Vega et al. [21] used a Complementary Metal-
Oxide-Semiconductor (CMOS) high-speed video camera (Photonfocus MV-D1024-160F,
Photonfocus AG, Lachen, Switzerland) to image the fluid meniscus and the jet. The nozzle
was illuminated using an optical fibre connected to a light source. An auxiliary charge-
coupled devices (CCD) camera, positioned perpendicularly with respect to the CMOS
camera, was used to assess the asymmetricity of the flow focusing by acquiring images of
the liquid meniscus. The imaging setup was mounted on an optical table with a pneumatic
antivibration isolation system for analysing both the stability of the liquid jets and the
behaviour of the liquid meniscus.

Galinis et al. [47] measured the thickness of thin liquid sheet jet flows created by their
3D printed nozzles using white light interferometry using a 633 nm He–Ne laser. An optical
fibre was used to guide the light into a spectrometer (OceanOptics HR4000, 200–1100 nm,
Ocean Optics, Inc., Largo, FL, USA), and the peak values of the focused white light spectral
interferograms were used to determine the absolute thickness and flatness of the liquid
sheet under both atmospheric pressure and in vacuum conditions.
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Beyerlein et al. [30] examined jet stability and break up using a Photron FASTCAM SA4
camera (Photron PTY Ltd., Tokyo, Japan), with a frame rate of 500,000 frames per second
and a shutter speed of 1 microsecond, for imaging. The high-speed camera was equipped
with a 12× Ultra-Zoom motorised lens and a 10× objective lens to provide a resolution
ranging from 0.3 to 3 µm/pixel to image both the jetting (with speeds of up to 20 m/s)
and the 10 µm droplets, created after the jet break-up. Schematics of the experimental
setup are depicted in Figure 9. Their fast-imaging setup takes advantage of an illumination
source consisting of a Karl Storz xenon lamp generating a uniform background, which
was coupled to a pulsed laser source to improve the time resolution. Bohne et al. [49]
used the same setup as Beyerlein et al. [30] for measurements of liquid jets created by their
3D printed device under atmospheric pressure conditions. They used an environmental
scanning electron microscope (SEM, EVO MA 25, Carl Zeiss AG, Oberkochen, Germany)
to conduct the measurements under near-vacuum conditions of 100 Pa.

Figure 9. The layout of the testing station used to characterise the nozzle jetting performance under
vacuum (reproduced with permission from Reference [30]).

Knoska et al. [51] carried out submicron jet diameter measurements, with jet speeds
of over 200 m/s, using a nanosecond double flash imaging. The laser light generated
by the dual-pulse laser system (Nano S 50-20 PIV, Litron Lasers, Rugby, Warwickshire,
England, UK) illuminated Rhodamine 6G dye (252433, Sigma–Aldrich, St. Louis, MO,
USA) to determine the jet velocities directly from the recorded images. They measured jet
diameters as small as 536 nm, at a liquid flow rate of 2.4 µL/min, and a gas flow rate of
22.5 mg/min, using their imaging setup.

4.2. Mixing Analysis

The most common and straightforward method for investigating mixing in microflu-
idic devices is using a Confocal Fluorescence Microscope (CFM) for fluorescent imaging
and then analysing the fluorescent intensity profiles to determine the mixing efficiency.
Fang et al. [52] implemented a CFM for imaging and quantifying the 3D mixing patterns in
microfluidic mixer devices, as shown in Figure 10. They used fluorescent intensity analysis
to quantify the mixing efficiencies of the micro-mixers. In addition, they captured clear
fluorescent images of the mixing patterns, which demonstrate flow advection and mass
exchange. Inguva et al. [53] proposed a high-speed velocimetry technique for measuring
fluid speeds of up to 10 m/s in microchannels to study chaotic mixing in microfluidic
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devices. They implemented a CFM equipped with a water-immersed Olympus UPLSAPO
60XW (Olympus Corp, Shinjuku City, Tokyo, Japan) objective to image a diffraction-limited
confocal volume. Velocity profiles were established from analysing the data acquired at
different depths within the micro-mixer. Their experimental method could measure fluid
speeds with a 20% margin of error.

Figure 10. Confocal Fluorescence Microscope (CFM) for fluorescent imaging for mixing analysis.
(a) Schematic diagram of the CFM system used by Fang et al., (b) schematics of the microfluidic
mixer channel, and the cross-sectional fluorescent images depicting the progression of chaotic mixing
along the mixer (reproduced with permission from Reference [52]).

Xi et al. [54] used Optical Coherence Tomography (OCT) to examine and compare
mixing efficiencies of three micro-mixers: a Y channel mixer, a 3D serpentine mixer, and
a vortex mixer. They reported that significantly more accurate estimations of mixing
efficiencies and flow velocity profiles could be achieved using the OCT method. The
visual overlap of fluid flows when using confocal microscopy results in more accurate
estimations of mixing efficiencies. Jiang et al. [55] used two-photon fluorescence lifetime
imaging microscopy to visualise and study millisecond chaotic mixing dynamics inside
microdroplets in an integrated droplet-based microfluidic serpentine mixer device. A flow
rate of 1 µL/min was used for the sample streams, and 1.5 µL/min for the sheath flows
with a 50 × 40 µm2 microchannel cross-section. Their fluorescent intensity analysis results
show that the mixing efficiency inside the droplets can reach up to 80% after 18 ms.

Witkowski et al. [56] utilised micro-Particle Image Velocimetry (micro-PIV) to map the
velocity profiles within passive micromixers. The images were acquired using an inverted
laboratory microscope equipped with a 5.5-megapixel resolution camera. A laser light
beam illuminates the fluorescent particles with a diameter of 1 µm, suspended in the carrier
liquid flowing through the mixer microchannel. Yang et al. [57] proposed a method to si-
multaneously determine both the velocity and concentration profiles in microfluidic devices
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using micro-PIV and particle counting. They used a confocal fluorescence microscope for
imaging the flow of microparticles inside the mixer microchannel. They used two distinct
algorithms to track the displacement of microparticles for velocity profile determination
whilst counting particles of different colours for resolving the concentration distribution.

Huyke et al. [58] investigated both small time scales of mixing and homogenous
residence times of a co-axial hydrodynamic focusing mixer using a fluorescein–iodide
quenching reaction. A 50 mM fluoresceine sample was first hydrodynamically focused
by a buffer sheath and then focused again by a 500 mM KI sheath, as shown in Figure 11.
All solutions contained 20 mM Tris and 10 mM HeCl (Sigma–Aldrich, St. Louis, MO,
USA) at a measured pH of 8. The mixing times for the fast-quenching fluorescent reaction
were determined by fluorescent imaging using an inverted microscope equipped with a
suitable illumination source. The mixing efficiencies were then quantified by analysing
the fluorescent intensity of the acquired images. The mixing and jetting characterisation
techniques that were discussed in Section 4 are summarised in Tables 2 and 3.

Figure 11. Experimental images of a hydrodynamic focusing mixer evaluated with the fluorescein-
iodide quenching reaction technique for three sheath flow rates (Qsh) to sample flow rate (Qsa) ratios
(Qsh/Qsa), (a) flow rate ratio of 100, (b) flow rate ratio of 1000, (c) flow rate ratio of 5000. At lower
sheath to sample flow rate ratios, the sheath species diffuse into the sample stream (reprinted with
permission from Reference [58]).

Table 2. Summary of the techniques used to characterise liquid jetting (see Section 4).

Method Schematic Comments

Complementary
Metal-Oxide-Semiconductor (CMOS)

high-speed video camera [21]

Used to measure the stability of
the liquid jet and to study the

behaviour of the liquid meniscus.
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Table 2. Cont.

Method Schematic Comments

White-light interferometry [47]

Measures the absolute thickness
and ‘flatness’ of the liquid sheet

under both atmospheric pressure
and vacuum conditions.

High-speed microscopic
imaging [30,49]

Used to study the liquid jet
stability and the break up of the

jet into microdroplets.

Nanosecond double flash
imaging [51]

Used to determine the jet velocity
and jet diameter.

Table 3. Summary of the techniques used to characterise microfluidic mixing (see Section 4).

Method Schematic Comments

Confocal Fluorescence
Microscopy (CFM) [52]

CFM is able to image and
quantify the 3D mixing

patterns on the microfluidic
device.

High-speed velocimetry [53]

Applied to the study of
chaotic mixing via

measurements of the fluid
velocity.
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Table 3. Cont.

Method Schematic Comments

Optical Coherence
Tomography (OCT) [54]

Enables an estimation of the
3D mixing efficiency.

Micro Particle Image
Velocimetry (PIV) [55–57]

Can be used to map the
velocity profiles within
passive micromixers.

Fluorescein–iodide quenching
reaction [58]

Enables measurement of the
mixing times and mixing

efficiencies

5. Summary and Perspectives

The recent advances in molecular imaging techniques using cryo-EM, XFEL, and
synchrotron facilities necessitates the precise and controlled delivery of mixed solutions.
Microfluidic technology has shown promise in addressing the sample delivery needs for
molecular imaging technology over recent decades. Here, we have reviewed the recent ad-
vances in the emerging field of integrated mix-and-jet microfluidic sample delivery devices.

We introduced the main parameters required for the design of these integrated devices.
The nozzle component is mainly designed based on the GDVN principle and integrated into
the microfluidic device to generate free-standing liquid jets. The primary dimensionless
parameters to be considered for the nozzle design and characterisation of the jet are We
and Re. Passive micromixers are commonly used to trigger biomolecular reactions, taking
advantage of chaotic advection and rapid millisecond mixing. The main dimensionless
parameters to be considered for the design of a passive mixing component are Re and Pe,
whilst ηmixing can characterise the mixing in the mixer microchannel. Additionally, we
critically reviewed the techniques used for the fabrication of the mix-and-inject devices.
Conventional capillary-based methods for the fabrication of the sample delivery devices
are laborious and irreproducible, providing only limited versatility to integrate complex
passive micromixers. Numerous techniques for the fabrication of chip-based microfluidic
mix-and-inject devices were reported to replace the previous capillary-based techniques.
Most of the chip-based planar methods enable the fabrication of rigid and chemically inert
devices whilst taking advantage of the design freedom, high resolution, and reproducibility.
Recently, 3D printed mix-and-jet microfluidic devices have shown great promise for XFEL
single-particle imaging and SFX studies. The new technology facilitates fast and low-cost
fabrication of fully 3D mixer and nozzle components that outperform both capillary and
on-chip sample delivery devices. Furthermore, we summarised the standard experimental
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techniques used for the characterisation of both mixing and jetting. For these measurements,
both high-speed optical imaging and fluorescent signal analysis were used.

Incorporating GDVN nozzles with microfluidics technology is still a new concept that
will open up a host of new applications in many areas, especially in the biological and
life sciences. Currently, most of the published references in this field are proof-of-concept
of mix-and-inject experiments in which new device architectures and designs are often
introduced. In the near future, we can expect to see more reports describing innovative
designs and solutions to apply these devices to a range of different fields, including
fundamental chemistry and physics, polymer fabrication, the study of the kinetics of
nanoparticles, and biomolecular imaging.
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Abstract: Artificial cilia-based microfluidics is a promising alternative in lab-on-a-chip applications
which provides an efficient way to manipulate fluid flow in a microfluidic environment with high
precision. Additionally, it can induce favorable local flows toward practical biomedical applications.
The endowment of artificial cilia with their anatomy and capabilities such as mixing, pumping,
transporting, and sensing lead to advance next-generation applications including precision medicine,
digital nanofluidics, and lab-on-chip systems. This review summarizes the importance and signifi-
cance of the artificial cilia, delineates the recent progress in artificial cilia-based microfluidics toward
microfluidic application, and provides future perspectives. The presented knowledge and insights are
envisaged to pave the way for innovative advances for the research communities in miniaturization.

Keywords: artificial cilia; microfluidics; flow manipulation; biological/medical applications

1. Introduction

Biological cilia are hair-like microscopic structures found on the outer surfaces of nearly
every mammalian cell. These microscopic structures allow the cells to interact and sense
their surrounding environment [1]. The length of cilia usually varies between 2–15 µm, and
they possess complex internal structures comprised of outer doublet microtubules, central
microtubules (Axoneme), and dynein arms, which further determines cilia’s function
as well as their motion. According to their functions, biological cilia can be broadly
classified into two major groups: motile and non-motile, or primary cilia [2]. The cilia
could be identified, whether motile or primary, using the arrangements of nine pairs of two
microtubules with two central pair-structure known as axonemes. In general, if the cilium
is with nine pairs of two microtubules but without two-central pair apparatus, the cilium is
widely considered as primary cilium. On the other hand, if the cilium has nine pairs of two
peripheral microtubules with two central pair microtubules, the arrangement is considered
a motile cilium [3,4]. Motile cilia exhibit spatial, temporal, and even oriental asymmetry in
their motion to generate flow around them. In contrast, the non-motile cilia are stationary
by nature and act as a sensor. Applications of motile cilia are immense. Motile cilia on the
outer membrane paramecia help them propel in the fluid 10 times faster than their body
length. Additionally, the cilia on the outer surface of the juvenile starfish allow them to
select food by creating vortices around them [5,6]. Non-motile cilia can be found on the
kidney tubule, where they sense the direction of urine flow and direct the cells accordingly.
The motile cilia exhibit a planar motion and beat in a straight path during the forward
stroke and roll back to their original position by moving close to the surface in a tangential
manner during the recovery stroke. This spatial asymmetry can generate a substantial flow
around the cells [1]. Similarly, cilia on the embryo nodal cell exhibit a tilted conical beating
path that produces the fluid flow to determine further left-right symmetry in the body [7,8].
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Microfluidics is the science of manipulating the amount of fluid with channels, where
at least one dimension is generally in a range of 10~1000 µm [9]. Microfluidics exploits
its most apparent characteristic, such as its miniaturized size to efficiently handle a small
amount of fluid in a minimal time scale. The flow physics of microfluidics is purely laminar,
and the viscous force dominates over the inertial force in the flow regime. Hence, it is
quite challenging to manipulate the fluid flow in the microfluidic environment due to the
effect of the viscous force. As discussed earlier, nature provides an ingenious way for the
microorganisms and eukaryotic cells to manipulate the flow around cells by means of cilia.
Taking inspiration from the natural cilia, artificial cilia have now been fabricated in the labo-
ratory environment to manipulate the fluid flow within the microfluidic environment. The
applications and usages of these artificial cilia-based microfluidic devices are unparalleled.

In the past two decades, the development of microfluidics and artificial cilia research
has increased drastically. The existing reviews on microfluidic based devices focused on any
specific topics. For instance, the studies were focused on particular actuation techniques
like magnetics [10–14] and light [15], specific applications like mixing [12], robotics [16] and
particle manipulation [11,17,18], or fabrication techniques like 3D printing [19]. Few excel-
lent reviews are presented in the field of artificial cilia-based microfluidic devices [20,21].
These reviews have extensively discussed the principles of artificial cilia, fabrication pro-
cesses, actuation mechanisms, modeling of their motion, etc. Along with these fundamental
aspects, this review article has put particular emphasis on describing various biological as
well as the industrial applications of these artificial cilia-based microfluidic devices. This
will not only bridge the existing knowledge gap in the field of artificial-based microfluidics but
will also provide a perspective towards future applications and possible research directions.
The arrangement of the article is delineated as follows. First, the importance of the natural cilia
dynamics was discussed, followed by the description of the fabrication techniques for artificial
cilia and the respective actuation methodologies. In the following sections, dynamic beating
behaviors of artificial cilia and their applications in microfluidics were also illustrated. Their
roles in contemporary applications were discussed. Finally, in view of the general summary,
an outlook on conclusions and future perspectives was offered.

2. From Natural Cilia to Artificial Cilia

Natural cilia are hair-like structures that perform the operations such as feeding,
swimming, transporting, moving, and sensing functions in almost all cell types [22–25].
In motile natural cilia category, their applications in coral reef [22] and the respiratory
tract [23] towards particle transportation is exemplary. The natural cilia in the coral surfaces
generate metachronal wave motion to create flows using the asymmetric dynamic beating
behavior. Due to this flow behavior, the materials such as oxygen and nutrients are
transported without the typical wave streams [22]. The natural cilia shielded on the lumen
within the human respiratory tract transport the dust and bacteria to remove towards the
oropharynx [23]. Natural cilia in the Cactus spines and trachea are well regarded for their
directional transporting ability due to their asymmetric motion and anisotropic surface.
Beating natural cilia with amorphous sheets and dense tufts can create the propulsion
forces which facilitate the locomotion in many species [26–28]. Depending upon the size of
the organisms, the functions of the natural cilia vary. For example, including the surface of
starfish larvae, many organismic ciliary structures were evolved towards facilitating their
feeding. The non-motile natural cilia perform sensing operations and adapt to the ambient
atmosphere [23]. They were used for sensing work to defend the predators and sense the
food and atmosphere in the Animalia kingdom. The natural cilia in the spider tarsi legs
sense air flow and other vibrations. The external vibration makes the natural cilia bend
where the electrical impulses create and reach the spiders [23].

Motivated by these biological cilia, congeners such as artificial cilia have been ad-
vanced and exploited in microfluidics and micro/nanorobotics to realize performances of
propelling, transporting, moving, and mixing [29–35]. Even though the in-depth informa-
tion and uses of artificial cilia in transportation, moving, and sensing will be seen in the
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upcoming chapters, the insights into the evolvement of artificial cilia from natural cilia are
explained here by detailing their participation with examples of each significant applica-
tion. Wang et al. [15] fabricated magnetically actuated cilia using Polydimethylsiloxane
(PDMS) and cobalt powder by biomimicking cactus spines and trachea cilia in favor of
transportation. The artificial cilia were capable of transporting hydrogel slices directionally
using their anisotropic surface and asymmetric motion. The asymmetric stroke of the
artificial cilia in the sequential magnetic field drove the hydrogel forward. The asymmetric
beating behavior and metachronal wave motion are two intriguing benefits exploited using
artificial cilia [16,28,29]. The nonreciprocal or asymmetric beating behavior was achieved
by creating the difference in the swept area of forward and recovery strokes of artificial
cilia [30]. The nonreciprocal motion was measured by the difference between the swept
area of the artificial cilia tip and the swept area of the semicircle. The semicircle was created
by the artificial cilia length as the radius. The direction of the particle transportation can
be adjusted by changing the levels of forward and recovery strokes [31]. The out-of-phase
behavior or the phase difference in the neighboring artificial cilia raised the oscillating
waves above the surface of the artificial cilia, known as metachronal wave motion. Another
study was reported [34] in favor of transportation, in which the photo-actuated artificial
cilia were obtained by mimicking the Paramecium aurelia’s complex mechanical functions
and surface responsiveness. The light-controllable cilia were fabricated using Diarylethene
and are capable of transporting objects, demonstrated to transport the polystyrene bead
(PB) of 1 mm in diameter. Recent bioinspired artificial cilia established from natural cilia
for transporting ability are reported elsewhere [23,30,31,34,36–40]. Inspired by the starfish
surface, researchers designed ciliary bands [29], which can be actuated by ultrasound. The
ciliary band was successfully demonstrated for locomotion, trapping polystyrene particles,
and transportation of water droplets.

The biomimetic inventions have not ended here—the establishments are also reflected
in sensing artificial cilia. For sensing, conceptual-wise, the working principle of the artificial
was designed similar to the working principle of natural cilia. Artificial cilia for sensing
have two sections. The first section is the cilia part where typical magnetic particles (Car-
bonyl iron powder (CIP) and, neodymium-iron-boron (NdFeB)), PDMS, glass fibers, and
polymer materials were used. The second section is the signal processing section. Graphene
nanoplatelets [41], carbon nanotubes (CNTs), SiO2, carbon nanofiber, iron nanowires, and
AgNW were employed as the sensing/signal processing part [41–48]. Signals such as the
piezoelectric and piezoresistive types were created due to cilia bending and processed
through the signal processing units [41]. For instance, in the study [42], the high aspect ratio
(HAR) artificial cilia were fabricated by replicating goldfish’s neuromasts and arthropod
filiform hair. The HAR cilia sensor was comprised of PDMS cilia structure, and graphene
nanoplatelet infused microchannel. The change in resistance of graphene nanoplatelet was
realized in the presence of external flow or touch over the PDMS cilia sensor.

3. Fabrication Techniques for Artificial Cilia
3.1. Micro-Molding Fabrication Techniques

The magnetically actuated artificial cilia fabricated by means of micro-molding tech-
niques required a less complex fabrication process and considered precise by nature. This
fabrication technique is one of the template-based fabrication techniques. The micro-mold
fabrication process involves four critical steps. The first step is to pattern the mold corre-
sponding to the artificial cilia. The second process introduces the polymer material to the
pattern. The third step is arranged for the solidification of the pattern. The final step is sep-
arating or peeling off the artificial cilia. Chen and his team [49–55] fabricated a wide range
of artificial cilia with universality using micro-molding fabrication processes. For instance,
Wu et al. [56] demonstrated a micro-molding fabrication process that involves a series of
computerized numerical control (CNC) micromachining processes towards preparing the
mould for artificial cilia., PDMS-magnetic composite casting was carried out followed by
PDMS casting to create the structure of artificial cilia and its microfluidic environment.
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Following the PDMS casting, the sample was kept in the hot plate for curing at 90 ◦C before
secluding the artificial cilia [56]. The critical challenge coming up with magnetic artificial
cilia is their size, as they are considered relatively oversized than the natural cilia. Re-
cently, the magnetic artificial cilia [57] were showcased of the same size (Radius = 200 nm,
Length = 6µm) as their counterpart (i.e., biological cilia). The proposed magnetic artificial
cilia were fabricated using a tailored molding process. Figure 1A illustrates the use of
micro-molding fabrication process towards the fabrication of multi-segmented magnetic
artificial cilia. The fabrication was carried out following processes such as: (i) artificial cilia
were patterned in an acrylic sheet, (ii) magnetic and PDMS mixture were poured into the
pattern, (iii) the pattern was cured on the hot plate at 85 ◦C for 48 h, (iv) procedures of
peeling-off artificial cilia from the acrylic substrate and the following magnetization of the
artificial cilia.

3.2. Photolithography Fabrication Techniques

The photolithography fabrication technology was used to fabricate soft patterned
thin film on the substrate using light. In general, UV light is a popular alternative to
this technique. Still, various lights with different wavelengths, such as X-rays, visible
light, and extreme UV rays, were also employed depending on the requirements. In a
study [58] where a two-step lithography process was employed to fabricate nickel-iron
(Ni-Fe) permalloy-based artificial cilia by the researchers. In the first step, Cu’s sacrificial
layer was sputtered on the negative photoresist material (NR9 1500Py Futurex), followed
by the Ni-Fe layer. The desired thickness of the artificial cilia was defined by the deposition
of Ni-Fe. The ciliary structures were formed after removing the photoresist material using
acetone. In the second step of lithography, the ciliary structures were pinned on the glass
substrate using the Ti anchor to hold the cilia on the substrate. Then, the sacrificial Cu layer
was removed by 5% ammonium hydroxide solution.

The photolithography fabrication technique is preferred over some other fabrication
techniques for the following reasons. The first reason is that this technique offers high
precision. In addition, this method is highly controlled together with high throughput,
compared to the bead self-assembly [59,60], which required additional control [58]. The
recent discussions and approaches over photolithography processes to fabricate artificial
cilia can be found elsewhere [29,44,61,62]. Figure 1B illustrates the photolithography
fabrication process depicted fabricating magnetic artificial cilia following processes such
as: (i) substrate preparing, (ii) anchor preparing, (iii) cilia body layer preparing, (iv) ciliary
shape developing, (v) cilia coating, and (vi) peeling-off.

3.3. 3D/4D/5D Printing Fabrication Techniques

Previously explained, micro-molding and photolithography fabrication technolo-
gies are limited because different molds need to be used for different designs in the
micro-molding fabrication process. The photolithography fabrication technology requires
photoresist, external light sources, the repeatability of the lithography process, and the
cleanroom fabrication setup. In the 3D printing technique eliminates these extensive ex-
periment setups and various sizes of artificial cilia could be made without fabrication
complexity. A 3D CAD diagram was used to design the three-dimensional artificial cilium
to fabricate it under computer programming [63]. The 3D printing technology for artificial
cilia was well illustrated by Liu et al. [64]. Recent discussions and approaches over 3D
printing technology (Figure 1C) to fabricate artificial cilia can be found in some recent
articles [41,42,46,65].

In 2004, 4D printing technology for multi-material [66] was proposed by by S. Tibbits.
In the 4D printing technique, the programmed multi-materials can morph their shape over
a period of time, even after they came out of the printer. Recently, 4D printing of artificial
cilia was proposed by Tsumori et al. [67]. The printing system printed out the 3D artificial
cilia whose anisotropy could be changed simultaneously. Next to 4D printing, 5D-printing
was proposed by Tsumori et al. [68] for the magnetic artificial cilia. In this process, three
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design parameters (x, y, z) were used to fabricate the artificial cilia’s shape. Two more
parameters (θ, ψ) were utilized in aligning magnetic chain clusters. Five design parameters
(x, y, z, θ, ψ) were optimized simultaneously.

3.4. Facile Bottom-Up Approaches

The facile bottom-up approach is one of the template-free fabrication methods which is
unconstrained and the artificial cilia made by this process is highly flexible by nature. This
approach involves simple fabrication and operating steps. Timonen et al. [69] demonstrated
the facile bottom-up approach (Figure 1D) to fabricate the magnetic artificial cilia. The
magnetic particle such as cobalt was mixed with the solvent toluene and elastomeric poly
(styrene-block-isoprene-block-styrene) polymer. Poly (tetrafluoroethylene) (PTFE) was
used as the substrate in the study. The suspension was ultrasonicated for 10 s to have
the high aspect magnetic artificial cilia. In addition, the bottom-up approach was used
to fabricate the minimal model system [70] comprised of microtubule (MT) bundles and
molecular motors. The exemplified minimal model system was demonstrated to resemble
the beating behaviors of the eukaryotic cilia and flagella by self-assembling the MTs and
molecular motors.

3.5. Roll-Pulling Approaches

The roll-pulling approach was showcased by the researchers in the study [71] where the
custom-made setup was comprised of aluminum roll, substrate, and the precursor medium.
The aluminum roll was surrounded by magnetic pillars fabricated by soft lithography.
The aluminum roll and glass substrate were separated in a particular gap and rotated
with a constant line speed with the help of a rigid string to eliminate friction. The glass
substrate was carried the precursor medium comprised of magnetic particles and PDMS.
The precursor medium was then pulled by the pre-molded magnetic pillars during the
roll rotation and became filaments of a certain length before breaking. The dimensions of
magnetic filaments can be adjusted by the size of micro-pillars and the line speed of the roll
and substrate. The proposed fabrication technique has advantages over other fabrication
techniques in terms of scaling down the dimension of artificial cilia. For example, the 3D
printing technology [42] for PDMS artificial cilia is challenging to fabricate high aspect ratio
cilia. It required additional attention to print out PDMS polymer materials for microchannels
and biomimetic structures (with less than 150 µm diameter) due to its size limitation.

3.6. Self-Assembly Fabrication Techniques

Wang et al. [60] demonstrated a new affordable in-situ fabrication process named the
self-assembly technique. In this fabrication process, micro-sized beads were self-assembled
and constructed to form the artificial cilia and encapsulated with soft polymer coatings.
The self-assembly approach for the artificial cilia has been illustrated in Figure 1E [59]. The
self-assembly approach was comprised of three electromagnets. The three electromagnets
were arranged orthogonally to direct the applied magnetic field. The superparamagnetic
particles were assembled to create the artificial cilium due to the controlled magnetic field.

3.7. Field-Effect Spinning Approaches

High sensing performance can be exploited by developing artificial cilia with identical
sensory functions. The field-effect spinning (FES) method was reported in the study [72] for
the fabrication of artificial cilia. In the previously reported conventional approach, the fiber
filaments were pulled without direction. In contrast to the above-mentioned approach, the
FES method was demonstrated to produce the vertical and uniformly sized artificial cilia.

3.8. Dip-Coating Fabrication Techniques

The dip-coating fabrication technique can be used for the fabrication of large size
ciliary structures. High aspect ratio shapes can be fabricated using this approach with the
following of four steps. In the first step, to give the shape to the ciliary structure, the metals

29



Micromachines 2022, 13, 735

like stainless steel pins were used along with the dielectric material. In the second step, the
fixture, the dielectric material, and the spaces between the cilia were covered by rubber
shims. In the third step, the structure was removed from the downside, and the dielectric
material followed the structure of the previously placed fixture immediately. In the fourth
step, the downside channels were sealed. The step-by-step fabrication processes along flow
charts can be found in the study [73].
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pattern, (iii) cured in the hot surface plate at 85 ◦C for 48 h, and (iv) procedures of peeling-off artifi-
cial cilia from the acrylic substrate and magnetization. The figure was reproduced with permission
from [55], under a Creative Commons BY Non-Commercial No Derivative Works (CC BY-NC-ND
4.0) license, published by Elsevier, 2021. (B) Photolithography fabrication process depicted fab-
ricating magnetic artificial cilia using the fabrication following processes: (i) substrate preparing,
(ii) anchor preparing, (iii) cilia body layer preparing, (iv) ciliary shape developing, (v) cilia coating
and (vi) peeling-off. The figure was reproduced with permission from [74], published by John Wiley
and Sons, 2011. (C) 3D printing fabrication process illustrated to manufacture magnetic artificial
cilia.The 3D printing technique was based on stereolithography. Initially, the resin material was
poured, and the UV laser of 355 nm was employed to cure. The cilia body were magnetized using
a permanent magnet. The surface of the substrate was set at the level of the layer. The substrate
table went down to form the next layer after the curing process of the previous layer, and the process
was repeated until the desired shape was achieved. The figure was reproduced with permission
from [68], published by the Society of Photopolymer Science and Technology (SPST), 2018. (D) The
facile bottom-up approach in which elastomeric poly (styrene-block-isoprene-block-styrene), toluene,
and magnetic particles were mixed, and the mixture was ultrasonicated. A PTFE dish was placed in
the aqueous medium (left). The setup was kept in the magnetic field. As a result of the magnetic field,
the conical structure was formed by magnetic particles, but the polymer was still in the suspensions
(middle). Toluene evaporated the suspension when the polymer material covered the empty holes
between the magnetic particles and artificial cilia were fabricated (right). The figure was reproduced
with permission from [69], published by the American Chemical Society, 2010. (E) Self-assembly
approach in which three magnetic coils were arranged orthogonally to render the magnetic field. The
artificial cilium was created by assembling the superparamagnetic particles due to the magnetic field
(right). The figure was reproduced with permission from [59], published by the National Academy
of Sciences, 2010.

4. Artificial Cilia Actuation Methodologies
4.1. Optical Actuation Techniques

Optical actuation is the wireless actuation technology preferred in autonomous wire-
less microsystems [75]. Optically actuated cilia were established from materials consisting
of acrylates or methacrylates and liquid-crystal polymer entailing azobenzene dyes us-
ing inkjet printing technology [76]. The visible light had a wavelength of 455–550 nm,
and ultraviolet light was used to get the desired bending and complex movements of the
artificial cilia in the water. The optical actuation method for the artificial cilia has been
illustrated in Figure 2A. The figure illustrates the light actuation process demonstrated by
Broer et al. [77]. The artificial cilia were made by the cross-linked polymers functionalized
with azobenzene. The polymer was responsive to light and prototyped to transport the
particles in the aqueous medium.

4.2. Electrostatic Actuation Techniques

Electrostatic actuation is done by the force between the conducting electrically charged
objects. The electrostatic force used to actuate the artificial cilia can be attractive or repulsive.
Den Toonder et al. [78] demonstrated such artificial cilia, which had a length and width
of 100 mm, and 20 mm, respectively, and was made of polyimide (PI) and chromium (Cr).
The artificial cilia had been electrostatically actuated for microfluidic applications. The
rapid ciliary motion of the produced cilia was suitable for delivering the fluid flow over
0.6 mm/s [78]. The recent straightforward method to find the fluid flow velocity can be
found elsewhere [79]. The Electrostatic actuation method for the artificial cilia has been
illustrated in Figure 2B [80]. The setup comprised one moving electrode in the center,
sandwiched by multiple ciliary electrodes deposited on two fixed electrodes on the outside.
The electrostatic force was released in the spaces between moving and ciliary electrodes
when the applied voltage was exerted between the fixed and moving electrode. Due to the
electrostatic force, the moving electrode displaced towards the fixed electrode in parallel as
well as perpendicular manner.
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4.3. pH Actuation Techniques

The pH actuation is predominantly used for hydrogel actuators. But the actuation
of hydrogel cilia was not limited to pH alone [81]. Hydrogels can be swelled and shrank
over 10% of their original volume due to specific stimuli such as temperature (T), light,
pH, etc., [82]. It gets attention due to the recent development of microfluidics and MEMS,
increasing the need for small devices to work in microscale platforms. Hydrogels are the
3D polymer networks with 99 wt % of water. Changing pH intensity was used to stimulus
artificial cilia for hydrogel actuation [21,81]. In the study [83], hydrogel-actuated artificial
cilia were fabricated using micropost arrays and microfins. The actuators can be bent and
upright straight by treating acids and bases. The soft lithography technique is ideal for
manufacturing hydrogel artificial cilia [84]. The schematics of the pH actuation process for
hydrogel cilia is seen in Figure 2C.

4.4. Resonance Actuation Techniques

In the resonance actuation technique, the artificial cilia were actuated under the
resonance of the lead– zirconate–titanate (PZT) microstage. The piezoelectric transducer
was excited by a signal generator. Photolithography microfabrication technique and deep
reactive ion etching (DRIE) were used to fabricate the master mold. PDMS polymer was
filled in the mold to manufacture the artificial cilia [85,86]. The resonance-actuated cilia-
assisted micromixers can provide an efficient uniform mixing performance than diffusion-
and-vibration mixtures [86].

4.5. Magnetic Actuation

Many actuation techniques exist to actuate the artificial cilia to harness the desired
motions and deliver specific applications. But most actuation techniques have their draw-
backs hindering their applications in biological domain. This is the primary reason why
the researchers have turned their attention to the magnetic actuation system. For example,
the electrostatic actuation system cannot be used for biological fluid because it leads to
electrolysis [21,87]. Similarly, water is necessary for the hydrogel actuation of artificial
cilia. In the air, water molecules gets absorbed, which leads to a long response time of
a few hours even for miniaturized cilia [82,88]. Artificial cilia can be actuated using a
permanent magnet [68,89–91] or electromagnet [49,50,92–95]. Both symmetric and asym-
metric motions can be obtained from artificial cilia under the influence of the magnetic
stimuli [49,58,96–99].

4.5.1. Electromagnetic Actuation

Chen et al. [98] demonstrated the electromagnetic actuation technique for the artificial
cilia using the custom-built electromagnetic system with four magnetic coils to achieve
real time actuation for various microfluidic applications. The Electromagnetic actuation
method for the artificial cilia has been illustrated in Figure 2D [56]. The figure shows the
electromagnetic actuation comprised of four solenoidal coils. The complete algorithm to
actuate a series of artificial cilia using a single electromagnet can be found elsewhere [95].

4.5.2. Permanent Magnetic Actuation

Rotating a permanent magnet is the alternative method requiring less effort and com-
plexity towards artificial cilia actuation [100]. Hanasoge et al. [58] achieved the asymmetric
beating of artificial cilia by rotating the permanent magnet. The study reported that mag-
netic actuation induced the forward stroke; recovery stroke by releasing the accumulated
elastic force. The asymmetric beating was achieved by the interplay of elastic, magnetic,
and viscous forces. Figure 2E illustrates permanent magnetic actuation in which the per-
manent magnet of 0.5 T magnetic field was used to actuate the nano-artificial cilia. The
magnetic field was sufficient to generate the deflection up to 7 µm, equivalent to 20◦ of
bending angle of artificial cilia.
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4.6. Acoustic Actuation Techniques

The need for simple fabrication and straightforward actuation for the artificial cilia
in lab-on-chip applications is in high demand. Orbay et al. [101] fabricated the artificial
cilia using initial photolithography and UV polymerization technique which eliminated the
complex magnetization process. The artificial cilia were actuated using the piezoelectric
transducer (PZT) (81-7BB-27-4L0, Murata Electronics, Japan). The thin epoxy layer was
used to connect the PZT to the optical path of the PDMS microchannel. The piezoelectric
transducer was driven by the sine waves induced through the function generator. The RF
amplifier (25A250A, Amplifier Research, USA) was used to amplify the sine waves. The
artificial cilia were tested for the mixing operation where the fluorescein and DI water were
used. It was found that the increment of mixing performance and complete mixing can be
achieved by the voltage up.

4.7. Electric Stimulation Actuation Techniques

The electric stimulation actuation technique is practically advantageous for the remote
and precise control of the artificial cilia. In this approach, the ciliary structures were made
of dielectric material. The dielectric materials were polarized due to the dielectrophoresis
in the alternating current (AC) electric field when the dielectric nanoparticles were aligned
along the electric field direction, leading to the deformation of the artificial cilia. In the
study [102], BaTiO3 was used as the dielectric nanoparticles along the PDMS cilia body.
Dielectric fiber materials were used in a recent study [73]. By converting external physical
cues into electric impulses using the piezoelectric or triboelectric effect principles, this
actuation technique can also opt for sensors.

4.8. Induced Charge Electro-Osmosis Using AC Electric Field Techniques

The Induced charge electro-osmosis (ICEO) cilium was fabricated using a basic self-
organizing process [103–105] demonstrated by Sugioka and the team. A graphite rod was
immersed in the deionized water and intercalated between two Cu electrodes. As shown in
Figure 2F, initially, SW1 was turned off. SW2 was turned on by applying DC electric voltage
(Vo) between two Cu electrodes for duration tDC (30–120 s), which led to the formation of
Carbon artificial cilia at position Xo. The fabricated artificial cilia had a fibrous network
which was identified using energy-dispersive x-ray spectroscopy (EDS). SW1 was turned
on to actuate the artificial cilia by applying AC electric peak voltage between the graphite
rod and the right Cu electrode at time tAC, when the non-fixed end of artificial cilia (Xo)
moved with the deflection range h. The prototyped artificial cilia were capable of producing
asymmetric motions. Using the same ICEO and implementing AC electric field principle, a
metachronal wave motion was showcased by actuating three artificial cilia with different
lengths [106]. Recently, ICEO actuated artificial cilia were demonstrated to transport the
square-shaped polyethylene object [107].

4.9. Pneumatical Actuation Techniques

The artificial elastomers were actuated using the pressure sources created by electro-
pneumatic actuators. Pneumatically actuated artificial cilia were showcased by Milana
and the team [108], where six monolithic PDMS cylinders were offset two times to provide
large deflection and swept area. Twelve pressure inputs and pneumatic valves were used
to control the six elastomers. Pressure inputs and valves were controlled by the Lab view
graphical user interface (GUI). The air inside the elastomer could be diffused with glycerol
due to the pressure. The artificial cilia were filled with water to avoid this problem. As
a result, the pneumatic signal was converted to hydraulic signals. Figure 2G illustrates
the experimental setup of pneumatic actuation. In the same group’s previous study [109],
the step-by-step fabrication process of two pneumatic artificial cilia was shown. The
two independent pneumatic actuators were used to deliver two degrees of freedom and
spatial asymmetry. Figure 3F illustrates the pneumatic actuation technique in which two
pneumatic actuators are actuated using dedicated pressure sources. Each actuator has an
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inflatable cavity body. Similar pneumatic microactuators which were fabricated using the
micro-molding processes are reported here [110,111]. Onck et el. [36] established a study
where the mixing, pumping, and transport capability of pneumatically actuated artificial
cilia were analyzed numerically and experimentally. The study further reported that the
antiplectic metachronal wave motion increases the mixing and transportation above and
below the ciliary surfaces.
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were the effective linear distance the objects covered (right). The figure was reproduced with
permission from [77], published by John Wiley and Sons, 2016. (B) The electrostatic actuation
setup comprised two fixed electrodes, one moving electrode, and multiple ciliary electrodes (top).
The electrostatic force was released in the spaces between moving and ciliary electrodes when the
applied voltage was exerted in between the fixed and moving electrode. Due to the electrostatic
force, the moving electrode moved towards the fixed electrode parallel and perpendicularly. The
figure was reproduced with permission from [80], published by the Institute of Electrical Engineers,
2004. (C) The schematics of pH actuation process for hydrogel artificial cilia. The hydrogel response
towards pH was shown (left). The figure was reproduced with permission from [83], published by
John Wiley and Sons, 2011. (D) The schematics of electromagnetic actuation for artificial cilia. The
algorithm was fed into the system to create pulse width modulation through which the artificial cilia
were actuated using electromagnet coils. Inset: The beating trajectory of the artificial cilia. The figure
was reproduced with permission from [56] under a Creative Commons BY (CC BY) license, published
by MDPI, 2017. (E) Permanent magnetic actuation in which the permanent magnet of 0.5 T magnetic
field was used to actuate the nanorod artificial cilia. The magnetic field was sufficient to generate the
deflection up to 7 µm, equivalent to 20◦ of bending angle of artificial cilia. The figure was reproduced
with permission from [100], published by the American Chemical Society, 2007. (F) ICEO artificial
cilia actuation using the electric field (details of the experimental setup were discussed previously
in the Induced charge electro-osmosis using AC electric field section). The figure was reproduced
with permission from [103] under a Creative Commons BY (CC BY) license, published by AIP, 2020.
(G) The strategy of pneumatic actuation (details of the experimental setup were discussed previously
in the pneumatic actuation section). The figure was reproduced with permission from [108], under a
Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) license, published by the
American Association for the Advancement of Science (AAAS), 2020.

4.10. Thermal Actuation Techniques

Recent studies demonstrated that the self-swinging motion of the pendulum could be
made by the asymmetrical heat transfer from the pendulum to the immersed medium [112].
Based on this principle, nichrome wire was used as the heat engine to actuate the cilium by
Sugioka et al. [113]. The nichrome wire was used as a resistance wire. The artificial cilium
was self-swinged in the nucleate boiling regime due to the asymmetrical heat transfer. DC
electric charge was sent to the U-shaped wire immersed in the deionized water to set up
the nucleate boiling regime. The same group achieved the metachronal wave motion in the
low Reynolds number regime [114] using pendulums of different lengths.

4.11. Actuation Techniques for Multi-Responsive Artificial Cilia

The ability to respond to multiple stimuli makes artificial cilia known for a wide range
of locomotive potential, advanced applications, and functions. The multi-responsive ability
leads artificial cilia to next-generation intelligent robots. The cilia body comprises more than
one responsive material to response multiple stimuli [115,116]. For instance, Mendes and
team [117] fabricated the artificial cilia using electro-responsive gel and magneto responsive
nanoparticles. The body of the artificial cilia can deform in the different pH concentrations.
As a result of this ability, artificial cilia can be used to detect the pH. Similarly, another
artificial cilia array was reported [118], fabricated using the PDMS and CrO2 nanoparticles.
The study has discussed the multi-responsive technique [119], where apart from actuating
artificial cilia through the magnetic field, the shape can be further reconfigured through
photo-thermal heating.

5. Dynamic Beating Behaviors of Artificial Cilia

The flowing nature created by the beating of artificial cilia can be manipulated
by the beating trajectory [51,120]. The dynamic beating behaviors also took an impor-
tant place in the nonreciprocal nature of cilia, resulting in spatial asymmetry and fluid
transportation [7,8]. The beating trajectories were configured and optimized to improve
the mixing can be found elsewhere [49,78,92]. The dynamic beating behaviors can be either
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symmetric or asymmetric by nature. The structures and motion of the motile and primary
cilia were illustrated in Figures 3A and 3B, respectively, followed by the symmetric and
asymmetric dynamic beating behaviors of artificial cilia.

5.1. Symmetric Dynamic Beating Behaviors

Wu et al. [56] demonstrated the symmetric trajectory beating of artificial cilia to
achieve both mixing and micropropulsion operations. The observed mixing efficiency and
fluid flow rate of micropropulsion operation were 0.84 and 0.089 µL/min, respectively.
Chen et al. [50] analyzed the mixing performance for three different trajectories. They are
1. circular, 2. back-and-forth oscillation, and 3. figure-of-eight pattern of artificial cilia. Out
of the above three trajectories, figure-eight efficiently provided the mixing performance in
the highly viscous fluids. The mixing performance was increased to 0.86 from 0.79 [121].
All the reported beating trajectories were great examples of symmetric dynamic beating
behaviors. The symmetric dynamic beating trajectory of the artificial cilium is illustrated
in Figure 3C. Figure 3D illustrates two different symmetric trajectories which have been
tested to analyze the mixing operation.

5.2. Asymmetric Dynamic Beating Behaviors

In contrast to symmetric motion, the studies [59,122] showed that asymmetric motion
and improper coordination lead to complex fluid flow. The study of the asymmetric
dynamic beating behaviors proved that conical activity is the best and simplest asymmetric
nonreciprocal motion [123]. Vilfan et al. [59] demonstrated a nonreciprocal beating by
inducing the conical rotation using magnetically actuated artificial cilia. The artificial cilia
rotate at the angular frequency ofω = ϕ/t. By changing the semi-cone angle, the pumping
efficiency of the cilia could be adjusted. Figure 3E illustrates the tilted conical path, which
is the best example of the asymmetric motion of the self-assembled cilia.

In low-Re number flow regimes, the fluid propulsion was achieved by the motion
asymmetric beating of cilia. Out of a wide range of motion asymmetry, the spatial asym-
metry was induced by the difference in the effective and recovery strokes trajectory is
challenging to achieve and difficult to control. Milana et al. [109] attained this type of
asymmetry using two pneumatic actuators with individual control. The performance of the
artificial cilia was tested with asymmetric beating trajectories, as shown in Figure 3F Flow
measurements have shown that the two degrees of freedom could generate fluid propulsion
in the low Re number regime. It was found that the mixing using the asymmetric motion
of artificial cilia was 1.34 times higher than the mixing obtained using the symmetric move-
ment of the artificial cilia [98]. The recent discussions on asymmetric actuation trajectory
induced by the artificial cilia can be found elsewhere [58,98].
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Figure 3. The dynamic beating behaviors of artificial cilia. (A) Structure and motion of motile
biological cilia. The figure was adapted from [124] under a Creative Commons BY (CC-BY 4.0) license,
published by IBIMA Publishing, 2015. (B) Structure and motion of primary biological cilia. The
figure was adapted from [124] under a Creative Commons BY (CC-BY 4.0) license, published by
IBIMA Publishing, 2015. The dynamic beating trajectory behaviors for artificial cilia were depicted as
symmetric beating behavior [50,56] and asymmetric beating behavior [59,109] in schematics. (C) The
symmetric dynamic beating trajectory of the artificial cilium has been illustrated by the 2D schematic.
The figure was adapted from [56] under a Creative Commons BY (CC BY) license, published by MDPI,
2017. (D) Two different symmetric trajectories have been tested to analyze the mixing operation. The
figure was reproduced with permission from [50], published by the Royal Society of Chemistry, 2013.
(E) The superparamagnetic colloidal particles were assembled to create artificial cilia in the magnetic
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field. The artificial cilium was actuated under the influence of the homogeneous magnetic field.
The tilted conical path observed by the artificial cilium was the most uncomplicated asymmetric
motion used to pump the fluid. The figure was reproduced with permission from [59], published by
the National Academy of Sciences, 2010. (F) The performance of the artificial cilia was tested with
asymmetric beating trajectories. The figure was reproduced with permission from [109], published
by John Wiley and Sons, 2019.

6. Artificial Cilia for Microfluidic Applications

The significant property of microfluidics is that they are capable of delivering practical
applications such as mixing, separating, trapping, transporting, and pumping, which
involves a small amount of fluid. Passive microfluidic devices such as capillary flow
devices might be exploited to get the aforementioned processes done. However, the size
and efficiency of such devices are debatable. Integrating an artificial cilia-like setup within
microfluidic environment leads to further miniaturization of microfluidic devices. The
flexibility in their structural rigidity, actuation capability, and flow generation capability
makes artificial cilia as necessary components for the microfluidic devices. Applications
of artificial cilia range from lab-on–chip, sensing, particle manipulation, soft robotics, and
biomedical devices etc. Several prominent applications in the aforementioned areas are
discussed underneath.

6.1. Flow Propulsion

Microfluidic channels/devices have difficulties with biochemical reactions due to
contamination and limited flow rates. The artificial cilia were positioned within the mi-
crochannels to generate regulated fluid flow by actuating them with respect to the external
stimuli. For instance, in the study [99], varying the magnetic particle distribution during
the artificial cilia fabrication process led to four kinds of versatile flows: circulatory fluid
flows, direction-reversible flows, oscillating flows, and pulsatile flows. Besides solving
the problems of limited flow rate and contamination, the proposed artificial cilia pump
increased the options of fluids to manipulate. In intelligent robots and microfluidic devices,
integrating both functional device capable of both sensing and pumping was challenging.
Kong et al. [125] demonstrated the self-adaptive magnetic photonic nano-chain cilia arrays
to address this issue. The importance of the metachronal wave motion and the asymmetric
dynamic beating behavior were briefly explained earlier. The artificial cilia were indulged
in the different experimental setups to achieve those characteristics for better pumping
performance. Surprisingly, the strategy is different from that in natural cilia. Toonder
et al. [62,126] demonstrated two different ways to achieve metachronal wave motion, and
their unique benefits were also discussed. First [126], a custom-made magnetic actuation
setup provided a non-uniform magnetic field. The metachronal wave was achieved by
causing adjacent cilia to move out of phase in the non-uniform magnetic field. The com-
bined effect of inertia force, metachronal and asymmetric wave motion of artificial cilia
created the velocity of 3000 µm/s in water medium and 60 µm/s in pure glycerol in the
low Reynolds number of 0.05. In the second approach [62], the magnetic artificial cilia
were actuated in the uniform magnetic field. However, during the curing process, the
magnetic artificial cilia (MAC) array was kept on the group of rod-shaped magnets with
an alternating dipole orientation with each neighboring magnets for the remanent mag-
netization and paramagnetic particle distribution. The metachronal motion was achieved
using this strategy during magnetic actuation in the uniform magnetic fields. Apart from
pumping capability, the reported MAC, could climb in the slopes from 0◦ to 180◦ and carry
weighs of 10 times higher than the MAC array. The proposed artificial cilia shed light on the
applications of swimming microrobots, biofouling, and on-chip micropumps. In addition,
recently, an explicit study [127] established a scientific investigation on the metachronal
coordination of the artificial cilia towards the generated fluid flow. In the study, M.Sitti and
his team concluded that the antiplectic metachronal coordination waves of the artificial
cilia improved the fluid flow. The magnetically actuated artificial cilia of same size as the
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natural cilia (~10 µm) were fabricated using the microfabrication approach for this study.
Concerning the viscosity of the fluid, magnetic torque, and elastic forces of the infinites-
imal segment of the artificial cilium, the scaling analysis on the cilia length of the single
cilium were conducted. The established study not only proved that the induced flow was
enhanced by the integration of the non-reciprocal motion and metachronal coordination
but also unveiled the implications of boundary surfaces of artificial cilia, locations of the
defects, properties of fluid environment towards the resulted fluid flow in the Re number
as same as the biological counterparts of the artificial cilia.

The presence of the artificial cilia in the electroosmotic pumps needs to be noticed
very well for future bioinspired thermal micro/nanofluidic technologies. Recently, Saleem
et al. [128] numerically analyzed the transportation of thermally radiated nanofluid in the
microchannel in which the inside layer was settled with artificial cilia. In similar physical
conditions, parameters such as electric potential, directional flow, velocity, pressure, tem-
perature, and entropy generation were numerically analyzed by the same group [129–131].
Outside osmotic pumps, a numerical study [132] was reported to examine the heat transfer
in the rectangular channel under the influence of the mechanical stirrer or artificial cilia.
The study was proposed to find the heat increment or reduction over the increasing Re and
Peclet number.

6.2. Mixing

The nature of the microfluidic regime is highly different from the microfluidic regime,
due to the viscous force dominates the inertia force. Hence, mixing any reagent with
the fluid medium is difficult in microfluidic devices. The challenge is to create a per-
fect/complete mixing in this microfluidic regime. Artificial cilia are well-known actuators
for mixing and considered as an active microfluidic device. They have outperformed
diffusion and vibration-induced mixers. Studies further reveal that the artificial cilia-based
mixers enable the mixing operation more than the passive micromixers [133]. Researchers
investigated artificial cilia to improve the mixing performance; as a result, fields from hydro-
gen production to microalgae growth can benefit from it. In terms of hydrogen production,
a study stated the importance of artificial cilia mixing in photocatalytic activity [134]. Pho-
tocatalytic activity of g-C3N4 involves a recycling problem and the efficiency of hydrogen
production is low. Researchers incorporated artificial cilia in the photocatalytic process in
which graphene oxide (GO) was used as a bridge between the ciliary array and g-C3N4.
Figure 4A illustrates the relationship between the increasing mixing performance and the
actuation frequency of artificial cilia over time. Surprisingly, hydrogen production was
improved under the influence of actuated artificial cilia by 75% compared with the control
group with a static state. Moreover, the problem of recycling was resolved by employing
artificial cilia. More on the photocatalytic activity improvement using optimized artificial
cilia is discussed later in the photocatalysis section.

Artificial cilia with multifunctional abilities were made to develop bioinspired systems
through which a broad spectrum of applications were made [135]. Figure 4B illustrates the
result of the mixing experiment conducted by the artificial cilia in metachronal and nodal-
like synchronous motions. Significant mixing performance was achieved by nodal-like
synchronous motion and the overall performance barely affected by the arrangement.

In biochemical analyses, droplet-based digital microfluidics and medical diagnosis,
fluid droplet manipulations such as directional transportation and mixing are necessary.
However high-speed mixing, and high-volume droplet transportation are challenging.
Zhou et al. [136] fabricated artificial cilia with super-hydrophobicity which were actuated
by permanent magnets. Such artificial cilia were demonstrated to achieve complete mix-
ing in ~1.5 s, and it is 60 times improvement compared with typical diffusional mixing.
Figure 4C illustrates the mixing performance of the magnetic responsive film shielded
by the micro-level artificial cilia and the relationship between mixing performance and
frequency. Thanks to the permanent magnet that generated superhydrophobicity without
any additional surface salinization, the superhydrophobicity lasted even after all the tests
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such as pressing, mechanical abrasion, chemical reactions, and sand abrasion. In the con-
cept of acquainting both superhydrophobicity and wettability in the artificial cilia, a novel
fabrication approach [30] was introduced by researchers. Figure 4D illustrates chemical
reactions such as transportation and mixing of starch and iodine droplets by artificial cilia.
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frequencies to diffuse the blue ink in the water medium. The figure was reproduced with permission
from [134], published by the American Chemical Society, 2020. (B) The mixing experiment was
conducted by the artificial cilia in metachronal motion and nodal-like synchronous motion. Signif-
icant mixing performance was achieved by nodal-like synchronous motion barely affected by the
arrangement. The figure was reproduced with permission from [135], published by John Wiley and
Sons, 2021. (C) The mixing performance of the magnetic responsive film shielded by the microlevel
artificial cilia was reported here. Complete mixing of fluorescent droplets was achieved in 1.6 s.
The relationship between mixing performance and the frequency was plotted (right). The figure
was reproduced with permission from [136], published by the American Chemical Society, 2021.
(D) Under the influence of the magnetic field, microchemical reactions such as transportation and
mixing of starch and iodine droplets were demonstrated by artificial cilia. The figure was reproduced
with permission from [30], published by John Wiley and Sons, 2021. (E) The experimental setup used
for microalgae culture embedded with artificial cilia mixing subsets: microalgae growth under (b) no
cilia (c) static magnetic artificial cilia (d) motile magnetic artificial cilia. The figure was reproduced
with permission from [137], under a Creative Commons BY Non-Commercial No Derivative Works
(CC BY-NC-ND 4.0) license, published by John Wiley and Sons, 2021.
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Microalgae such as Scenedesmus subspicatus is an essential product in food, biofuel,
and many bio-products. In recent days, microalgae have been cultured in microfluidic
channels. A study [137] reported use of magnetic artificial cilia to improve the growth rate
of microalgae by creating flow and mixing. Using plasma treatment, hydrophilic artificial
cilia were made. The mixing performance induced by the hydrophilic and hydrophobic
artificial cilia improved the microalgae growth by ten times and two times, respectively,
compared with the control group. The experimental setup used for microalgae culture
embedded with artificial cilia mixing was illustrated in Figure 4E. In the figure, the subsets
showcased the microalgae growth under (b) no cilia, (c) static artificial cilia (d) motile
artificial cilia.

To improve mixing, magnetic artificial cilia were facilitated in the microchannel by
researchers, and numerous physical attributes were analyzed both theoretically and experi-
mentally [50,98,138,139]. However, mixing various reagents in the microsized platforms
requires real-time adaption in the beating trajectory of artificial cilia. As a result of the
issue, researchers intended to control the artificial cilia using fingertip drawing through
remote control [138]. The artificial cilia setup was tested with four different trajectories.
The built-in method was a perfect figure of eight pattern. The observed results showed the
mixing performance of approximately 0.8 in 8 s, which is practically advantageous for a
highly viscous medium. In general, Newtonian fluids [140], water and ink [86], silicone
oils [78], high viscous dyed solutions [50], DI water and a fluorescent dye [141], colored
dye solutions [133], and aqueous glycerol solution [49] were used to calculate the mixing
performance by researchers.

6.3. Sensing

Several types of research have been conducted towards the design development of
artificial cilia sensors [48,142–152]. The artificial cilia sensors were designed to be used in
the marine system’s sensors [153,154], flow sensors [48,155,156], force sensors [150], and
tactile and texture sensors. The hydrophone is the ideal example of artificial cilia-based
sensors designed and fabricated to use in marine system sensors. Annulus-shaped ciliary
hydrophone [153] was recently established by mimicking the neuromasts in lateral fish
lines by the researchers. The reported ciliary hydrophone can be used to determine the
ship’s motion. The proposed annulus ciliary-shaped sensor outperformed the previously
reported bionic cilium-shaped sensor by the same group [154]. In response to the need for
flow sensors, Alfadhel et al. 2014 [48] designed and developed a magnetic nanocomposite
artificial cilium-like structure on a magnetoimpedance (GMI) thin-film sensor. The ciliary
pillars have high elasticity and deflect corresponding to external flow resulting in a net
change in mean magnetic intensity value perturbing the impedance of the GMI sensor.
By relating the change in impedance to the flow property, the relation was established
to quantify the flow. This sensor can detect air and water flow with the sensitivity of
24 mΩ (mm)−1 s and 0.9 mΩ (mm)−1 s, respectively [48]. The ciliary nanowires can be
used as the tactile sensor to sense the touch and flow manipulations which were connected
to the giant magneto-impedance (GMI) sensor. When the artificial cilia were touched
by flow or humans, the magnetic intensity on the GMI sensor was disturbed, and thus
the force could be detected [142,157]. Ribeiro et al. utilized a giant magnetoresistance
sensor (GMR) and devised a simulation model to fabricate ciliary force sensors for various
robotic applications [146]. Figure 5A illustrates the tactile Sensor for harsh environmental
conditions. The stray magnetic field of the giant magnetoresistive (GMR) sensor was
changed when the cilia were deflected due to touching. The changes in the magnetic field
led to the variation in the resistance by which external force was sensed [152]. In robotics,
the skins of robots were expected to have sensitivity with high accuracy; as a result, the
robots can have comparable quality to the human skins. A study was proposed where
the electronic cilia (EC) [158] could sense both magnetic field and pressure. The reported
electronic cilia (EC) were designed and demonstrated to use in e-skin. Researchers claimed
that the benefit of the integrated pressure-magnetic field sensor EC is more remarkable than
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piezoresistive sensors [45,159] and magnetic sensors. Figure 5B illustrates that the cilia-
inspired flow sensor comprised the artificial cilium and the mini shaker. Dielectric material
was connected to the mini shaker, and it was kept at the ciliary tip in the rest position
with the tip displacement response pointing towards the flow. Triplicate measurements
of the tip displacement were conducted when the dielectric was actuated at the constant
frequency of 35 Hz [45]. Nanotubular cilia with polyimide substrate on the nonpatterned
Anode Aluminum Oxide (AAO) templates and Cr and Au deposition by sputtering created
a non-harmful flexible temperature sensor which was successfully tested on the eggshell
without electrical failure (Figure 5C) [160]. Another study [44] was recently established where
the magnetized nanocomposite artificial cilia were embedded with working magnetoresistive
sensors. The fabricated sensors sensed the mature level of the strawberries and blueberries
nondestructively. Small-sized nano ciliary arrays are sensitive and accurate to transport
the vibration with the triboelectric effect. Due to this feature, nanometer ciliary arrays were
demonstrated to be used as vibration sensors which were illustrated in Figure 5D as ubiquitous
surfaces, human-machine interfaces, and buttonless keyboards such as touching and tapping
keyboards for computers and other electronic devices [161]. The sensing principles were
summarized along with fabrication and actuation methods in Table S1: Classifications of
technologies and actuation/sensing mechanisms in Supplementary Materials.

6.4. Contemporary Emerging Applications
6.4.1. Zebrafish Research

Zebrafish have a similar genetic structure to humans, and researchers are interested
in taking up zebrafish research to the next level by employing artificial cilia for zebrafish
research. For instance, the artificial cilia were embedded in the microchannel which was
facilitated with a moving wall feature using shape memory alloy to rotate and control the
zebrafish stepwise for the benefit of hemodynamic screening [162]. The shape memory
alloy-based miniaturized actuator’s detailed fabrication and the controlling process can be
found elsewhere [163]. Other recent findings on artificial cilia-assisted zebrafish research
can be found elsewhere [52,94,95]. For instance, the artificial cilia in the microfluidic
platforms used to activate sperm are shown in Figure 6A [94].

6.4.2. Minimal Robots/Microrobots and Soft Robots

Artificial ciliary arrays have been utilized as soft robots and encoded with both sym-
plectic and antiplectic metachronal wave like motion. Recent research [65] by Nelson
et al. 2020 showed (Figure 6B) that the ciliary arrays can be used for particle manipulation
in the fluid medium and soft robots in the air medium. The soft robots from the same
study can crawl and roll, which can be controlled accurately by the magnetic field and
inspired by the giant African millipede. Other recent discussions over artificial cilia em-
bedded robotic engineering can be found elsewhere [164–166]. A computational model
on Belousov−Zhabotinsky (BZ) cilia to create soft robots oscillating using light for the
fluid environments was reported by Balazs et al. [167]. A multi-legged soft millirobot
was recently reported by Lu et al. [165]. The magnetic field-guided assembly approach, a
template-free fabrication technique, was used to fabricate the robot. In this approach, the
magnetic particle was mixed with PDMS and hexane. Under the magnetic field, the tapered
feet structures of artificial cilia were produced on the polystyrene substrate. Further, the
substrate was kept at 80 ◦C for 1 h before removing the ciliary robot from the polystyrene
substrate to fabricate the robot.
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Figure 5. Artificial cilia as sensors. (A) Tactile Sensor for harsh environmental conditions. The stray
magnetic field of the giant magnetoresistive (GMR) sensor was changed when the artificial cilia were
deflected due to touching. The changes in the magnetic field led to the variation in the resistance
by which external force was sensed. The figure was reproduced with permission from [152] under
a Creative Commons BY (CC-BY) license, published by MDPI, 2016. (B) The cilia-inspired flow
sensor was comprised of the artificial cilium and the mini shaker. The dielectric was connected to
the mini shaker, and it was kept at the ciliary tip in the rest position to find the tip displacement
response towards the flow. Triplicate measurements of the tip displacement were conducted when
the dielectric was actuated at the constant frequency of 35 Hz. The figure was reproduced with
permission from [45], under a Creative Commons BY (CC BY) license, published by MDPI, 2020.
(C) Photographic image of temperature sensor created and assembled using nanotubular cilia (NTC).
PI/Au/Cr/PI with NTC assembled temperature sensor used to find the temperature on the egg (PI:
Polyamide, Au: gold, and Cr: Chromium) (top left). For comparison, a conventional sensor tested
the egg’s temperature when heated using the oven (bottom). Images reproduced with permission
from [160], published by the American Chemical Society, 2020. (D) The schematic illustration of
the triboelectric vibration sensor (top left). The artificial cilia sensors were demonstrated to be a
keyboard (top left). The black diagram of the training and testing process for authentication was
shown (bottom left). The graph plotted training times and the accuracy percentage (bottom left).
Images reproduced with permission from [161], published by Elsevier, 2019.

43



Micromachines 2022, 13, 735

6.4.3. Wearable Devices/Electro-Devices

The modern wearable electro-devices are not heavy but deformable. It requires
non-toxic solvents and glue to make “sticky and play” kits. As a result of this specific
requirement, the study demonstrated membrane-type flexible and nanotubular cilia to
increase the spatial interfacial adhesion on complex shapes such as stone, bark, and tex-
tiles [160]. Recently, wearable artificial cilia [168] were fabricated using polymer materials
in the form of a microneedle array. The fabricated microneedle array was demonstrated in
the mice for psoriasis to be a drug delivery system for transdermal treatments.

6.4.4. Artificial Cilia with Wettability and Hydrophobicity

Hydrophiles/wettability and hydrophobicity are the two physical properties that are
endeavored in artificial cilia surfaces. By acquiring these two properties, artificial cilia can
manipulate droplets and solid particles in all kinds of mediums and facilitate droplets’
pinning and no pinning options. For example, the study [169] has shown that oil droplets
could be transported due to superoleophobicity. The properties can be achieved by various
methods such as lubricating, characterizations, and topography modifications by physical
and chemical methods. Both permanent and switchable options were encoded [39,170–173].
The unidirectional wetting properties of the artificial cilia are shown in Figure 6C.

6.4.5. Energy Harvesting

Electromagnetic induction coils were used to harvest the electrical energy transformed
from ambient vibrations. The electromagnetic induction coil can have either a stationary
coil and moving magnetic flux or a stationary magnetic flux and moving coil. A recent study
proposed an artificial cilia embedded unique structure to harvest the energy (Figure 6D),
and known as the magnetic composite energy harvester [174]. The energy harvester was
comprised of two main components: (i) the microfabricated coils on the plane and (ii) high
aspect ratio (HAR) artificial cilia. The modulus of elasticity of proof mass and HAR of
the artificial cilia were endeavored to have the setup to respond low frequencies. In a
recent study [175], magnetic actuated artificial cilia were prototyped to showcase the
waste energy conversion process. The artificial cilia were fabricated using ZnO, which is a
piezoelectric material. The artificial cilia harvested the mechanical energy from the flow.
The piezoelectric catalysis reaction was triggered by the rotating artificial cilia. As a result
of the piezoelectric catalytic performance, Ag nanoparticles were dispersed on the ZnO
cilia. The catalytic performance was improved by this process. The mechanical energy
was converted into chemical energy, and the study paved the path towards other energy
conversions such as hydrogen energy conversion from waste energy.

6.4.6. Antifouling or Self-Cleaning

Fouling is the accumulation of unwanted microparticles in the liquid surfaces, water
quality analyzers, marine sensors, and lab-on-a-chip applications. Actuation of the artificial
in the microfluidic chip removed 99% of algae, and the study [176] (Figure 6E) shows
artificial cilia can be used for antifouling. The level of cleanliness can be found using the
simple formula as follows,

Cleanliness = 1 −
(

AHeavy +
1
2 ANormal

ATotal

)
(1)

In the total observation area (Atotal), Aheavy refers to a heavily affected zone, Anormal
refers to a commonly affected zone [176]. In the existing literature on antifouling or self-
cleaning, the magnetic artificial cilia employed were several hundred micrometers in length
mostly. The dimension limits the application of magnetic artificial cilia to a large scale in
microfluidic chips. Recently, an investigation [177] was reported in which the magnetic
artificial cilia were sized the same as their biological counterpart which could provide a
high degree of cleanliness from 69% in the worst scenarios to almost 100% in the frequency
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of 40Hz. The other recent discussions over self-cleaning by artificial cilia can be found
elsewhere [169,178,179].

6.4.7. Photocatalysis

Photocatalysis attempts a promising approach to create a sustainable society. Some
examples are photocatalytic electrolysis of water, solar power generation, carbon capture
technology, and pollutant degradation. So, researchers decided to enhance the photocat-
alytic activity using motile ciliary films. They found that the observed performance is better
than the conventional stationery photocatalyst films. Many studies have exposed that
artificial cilia with various sizes and dynamic beating behaviors improved photocatalytic
activity [134,180]. They address issues such as environmental contamination and energy
supply problems. For example, a study [181] shows that the synergic effects of the magnetic
artificial cilium, ZnO nanowires, and CdS quantum dots enhanced the H2 generation con-
siderably. Several materials, such as TiO2, ZnO, CdS, MoS2, and BiVO4, have been reported
as efficient photocatalyists through testing them in artificial cilia embedded device. It is
well known that powder photocatalyst inherently benefits from interior mass transfer in
quick succession. As discussed earlier, the artificial cilia-based micromixer can mix rapidly.
Hence, the artificial cilia enhanced photocatalytic performance by improving the internal
mass transfer [180,182–185]. The study (Zhang et al.) discussed that researchers combined
magnetically actuated artificial cilia and motile photocatalyst film which led to a three-fold
improvement in photocatalytic activity compared to traditional planar film [180]. ZnO is a
well-known photocatalyst, promised material due to its nontoxicity and thermal stability.
Peng et al. established a study where ZnO nanorods were converted to ZnO nanosheets
by only increasing the seeding time. The ZnO nanosheets with exposed (001) facets were
inserted into the motile inner film by seed-mediated hydrothermal growth strategy for
the first time. In the study, (001) facets exposed ZnO nanosheet arrays on the magnetic
artificial cilia, and ZnO nanorod arrays film were tested for photocatalytic efficiency. It was
realized that ZnO nanosheet arrays with active (001) facets film-coated cilia have 2.4 fold
better photolytic performance compared to ZnO nanorods [185]. The schematic (Figure 6F)
has illustrated the strategy of artificial cilia for the photocatalysis process. Another study
reported that 2D TiO2 nanosheet film was associated with 3D magnetic artificial cilium.
Under the influence of the magnetic field rotation of 800 rpm yielded RhB degradation
considerably [183]. Peng et al. further designed a photocatalytic film that integrated the
BiVO4, ZnO, and magnetic artificial cilia to increase mass transfer, light absorption, and
photocatalytic activity [182]. Another recent study [93] showed the possibility of expanding
the photodegradation capability by changing the arrangement of artificial cilia.

6.4.8. Particle Manipulation

Particle manipulation is the process where single or multiple solid particles or liquid
droplets are transported in the sub-microscale fluid medium by artificial cilia. Droplet-
based microfluidics involves the manipulations of (a) water droplets and (b) oil droplets.
Strong observations of droplet generation, merging, separation, and sorting are required for
such droplet manipulation. On the other hand, solid particle-based microfluidics involves
the manipulations of (c) polymer or viscoelastic particles.

(a) Water droplets manipulation
In water droplet manipulation, single or multiple water droplets were transported

in the liquid or air medium by the ubiquitous established strategies by the artificial cilia.
Magnetically responsive artificial cilia were primarily implemented to direct the water
droplets in the microfluidic device. Tilting angle and contact angle from the surface are
the predominant parameters of the artificial cilia to control the droplets. Those angles
by means of bending deflections were adjusted using the magnetic field. In addition, the
ciliary body was enhanced with advanced necessity surface properties such as hydrophobic
and wettability, optical properties, and intrinsic body materials to control the droplets. The
investigation [172] discussed a novel droplet transporting using the ferromagnetic artificial
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cilia. In the study, the artificial cilia were upgraded with the switchable hydrophobicity
wettability, and the surface properties. The wettability and adhesion can be switched
reversely by applying the magnetic field. The on/off control of the magnetic field was
utilized to bring back the adhesion and surface sliding consecutively to transport the
droplets. If the magnetic field was switched off, the surface would become water-repellent
and if the magnetic field was switched on the surface would become water-adhesive.
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minimal robots/Microrobots and soft robots. The photographic images show the crawling and
rolling movement of the soft robot (right). The graph plotted the magnetic field rotational speed and
the magnetic field (left). The figure was reproduced with permission from [65], under a Creative
Commons BY (CC BY 4.0) license, published by Springer Nature, 2020. (C) Artificial cilia surface with
wettability. For the sake of wettable property, the slipping and pinning of the droplet on the ciliary
array were showcased (right). The figure was reproduced with permission from [170], published
by John Wiley and Sons, 2017. (D) The energy harvester comprised two main components: (i) the
microfabricated coils on the plane and (ii) high aspect ratio (HAR) artificial cilia. The modulus of
elasticity of proof mass and HAR of the artificial cilia were endeavored to have the setup to respond
to low frequencies. The figure was reproduced with permission from [174], published by John Wiley
and Sons, 2018. (E) Artificial cilia for antifouling and self-cleaning. The ciliated area was clean
compared with the control group (second from left). Non-actuated cilia led to fouling, captured after
28 days using fluorescent microscopy (third one from left). The figure was reproduced with permission
from [176], under a Creative Commons BY Non-Commercial No Derivative Works (CC BY-NC-ND)
license, published by the American Chemical Society, 2020. (F) The schematic has illustrated the strategy
of artificial cilia for the photocatalysis process. Inner-motile ZnO nanofilm (001) facets were actuated to
increase the mass transfer and mixing performance and improve the photocatalytic process. The figure
was reproduced with permission from [185], published by Elsevier, 2017.

Instead of depending upon the magnetic field ultimately, hydrophobicity and slip-
pery properties were achieved on the surfaces of artificial cilia by infusing them in the
lubricants. For instance, the artificial cilia [186] were fabricated using PDMS and carbonyl
iron microspheres. The polystyrene (PS) nanoparticles were deposited on the ciliary body.
Thus, it was comprised of a hierarchical structure. The water droplet was pinned by the
hydrophobic property of the ciliary tip. The infused lubricant (perfluorinated oils) indulged
in the slipperiness of the droplet when the ciliary body was tilted due to the exerted mag-
netic field. In the same year, a similar slippery approach was used in another study [170].
Figure 7A illustrates the transportation of the water droplet by artificial ciliary lubricated
surfaces. The lubricated surface of the magnetic responsive arrays was achieved by filling
in the silicone oil. In the uniform magnetic field, the entire ciliary array responded to the
magnetic field.

On the other hand, a single row or column of artificial cilia responded to the dual
magnets comprised junction induced magnetic field, which can create precise unidirectional
wave motion. Double the magnet junctions have been introduced as a spectacular milestone
in droplet manipulation [37,39]. Song et al. [39] demonstrated that the artificial cilia that
moved the water droplet using dual magnets comprised junctions induced unidirectional
wave motion using a single column of the ciliary array. The single droplet was identified to
travel in the straight line and arc orbit whereas two droplets were moved in the parallel
trajectories and mixed in the single orbit.

(b) Oil droplets manipulation
Oil droplet manipulation has been getting attention recently in material processes, anti-

fouling, and self-cleaning. For example, Zhang and his team [171] fabricated artificial cilia
with mushroom head microstructures. The artificial cilia were showcased the amphiphilic
ability by manipulating oil droplets in the water medium and water droplets in the air
medium by switching reverse wettability. Importantly, no lubricant treatment was required
for such artificial cilia. Another study [169] demonstrated the oleophobic ability of the
artificial microcilia by transporting oil droplets in air and underwater by transforming the
surface into hydrophobic.

(c) Polymer or viscoelastic particles manipulation
Over many years, the transporting mechanics of the artificial cilia were improved dras-

tically, yet there is a lack of innovation towards the transportation of the viscous/polymer
particles. The conical trajectory movement of the beating cilia, changing shapes, and the
frictional forces of the beating artificial cilia are the strategies behind the manipulations of
the viscous/polymer particles [38,178]. The relationship between particle transportation
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and the ratio of particle size to cilia pitch was reported in the study [187]. A recent study [38]
ascertained the manipulation of polylactic acid (PLA) particle transportation in air and
water using the magnetically actuated artificial cilia. It was concluded that the adhesive
and the frictional forces between the artificial cilia and the moving particles are necessary
for particle transportation. The transportation was achieved in the direction of the tilted
conical movement and the effective stroke direction [38]. Figure 7B showcased the transport
and trapping capability of artificial ciliary bands. By changing the acoustic-electric field,
both transporting and trapping beads in the aqueous medium were achieved by the same
microarchitecture of the ciliary band. Pacheco et al. [188] proposed a study where the
modular materials such as L-Mu3Gel and CF-Mu3Gel, equivalent to the physiological and
CF mucus, respectively, were transported successfully with the magnetic artificial cilia. The
artificial mucus models L-Mu3Gel and CF-Mu3Gel can be created using readily available
materials. The study helps to understand the drug processing time in the mucus clearance
ciliary region. Figure 7C illustrates the modeling of human mucus transportation.

Figure 7. Artificial cilia for particle manipulation. (A) The transportation of the water droplet by artificial
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ciliary lubricated surfaces was shown in the schematics. Filling in the silicone oil led to the lubricated
surfaces of the magnetic responsive arrays. The figure was reproduced with permission from [189],
under a Creative Commons BY (CC BY) license, published by AIP Publishing, 2020. (B) The transport
and trapping capability of artificial ciliary bands were showcased. By changing the acoustic-electric
field, both transporting and trapping beads in the aqueous medium were achieved by the same
microarchitecture of the ciliary band. The figure was reproduced with permission from [29], under a
Creative Commons BY (CC BY 4.0) license, published by Springer Nature, 2021. (C) Illustration of
modeling human mucus transportation. As a milestone in the viscoelastic particle transportation
by artificial cilia, physiological and pathological mucus were modeled using L-Mu3Gel and CF-
Mu3Gel and achieved transportation in the respiratory airway model by artificial cilia. The figure
was reproduced with permission from [188], published by John Wiley and Sons, 2021.

7. Conclusions and Future Directions

Artificial cilia have been developed to be implicit dominant tools for microfluidic
applications. Certain research groups have sought to increase artificial cilia’s efficiency,
especially in providing micromixing, pumping, and particle handling applications for
microfluidic purposes. In addition, artificial cilia have been enriched with the ability to
carry, sense, communicate and locomote. This review briefly discussed the concepts from
the current developments, fabrication processes, actuation strategies, dynamic beating
behaviors, functionalities, uniqueness, the potential applications, deliverables, remaining
challenges, and the future trends by biomimetic cilia. The advantages and disadvantages
of each strategy have been discussed explicitly.

Bringing artificial cilia to commercial applications has been challenging since the
work was started. Upgrading the artificial cilia abilities has been exceptionally vital for
understanding the mechanisms that can be utilized in the future. Cost-effective and efficient
manufacturing strategies must be set up to deliver artificial cilia to more actual utilization
in lab-on-a-chip gadgets. Even though the natural cilia are highly different from today’s
biomimetic cilia, advances in technology will undoubtedly produce artificial cilia that are
close to the natural cilia and generate a large variety of new and exciting achievements in
the future.
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Abstract: In this paper, the combined effect of the fluid rheology, finite-sized ions, and slippage
toward augmenting a non-reacting solute’s mass transport due to an oscillatory electroosmotic flow
(OEOF) is determined. Bikerman’s model is used to include the finite-sized ions (steric effects) in the
original Poisson-Boltzmann (PB) equation. The volume fraction of ions quantifies the steric effects
in the modified Poisson-Boltzmann (MPB) equation to predict the electrical potential and the ion
concentration close to the charged microchannel walls. The hydrodynamics is affected by slippage, in
which the slip length was used as an index for wall hydrophobicity. A conventional finite difference
scheme was used to solve the momentum and species transport equations in the lubrication limit
together with the MPB equation. The results suggest that the combined slippage and steric effects
promote the best conditions to enhance the mass transport of species in about 90% compared with no
steric effect with proper choices of the Debye length, Navier length, steric factor, Womersley number,
and the tidal displacement.

Keywords: steric effect; power-law fluids; boundary slip; oscillatory electroosmotic flow; mass
transport rate

1. Introduction

Lab-on-a-chip technology requires the manipulation and control of fluid flow to
transport, mixing, and separation of reagents in nanoliter volumes in microfluidic devices
widely used in chemical, medical, and biological applications, among others. These tasks
are typically difficult to achieve because the laminar viscous flow governs electrokinetic
transport phenomena (electroosmosis and electrophoresis) and due to the small mass-
diffusivities of the species. In these applications, a broad kind of fluids are handled
inside the microfluidic devices, from simple electrolytic solutions treated as Newtonian
fluids to complex cell suspensions, biological fluids, such as blood, saliva, and DNA
solutions, and polymer melts where viscosity is assumed to depend on the shear rate (i.e.,
the fluid is non-Newtonian). Therefore, understanding the fundamental behavior of the
combined effects of fluid rheology, interfacial phenomena (steric and slippage effects), and
the flow behavior in mass transport of a neutral solute through pure electroosmotic flow
(EOF) or oscillatory electroosmotic flow (OEOF) is essential for the analysis and design of
microfluidic components, such as microchannels, micro-mixers, and micro-pumps, that
can be implemented in the design of biochips.

Taylor [1] was the first to establish that dispersion of a soluble substance (solute) driven
by a Poiseuille flow in a circular cylindrical tube is controlled by the coefficient of diffusivity,
which can be calculated directly from the solute profile. Aris [2] reported alternative
treatments to Taylor’s analysis of simultaneous convection and diffusion in dispersion.
Likewise, when a solute is introduced into a pulsating flow through a circular tube, the
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solute has an increased mass transfer beyond molecular diffusion due to Taylor dispersion.
The transport and separation phenomena of mass species are critical steps in realizing
lab-on-a-chip. These steps are complicated because microfluidic devices manipulate flows
with Reynolds numbers small enough for inertial effects to be irrelevant and species with
small mass-diffusivity coefficients with magnitude D ∼ O(10−9)m2 s−1 [3]. In the case of
a pure EOF, where a typical plug-like velocity profile exists, it does not influence species’
transport and dispersion processes, and the mass transport is governed by pure diffusion.

Oscillatory and pulsating flows have mainly focused on enhancing the dispersion or
separation of a passive solute under different conditions [4–6]. Kurzweg and Jaeger [7]
performed the separation process with oscillatory flows of different species in which the
lower diffuser, under a specific frequency, travels faster than the rapid diffuser to achieve
the cross-over condition. Likewise, Thomas and Narayanan [8] showed how particles
subjected to oscillatory and pulsating motions have a zigzag movement during mass
transport, and that is why the transport of species is improved.

The dispersion of a neutral solute in an EOF was improved by oscillatory effects
induced in the flow, i.e., the mass transport is caused by an oscillatory electroosmotic flow
(OEOF) [9–12]. Despite the low diffusivity of the species in liquid solutions, time-periodic
electroosmotic flow (AC) has a significant advantage over pure electroosmotic flows (DC)
in biotechnology and physical separation methods. Hence, in this context, OEOF is a
good candidate as a viable mechanism to induce efficient separation processes [13] due
to the cross-over phenomenon between two solutes with two different mass-diffusivity
coefficients [14].

The steric effect is an interfacial phenomenon in electrokinetics that frequently occurs
in microfluidic confinements. EOF and OEOF are founded in electroosmosis, which refers
to ionized liquid’s motion relative to the stationary charged surface by an applied external
electric field. The ionic size effects are controlled by the mean volume fraction of each ion
in bulk given by ν = a3n0 [15], where a is the effective ion size, and n0 is the bulk number
concentration. Recently, studies have analyzed the steric effects using Bikerman’s modified
Poisson-Boltzmann (MPB) equation to account for the crowding of finite-sized ions in
EOF by considering: non-linear biofluids, such as solutions of blood, saliva, protein, DNA,
polymeric solutions, and colloidal suspensions; these fluids reveal non-linear rheology
encountered in biomicrofluidic systems using the power-law viscosity model [16]; step-
change in the wall temperature [17]; viscoelectric effects [18]; wall slip effects and steric
interactions [19]; and using OEOF few works have been conducted [20]. The vast majority
of theoretical work on colloidal electrokinetics using OEOF utilizes the Poisson–Boltzmann
equation, wherein ions are treated as point charges and non-interacting. The slip condition
is another interfacial phenomenon that enhances the electrokinetic effects (electrophoresis,
electro-osmosis, streaming current or potential, etc.) [21]. In the literature concerning mass
transport under slippage effect, Muñoz et al. [22] considered oscillatory electroosmotic flow,
and they found that the dispersivity may be maximized up to two orders of magnitude
compared with that obtained using the classical no-slip condition. Moreover, the mass
transport and separation of species in OEOF can be improved by controlling the external
electrical signal type [23].

The dispersion of solutes in physiological systems, where fluids are significantly more
viscous, the effects of non-Newtonian rheologies, such as shear thinning, could also be
considered, due to that the mass transport of neutral species is the result of an interaction
between transverse diffusion and the structure of the flow. Hydrodynamics and dispersion
phenomena of EOF were addressed in the context of non-Newtonian fluids [24–26]. For
instance, recently, the unsteady solute dispersion by electrokinetic flow was studied [27] by
considering wall absorption. Besides, some studies were conducted on the hydrodynamics
of the OEOF for non-Newtonian fluids [28–30], and, recently, the mass transfer of an
electroneutral solute in a concentric-annulus microchannel driven by an OEOF for a fluid
whose behavior follows the Maxwell model was reported by Peralta et al. [31]. However,
minimal effort has been devoted to understanding the fundamental physics that can serve
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us to improve mass transport and species separation under the influence of combined
effects of rheology, finite ion size, and slippage that are present in the microfluidic devices.

In previous works, the analysis of dispersion and separation of neutral solutes has
been performed on OEOF using non-Newtonian fluids. In contrast, this paper analyzes the
combined effects of finite-sized ions, fluid rheology, and slippage on the mass transport of
a neutral solute; these effects are controlled by the steric factor ν, the power law-index n,
and the Navier slip length λN , respectively. A common non-linear rheological model for a
fluid with shear-dependent viscosity is the power-law model since it efficiently describes,
for engineering and microfluidics purposes, the rheology of many fluid substances over a
wide range of shear rates. Although the main deficiency of the power-law model is the
divergence of the effective viscosity in the limits of both zero and very large shear rates, it
has the advantage of both applicability and simplicity to justify its use in investigations of
shear-dependent flow behaviors. In general, lab-on-a-chip devices are designed to carry
out the following functions: sample introduction, injection, mixing, reaction, transport,
separation, and detection through a series of micrometre-scale channels [32]. In this context,
to understand the fundamental physics, as well as provide useful information and criteria
for designing micro-fluidic devices, the present study is, thus, aimed at the theoretical
investigation of the transport and separation phenomena of mass species in an OEOF in a
microchannel. Additionally, the start-up from the rest of the flow was analyzed, and, for
larger times after the initial transient has died out, the flow was periodic in time, and then
the concentration and mass transport rate were determined.

2. Problem Formulation

The sketch in Figure 1 represents the physical model of the OEOF through a long
horizontal microchannel. It consists of two parallel plates separated by a distance (height)
of 2h. The length of the microchannel is L, and the depth in the z-direction is W, both
assumed to be much larger than the height, i.e., L, W >> 2h; therefore, the flow field is
assumed independent of the z coordinate. The origin of the cartesian coordinate system (x,
y) is located at the left end and at the center of the microchannel. The microchannel is filled
with a non-Newtonian liquid that obeys the power-law rheological model, which connects
two reservoirs at the ends, such that the concentration c(x, y, t) of the non-reacting solute
at the left-reservoir is maintained at a constant concentration C1, while the other extreme is
found to a prescribed uniform concentration C2 and assuming that C1 > C2. Besides, the
effect of a certain degree of slip at the microchannel walls, quantified by the slip length λN ,
is also considered [33]. The OEOF will occur in the microchannel under the simultaneous
influence of the externally imposed oscillatory electric field Ex(t) and the induced electric
field into the non-overlapping EDLs. The microchannel walls are charged with a uniform
high zeta potential ζ enough to cause crowding of ions of the dilute solution near the
surface walls [15]. In this context, the zeta potential is several times higher than the thermal
voltage kBT/ze in the MPB with ν 6= 0 (representing ionic size effects), and z, e, kB, and
T are the valency of ions, the magnitude of the fundamental charge on an electron, the
Boltzmann constant and the absolute temperature, respectively. The start-up of this OEOF
from rest occurs, and, for sufficiently long times after imposition of Ex(t), the velocity field
is strictly periodic.

Figure 1. Schematic depiction for mass transport due to an oscillatory electroosmotic flow.
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2.1. Electrical Field: Steric Effects

When an electrolyte solution is in contact with a uniformly charged surface, electrical
(zeψ) and chemical (kBT ln n±) effects modify the electro-chemical potential µ± (±denotes
the sign of the charge ze); then, the electrochemical potential derives in µ± = ±zeψ −
kBT ln n±, where ψ is the electric potential, and n± is the ionic concentration in the diffuse
electric double layer. Positive and negative ions are separated within the diffuse double
layer by Boltzmann distribution n± = n0e∓zeψ/kBT , where an equilibrium exists between
external electric and osmotic forces. The electrical potential ψ is determined with the
classical complete Poisson-Boltzmann equation ε∇2Φ = −ρe. Here, Φ = φ(x, t) + ψ(y)
is defined by the linear superposition [34] of the local electric potential φ(x, t) and the
corresponding potential ψ(y) induced into the EDL, ε is the permittivity of the solution.
The volume charge density ρe in the neighborhood of the surface is ρe = ze(n+ − n−).
However, the above treatment is valid if ions are treated as electric charges having no
volume [35] and no other individual effects [36]. The present investigation involves large
potentials; then the Poisson-Boltzmann equation has shortcomings because it neglects steric
effects. The modified PB equations that consider the steric effects in n± due to finite-sized
ions [15] is derived from the modified chemical potential µ± using Bikerman’s model [37],
given by

µ± = ±zeψ− kBT ln n± − kBT ln(1− n+a3 − n−a3). (1)

The third term on the right-hand side of Equation (1) considers the finite-sized ions.
Under equilibrium conditions, the ions’ electrochemical potential is constant ∇µ±=0, and
it derives in:

∇n±

n±
− ∇(1− n+a3 − n−a3)

1− n+a3 − n−a3 = ∓ ze
kBT
∇ψ. (2)

Integrating Equation (2) from a point in the bulk solution (where ψ = 0 and n± = n∞)
leads to the modified Boltzmann distribution:

n± =
n0 exp(±zeψ/kBT)

1 + 2ν sinh2(zeψ/2kBT)
. (3)

Substituting ion distribution n± into the volume charge density ρe takes the
following form:

ρe = −2zen0
sinh(zeψ/kBT)

1 + 2ν sinh2(zeψ/2kBT)
, (4)

where ν = 2a3n0 is the bulk volume fraction of ions. To account for steric effects associated
with the finite-sized ions and solvent molecules, Equation (3) was combined with the
complete Poisson equation yielding the MPB equation:

∇2Φ =
2zen0

ε

sinh(zeψ/kBT)
1 + 2ν sinh2(zeψ/2kBT)

. (5)

Equation (5) is essentially a modified form of the PB equation considering finite-
sized ions effects. The omission of the temporal term in Poisson’s equation is because the
characteristic time scale (∼10−12 s) of the electro-migration in the EDL is much less than
the corresponding time-scale (∼10−2 s) for the viscous diffusion [38].

For a long microchannel, L � h, the term ∂2Φ/∂x2 in Equation (5) may be ne-
glected [39]. One gets the simplified version of the MPB equation given by

d2ψ

dy2 =
2zen0

ε

sinh(zeψ/kBT)
1 + 2ν sinh2(zeψ/2kBT)

. (6)
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The boundary conditions of Equation (6) are dψ/dy = 0 at y = 0 and ψ = ζ at y = h.
Using the following dimensionless variables ȳ = y/h and ψ̄ = zeψ/kBT into Equation (6),
it derives in:

d2ψ̄

dȳ2 = κ̄2 sinh ψ̄

1 + 2ν sinh2(ψ̄/2)
, (7)

with the corresponding boundary conditions,

ψ̄ = κψ at ȳ = 1, (8)

and
dψ̄

dȳ
= 0 at ȳ = 0. (9)

The parameter κ̄ = κh is the ratio of the microchannel height to the Debye length,
defined by κ−1 = εkBT/2e2z2n0. The competition between the wall ζ potential and the
thermal potential is given by κψ = zeζ/kBT. When κψ < 1, it means low ζ potentials. In
contrast, for κψ >> 1, it represents the case of high ζ potentials. In this work, κψ = 2, and
high zeta potentials κψ = 10 were considered since, in dilute liquids, the steric effects are
visible at high zeta potentials at which high ionic concentrations at the microchannel wall
cause extreme accumulation of counterions [40].

2.2. Velocity Field

By assuming that the microchannel is very long and focusing on the central region,
away from the microchannel entry and exit, it is assumed that the flow is unidirectional
and fully developed. Therefore, the momentum equation is given by

ρ f
∂u
∂t

=
∂τxy

∂y
+ ρeEx(t). (10)

Here, u(y, t) is the velocity component in the x direction, ρ f is the mass density and
τxy represents the shear stress. Equation (10) is subject to the symmetry boundary condition
of the velocity (∂u/∂y = 0) at the center of the microchannel. The Navier slip boundary
condition at the interface between the fluid and the microchannel wall is considered, given
by us = λN{D · n− [(D · n) · n]n} [41]. Here, us is the fluid velocity at the microchannel
wall, n represents the unit vector normal to the microchannel surface pointing toward the
fluid, the rate of strain tensor is defined as D = ∇u + (∇u)tr, u is the velocity field, and
tr denotes the transpose of ∇u. For the present problem, the slip boundary condition is
simplified to

u = −λN
∂u
∂y

at y = h. (11)

Besides, it is assumed that the fluid is at rest for t = 0, that is,

u = 0 at t = 0, for − h 6 y 6 h. (12)

The shear stress τxy for non-Newtonian fluids where the dynamic viscosity η(γ̇) is
a function of the strain rate γ̇, is defined as τxy = η(γ̇)γ̇. For the unidirectional and fully
developed OEOF, γ̇ = ∂u/∂y, and the dynamic viscosity η(γ̇) is a function of the velocity
gradient, according to the power-law model as follows [42]:

η(γ̇) = m
(

∂u
∂y

)(n−1)
, (13)

where m denotes the consistency index, and n is the power-law index. Thus, substituting
ρe defined in Equation (4) and Ex(t) into (10), it derives in
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ρ f
∂u
∂t

=
∂

∂y

{
η

∂u
∂y

}
− 2zen∞ sinh(zeψ/kBT)

1 + 2ν sinh2(zeψ/2kBT)
E0 sin(ωt). (14)

Using the following dimensionless variables, ū = u/UHS, ȳ = y/h, τ = ωt/2π, where
UHS = −εζ0E0/µ is the Helmholtz-Smoluchowski velocity. Therefore, the dimensionless
version of the momentum Equation (14) is as follows:

Wo2

2π

∂ū
∂τ

= m̄
[

η̄
∂2ū
∂ȳ2

]
− κ̄2

κψ

sinh ψ̄

1 + 2ν sinh2(ψ̄/2)
sin(2πτ), (15)

where the dimensionless dynamic viscosity is defined as

η̄ =

(
∂ū
∂ȳ

)(n−1)
. (16)

The parameter m̄ = n(m/µ)(UHS/h)n−1 is the dimensionless consistency index and
relates the characteristic shear stresses for Non-Newtonian and Newtonian fluids. The
Womersley number is defined as Wo = h

√
ω/ν0 and relates the ratio of the viscous diffu-

sion time-scale to the oscillation time-scale, where ν0 = µ/ρ f . Here, it is important to note
that the Womersley is based on physical properties of a Newtonian fluid. This is because
in the process of nondimensionalizing the mathematical problem, the characteristic scale
for the velocity, UHS, corresponds to the classical Helmholtz-Smoluchowsky velocity [39],
where the viscosity µ of a Newtonian fluid is considered. However, the non-Newtonian
parameters of the Power-Law fluid are taken into account in the definitions of the dimen-
sionless parameter m̄. Equation (15) is subject to the following dimensionless boundary
and initial conditions:

∂ū
∂ȳ

= 0 at ȳ = 0, (17a)

ū = −δ
∂ū
∂ȳ

at ȳ = 1, (17b)

ū = 0 at τ = 0 for − 1 6 ȳ 6 1. (17c)

Here, δ = λN/h denotes the ratio between the Navier length and the microchannel
height.

2.3. Concentration Field

For the fully developed OEOF described in Section 2.2, diffusion and convection
mechanisms govern the mass transport of passive species. Assuming that the transport
phenomenon is not affected by any of the electrical potentials, and the particles do not
interact with each other, the concentration field of the solute c(x, y, t) with constant molecu-
lar diffusion coefficient D can be found by solving the species conservation equation, given
by [39]

∂c
∂t

+ u
∂c
∂x

= D
(

∂2c
∂x2 +

∂2c
∂y2

)
. (18)

The boundary and initial conditions associated to Equation (18) are
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c(y, t) = C1 at x = 0, (19a)

c(y, t) = C2 at x = L, (19b)

∂c(x, t)
∂y

= 0 at y = h, (19c)

∂c(x, t)
∂y

= 0 at y = 0, (19d)

c(x) = C1 + (C2 − C1)(x/L) at t = 0. (19e)

In Equations (19a) and (19b), C1 and C2 are fixed values of c(y, t) at the left and right
reservoirs, respectively. As depicted in Figure 1, C1 > C2. Equations (19c) and (19d) de-
note the impermeability and symmetry conditions, respectively. Here, a linear profile of the
concentration distribution is imposed at t = 0, prescribed in Equation (19e). Because of the
linearity of Equation (18), it is often convenient to use the Chatwin approximation [4,43], given
by the superposition of a linear distribution for the concentration and other corresponding
with convective effects by the oscillatory motion of the fluid, which is given by

c(x, y, t) = C1 +
C2 − C1

L
x + cu(y, t). (20)

This approximate solution is invalid near the microchannel ends due to that
Equation (20) does not satisfy the boundary conditions at both ends taking into account
that cu(y, t) is different to zero. However, it is valid for long microchannels (L� h) where
any end effects are neglected [13,43]. Substituting Equation (20) into Equation (18) yields

∂cu

∂t
+ u

(
C2 − C1

L

)
= D

∂2cu

∂y2 (21)

with the following boundary and initial conditions,

∂cu(t)
∂y

= 0 at y = h, (22a)

∂cu(t)
∂y

= 0 at y = 0, (22b)

cu(y) = 0 at t = tω. (22c)

In Equation (22c), tω refers to the value of t when the initial transient step has died
out. Introducing the dimensionless concentration of species as c̄u = cu/(C2 − C1) and the
dimensionless variables defined before, Equation (21) can be rewritten in the following form:

Wo2Sc
2π

∂c̄u

∂τ
+ PeDαū =

∂2 c̄u

∂ȳ2 , (23)

where Sc = ν0/D is the Schmidt number that measures the competition between the momen-
tum and the mass diffusivities. PeD = UHSh/D is the diffusive Péclet number, measuring the
ratio of the convective to the diffusive transport rate. Here, in a similar manner as the definition
of the Womersley number, the Schmidt and Péclet numbers are based on physical properties
of a Newtonian fluid. However, in the convection-diffusion Equation (23), the influence of the
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fluid’s reology is taken into account in the velocity profile ū(ȳ, τ̄). Hence, the dimensionless
form of the boundary and initial conditions (22a)–(22c) are:

∂c̄u

∂ȳ

∣∣∣
ȳ=1

= 0, (24a)

∂c̄u

∂ȳ

∣∣∣
ȳ=0

= 0, (24b)

c̄u(ȳ, τ = τω) = 0. (24c)

In Equation (24c), τω denotes the value of the dimensionless time τ from which
the flow becomes periodic, i.e., the transient stage has died out. In physical units, such
condition is achieved when the time t assumes a value of the characteristic scale of the
viscous diffusion time-scale (t ∼ h2/ν0). On the other hand, for the periodic condition
of the flow, 1/ω ∼ h2/υ, and, taking into account the definition of the dimensionless
time, it yields that τω = tωω/2π ∼ O(101). This value of τω is used for all the numerical
calculations.

2.4. Mass Transport Rate

The time-averaged mass transfer in the system Qx was evaluated during one period
of oscillation, defined by [43]:

Qx =
1

4h
ω

π

∫ h

−h

∫ tω+
2π
ω

tω

Jxdtdy, (25)

where Jx represents the total flux density defined as the sum of convective jx,conv and
diffusive jx,di f f flux densities in the x-direction, as follows:

Jx = jx,conv + jx,di f f = u(y, t)c(x, y, t)− D
∂c(x, y, t)

∂x
. (26)

Substituting Equation (26) into Equation (25), the dimensionless rate of mass transport
Q̄x in terms of dimensionless variables is as follows

Q̄x = 1− PeD
2α

∫ 1

−1

∫ τω+1

τω

ūc̄udȳdτ. (27)

Here, Q̄x = QxL/(C1 − C2)D. Due to the flow’s oscillatory character, the Helmholtz-
Smoluchwosky velocity UHS, and the corresponding Péclet number, PeD, will no longer remain
constant for particular values of the angular frequency ω, or consequently Wo. To show the
frequency dependence of Q̄x, it is necessary to use the concept of tidal displacement4z. This
quantity is defined as the cross-stream averaged maximum axial distance for which the fluid
elements travel during the one-half period of the oscillation [13],

4z =
1

2hπ

∣∣∣
∫ h

−h

∫ tω+
π
ω

tω

u dt dy
∣∣∣. (28)

After introducing the dimensionless variables, ū = u/UHS, ȳ = y/h, and τ = ωt/2π
into Equation (28), can be simplified in the following form:

4z =
UHS

ω

∣∣∣
∫ 1

−1

∫ τω+1/2

τω

ū dτ dȳ
∣∣∣. (29)

From Equation (29), the Helmholtz-Smoluchwosky velocity UHS is obtained as:

UHS =
ω∆z∣∣∣

∫ 1
−1

∫ τω+1/2
τω

ū dτ dȳ
∣∣∣
, (30)
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where it is evident the frequency dependence of UHS. Substituting Equation (30) into the Péclet
number definition, it provides a relationship as a function of Sc, Wo, and ∆Z, as follows:

PeD =
Wo2Sc4Z∣∣∣

∫ 1
−1

∫ τω+1/2
τω

ū dτ dȳ
∣∣∣
. (31)

For different fixed values of the dimensionless tidal displacement4Z = 4z/h, signif-
icant changes in PeD are obtained for each flow situation. In this context, the concentration
field and the overall mass transfer will be affected by the frequency.

3. Numerical Scheme

Figure 2 shows a flowchart of the methodology used to solve the formulated problem.
The algorithm was developed in Fortran PowerStation version 4.0 with Microsoft Developer
Studio software; the process is described more precisely as indicated below.

Figure 2. Schematic diagram of the numerical algorithm.

3.1. Electric Potential Field

The MPB equation (7) was approximated by the second-order centered-space differ-
ence, it derives in

ψ̄i+1 − (2 + ∆ȳ2κ̄2Ωg)ψ̄i + ψ̄i−1 = 0, (32)

where
Ωg = sinh(ψ̄i)/ψ̄i

[
1 + 2ν sinh2(ψ̄i/2)

]
. (33)

For an initial guess value in Ωg, the equation system in (32) can be solved simultane-
ously by applying the Thomas algorithm [44]. Using the solution obtained for ψi, the value
of Ω is recalculated according to (33), and the new value replaces the previous one. This
process is repeated until a numerical error value of 1 × 10−10 is reached.

3.2. Velocity Field

Equation (15) was solved using the Crank-Nicolson method, applying a central differ-
ence scheme [44]. The resulting discretization of Equation (15) is as follows:

− θ1ūl+1
i+1 + θ2ūl+1

i − θ1ūl+1
i−1 = θ3, (34)
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where θ1, θ2, and θ3 are defined as:

θ1 =
η̄gγ

24ȳ2 , (35a)

θ2 = 2θ1 +
1
4τ

, (35b)

θ3 =
ūl

i
4τ

+ θ1(ūl
i+1 − 2ūl

i + ūl
i−1) + Λ, (35c)

and

η̄g =



(

ūl
i+1 − ūl

i
4ȳ

)2


( n−1

2 )

. (36)

Here,4τ and4ȳ are the time step and the size step in the ȳ direction, respectively. In
this work, a4ȳ-step of 2 × 10−3 and4τ-step of 1 × 10−4 have been used in all numerical
essays. The parameters γ and Λ in Equations (35a) and (35c) are defined as follows:

γ =
2πm̄
Wo2 , (37)

and

Λ =
2πκ̄2

Wo2κψ

sinh ψ̄i

1 + 2ν sinh2(ψ̄i/2)
sin(2πτl). (38)

The numerical value of ψi is provided in (38) by the iterative procedure described
in (32) and (33). To solve the velocity field a similar procedure to that explained in the
previous section was applied. The solution begins by providing an initial guess value to η̄g.
To solve the non-linear equation system generated by (34), a tridiagonal matrix algorithm
(TDMA) was used. With the values obtained for the velocity field ūl+1

i+1, the term η̄g is
recalculated at the next iteration and the process is repeated until the required relative error
is achieved. Given that Equation (36) is a function of ȳ, it was recalculated for each node
in the space and time. This solution procedure is useful because, when ∂ū/∂ȳ = 0 with
an index n smaller than unity, the value of η̄g is undetermined; thereby, a numerical value
very close to zero is assigned to η̄g when ∂ū/∂ȳ→ 0 to avoid a singularity.

3.3. Concentration Field and Mass Transport Rate

After solving the electrical potential and the velocity field, the Péclet number has
to be determined. Average velocity is required as it is indicated in Equation (31), this
average was calculated using the multiple-trapezoid rule. The concentration field in
Equation (23) was approximated by using the second-order central-difference formula for
the second derivative diffusion term and the forward difference formula for the first-order
time derivative. Then, the concentration equation can be discretized as follows:

− β2 c̄n+1
u,i+1 + (1 + 2β2)c̄n+1

u,i − β2 c̄n+1
u,i−1 = β1, (39)

where

β1 = −2β2∆ȳ2Peωαūn
i + c̄n

u,i + β2
(
c̄n

u,i+1 − 2c̄n
u,i + c̄n

u,i−1
)
, (40a)

β2 =
π∆τ

Wo2Sc∆ȳ2 . (40b)

Finally, with the results obtained for ū and c̄u, the dimensionless rate of mass transport
Q̄x defined in Equation (27) is calculated by applying the multiple-trapezoidal rule. The
dimensionless initial condition Tω for the concentration field can be any value of the non-
dimensional time in such a way that the transient stage for the velocity field has diet out.
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A description of the validation process between the numerical solution and the analyt-
ical solution of the velocity field reported by Huang and Lai [13] is presented. The main
differences between both studies are the following: The flow configuration considered by
Huang and Lai [13] is a two-dimensional rectangular microchannel of length L and width
h filled with a Newtonian liquid which is an electrolyte. The coordinate system (x, y) is
located on the lower wall at the microchannel inlet. The associated boundary conditions
for the velocity are the no-slip condition at the channel walls.

Conversely, in the present study, the microchannel consists of two parallel plates
with a length L and distant by 2 h. The origin of the cartesian coordinate system (x, y) is
located to the left end of the microchannel center. A non-Newtonian liquid that obeys the
power-law rheological model flows through the microchannel. For the hydrodynamics, the
problem formulation includes the effects of slip, which enter the problem through a Navier-
slip model, and the symmetry boundary condition at the microchannel’s midplane. The
dimensionless velocity distribution across the channel-width with a Womersley number
W = 5 and a dimensionless Debye length λ∗ = 70 reported by Huang and Lai corresponds
to the velocity profile with Wo = 2.5 and κ̄ = 35 in the present study assuming the slippage
is absent, δ = 0, with a power-law index n = 1. An excellent agreement between both
solutions is observed in Figure 3.

Figure 3. Comparison of the analytical solution [13] and the numerical solution (present work) for
the dimensionless velocity ū across the microchannel in a Newtonian fluid.

4. Results and Discussion

This section highlights the numerical solution of the MPB, momentum, and conserva-
tion species equations, and mass transport rate provided in a microchannel due to an OEOF
of power law fluids by considering the steric and slippage effects. For pertinent results,
the appropriate dimensionless parameters are highlighted in Table 1, by considering the
relevant geometrical and physicochemical properties, as shown in Table 2.

In Figure 4, the absence and the presence of the steric effect and the slippage or the
combined effects on the evolution over time of the velocity ū for Newtonian and non-
Newtonian fluids is presented. The blue, black, and green lines represent the flow solution
for Shear-thinning (with n = 0.8), Shear-thickening (with n = 1.4), and Newtonian (with
n = 1) behavior of the fluid, respectively. Once the electric field Ex(t) is applied, the flow
initiates the transient state where the oscillatory effects have no relevance; that is, the
velocity exhibits a gradual increase in its magnitude, and the periodic flow behavior starts
when τ ∼ O(10−1), as shown in Figure 4a–d.
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Table 1. Order of magnitude of the dimensionless quantities.

Dimensionless Quantities Definition Order of Magnitude

Sc Schmidt number, (ν0/D) ∼O(102–103)

Wo Womersley number,
(h
√

ω/ν0)
∼O(1)

α Aspect ratio, (h/L) ∼O(10−3)

m̄
Consistency index,

n(m
µ )(

UHS
h )n−1 ∼O(10−1–100)

∆Z Tidal displacement, (4z/h) ∼O(1)
δ Slip lenght, (λN/h) ∼0.05

κψ Potential ratio, (zeζ/kBT) ∼2, 10
κ̄ Electrokinetic parameter, (κh) ∼10, 20
ν Steric factor, (2a3n0) ∼O(0–0.4)

Table 2. Physical properties and geometrical parameters used for estimating the dimensionless
parameters from the present analysis.

Parameter Definition Value

a Ion size ∼2 nm [15]
c0 molar concentration ∼(50–100) mol m−3 [15]
D Diffusion coefficient ∼(10−9–10−8) m2 s−1 [45]
e Electron charge ∼1.602 × 10−19C ∗

E0 Electric field ∼103 V/m [46]
h Microchannel half-height ∼(5–100) µm ∗

kB Boltzmann constant ∼1.38 × 10−23 J K−1 ∗

L Micro-channel length ∼10−2 m
m Consistency index ∼(10−3–10−4) Pa sn [47]
n Power-law index (0.8, 1, 1.4) [42]
n0 Ionic concentration ∼1025 m−3 [15]
NA Avogadro number ∼6.022 × 1023 mol−1 ∗

T Absolute temperature ∼298 K ∗

ε Permittivity of the solution 6.95 × 10−10 C2N−1m−2 ∗

ζ Zeta potential ∼(50–260) mV [48]
κ−1 Debye length ∼(15–300) nm ∗

λN Navier length ∼(10−9–10−6) m [49]
µ Newtonian viscosity ∼10−3 Pa s ∗

ρ f Fluid density ∼103 kg m−3 ∗

ω Angular frequency ∼400 Hz–5 kHz [50]
∗ Values taken from Reference [34].

Figure 4. Evolution over time of the dimensionless velocity ũ at ȳ = 0.9, affected by the slippage (δ)
and the finite-sized ions (ν). Here, Wo = 0.5, κ̄ = 20, and κψ = 10. (a) ν = 0, δ = 0; (b) ν = 0.4, δ = 0;
(c) ν = 0, δ = 0.05 and (d) ν = 0.4, δ = 0.05.
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As the dimensionless time τ goes on, the flow begins a state of damping; the am-
plitude begins by growing in this way but eventually settles down to a constant value,
acquiring an oscillatory and periodic state. Figure 4a,b show the cases when the slippage
is absence (δ = 0), the velocity decreases with the finite-sized ions (ν) in Newtonian and
non-Newtonian flows. In Figure 4c,d shows the effect of the slippage (δ = 0.05), and
the velocity is reduced up to one order of magnitude by considering the finite-sized ions
(ν = 0.4). That reduction in the velocity is attributed to the fact that the finite ionic volumes
give rise to the reduction of the ionic concentration inside EDL, therefore decreasing the
oscillatory electroosmotic body force. Hydrophobic condition promotes the increment
in the flow velocity affected by the steric effect, as shown in Figure 4b,d. It is illustrated
in Figure 4d, with δ = 0.05, the dimensionless velocity at τ ∼ O(101) when the periodic
state is reached, ū ≈ 1.4, representing an increase of approximately 75% with respect to
the no-slippage case, where ū ≈ 0.8, as is shown in Figure 4b. In shear-thinning fluids
(Figure 4a,c), due to the shear-rate dependent viscosity, the start-up transient motion will
die out in a faster dimensionless time τ ∼ O(100) because of the viscosity decreases (see
Figure 5a, blue curve) when the shear rate increases. That is due to the ions are treated as
electric charges having no volume into the EDL, increasing the electroosmotic body force
and consequently modify the shear rate of the fluid. Conversely, the finite-sized ions in
shear-thinning fluids delayed the transient state to tend to its periodic-state in a dimen-
sional time of order ∼O(101), as shown in Figure 4b,d. In Newtonian and shear-thickening
fluids, the transient state will tend to its periodic-state much faster than shear-thinning
fluids in a dimensional time of order ∼O(10−1), as shown in all the panels of Figure 4.
Therefore, this paper is mainly focused on the transport of neutral solutes in the periodic
-state. A dimensionless time of order τ = 40 was selected to ensure all initial transients
have died out in the flow. The hydrodynamic and the concentration of species presented in
Figures 5–8, and the rate of mass transport shown in Figures 9–12, are all referred to the
periodic state of the OEOF.

Figure 5. Variation of dynamic viscosity across the microchannel with and without the influence of
steric effects. (a) Shear-thinning and (b) shear-thickening fluids.

Figure 5 shows the influence of the finite-sized ions in the fluid’s rheology by con-
sidering the hydrophobic condition. Both Figure 5a,b were determined with δ = 0.05,
Wo = 1, κ̄ = 10, κψ = 10, and τ = 49.4. In Figure 5a (shear-thinning fluids), the absence
of the steric effect gives rise to a non-linear variation of the dynamic viscosity across the
microchannel given in Equation (16), and it decreases from the centerline up to the wall.
The steric effect’s presence promotes higher values of dynamic viscosity than when the
steric effect is absent. That increment in the dynamic viscosity is due to the finite-sized
ions reducing the ion-concentration into the EDL and, consequently, the electric body
force, offering the fluid greater resistance to deformed. In shear-thickening fluids, dynamic
viscosity increases from the centerline up to the wall with and without steric effects, as
is shown in Figure 5b. The dynamic viscosity near walls by considering ν = 0 is higher
than that obtained with ν = 0.4; this occurs due to velocity gradients strongly affected
with finite-sized ions be discussed later in Figure 6b,d. Interestingly, it is observed that, in
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specified values of δ = 0.05, Wo = 1, κ̄ = 10, κψ = 10, τ = 49.4, the fluid acts as an inviscid
flow at the centerline for the special case of n = 1.4.

0 1
1

1.2

1.4
0 1

0

0.5

1

0 1

4

5

0 1

23

24

25

0 1
0

1

0 1

10

20

0 1
0

0.5

0 1

5

6

0 1
0

0.5

1

0 1
0

1

2

0 1
0

0.5

1

0 1
1

1.5

Figure 6. The velocity profiles are shown for shear-thinning and shear-thickening fluids. (a): κψ = 2,
and Wo = 0.5. (b): κψ = 10, and Wo = 0.5. (c): κψ = 2, and Wo = 1.0. (d): κψ = 10, and Wo = 1.0.

In Figure 6, the influence of κψ = 2, and high zeta potentials (κψ = 10), with two
different values of the Womersley number on the velocity profiles ū, as a function of
the coordinate ȳ for shear-thinning (n = 0.8), Newtonian (n = 1), and shear-thickening
fluids (n = 1.2) are plotted. All panels were determined with δ = 0.05, κ̄ = 10, and
τ = 49.2. Dashed, solid, and dotted lines correspond to shear-thinning, Newtonian and
shear-thickening fluids, respectively. Curves in blue do not consider the finite-sized ions
(steric effects), and black curves consider the steric effects. In Figure 6a, the steric effect
promotes a decrease in non-Newtonian and Newtonian fluids’ velocity; that behavior
is more representative in shear-thinning fluids. This reduction in hydrodynamics can
be avoided and can even be exceeded by applying high zeta potentials of the order of
κψ ∼ O(101), keeping fixed Wo, as shown in Figure 6b. It is evident from Figure 6a,b that
the velocity increases in one order of magnitude by increasing κψ from 2 to 10; however,
with κψ = 10 (Figure 6b), the velocity’s reduction by steric effects in Newtonian and Non-
Newtonian fluids is more significant than that obtained by considering κψ = 2. That occurs
because the body electric forced is reduced by the finite-sized ions into the EDL; this causes
a significant decrement in the slippage velocity at the walls changing the velocity profiles
from concave to convex shape (Figure 6b,d). In addition, steric effects give rise to a strong
reduction in the velocity gradients near the microchannel walls offering the fluid a high
resistance to be deformed. The rheology of the power-law fluids plays an important role in
reducing velocity gradients due to the dynamic viscosity increases with the steric effect
being more pronounced this behavior in shear-thinning fluids, as shown in Figure 5a.

According to Equation (16) and confirmed in Figure 5, in shear-thinning fluids (n < 1),
the dynamic viscosity is infinite at channel center due to the absence of velocity gradient,
as shown in Figure 6a–d, and decreases at channel wall where higher velocity gradients
are reached, while the opposite is true for shear-thickenings (n > 1). In this context,
the shear-thinning behavior is more remarkable when Wo increases from 0.5 to 1, as
depicted in Figure 6a,c, maintaining fixed the zeta potential κψ = 2. For shear-thickening
fluids (Figure 6c), the steric effect does not modify the velocity profiles, becoming a little
concave in the center of the channel, and the important changes in velocity occur in the
neighborhood of the sidewalls, as shown in Figure 6a,c. In Figure 6d, steric effects in
Newtonian and power-law fluids provoke a representative decrease in the velocity on the
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microchannel cross-section. That reduction in velocity is more significant in shear-thinning
fluids in one order of magnitude in comparison when the steric effects are absent. In
addition, steric effects modified the shape of the velocity profiles from concave to convex
due to the rheology of power-law fluids explained in Figure 5.

Figure 7. (a,c): Velocity profiles ū across the microchannel at one period of oscillation. (b,d): Distribu-
tion of the convective concentration c̄u across the microchannel due to the hydrodynamic in (a,c),
respectively.

The combined effects of the hydrophobic surface condition and the finite-sized ions
on the velocity and species concentration fields are shown in Figure 7. All panels were
determined with n = 0.8, Wo = 1, κ̄ = 10, κψ = 10, δ = 0.05, Sc = 500, α = 0.001. Because
a pure AC electric field drives the electroosmotic flow, the movement of the flow acquires
an oscillatory behavior, as shown in Figure 7a,c, and, consequently, the corresponding
concentration field, as depicted in Figure 7b,d. The velocity ū is plotted over one period
of oscillation τ (=49.1–50) as a function of the transversal coordinate ȳ, for shear-thinning
fluids with n = 0.8, Wo = 1, κ̄ = 10, κψ = 10, Sc = 500, and α = 0.001, by considering a
dimensionless Navier slip length, δ = 0.05. When the ions are treated as point charges, i.e.,
ν = 0, the high zeta-potential κψ = 10 magnifies the slippage effect on the hydrodynamics
of the OEOF, as indicated in Figure 7a. That is because, in the absence of the ionic size
effects, shear-thinning fluids (n < 1) exhibit smaller viscosity at the wall than that with
steric effects, as pointed in Figure 5a. That explains why the fluid has a low resistance
to be deformed, causing high-velocity gradients in the walls’ vicinity. According to the
oscillatory electroosmotic body force included in Equation (15),

ρ̄eĒx(τ) =
κ̄2

κψ

sinh ψ̄

1 + 2ν sinh2(ψ̄/2)
sin(2πτ), (41)

when the steric effect is absent (ν = 0) in Equation (41), and considering fixed values in κ̄
and ψ̄ = κψ, the electric body force at the wall, where A is a constant, ρ̄eĒx ∼ A sin(2πτ)
promotes the highest velocity gradients, namely for half-period τ (=49.1–49.4) the flow
moves in the positive axial direction and the body force A sin(2πτ) > 0, while, for τ
(=49.6–49.9), the flow moves in the opposite direction and the function A sin(2πτ) < 0; in
both scenarios described before, the velocity profiles acquire concave shape in the flow
direction. At specific times τ (=49.5 and 50), the electric body force A sin(2πτ) = 0, causing
a significant decrease in velocity and velocity gradients. Then, velocity profiles acquired a
convex shape, and the velocity is close to zero in the neighborhood of the sidewalls, as is
shown in Figure 7a. On the other hand, in Figure 7c, the finite-sized ions (ν 6= 0) affect the
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slippage condition at the wall, giving rise to a reduction in the velocity up to one order of
magnitude, and consequently, the velocity gradients are smaller than that obtained with
ν = 0. That reduction in velocity gradients is attributed to reducing the ionic concentration
inside EDL as stated in Equation (3), decreasing the oscillatory electroosmotic body force
in Equation (41). For example, an estimation of ρ̄eĒx(τ)|ȳ=1 near the microchannel-wall,
where κ̄ ∼ O(101), κψ ∼ O(101), and ψ̄ ∼ κψ; for a specific τ = 49.2, when ν = 0 the
electric body force ρ̄eĒx(τ)|ȳ=1 ∼ O(104), and when steric effects are considered with
ν = 0.4, the electric force ρ̄eĒx(τ)|ȳ=1 ∼ O(101).

Figure 8. Distribution of dimensionless convective concentration c̄u across the microchanne at
different Womersley numbers Wo. (a) Shear-thinning fluids. (b) Shear-thickening fluids.

The dimensionless concentration c̄u plotted in Figure 7b,d corresponds to the velocity
field ū in igure 7a,c over the same period of oscillation. Figure 7b shows the concentration,
c̄u, without steric effects. In the first half period of oscillation τ (=49.1–49.6), the concave
flow profile causes transversal concentration gradients, and the neutral dilute solute
diffuses from the centerline of the microchannel to lateral walls. During the second half
interval of time τ (=49.7–50), the flow profile is reversed, and the solute moves from the
boundary walls to the centerline, where the solute’s concentration is small compared to
its value at the neighborhood of the walls. Figure 7d shows the concentration distribution
with the steric effect. Due to a strong decrease in the slip-velocity at the walls originated
by steric effects, the values of c̄u near the walls are small compared to its value at the
centerline; therefore, neutral dilute solute diffuses from the lateral walls to the centerline of
the microchannel.

The rheology plays an essential role on the distribution of the concentration of the
solute c̄u, as shown in Figure 8. For instance, higher concentration gradients across the
microchannel-width appear with shear-thinning fluids (Figure 8a) in comparison against
those present in shear-thickening fluids (Figure 8b). It occurs when Wo increases from 0.5 to
0.8, keeping fixed ν = 0.4, κψ = 10, κ̄ = 10, Sc = 500,4Z = 1, δ = 0.05, and α = 0.001. In
Figure 8a, the distribution in c̄u is more dissimilar as Wo increases. This consequence arises
from the non-uniformity in the velocity flow becoming stronger in shear-thinning fluids, as
shown in Figure 6d. The concentration c̄u in shear-thickening fluids is less affected by the
Womersley number Wo as presented in Figure 8b in comparison with shear-thinning fluids,
due to a significant resistance offering by the fluid to be deformed, as shown in Figure 6d,
where the velocity is reduced by about 30% concerning that obtained in shear-thinning
fluids under the influence of steric effects.

Oscillatory flows become a subject of considerable interest due to their potential to
provide significant advantages in the manipulation of the transport of species, causing that
those with low diffusivities can be transported faster than species with higher diffusivities,
and vice versa. In this context, the rate of mass transport Q̄x is shown in Figure 9a,b as
a function of the Womersley number Wo with κ̄ψ = 10, κ̄ = 10, δ = 0.05, α = 0.001 and
∆Z = 1. Dashed, solid, and dotted lines correspond to shear-thinning, Newtonian and
shear-thickening fluids, respectively. Curves in blue do not consider the finite-sized ions
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(steric effects), and black curves consider the steric effects. Figure 9a analyzes a fast diffuser
(Sc = 500), while Figure 9b analyzes a slow diffuser (Sc = 2000).

Figure 9. Rate of mass transport Q̄x as a function of Wo at different flow behavior indices n and the
steric factor ν. (a) Sc = 500 and (b) Sc = 2000.

The mass transport Q̄x, in a fast diffuser in the absence of steric effects, Wo does
not influence on Q̄x in the interval 0.3 . Wo . 0.6 in fluids with n (=0.8, 1.0, 1.4), as
indicated in Figure 9a. Shear-thinning fluids with Wo & 0.6 promote a rapid increase in Q̄x
while Newtonian and shear-thickening fluids remain unaltered with Wo. That occurs in
fluids with n < 1 because of high slippage velocity at the walls and the concave shape of
velocity profiles in the flow direction with one order of magnitude higher than fluids with
n = (1, 1.4) where the velocity profiles acquire flattened shape, as shown in blue curves
in Figure 6b. Conversely, in the presence of steric effects, Wo enhances Q̄x in fluids with
n (=0.8, 1.0, 1.4), as indicated by black-curves in Figure 9a. It is observed that independently
of the value that Wo takes, the convex-shape (black lines, in Figure 6b,d) of the velocity
profiles in fluids with n (=0.8, 1.0, 1.4) remain in the same order of magnitude. However,
the shear-thickening fluid is a candidate to transport more species due to shear-thinning
fluids offer greater resistance to being deformed in the presence of steric effects, as it is
demonstrated in Figure 5a. Figure 9b shows how the importance of the hydrodynamic
behavior mentioned above in benefiting and enhance the mass transport of the slow diffuser
(Sc = 2000) with a shear-thickening as a carrier fluid in the presence of steric effects. That is,
species with low diffusivity (Sc = 2000) can be transported up to 64.6% faster than species
with high diffusivity (Sc = 500) when the steric effect is considered. Contrarily, when the
steric effect is neglected, the more diffusive species travel slightly faster up to 21.5%.

Figure 10. Rate of mass transport Q̄x as a function of Wo at different flow behavior indices n and the
steric factor ν. (a) Sc = 500 and (b) Sc = 2000.

Figure 10 highlights the effect of the zeta potential κ̄ψ = 2 on Q̄x, with κ̄ = 10, δ = 0.05,
α = 0.001, and ∆Z = 1. As expected, the zeta potential attenuates the mass transport of fast
and slow diffusers with shear-thickening fluid as carrier compared to high-zeta potential,
as described in Figure 9. However, the zeta potential improves Q̄x with shear-thinning
fluids, as shown in Figure 10. In addition, the steric effect enhances the mass transport in
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fast and slow diffusers when Wo increases. The reason is that independently the value Wo
takes, the reduction in velocity by steric effects remains in the same order of magnitude,
except in shear-thickening fluids where steric effects are tiny, as shown in Figure 6a,b.

Furthermore, Figures 10a and 11a were compared to analyze the influence of tidal
displacement ∆Z on the mass transport rate Q̄x. A tidal displacement ∆Z = 2 causes
an increment in the mass transport rate about two times with κ̄ψ = 2 compared to that
obtained with ∆Z = 1, and that increment was estimated up to four times higher when
high zeta potentials (κ̄ψ = 2) were considered (see Figures 9a and 11b). From Equation (31),
it is evident that the tidal displacement influences the concentration c̄u through Peω ; as can
be deduced from Equation (39), c̄u will affect the mass transport rate, Q̄x. Then, the tidal
displacement increases the convective effects in the concentration field and enhances the
mass transport rate in comparison when a smaller tidal displacement is used.

Figure 11. Rate of mass transport Q̄x as a function of Wo at different flow behavior indices n and the
steric factor ν. (a) κψ = 2 and (b) κψ = 10.

Figure 12. Rate of mass transport Q̄x as a function of the steric effect factor ν, at different flow
behavior indices n. (a) κψ = 2 and (b) κψ = 10.

Finally, the dependency of the rate of mass transport Q̄x on the steric factor is studied
and Figure 12 displays the results with κ̄ = 10, δ = 0.05, α = 0.001, Sc = 500, ∆Z = 1,
and Wo = 1. When the ions are assumed to have finite volumes, the mass transport in
power-law and Newtonian fluids is an ascending function of the steric factor, ν, for κ̄ψ = 2,
and high (κ̄ψ = 10) zeta potentials, as it is shown in Figure 12a,b. In Figure 12a, the
values of Q̄x for ν = 0 and ν = 0.4 with the power-law index n (=0.8, 1.0, 1.4) correspond
to the values of Q̄x in Figure 10a with Wo = 1. In Figure 12a, the mass transport Q̄x in
shear-thickening fluids is higher than in Newtonian and shear-thinning fluids. This is due
to in shear-thickening fluids there is a little influence of the steric factor on the velocity
profiles, while, for Newtonian and shear-thinning fluids the velocity profiles are reduced
by steric effects, as shown in Figure 6c. This occurs because, fluids with n > 1 offer more
resistance to be deformed in comparison with Newtonian and shear-thinning fluids. This
is confirmed in Figure 5, the steric effect in fluids with n = 1.4 has a little impact on the
apparent viscosity (see Figure 5b), while, in fluids with n = 0.8, an important increment in
the viscosity distribution occurs due to steric effects, as shown in Figure 5a.
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In Figure 12b, the values of Q̄x as a function of ν with the power-law index n (=0.8, 1.0,
1.4) and κψ = 10 are plotted. The increase of Q̄x with ν is more pronounced with κψ = 10
than with κψ = 2. That is due to near the wall, the reduction of the body force due to steric
effects is significant; consequently, a higher zeta potential gives rise to a smaller velocity,
as it is shown in Figure 6d, where for fluids with n = 0.8, the velocity is reduced in one
order of magnitude, and fluids with n = 1.0 and n = 1.4, the reduction in the velocity are
maintained in the same order of magnitude.

5. Conclusions

The effects of non-Newtonian rheology, steric effect, and slippage on an OEOF were
analyzed. The start-up condition for the flow was considered, and after all initial transients
have died out and the flow is periodic, the mass concentration and transport of species were
determined numerically. The influence of the main parameters that describe the dynamic
behavior of the flow is the steric factor ν, the normalized slip length, δ, an electrokinetic
parameter κ̄, the normalized zeta potential κψ, the Womersley (Wo) and Schmidt (Sc)
numbers, and the power-law index n. The ionic size effects were controlled by the mean
volume fraction of each ion in bulk given by the factor ν = 2a3n0. The numerical results
are compared against an OEOF solution for a Newtonian fluid without slippage, and steric
effects, previously reported by H. Huang and C. Lai [13]. The following conclusions from
this study were drawn:

1. In shear-thinning fluids, the steric effect under hydrophobic conditions has a no-
ticeable impact on the rheology of the fluid, causing higher values in the dynamic
viscosity, η̄, compared with the absence of finite-size ions. In shear-thickening fluids,
since steric effects reduce the oscillatory electroosmotic body force up to three orders
of magnitude compared with no steric case, the dynamic viscosity decreases near the
microchannel wall.

2. Finite-size ions reduce oscillatory electroosmotic body force by preventing EDL from
being highly concentrated. As a result, steric effects result in a decrease in velocity
in shear-thinning fluids up to one order of magnitude compared with no steric case,
with κψ = 10. However, in shear-thickening fluids, the steric effects are negligible on
the velocity when κψ = 2.

3. The suggested values of Wo ∼ O(10−1), κψ = 10 and ν = 0.4 promote the best
conditions for the mass transport Q̄x for any Sc number values. A value of ν = 0.4
with κψ = 10 increases the value of Q̄x in about 90 % compared with no steric effect.
In a similar way, in about 20 % the value of Q̄x was increased with κψ = 2.

4. The steric effect enhances the mass transport in fast and slow diffusers when Wo
increases by using κ̄ψ = 2 or high zeta potentials (κ̄ψ = 10). However, at high zeta
potentials (κ̄ψ = 10), Q̄x increases up to one order of magnitude compared with
that obtained with κ̄ψ = 2. Additionally, steric effect promotes that slow diffusers
(Sc = 2000) can travel faster than fast diffusers (Sc = 500) at Wo < 1, as shown in
Figure 9 (black lines). The opposite behavior occurs in the absence of steric effects.

5. A wide variety of different physical and chemical phenomena could also be included
in the model to examine their effects on mass transport with non-Newtonian fluids.
Possibilities include the depletion of macromolecules near the microchannel walls,
the presence of a reversible reaction or mass exchange between the microchannel
wall and the fluid. In physiological systems, which can be significantly more impor-
tant viscoelastic effects than higher purity for typical aqueous solutions, could be
considered.
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Nomenclature

a Ion size, m
c Concentration field of the solute, mol m−3

c0 Molar ion concentration of the electrolyte solution, mol m−3

C1, C2 Fixed concentration values at the ends of the microchannel, mol m−3

cu Convective species concentration, mol m−3

c̄u Dimensionless convective species concentration
D Diffusion coefficient, m2 s−1

D Rate of strain tensor
e Electron charge, C
Ex(t) External electric field, Vm−1

E0 Intensity of the applied electric field, Vm−1

h Microchannel Half-Height, m
jx,conv Convective flux density, mol m2 s−1

jx,di f f Diffusive flux density x, mol m2 s−1

Jx Total flux density, mol m2 s−1

KB Boltzmann constant, J K−1

L Microchannel length, m
m Fluid consistency index, Pa sn

m̄ Dimensionless consistency index
n Power-law index
n Unit vector normal to the microchannel surface
n0 Ionic concentration, m−3

PeD Diffusive Péclet number
Qx Flow rate, mol m−2 s−1

Q̄x Dimensionless flow rate
Sc Schmidt number
t Time, s
tω Periodic time, s
T Absolute temperature, K
u Longitudinal velocity component, m s−1

us Fluid velocity at the microchannel wall, m s−1

UHS Helmholtz-Smoluchowsky velocity
ū Dimensionless longitudinal velocity component
Wo Womersley number
x, y Space coordinates, m
x̄, ȳ Dimensionless space coordinates
z valency of both the ions
Greek symbols
α Aspect ratio
γ̇ Strain rate
∆z Tidal displacement, m
∆Z Dimensionless tidal displacement
δ Dimensionless slip lenght
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ε Permittivity of the solution, C V−1 m−1

ζ Zeta potential, V
η Apparent viscosity of the fluid, Pa s
κ−1 Debye length, m
κψ Relation between the wall ζ potential and the thermal potential
κ̄ Ratio of the microchannel height to the Debye length
λN Navier length, m
µ Viscosity of a Newtonian fluid, Pa s
ν Bulk volume fraction of ions
υ0 Kinematic viscosity, m2 s−1

ρ f Fluid density, kg m−3

ρe Electric charge density, C m−3

τ Dimensionless time
τω Dimensionless periodic time
τxy Unidirectional shear stress
Φ Total electric potential, V
φ External electric potential, V
ψ Electric potential, V
ω Angular frequency, rad s−1

Subscripts and superscripts
i Nodal position in x̄ coordinate
j Nodal position in ȳ coordinate
l Nodal position in time
tr Matrix transpose
Abbreviations
AC Alternating current
DC Direct current
DNA Deoxyribonucleic acid
EDL Electrical double layer
EOF Electroosmotic flow
MPB Modified Poisson-Boltzmann
OEOF Oscillatory electroosmotic flow
PB Poisson-Boltzmann
TDMA Tridiagonal matrix algorithm
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Abstract: In this paper, we present a novel microfluidic mixer with staggered virtual electrode based
on light-actuated AC electroosmosis (LACE). We solve the coupled system of the flow field described
by Navier–Stokes equations, the described electric field by a Laplace equation, and the concentration
field described by a convection–diffusion equation via a finite-element method (FEM). Moreover, we
study the distribution of the flow, electric, and concentration fields in the microchannel, and reveal
the generating mechanism of the rotating vortex on the cross-section of the microchannel and the
mixing mechanism of the fluid sample. We also explore the influence of several key geometric parameters
such as the length, width, and spacing of the virtual electrode, and the height of the microchannel on
mixing performance; the relatively optimal mixer structure is thus obtained. The current micromixer
provides a favorable fluid-mixing method based on an optical virtual electrode, and could promote the
comprehensive integration of functions in modern microfluidic-analysis systems.

Keywords: light-actuated AC electroosmosis (LACE); microfluidic mixer; optical virtual electrode;
electrokinetics; computational fluid dynamics (CFD)

1. Introduction

Micromixing [1] is one of the key technologies of micro-total analysis systems (µTAS) [2]
and lab-on-a-chip (LOC) [3] devices, and it is widely used in the fields of biology [4],
chemistry [5], medicine [6], and engineering, both in academia and industry, because of
its low cost, high speed, and low sample consumption [7–9]. However, compared with
macrofluids, microfluidic flow is highly ordered laminar flow due to the low Reynolds
numbers, and molecular diffusion is the main mechanism of microfluidic mixing [10].
Small molecules (rapidly diffusing species) can achieve diffusion mixing within tens of
microns during a few seconds, but the equilibrium time required for mixing large molecules
(peptides, proteins, and high-molecular-weight nucleic acids) within the same distance
is from several minutes to several hours. For many chemical analyses, this means that
longer channel lengths and mixing times are required to achieve the homogenization of the
species concentration, and such delays are impractical. Therefore, to improve the mixing
efficiency of the micromixer by optimizing the size of the device and the time of sample
analysis is the main object of the design and development of micromixers today.

According to mixing mechanism, micromixers can be basically divided into active [11]
and passive [12,13] micromixers. Passive micromixers rely on the geometry of microchan-
nels to generate complex flow fields, such as a flow split [14], flow recombination [15], flow
separation, chaotic advection [16], and hydrodynamic focus to realize the efficient mixing
of fluids [17,18]. Active micromixers, via external energy or stimuli, improve the mixing of
fluids either with moving parts [19] or with external force fields such as acoustic [20,21],
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electric [22–24], magnetic [25,26], thermal [27–30], and pressure [31] fields. The rotating
electroosmotic vortex generated under the action of applied potential is widely used in
active micromixers to manipulate and control different fluids to achieve mixing. In the
past few years, a large number of electroosmotic microfluidic mixers were designed and
developed [32]. In general, when a fixed microelectrode [33] is embedded on the sidewall
of the microchannel, a pair of electroosmotic rotating vortices can be generated near the
microelectrode to achieve the mixing of fluids in the microchannel [34]. The implantation
of a heterogeneous surface charge [35–38] and a nonuniform surface potential charge [39]
on the side and/or bottom walls of the microchannel to induce localized nonaxial flow
structure or vortices can achieve better mixing efficiency [40]. However, the method of em-
bedding fixed microelectrodes or performing heterogeneous processing on the inner wall
of the microchannel both increases the difficulty and cost of processing the microchannel,
and reduces the flexibility of microchip functionality.

With the development of light-induced technology [41–43], a rotating vortex generated
by LACE can both manipulate microparticles in the fluids [44,45] and be used for the mixing
of different fluids [46]. However, the mixer structure and mixing efficiency in [46] could
still be further optimized and improved. On this basis, we improved the inlet layout of the
mixer and designed a new type of staggered electrode, further revealing the fluid-mixing
mechanism under the combined action of the staggered electrode and the applied electric
field by multiphysics field coupling numerical simulation. Moreover, the influence of
geometric parameters, including the length, width, and spacing of the staggered virtual
electrodes, and the height of the microchannel, on mixing efficiency was studied (this is
rarely mentioned in previous studies, and the circular spot or ring virtual electrode was
generally employed before); thus, a relatively optimal mixer structure was obtained.

2. Theory and Methods
2.1. Micromixer Structure

Figure 1a shows the schematic diagram of a three-dimensional structure of the mi-
crofluidic mixer with staggered virtual electrode based on LACE. In this model, two
kinds of fluids with the same solute but different solute concentrations (c1 = 0 mol/m3,
c2 = 1 mol/m3) were driven by pressure from Inlets 1 and 2 into the straight mixing mi-
crochannel. The length of the straight microchannel was Lc = 200 µm, and width and height
were Wc = Hc = 20 µm. The center line on the inlet boundary perpendicular to the bottom
wall of the microchannel was taken as the dividing line between Inlets 1 and 2. As shown
in Figure 1b, the top and bottom walls of the microchannel were transparent indium tin
oxide (ITO) glass. The photoconductive layer was coated at the surface of the bottom wall
of the microchannel by plasma-enhanced chemical vapor deposition (PECVD). From top to
bottom, the photoconductive layer was a multilayer film structure composed of SiCx film
with a thickness of 25 nm, intrinsic a-Si:H with a thickness of 2 µm, and n+ a-Si:H with a
thickness of 50 nm [47].

In general, the conductivity of the photoconductive layer was approximately
σD = 6.7 × 10–5 S/m, and when light was projected onto the photoconductive layer,
the conductivity of the illuminated area increased sharply to σL = 0.2 S/m [48]. This means
that a specific nonuniform electric field was generated in the microchannel when a specific
optical pattern was projected onto the photoconductive layer. Since this optical pattern
could produce a nonuniform electric field similar to the fixed metal microelectrode, it
could called the “optical virtual electrode”. The generation and adjustment of the virtual
electrode could be realized by a series of optical lenses and plane mirrors based on a digital
micromirror device (DMD). The position of the virtual electrodes staggered along the axial
direction of the microchannel is shown in Figure 1c, which clearly shows the character-
istic size (Lc, Wc) of the microchannel, the characteristic size (Lo = 10 µm, Wo = 10 µm,
So = 10 µm, Do = 90 µm) of the staggered light spot projected onto the photoconductive
layer, and the position of each section (A–A, B–B, C–C, D–D). In this study, the number of
staggered virtual electrodes is 8.
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Top view of micromixer. Orange and yellow areas indicate photoconductive layer and the staggered light spots projected
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and 100 µm (exit position) from microchannel center, respectively. D–D represents section (xy section) at the microchannel
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2.2. Governing Equations

The transient Navier–Stokes equations for incompressible fluids describe the flow in
the microchannel:

ρ
∂u
∂t
−∇ · µ

(
∇u + (∇u)T

)
+ ρu · ∇u +∇p = 0 (1)

∇ · u = 0 (2)

where ρ is density, µ is dynamic viscosity, u is velocity, σ is conductivity, and p is pressure.
ρ = 1000 kg/m3, µ = 0.001 kg/(m·s), and σ = 0.11845 S/m when we use an aqueous solution
as fluid medium.

Uniform fluid velocity was applied at inlet boundaries 1 and 2:

u1 = U1n (3)

u2 = U2n (4)

Here, U1 and U2 are the fluid velocities at Inlets 1 and 2, respectively; n is the normal
vector of the inlet boundary; Um = U1 = U2 = 2 × 10–4 m/s is the mean inlet velocity.

The mixed fluid freely flowed out from the outlet boundary of the microchannel. The
total stress component was perpendicular to boundary

(
−pI + µ

(
∇u + (∇u)T

))
· n = 0, (5)

p = 0 (6)

83



Micromachines 2021, 12, 744

where I is the unit tensor.
Compared with the characteristic size of the microchannel, the thickness (Debye

length) of the electrical double layer on the inner wall surface of the microchannel was very
small, so the Helmholtz–Smoluchowski slip-boundary condition between electroosmotic
velocity and the tangential component of the applied potential could be applied to the
entire top and bottom walls of the microchannel:

uslip = −
ε0ε f ζ

µ
Et (7)

where ζ = −0.1 V is the zeta potential on the top and bottom walls of the microchannel;
Et is the tangential component of the applied potential vector; ε0 is the vacuum dielectric
constant; and εf = 80.2 is the relative permittivity of the fluid.

Symmetrical boundary conditions applied to the two side walls of the microchannel
described no penetration and vanishing shear stresses.

Assuming that there was no concentration gradient in the ions carrying current, a
Laplace equation was used to describe the applied potential:

∇2 ϕ = 0 (8)

E = −∇ϕ (9)

E is the applied electric-field intensity vector, and ϕ is the applied potential.

ϕ = V0 sin(2π f t) (10)

V0 = 1 V is the peak-to-peak value of the applied potential, and f = 5 Hz is the electric-
field frequency. The duration of one electric-field cycle was T = 1/f = 0.2 s. The top wall of
the microchannel was grounded.

All other boundaries were electrically insulated:

n · ∇ϕ = 0 (11)

In the microchannel, the convection–diffusion equation is used to describe the concen-
tration of dissolved species in the fluid:

∂c
∂t

+∇ · (−D∇c) = −u · ∇c (12)

where c is the species concentration, and D = 10–11 m2/s [11] is the diffusion coefficient of
the solute.

At Inlets 1 and 2, the solute gave concentrations of c1 = 0 mol/m3 and c2 = 1 mol/m3.
The mixed fluid flowed out from the outlet by convection, and the boundary condi-

tions along the outlet were as follows:

(D∇c) · n = 0 (13)

All other boundaries were set to no flux:

(cu− D∇c) · n = 0 (14)

The mixing efficiency of the two fluids near the outlet of the microchannel was
calculated by using the following formula [49]:

M = 1−

√s
Γ(c− c)2

Sc2 (15)
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where Γ is the cross-section used to measure the concentration. To avoid the outlet effect, the
B–B cross-section was selected here. c and c are the concentration and average concentration
on Γ, respectively. S is the area of the Γ. M = 0 and M = 1 mean in which the two fluids
were completely separated and mixed. Therefore, the greater the value of M was, the better
the mixing effect of the two fluids was.

In this paper, commercial finite-element software package COMSOL Multiphysics
(Version 5.3a, COMSOL Group, Stockholm, Sweden) was used to solve the coupling system
of laminar flow, electric currents, and transport of diluted species. To ensure the credibility
of the simulation results, a grid-dependency test was carried out to determine the optimal
number of grid elements. We calculated mixing-efficiency index M of the B-B cross-section
when t = 4 T for 9 different numbers of grid elements from 750 to 3,510,190, and results are
shown in Figure 2. The mixing-efficiency index remained unchanged when the number
of grid elements exceeded 612,909. Therefore, considering the accuracy and efficiency of
simulation, 612,909 was selected as the optimal number of grid system elements. According
to the data statistics of COMSOL 5.3a, the numbers of hexahedral, quads, edge, and vertex
elements for the required calculation in the simulation model were 612,909, 80,127, 3652,
and 76, respectively. Maximal and minimal element sizes were 0.544 and 0.0355 µm,
respectively. The minimal element quality and average element quality could reach 0.5766
and 0.9812, respectively. This proves that the solution and analysis of the simulation model
in this grid system were relatively accurate and reliable.
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3. Results and Discussion
3.1. Mixing Process and Mechanism

The famous Helmholtz–Smoluchowski slip-boundary condition (Equation (7)) shows
that the magnitude of electroosmotic slip velocity uslip is closely related to tangential com-
ponent Et of the applied potential. In addition, tangential component Et of the total electric
field on the top and bottom walls of the microchannel included Ex and Ey, considering that
the slip velocity resulting from Ex had little perturbance on the main flow direction, so the
generation of electroosmotic flow on the cross-section mainly depended on Ey. Thus, by
giving the electric-field, flow-field, and concentration-distribution evolution (as shown in
Figure 3) of the A–A cross-section in the microchannel at five different moments during one
electric-field cycle, we elaborate the effect of the staggered virtual electrodes on the fluid
mixing and reveal its mixing mechanism. Here, the selected A–A cross-section was located
at the center of the virtual electrode adjacent to the inlet of the microchannel, as shown in
Figure 1c. Since a sinusoidal AC signal was applied in this study, the five different taken
moments were t = 1/4 T, t = 3/8 T, t = 1/2 T, t = 5/8 T and t = 3/4 T.
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A1, A2, and A3 in Figure 3a show that, at the middle moment of the first half cycle
(t = 1/4 T), the y component of the electric field in the A–A section became the largest, and
it was weakened when t = 3/8 T, until it completely decreased to 0 V/m at the end of the
first half cycle (t = 1/2 T). A4 and A5 show that the magnitude of Ey gradually increased
when t = 5/8 T, and reaches the maximal value again at the middle moment of the second
half cycle (t = 3/4 T), which was basically equal to that of the first half cycle. Different from
the first half cycle, the direction of Ey in the second half cycle was the opposite. Due to
the different voltage drop between the illuminated and dark areas in the photoconductive
layer, the electric field on the A–A section exhibited nonuniform distribution, and it was
larger near the boundary between the illuminated and dark areas. In addition, since the
virtual electrodes on the bottom wall of the microchannel were arranged in a staggered
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manner, electric-field distribution on the cross-sections of the two staggered electrodes
adjacent to each other at the same time was basically equal in magnitude, and exactly the
opposite in direction.

As shown in A1 in Figure 3b, when t = 1/4 T, a clockwise rotating vortex with an
influence range of almost the entire microchannel was generated on the A–A section. The
center of the rotating vortex was located near the boundary between the illuminated and
dark areas with large flow velocity. A2 shows that the size and rotation direction of the
rotating vortex were basically unchanged when t = 3/8 T, while the magnitude of the
velocity near the bottom wall of the microchannel was smaller than that when t = 1/4 T.
A3 shows that, when t = 1/2 T, the fluid in the microchannel returned to highly ordered
laminar flow, that is, there was no electroosmotic flow generated on A–A section. A4 shows
that the rotation direction of the rotating vortex was counterclockwise when t = 5/8 T,
which is opposite to that of the first half cycle. When t = 3/4 T from A5, the magnitude of
the velocity of the rotating vortex reached the maximum again, and the rotation direction
was still opposite to that of the first half cycle. The reason for the above changes in the
flow field is that the magnitude of the electroosmotic slip velocity was proportional to the
tangential component of the applied electric-field intensity. From the perspective of the
entire cycle, the size and direction of the rotating vortex generated in the microchannel
were closely related to the magnitude and direction of Ey, which is consistent with the
description in Figure 3a.

As shown in A1 in Figure 3c, the rotating vortex generated on the A–A section strongly
disturbed the interface between the two fluids when t = 1/4 T. The fluid elements were
folded, and stretched widely and repeatedly in the direction perpendicular to the main
flow, and the two fluids were wrapped around each other A2 and A3 show that the mixing
area of the two fluids was still expanding from t = 3/8 T to t = 1/2 T, although the rotating
vortex gradually decayed until it disappears. A4 and A5 show that the fluid elements were
folded and stretched in opposite directions due to the change in the rotational direction
of the rotating vortex; when t = 5/8 T, the two fluids were wrapped layer by layer until
t = 3/4 T. On the whole, the alternating rotating vortex on A–A section strengthened the
convection between the two fluids and increased the turbulence of fluid motion, but the
two fluids on A–A section were still well-separated. This shows that only one virtual
electrode could not achieve a high level of mixing performance in the whole microchannel.

To explore the effect of the rotating vortex generated on the cross-section on the axial
mainstream of the microchannel and further reveal its mixing mechanism, we studied the
flow fields of the D–D section in the microchannel at five different moments during one
cycle (as shown in Figure 4). Here, the selected five different moments were consistent with
those in Figure 3. As shown in Figure 1b, the D–D section was the xy section when z = 0.

Figure 4a shows that, under the action of the rotating vortex generated on the cross-
section of the microchannel, the direction of the main flow was significantly deflected
when t = 1/4 T, and the maximal deflection angle was almost close to 90 degrees. In
addition, due to the staggered arrangement of the virtual electrodes on the bottom wall of
the microchannel, the main flow deflected to the opposite direction every time it passed
through a virtual electrode, which greatly enhanced the convection between two fluids.
Since there was no spot irradiation near the outlet of the microchannel, the fluid near the
outlet returned to a highly ordered laminar flow. Figure 4b shows that the main flow still
deflected when passing through the electrode (t = 3/8 T), but the degree of deflection
became smaller, which is related to the decrease in flow velocity of the rotating vortex
generated on the cross-section. The flow field when t = 1/2 T in Figure 4c shows that
the main flow in the whole microchannel was restored to highly orderly laminar flow
since the electric field was zero at this time. The effect of fluid-relaxation time was not
considered here because of the low electric-field frequency. Figure 4d shows that, under
the action of the rotating vortex with opposite rotation direction compared with that in the
first half cycle, the main flow direction deflected again when t = 5/8 T, and the deflection
direction of the fluid at the same position was opposite to that of the first half cycle. As

87



Micromachines 2021, 12, 744

shown in Figure 4e, the deflection angle of the mainstream again reached the maximum
when t = 3/4 T. Meanwhile, under the pumping action of Ex, the fluid near the outlet could
quickly pass through the outlet of the microchannel.
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Under the coupling action of an alternating electric field and a series of staggered
virtual electrodes, the mainstream both flowed along the S-shaped path in the microchannel,
and also periodically and alternately changed with time, which greatly improved the
convection between the two fluids and positively affected fluid mixing.

Figure 5 shows the concentration-distribution evolution of the D–D section in the
microchannel at 10 different moments during four cycles. The 10 different selected moments
were (a) t = 0 T, (b) t = 1/4 T, (c) t = 3/8 T, (d) t = 1/2 T, (e) t = 5/8 T, (f) t = 3/4 T, (g) t = 1 T,
(h) t = 2 T, (i) t = 3 T, and (j) t = 4 T.

Figure 5a shows that, at the initial moment (t = 0 T), molecular diffusion at the interface
between the two fluids in the microchannel was the main mixing mechanism, so the two
fluids were well-separated. As shown in Figure 5b, in the vicinity of the virtual electrode,
the rotating vortex generated on the cross-section disturbed the interface between the two
fluids when t = 1/4 T, which made the fluid elements in the D–D section fold, and widely
and repeatedly stretch in the direction perpendicular to the mainstream, and the two fluids
were wrapped around each other. Figure 5c shows that, although the velocity of the rotating
vortex on the cross-section decreased due to the attenuation of the electric field when t = 3/8
T, the interface between the two fluids was serrated. The convection between the fluids was
gradually strengthened, and the mixing area dramatically expanded. Figure 5d shows that the
rotating vortex on the cross-section disappeared when t = 1/2 T, but the mixing area was still
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expanding under the action of the mainstream. Figure 5e shows that, when t = 5/8 T, due to
the opposite rotation vortex in the cross-section compared with that in the first half cycle, the
main flow stretched and folded in the opposite direction, and the interface between the two
fluids gradually presented an arc shape. Figure 5f shows that, under the action of the gradually
increasing applied potential, the length of the fluid interface increased when t = 3/4 T, and the
two fluids in the microchannel were wrapped around each other.
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Although the two fluids on the D–D section were alternately folded and stretched
under the action of the rotating vortex on the cross-section, the two fluids still had a
clear dividing line during one cycle, as shown in Figure 5g. Figure 5h shows that, when
t = 2 T, the fluids were basically mixed except those near the inlet and side wall of the
microchannel. When t = 3 T, as shown in Figure 5i, the fluids near the side wall of the
microchannel gradually realized mixing. Figure 5j shows that, when t = 4 T, the fluids after
passing through the virtual electrode were basically completely mixed. Figure 5 shows that
the mixing effect of the fluids gradually improved as the applied potential was prolonged.
In addition, the two fluids near the inlet are always well separated. As the number of virtual
electrodes through which the fluids flowed increased, the mixing effect of the fluids became
more favorable, and the two fluids basically achieved complete mixing near the outlet.

3.2. Influence of Key Geometric Parameters on Mixing Performance

In this section, we evaluate the mixing performance of the micromixer by studying
the concentration-distribution evolution near the outlet of the microchannel. To avoid the
outlet effect, we chose the B–B section within the microchannel, which was 10 µm away
from the outlet, as shown in Figure 1c.

The concentration-distribution evolution of the B–B cross-section in the microchannel
at ten different moments during four cycles is shown in Figure 6. Here, the 10 different
selected moments were consistent with those in Figure 5. As shown in B1, the two flu-
ids near the outlet presented highly ordered laminar flow at the initial moment (t = 0 T).
B2 indicated that, although electric-field intensity in the microchannel reached the maxi-
mum when t = 1/4 T, the two fluids were still well-separated because of the short duration
of the rotating vortex in the initial stage. B3 shows that, when t = 3/8 T, although the
electric field gradually weakened, slight distortion occurred at the interface between the
two fluids under the action of the continuous rotating vortex. B4 indicates that there was
no electric field in the microchannel when t = 1/2 T, but the interface between the two
fluids was significantly distorted. B5 shows that the direction of all rotating vortices in
the cross-section of the microchannel changed when t = 5/8 T, and the interface between
the two fluids was distorted in opposite directions. B6 shows that, under the action of
continuously changing applied potential, with the increase in electric-field intensity in the
microchannel, the two fluids could wrap around each other when t = 3/4 T. B7 shows that,
under the action of applied potential during one cycle (t = 1 T), the two fluids realized
mutual wrapping. B8 indicates that, with the periodic change in applied potential, except
those near the side wall of the microchannel, the two fluids achieved a better mixing effect
at the end of the second cycle (t = 2 T). B9 and B10 show that the mixing degree of the two
fluids in the microchannel became increasingly uniform by increasing the duration time of
the applied potential, and the two fluids were basically completely mixed at the end of the
fourth cycle (t = 4 T).

To obtain the optimal mixing performance, we continued to study the influence of
several key geometric parameters on mixing performance, namely, length Lo, width Wo,
and spacing So of the virtual electrode, and height Hc of the microchannel. Here, we apply
mixing-efficiency index M (Equation (15)) calculated on the B–B section at the end of the
fourth cycle (t = 4 T) as the evaluation criterion of mixing performance. The dependence
of mixing-efficiency index M on length Lo of the virtual electrode is shown in Figure 7a.
Mixing-efficiency index M increased with the increase in length Lo of the virtual electrode.
When the length of the virtual electrode was Lo = 0 µm (no virtual electrode), due to the
absence of an electroosmotic rotating vortex, the fluid hardly had any additional mixing
effect (M = 0.290). However, with the increase in the length of the virtual electrode, the
axial length of the electroosmotic rotating vortex generated on the cross-section of the
microchannel became larger. The rotating vortex with larger axial length had stronger
stability and greater distortion to the main flow in the microchannel. For instance, when Lo
was equal to 13 µm, the efficiency reached the maximal value (M = 0.889).
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(B5) t = 5/8 T, (B6) t = 3/4 T, (B7) t = 1 T, (B8) t = 2 T, (B9) t = 3 T and (B10) t = 4 T. Peak-to-peak value of applied potential
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width was Wo = 10 µm, and spacing was So = 10 µm of the virtual electrode. Aspect ratio of the microchannel was Wc/Hc = 1.
Color legend, concentration distribution from 0 to 1 mol/m3.
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Figure 7b shows the variation of mixing-efficiency index M with width Wo of the
virtual electrode. As the width of the virtual electrode increased, mixing-efficiency index
M generally first increased, reached the maximum when width Wo was about half of the
width of the channel, and then decreased. According to the study of the electric field
on the cross-section of the microchannel and the resulting electroosmotic rotating vortex
in Figure 3, the center of the rotating vortex was located approximately at the boundary
between the illuminated and dark areas. This means that only when the center of the
rotating vortex was close to the center of the microchannel, was the disturbance degree to
the fluid interface the maximum, and this achieved the best mixing effect. When width Wo
was excessively large or small, the center of the rotating vortex was located inside the fluid
on one side, which was not conducive to mixing the two fluid samples.

Figure 7c shows variation in mixing-efficiency index M with spacing So of the virtual
electrode. As the distance between two adjacent virtual electrodes increased, the mixing-
efficiency index basically linearly also increased. Figure 3 shows that the rotating vortex was
generated on the cross-section where each virtual electrode was located at the microchannel.
At the same time, the rotation direction of the rotating vortex on the adjacent cross-section
was the opposite because the virtual electrodes were staggered in this study. When the
fluids in the mainstream direction flowed through two adjacent virtual electrodes in turn,
under the action of two rotating vortices with opposite rotating directions perpendicular
to the mainstream direction, the interface between the two fluids at the two adjacent
electrodes was distorted in opposite directions (as shown in Figure 4). However, when the
two adjacent cross-sections were very close, such as So = 0 µm, the overall distortion of
the two fluids in the main flow direction in the microchannel was weakened, which was
not conducive to the mixing of the two fluids. This is consistent with the minimal value
(M = 0.529) of the calculation results of the mixing-efficiency index in Figure 7c. With the
increase in the space between the virtual electrodes, the overall distortion degree of the two
fluids in the mainstream direction in the microchannel gradually increased. For example,
when So = 15 µm, the two fluids in the mainstream direction were mixed to the greatest
extent, and the mixing-efficiency index reached the maximal value (M = 0.904).

Mixing-efficiency index M changing with height Hc of the microchannel is shown in
Figure 7d. Mixing-efficiency index M decreased with the increase in microchannel height.
Figure 3 shows that the center of the rotating vortex on the cross-section of the microchannel
was closer to the bottom wall of the microchannel, and the higher flow velocity was also
concentrated near the boundary between the illuminated and dark areas. In addition,
when the applied potential remained unchanged, the larger channel height resulted in
a weaker electric field in the microchannel, which reduced electroosmotic slip velocity.
Therefore, when the microchannel height increased, the disturbance of the rotating vortex
to the interface between two fluids gradually weakened, which led to the deterioration of
mixing performance. For example, when Hc = 40 µm, there was little mixing effect between
the two fluids (M = 0.173). When the height of the microchannel was excessively small
compared with its width (Hc < 5 µm, Wc = 20 µm), although electric-field intensity in the
microchannel was large enough, the circular rotating vortex in the cross-section may have
been compressed, resulting in a poor mixing effect of the fluids. Only when the height of
microchannel was appropriately comparable with its width, such as Hc = 6 µm, could the
rotating vortex that formed on the cross-section of the microchannel disturb the interface
between the two fluids to the maximal extent, achieving the best mixing effect (M = 0.978).

4. Conclusions

In this paper, we presented a novel microfluidic mixer with staggered virtual elec-
trode based on light-actuated AC electroosmosis. The coupling systems of Navier–Stokes
equations, a Laplace equation, and a convection–diffusion equation were solved by a
finite-element method. The flow field, electric field, and concentration distribution on the
section of microchannel were studied. Simulation results showed that the electroosmotic
rotating vortex generated on the cross-section of the microchannel enhanced convection
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and improved the mixing effect between fluids. In addition, we studied the effect of several
key geometric parameters such as the length, width, and spacing of the staggered virtual
electrode, and the height of the microchannel on mixing performance; the relatively optimal
mixer structure was thus obtained (Lo = 13 µm, Wo = 10 µm, So = 15 µm, Hc = 6 µm). On the
basis of its functional flexibility of optical virtual electrodes, the current fluid micromixer
could promote the comprehensive integration of functions in modern microfluidic analysis
systems. For example, reagent mixing, reaction, and detection steps may be concentrated
in a single microfluidic channel.
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Abstract: We report a quasi T-channel electrokinetics-based micromixer with electrically conductive
sidewalls, where the electric field is in the transverse direction of the flow and parallel to the
conductivity gradient at the interface between two fluids to be mixed. Mixing results are first
compared with another widely studied micromixer configuration, where electrodes are located at
the inlet and outlet of the channel with electric field parallel to bulk flow direction but orthogonal
to the conductivity gradient at the interface between the two fluids to be mixed. Faster mixing is
achieved in the micromixer with conductive sidewalls. Effects of Re numbers, applied AC voltage and
frequency, and conductivity ratio of the two fluids to be mixed on mixing results were investigated.
The results reveal that the mixing length becomes shorter with low Re number and mixing with
increased voltage and decreased frequency. Higher conductivity ratio leads to stronger mixing result.
It was also found that, under low conductivity ratio, compared with the case where electrodes are
located at the end of the channel, the conductive sidewalls can generate fast mixing at much lower
voltage, higher frequency, and lower conductivity ratio. The study of this micromixer could broaden
our understanding of electrokinetic phenomena and provide new tools for sample preparation in
applications such as organ-on-a-chip where fast mixing is required.

Keywords: microfluidics; electrokinetics; mixing; micromixer

1. Introduction

Mixing of two or more fluids is always crucial in the application of microfluidics in
chemical engineering, environmental engineering, and even biomedical and biochemical
analysis such as enzyme reaction, protein folding, DNA purification, etc. [1]. Fast mixing
can generate stronger signals to increase the sensitivity and enable more accurate mea-
surement of chemical reaction kinetics. However, since the flows are mainly laminar in
microfluidics, mixing is carried out by molecular diffusion and fast mixing is not easily
achieved. Highly efficient and fast mixing of two fluids inside microchannels could be
highly challenging. Therefore, developing new techniques and methodologies to increase
the interfacial surface area for enhancing the mixing processes is crucial to improve the
corresponding performance of ‘lab-on-a-chip’ devices [2].

Many new micromixer techniques have been developed in last two decades [3]. Gen-
erally, the ‘micromixer’ can be categorized into two groups: passive and active mixers [4].
Passive mixers do not require external energy. They enhance mixing processes through the
augmentation of diffusion through fluid folding, stretching, and tilting by special design
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of microchannel geometry [5]. In contrast, active mixers usually employ external energy
to introduce disturbances on the flow to enhance fluid mixing. Several types of active
micromixers with flow disturbances generated in terms of temperature [6], pressure [7],
electrohydrodynamics [8,9], acoustics [10], as well as magnetics [11], have already been
reported to effectively enhance fluid mixing in microchannels.

Among the aforementioned methods, liquid or particle motion can be effectively
manipulated by electrokinetic mechanisms, including electro-osmosis, electrophoresis,
dielectrophoresis, and electrowetting, etc., since electric body force (EBF) is more effec-
tive on small scales and interfaces [12,13]. In 2001, Oddy et al. [14] presented an active
micromixer in which an AC electric field induces a chaotic flow field to enhance the mixing
of two pressure-driven flow streams. Moreover, it was demonstrated by Shin et al. [15]
that more chaotic trajectories can be generated in a cross-shaped microchannel by a time-
dependent electric field. Recently, many works on electrokinetic instability (EKI) were
accomplished and attracted much attention, it is a phenomenon described by charge accu-
mulation at perturbed interfaces due to electrical conductivity gradients, which exist in the
bulk flow [16–20]. Although many significant results have already been obtained through
those previous works [21–25], much effort is still needed to improve our understanding of
electrokinetic mixing under AC electric field, to make the electrokinetic micromixers more
efficient and flexible for “lab-on-a-chip” applications.

In 2014, we demonstrated that turbulence [26] and its corresponding ultrafast mix-
ing [27] of two pressure-driven flows can be realized electrokinetically in a microchannel
with slightly divergent sidewalls (fabricated with electrodes) at low bulk-flow Reynolds
number. However, parallel microchannels are mostly used in microfluidics and the mix-
ing enhancement in the electrically conductive sidewalls in parallel has not been studied.
In this paper, we present a parametric study of the rapid fluid mixing inside a T-shaped
microchannel, where two streams of pressure-driven flows are disturbed by an externally
time-dependent electric field, which is orthogonal to the conductivity gradient at the inter-
face between the two fluids to be mixed. The parameters, such as electrode positions and
voltage phase shift between two electrodes, were investigated.

2. Materials and Methods

The schematic of the micromixers is given in Figure 1. Both of the micromixers are
T-shaped with parallel sidewalls. Two cases have been considered in this investigation:
one has electrically conductive sidewalls, the other has insulated sidewalls with electrodes
placed at inlet and outlet. In the former, the sidewalls of the channel are made of gold sheet
(as shown in Figure 1a). Here, x and y denote the streamwise and transverse directions in
the main channel, respectively. In the latter, the sidewalls of the micromixer are fabricated
with acrylic, as shown in Figure 1b. Platinum electrodes are placed at the inlets and out
of the microchannel. The micromixers both have rectangular cross sections of 120 µm in
width and 230 µm in height, with the length of 5 mm. Two inlets and one outlet with the
diameter of 1 mm were drilled at the ends of the channel.

Two fluids with different electrical conductivity and permittivity are used for the study.
Each fluid enters the micro-fluidic chamber through its own inlet channel. As soon as they
contact, a jump in electrical conductivity and/or permittivity is generated at the interface
between the two fluids. The flow of an incompressible and Newtonian fluid in presence of
an electric field is governed by the Navier–Stokes equations:

ρ


∂

⇀
V

∂t
+

⇀
V·∇

⇀
V


 = −∇P + η∇2

⇀
V +

⇀
f e (1)

where ρ is the fluid density,
⇀
V denotes the velocity field, P refers to the pressure, and η is
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the (constant) dynamic viscosity.
⇀
f e is the EBF attributed to Coulombic force, as:

⇀
f e = ρ f

⇀
E (2)

where ρ f is net charge density which can be expressed as [18]:

ρ f = −
ε
⇀
E ·

⇀
∇σ

σ
(3)

where ε is the permittivity of the electrolyte and
⇀
E is the electric field. Due to the presence

of electrical conductivity gradients,
⇀
∇σ at interfaces between two streams with different

electrical conductivity, which exist in the bulk flow [18,28], non-zero net charge will be

accumulated at interfaces when an electric field is applied. Then, an EBF
⇀
f e results which

distorts the interface of the two fluid streams. If the magnitude of the disturbance is
sufficiently large, a transversal convection (secondary flow) can be induced on the interface,
destabilize the interface through electrokinetic instability (EKI), and promote the mixing of

the two fluids. If the there is no conductivity gradient, which means
⇀
∇σ = 0, then no net

charge will be induced (ρ f = 0), consequently, no body force on liquid will be generated

(ρ f
⇀
E = 0), and then no EKI occurs. In this investigation, electric conductivity is not a

passive scalar [27] since the EBF can significantly manipulate the flow and accordingly
affect the field of electric conductivity.
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From Equation (3), it is important to notice that indicated by the term of
⇀
E ·

⇀
∇σ, the

charge density could be minimum when the external electric field is perpendicular to
the electrical conductivity gradients, which is the case in that electrodes are placed at the
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inlets and outlets of the mixing channel. In contrast, when the external electric field is
parallel to the electrical conductivity gradients, the charge density can be maximized. In
our micromixer, the electrodes are directly used to form the sidewall; therefore, the external
electric field is parallel to the electrical conductivity gradients (Figure 1) which will result
in a maximum EBF, and strongest distortion between the interface of the two-liquid flow,
initially. In the present study, AC voltage signals are used instead of DC voltage due
to the fact that bubbles are more easily generated in highly conductive buffer under DC
voltage due to electrolysis, which can block the microchannel and thus be detrimental to
the performance of microfluidic devices [29].

A syringe pump (Harvard, Model PHD2000 Programmable, Holliston, MA, USA)
was used to pump fluorescent dye solution and DI water from the inlets respectively
through the micromixer toward the outlet. Flow visualization were applied to study fluid
mixing. Fluorescein sodium salt (C20H10Na2O5) was used as the fluorescent dye trace for
characterizing the mixing results. Electrically neutral dye rhodamine B (Sigma-Aldrich,
Corp., Burlington, MA, USA) was also used as the scalar marker to study conductivity ratio
influence on fluid mixing. Phosphate buffer (VWR VW3345-1 pH 7.2) was diluted into
DI water as one of the mixing streams to control the conductivity ratio between the two
streams. Figure 2 shows the schematic of the experimental setup. The microchip was placed
on an inverted fluorescent microscope (Olympus-IX70, Tokyo, Japan) for fluorescence
measurements. A function generator (Tektronix, Model AFG3102, Beaverton, OR, USA)
was used to apply AC electric signal between these two electrodes.
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Figure 2. Experimental setup.

A mercury lamp was used as the illumination source in the present study. The excita-
tion beam is 488 nm. Upon excitation, the fluorescent solution would emit fluorescence.
A 10× objective lens (NA = 0.25) was used for the fluorescence imaging. The fluorescence
signal was captured by a sensitive and high-resolution CCD camera (SensiCam QE, PCO,
Bavaria, Germany), with an exposure time of 0.1 s. All concentration was quantitatively
determined by measuring the fluorescence intensity within each pixel of the camera using
MATLAB (MathWorks Inc., Natick, MA, USA). Mixing enhancement results were com-
pared based on concentration profiles of the fluorescent dye along a transverse line that is
perpendicular to flow direction of the microchannel at a given streamwise position.
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3. Results and Discussion
3.1. Effect of External Electric Field Direction

To evaluate the influence of directions of external electric field, the mixing results
in two cases were compared, e.g., electrodes are placed at the sidewalls (case A) and
at the ends of the channel (case B), respectively. The latter has been studied widely as
electrokinetic micromixers [18,30]. However, a direct comparison of the two arrangements
of the electrodes on mixing has not been carried out before.

In the experiment, we kept flow rate at 5 µL/min and conductivity ratio of the two
streams at 10:1, unless otherwise specified. The external electric fields have strength (EA) of
both 200 V/cm for the two cases. In this part, a low AC frequency ( fAC = 1 Hz) was used.

As shown in Figure 3, it is clearly illustrated that under the same EA, the mixing is
much stronger in case A than case B. For the plastic sidewalls, to achieve EA = 200 V/cm,
we had to use a voltage amplifier accompanied with function generator to apply AC
voltage on the case B. In this case, it is difficult to apply high AC voltage and high frequency
signal simultaneously. However, for the case A, no power amplifier is required to achieve
EA = 200 V/cm. The function generator can provide sufficient high EA and AC frequency
on the electrodes simultaneously. Figure 3 clearly indicates, as a result of the parallel of

electric conductivity gradient and external electric field, that
⇀
E ·

⇀
∇σ reaches maximum.

A much larger
⇀
f e can be predicted according to Equation (3), relative to that in the case B.

In the following section, the electrokinetics micromixer with conductive sidewalls will be
characterized.
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3.2. Effect of Electric Conductivity Ratio

According to Equations (2) and (3), two mixing streams with conductivity gradient

were subject to an external electric field; mixing was directly influenced by the
⇀
f e [31].

In order to conduct a parametric study to quantify the effect of the conductivity ratio
of the two streams on the mixing performance, we kept the AC signal of fAC = 10 kHz
and EA = 833 V/cm (corresponding to AC amplitude of 10 Vp-p.) Three conductivity ratios
(γ = σ1/σ2, with σ1 ≥ σ2) between the two streams were investigated, and they are 1, 2,
and 10, respectively.

Mixing performances under different conductivity ratio are shown in Figure 4.
Figure 4a,b indicates that the mixing is stronger at γ = 2 than that at γ = 1. When
γ = 10 (Figure 4c), the mixing is the strongest among these three cases. In Figure 4d, the
corresponding concentration distribution (evaluated by fluorescence intensity) in the trans-

99



Micromachines 2022, 13, 34

verse direction is displayed. As we know, the stronger the mixing, the more uniform the
concentration in the transverse direction at a given streamwise position. The curve should
approach flat when the fluids are well mixed in the microchannel. According to Figure 4d,
when the conductivity ratio γ is 10, concentration distribution reached a relatively uniform
profile at x/w = 3 (w is the width of the microchannel) from the entrance. While γ are 1
and 2, at the same streamwise position, C distributions were far away from a flat profile.
The mixing result is evaluated by a mixing index κ, which is similar (but different) to the
mixing criterion used in Arockiam et al.’s work [32] and is defined as:

κ = 1−

√〈
(C− 〈C〉)2

〉

〈C〉 (4)

where 〈·〉 denotes ensemble averaging. Here, 0 ≤ κ ≤ 1. The higher κ, the stronger the
mixing. It can be seen from Figure 4e, when γ = 1, κ is nearly flat which indicates the
mixing is not enhanced under the external electric field. When γ = 2, κ increases gradually
along streamwise direction. At x/w = 4, κ is about 0.65, which is approximately three
times larger than that of γ = 1. When γ = 10, κ increases rapidly and reaches 0.84 at
x/w = 1.5. It is twice larger than that of γ = 2 and the time cost is only 30 ms. Note there
is a little fluctuation of κ along streamwise direction, which is because of the non-uniform
excitation light distribution of the microscope.
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Figure 4. Visualization and comparison of mixing results in the micromixer with different con-
ductivity ratios γ at EA = 833 V/cm. (a) γ = 1, (b) γ = 2, (c) γ = 10, and (d) comparison of
concentration profile in transverse direction at x/w = 3 from the channel entrance (marked by red
line) with different conductivity. (e) Mixing index varying along streamwise direction at different
conductivity ratios.
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Specially, mixing results under the same low γ = 2 in both conductive sidewalls
micromixer and plastic sidewalls micromixer with electrodes located at the ends of the
channel were measured and compared, as shown in Figure 5. In this part, the applied
electric fields are kept constant, i.e., EA = 200 V/cm for the two mixers. For the case of
Figure 5c, a periodic electric field was added to the applied static electric field, to enhance
mixing, which is EA = 1667 V/cm (with 20 Vp-p voltage) in amplitude and fAC = 10 Hz.
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Figure 5. Visualization and comparison of mixing result in micromixer with electrodes located at
ends of channel (a,b) and micromixer with conductive sidewalls (c,d), (a) without voltage, (c) with
voltage; sidewall, (b) without voltage, and (d) with voltage.

Figure 5 clearly shows that, under electric field EA = 200 V/cm, obviously stronger
mixing has been achieved in the micromixer with conductive sidewalls, as shown in
Figure 5d. However, in the micromixer with the nonconductive sidewalls, where the
electrodes are located at ends of the channel, no obvious mixing enhancement was observed
(Figure 5b).

3.3. Effect of AC Frequency

Influence of AC frequency on mixing has also been investigated in a wide range from
100 Hz to 2 MHz. Fluid mixing under DC voltage was also presented as a comparison.
To study the effect of AC frequency on mixing, the electric field was kept constant as well
as in the DC situation, i.e., EA = 1000 V/cm.

Figure 6 shows the results of mixing under DC voltage and different frequencies of
AC voltage. When fAC = 10 KHz, the mixing performance is stronger than that when
the frequencies are 1 MHz and 2 MHz. When DC voltage was applied on electrodes,
strongest mixing was achieved in a very short time. However, bubbles were also generated
within 1 s since voltage was applied. The channel was finally blocked by these bubbles.
C distributions in the transverse direction are shown in Figure 6e for three different AC fre-
quency mixing results. According to this quantitative C distribution, when fAC = 10 KHz,
concentration distribution reaches relative uniformity at x = 2.3w from the entrance. At the
same streamwise position, however, when fAC = 1 MHz and 2 MHz, the profiles of the
concentration distribution are still far from uniform. From Figure 6f, it can be seen that κ is
always the largest at fAC = 10 KHz, compared with that under other AC frequencies.

Moreover, mixing results under high frequency were also investigated. It was found
that, rapid mixing result can be also achieved at high frequency besides low frequency as

long as the
⇀
E is sufficiently strong. Results are shown in Figure 7. Applied frequencies

vary from 30 MHz to 40 MHz, and the EA was increased to 1667 V/cm.
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Figure 6. Visualization and comparison of mixing results in microchannels with different frequencies
of AC and DC signals. Here, γ = 10 and EA = 1000 V/cm. (a) DC, (b) fAC = 10 KHz, (c) fAC = 1 MHz,
(d) fAC = 2 MHz, and (e) comparison of concentration profile in transverse direction at x = 2.3w
from the channel entrance with AC signal. (f) Mixing index varying along streamwise direction at
different AC frequencies.

Figure 7 shows mixing results under each fAC. It obviously shows that mixing is
stronger when fAC = 30 MHz, than that when fAC = 35 MHz and 40 MHz. However, at
EA = 1667 V/cm (limitation of the function generator), 40 MHz was the highest frequency at
which we can achieve mixing augmentation in this mixer. It is also an important advantage
that mixing can be acquired under high AC frequency electric field, since in many cases, low
frequency AC signal could generate bubbles due to electrolysis in microchannels, especially
when highly conductive buffer is used. The present new design of the micromixer could
significantly reduce the risk of generation of bubbles in the microfluidic device, when the
operation AC frequency is increased to higher than 10 kHz. Especially, even in fluids with
relatively high conductivity (1000 µS/cm), no bubble was generated.
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It is known that the EK flow can become unstable or perturbated when applied EA
exceeds a threshold value under a certain frequency. This particular EA value is called
critical EA, beyond which the interface becomes fluctuating. The relation between critical
EA and frequency was investigated in the micromixer with conductive sidewalls, as plotted
in Figure 8.
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Figure 8 suggests that, along with the increasing of frequency, the critical voltage
required for the mixing enhancement is also increased. For fAC = 1 Hz, EA = 67 V/cm
is sufficiently large to result in mixing augmentation inside the microchannel. When the
frequency is increased to 1 MHz, EA = 333 V/cm is required to enhance the mixing. Since the
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applied AC frequency covers 6 orders, several different EK mechanisms could exist in the
mixing process. Although the general form of electric body force is known, a comprehensive
theory for predicting the critical values of local EA has not been established for the broad
frequency range. Nevertheless, in the high frequency regime, i.e., fvc � fAC � 〈σ〉/2πε
(where fvc is the cut-off frequency of velocity fluctuation in frequency domain), according
to the theory of Zhao and Wang [13], we have approximately:

∣∣∣∣
⇀
f e

∣∣∣∣ ∼ −
εE2

A
w

(
γ− 1
γ + 1

)(
1− β2

)
(5)

where β = 2π fACε/〈σ〉 is a dimensionless AC frequency. As fAC is increased, β increases

accordingly, and thus,
⇀
f e is decreased. To generate sufficiently large

⇀
f e to disturb the flow,

EA must accordingly increase simultaneously.
According to the theoretical research of Zhao and Wang [12,13], the electric volume

force in DC electric field is larger than that in AC electric field, under equivalent electric
field magnitudes. The present experimental investigation on frequency effect supports the
theoretical conclusion, and the fastest mixing could be achieved under DC electric field
in a very short time. However, for practical applications, to avoid bubbles generated by
electrolysis, the AC electric field is applied.

3.4. Electric Field Effect

As the EBF plays a key role in the currently designed mixing process, mixing should

be directly related to
⇀
E . Therefore, voltage effect on mixing result was investigated. In this

experiment, frequencies of the applied signals are kept constant, i.e., fAC = 10 kHz. EA was
varied from 0 Vp-p to 1167 V/cm (14 Vp-p).

Figure 9 shows mixing performance under different applied EA. As visualized in
Figure 9, despite the molecular diffusion, there is no obvious mixing on the interface of the
two streams when no EA is supplied. However, the mixing can be significantly enhanced
when the applied EA is increased to 500 V/cm. With further increasing EA to 1167 V/cm,
the mixing becomes the strongest.

Figure 9d shows the quantitative concentration C distribution in the transverse direc-
tion, at streamwise position x/w = 3 away from the entrance. It shows that, C distribution
under 1167 V/cm reaches relative uniformity at x/w = 3 from the entrance, while at the
same streamwise position, the profile of the concentration distribution under EA of 0 and
500 V/cm are still far from flat. The same consequence can also be concluded from Figure 9e,
where higher electric field results in higher mixing index. Especially at EA = 1167 V/cm, κ
reaches 0.83 at x/w = 0.71, which only costs time in the amount of 14 ms. All the results
indicate that mixing is enhanced rapidly with increased electric field in the conductive
sidewalls micromixer.

It should be noted that, besides the EK flow generated directly on the interface of
electric conductivity gradient, there are also two additional EK flows generated in the
electrokinetic micromixer system. One is the induced charge electrokinetic flow adjacent to
the electrodes [33], the other is electro-osmotic flow on the top and bottom walls.

When the electric voltage applied is sufficiently large, nonlinear induced charge with
vortical structures can be induced adjacent to the electrodes because of concentration
polarization. The flow can be chaotic and apparently enhance fluid mixing in the diffusion
layer, which is several hundred times of Debye length from electrodes [34]. Therefore, the
mixing of fluids can be enhanced by nonlinear EK flow induced near electrodes. Besides,
due to the unbalanced electric field on the low and high electric conductivity streams, a
large scale vortical flow can be generated by the electro-osmotic flow (EOF) adjacent to
the top and bottom walls, as have been investigated by Nan et al. [25]. The vortical flow
could significantly enhance the 3D mixing of fluids on large scales. Thus, the fast mixing is
achieved as a result of all these EK mechanisms.
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Figure 9. Visualization and comparison of mixing result in microchannels with various EA. Here,
fAC = 10 kHz and γ = 10. (a) 0; (b) 500 V/cm; (c) 1167 V/cm; and (d) comparison of concentration
profile in transverse direction at x/w = 3 from the channel entrance with different AC voltages.
(e) Mixing index varying along streamwise direction at different EA.

3.5. Re Number Effect

Different Re number effects on mixing results were investigated as well. In this
experiment, frequency of the applied signal is kept constant, i.e., fAC = 10 kHz. Applied
EA was kept at 500 V/cm. Flow rate was changed in the range of 1 µL/min to 5 µL/min to
increase Re. Three different Re numbers, i.e., 0.1, 0.3, and 0.5 were compared. Results are
shown in Figure 10.

As visualized in Figure 10, the mixing is strongest at a given downstream position
when the Re number was 0.1, compared with situations where the Re numbers were 0.3
and 0.5. The mixing length (the downstream distance from the inlet of the channel required
for the mixing to be achieved in the transverse direction, not the Prandtl mixing length
in turbulent flows) is much shorter when low Re number was applied than when high
Re number was applied. Note that although the mixing length is shorter at lower Re,
the mixing time (required for the mixing to be achieved in transverse direction) is not
necessarily shorter because the bulk flow velocity is larger in the higher Re.
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Here we use mass transport equation to explain the observed effect of Re on mix-
ing. In EK micromixer, the mixing is dominated by the scalar transport due to velocity
fluctuations. This can be explained by a convection–diffusion equation, as:

∂C
∂t

+
→
u ·∇C = D∇2C (6)

where D is the diffusion coefficient. Considering a quasi-steady process, i.e.,
→
u =

→
u′ + U

(where
→
u′ is the velocity fluctuation primarily attributed to EBF), C = C + c′ and ∂C/∂t = 0.

C and c′ are the mean value and fluctuations of concentration, respectively. Subsequently,
we have:

∂c′
∂t

+

(→
u′ + U

)
·∇
(
C + c′

)
= D∇2(C + c′

)
(7)

Taking temporal averaging on Equation (6), we have:

→
u′·∇c′ + U·∇C = D∇2C (8)

By combining Equations (6) and (7), and considering U is only in streamwise direction,
we further have the transport equation of c′, which is:

∂c′
∂t

+
→
u′·∇C +

→
u′·∇c′ + U

∂c′

∂x
−∇·

(
c′
→
u′
)
= D∇2c′ (9)

Since EBF is perpendicular to the flow direction,
→
u′ is in transverse direction initially

at the interface between the two streams. Normally c′/C � 1, we dimensionally have
→
u′·∇C �

→
u′·∇c′. If we only focus on large-scale concentration fluctuations, the influence
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of the diffusion term can also be ignored. Thus, the initial spreading of the mixing can be
approximately determined by:

∂c′
∂t

+ v′
∂C
∂y

+ U
∂c′

∂x
−∇·(c′u′) = 0 (10)

where v′ is the velocity fluctuation component in y direction. The mixing of fluids is primar-
ily determined by two convection terms, which are v′∂C/∂y and U∂c′/∂x. Dimensionally,

in the EK flow, v′2 ∼
∣∣∣∣
⇀
f e

∣∣∣∣, and U ∼ Re. When the electric field intensity and solutions are

given,
∣∣∣∣
⇀
f e

∣∣∣∣ could be approximately fixed in the initial stage in this investigation, and thus

v′2 remains approximately unchanged. In addition, in turbulent flows, commonly, v′
U < 1.

Consequently, as Re is increased, U∂c′/∂x convects and transports more mass downstream
before they are spreading along transverse direction by the relatively smaller v′∂C/∂y.
Hence, mixing in our mixer could have a much shorter mixing length under lower Re
number than that under high Re number.

4. Conclusions

In this paper, a novel quasi T-channel micromixer with conductive sidewalls is intro-
duced. Compared with the conventional micromixers, where electrodes are located at the
ends of the channel and the electric field and conductivity gradient are orthogonal, the
micromixer with conductive sidewalls, where the electric field and conductivity gradient
are parallel, can generate faster mixing under the same electric field. In the present device,
no amplifier or high voltage supply is required, and a function generator is sufficient to
create fast mixing. Furthermore, effects of Re numbers, electric field strength, AC frequency,
and conductivity ratio on mixing results have been studied in the conductive sidewall
micromixer. The results reveal that the mixing length is shorter with lower Re number
and AC frequency, and stronger electric field and higher conductivity ratio. This mixing
strategy provides a new and convenient method for enhancing the mixing of two fluids at
low Re in microchannels, which is a common key step in sample pretreatment in biomedical
and biochemical analysis applications.
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Abstract: The concentration control of reagents is an important factor in microfluidic devices for
cell cultivation and chemical mixing, but it is difficult to realize owing to the characteristics of
microfluidic devices. We developed a microfluidic device that can generate concentration gradients
among multiple main chambers. Multiple main chambers are connected in parallel to the body
channel via the neck channel. The main chamber is subjected to a volume change through a driving
chamber that surrounds the main chamber, and agitation is performed on the basis of the inequality
of flow caused by expansion or contraction. The neck channel is connected tangentially to the main
chamber. When the main chamber expands or contracts, the flow in the main chamber is unequal, and
a net vortex is generated. The liquid moving back and forth in the neck channel gradually absorbs the
liquid in the body channel into the main chamber. As the concentration in the main chamber changes
depending on the pressure applied to the driving chamber, we generated a concentration gradient by
arranging chambers along the pressure gradient. This allowed for us to create an environment with
different concentrations on a single microchip, which is expected to improve observation efficiency
and save space.

Keywords: micromixer; microfluidics; density control; lab on a chip; pneumatically driven

1. Introduction

Traditionally, cell-culture and chemical-reaction experiments are conducted in con-
tainers whose size is similar to that of a Petri dish. However, a Petri dish is used for a
very small observation target, and for the aforementioned experiments, a large space is re-
quired, as much waste fluid is generated. To solve these problems, research on microfluidic
devices and microreactors was conducted to realize a cell culture and chemical mixing on
microchips by scaling down experiments that were conducted at a laboratory scale [1–7].

As most microfluidic devices process a low Reynolds number, liquids are mixed using
molecular diffusion, which is very time-consuming. To solve this problem, various methods
have been proposed, and they can be classified into passive and active mixers. Passive
mixers are designed to increase the contact area of two liquids by applying ingenuity to
the shape of the flow path, thereby promoting diffusion [8–11]. For instance, Chien-Chong
Hong et al. studied mixing using a Tesla valve [12], and Sung-Jin Park studied mixing
using a three-dimensional flow channel [13]. Active mixers use electrophoresis, ultrasonic
or other waves to forcibly generate a vortex for mixing [11,14–16]. Ahmed et al. proposed
a mixing process based on the ultrasonic vibration of microbubbles [17]. Glasgow et al.
proposed a mixing method based on pulsed flow [18].

To observe the behavior of cells in various environments on a microfluidic device,
it is necessary to realize various concentrations on a microchip. There are two ways
to achieve this: one is to use diffusion to generate a concentration gradient and keep
supplying it [19–22], and the other is to prepare multiple chambers with different concen-
trations [23–28]. With regard to the former method, Fukuda et al. succeeded in supplying a
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stable concentration gradient by using a branching channel and a meandering channel [29].
For the latter, Hung et al. succeeded in creating multiple chambers with different concentra-
tions on a microchip by orthogonally flowing the concentration gradient-generated liquid
and perfusion liquid on the microarray [30]. Bo Dai et al. realized a continuously varying
concentration gradient in the side chamber of the body channel just through the flow of
solution [31].

The authors developed an active mixer (outer-circumference-driven mixer) that uses
the inequality of flow during the expansion or contraction of chambers [32–36]. The
driving principle of the outer-circumference-driven mixer is shown in Figure 1. The outer-
circumference-driven mixer comprises a main chamber that mixes the two liquids, a driving
chamber that surrounds the main chamber, a body channel through which the liquid flows,
and a neck channel that connects the main chamber to the body channel. When pressure is
applied to the driving chamber, the main chamber expands and contracts through the elastic
wall. When this process is repeated, the liquid in the body channel is gradually absorbed
into the main chamber with a slight back and forth movement through the neck channel.
This repeated expansion or contraction mixes with the liquid in the main chamber and
reaches the concentration in the body channel. When the main chamber reaches the desired
concentration, air can be injected into the body channel to maintain the concentration in
the main chamber.

The mixing speed of this mixer is proportional to the amplitude of the liquid moving
back and forth in the neck channel, and the amplitude of the neck channel is proportional
to the expansion or contraction of the main chamber. In this study, we generated a concen-
tration gradient by applying a pressure gradient to each driving chamber to differentiate
the volume of the main chamber. If we can create chambers with different concentrations
on a single microchip, we can save space, reduce the amount of waste fluid, and improve
the observation efficiency.

Pressure Driving
chamber

Main
chamber

Neck
channel

Body channel100μm

Figure 1. Driving principle of outer-circumference-driven mixer. The liquid in the main channel is
gradually siphoned into the main chamber. Mixing speed can be changed by driving pressure.
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2. Materials and Methods
2.1. Experimental Method and Channel Design

In a previous study [32–36], a piezoelectric actuator was used to drive the driving
chamber through water; however, in this study, air pressure was used. The transmission
channel to the driving chamber was filled with water, and the water was vibrated using a
piezoelectric actuator. The piezoelectric actuator can powerfully drive the driving chamber
because it can force the volume change; however, the volume change is limited. Therefore,
as the number of main chambers increases, the volume change supplied to the driving
chamber decreases, and there is a concern that the same results cannot be obtained when
the number of chambers is small. Since a drive source such as a piezoelectric actuator is
required to vibrate water at high speed, it is difficult to achieve a large scale with water in
the transmission channel. Therefore, we decided to use air pressure, because it is possible
to increase the pressure even when there is a large number of main chambers.

As the absorption rate of the main chamber can be adjusted by the pressure applied to
the driving chamber, the concentration gradient can be generated by arranging chambers
along the pressure gradient. The designed channel is shown in Figure 2. The process of why
this channel design was chosen is described in Appendix A. A tube was connected to the
air inlet, as shown in Figure 2a, a solenoid valve was connected to a tube, and a compressor
was connected to a solenoid valve. Moreover, the syringe was connected to the liquid inlet to
supply the liquid to body channel. The farther the distance from the air pressure source is,
the narrower the flow path at the top of the driving chamber becomes. Therefore, the narrower
the channel is, the more difficult it is to transmit pressure, and concentration gradients can
thus be generated.

(a)
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∅1500

∅1500
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300

50
0

High Pressure Low Pressure

Air Source

ℎ = 100𝜇𝑚Air inlet

Liquid inlet

(b)
∅300
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24
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𝑅15
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Figure 2. Design of the microchip. (a) Overall dimensions of flow channel. Air pressure is supplied
from the air source. Arrow above the driving chamber indicates the expected pressure supplied to
the driving chamber. (b) Detailed dimensions of the main chamber, which were determined on the
basis of previous studies [33].

In Figure 2b, the main chamber dimensions were determined on the basis of previous
studies [33]. In this study, we used the same dimensions, but there is room for debate as
to whether the dimensions are suitable for using air pressure. Determining the optimal
dimensions of the main chamber when air pressure is used is a future task.

To confirm the principle of this mixer, that is, whether flows are different between
expansion and contraction, we conducted simulations using Autodesk CFD2020. Since this
mixer is driven by the wall deformation at high frequency, it is difficult to simulate the flow
caused by it. Therefore, we assumed that pressure is applied to the wall of the main chamber
and verified whether the streamlines are different during expansion and contraction.

The result of simulation is shown in Figure 3. Figure 3a denotes the model, Figure 3b
denotes how to apply the pressure, and Figure 3c,d denote the results that are the stream-
lines of expansion and contraction. Since the surface to which pressure is applied must
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be flat, the flow channel outline was polygonal. The streamlines were different between
expansion and contraction, confirming the inequality of flows, which is the principle of
this mixer.

(a)

∅300

60

24
0

15
0

(b)

(c) (d)

Figure 3. Simulation results. (a) Main chamber model. Because the surface to which pressure is
applied must be flat, the outer shape was polygonal. (b) How to apply pressure to the main chamber.
Since it was not possible to simulate the change in flow owing to the deformation of the wall, it was
assumed that pressure is applied. (c,d) Streamlines during expansion and contraction. Streamlines
were different between expansion and contraction; therefore, the net vortex was created by repeating
this process.

2.2. Microchip Fabrication

A silicon wafer was spin-coated with SU8-3050 (MicroChem Inc., Japan), and prebaked
(95 ◦C, 45 min). A mask with a channel pattern was placed on SU8 and irradiated with
UV light (exposure energy, 250 mJ/cm2, 10 s). After that, a mold with the channel pattern
was developed with a thinner. Polydimethylsiloxane (PDMS, SILPOT184, Dow Inc., Japan,
base:curing agent = 9:1 (mass ratio)) was poured into the mold. After deaeration and curing,
PDMS that was transferred into the channel pattern was bonded to the slide glass using
plasma treatment to create a flow channel.

2.3. Experimental Setup

Figure 4 shows the experimental apparatus and microchip drive unit. The air was
supplied from the compressor (AK-T20R, Max Co., Ltd., Japan.) to the solenoid valve,
which was controlled by the microcomputer (AIO-160802AY-USB, CONTEC Co., Ltd.,
Japan) through the regulator. This air was supplied to the driving chamber, and the air
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pressure causes a volume change in the driving chamber. The main chamber was filled with
pure water, and a mixture of 3 µm microbeads (Polybead Polystyrene 3.0 Microspheres,
Polysciences Inc., Philadelphia, PA, USA) and pure water flowed in the body channel.
We used 3 µm microbeads to improve the streamlines more easily to see and increase the
contrast for easier analysis.

In this study, air pressure was 0.30 MPa, the solenoid valve operated at 50 Hz, and duty
ratio was 50%. This condition was experimentally determined to maximize absorption
speed. Although there may be more optimal conditions by adjusting frequency, pulse width,
etc., we used this condition in the experiment. The exploration of the ideal parameters is a
future task.

(a) (b)

Syringe connected to 
body channel

USB-Degital signal interface
& Electro circuitSolenoid valve

PDMS Chip

Air source

Compressor

Regulator

Figure 4. (a) Experimental setup. (b) Experimental apparatus.

2.4. Evaluation

The concentration was quantitatively evaluated using the luminance value. We
recorded the experiment with a microscope (OLYMPUS, IX73P1F, Japan), measured the
change in luminance value of each main chamber on the basis of the program, and evaluated
the concentration using the following formula:

Ln(t) =
An

∑
Pxl(t, x, y)

Sn
(1)

MI =
Ln(t)
Ln(0)

(2)

where MI denotes the mixing index, n denotes the number of main chambers, An denotes
the area of the n-th chamber, Sn denotes the number of pixels in An, and Pxl(t, x, y) denotes
the pixel value. The concentration of each main chamber was measured in the area shown
in Figure 5. Moreover, Python and OpenCV were used to calculate the luminance values
and measure the concentrations at each frame.

Chamber-1 C-2 C-3 C-5C-4 C-8C-6 C-7

Figure 5. Measured concentration. Numbering from left to right is 1, 2, ..., 8. Calculations were
performed using Python and OpenCV.

We produced three chips and performed three experiments using each chip. We
evaluated whether the concentration gradient was generated on the basis of MI in the nine
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experiments. The chamber that was supplied with high pressure absorbed and agitated
the liquid. The more the chamber absorbed the liquid, the lower the luminance value
and consequently the lower the MI were. Therefore, the lower the MI was, the more
absorption and agitation occurred in the chamber.

3. Result

The experimental results are shown in Figure 6, where Figure 6a denotes the time
variation of an experiment, and Figure 6b denotes the results obtained 9 s after the start
of the experiment. The time variation of the concentration until 9 s after the application
of air pressure is shown in Figure 7, where C-n indicates the n-th main chamber from the
left. The raw data are very difficult to see, and the graph was drawn using 3 points of a
simple moving average (raw data and why a simple moving average was applied are in
Appendix B). The MI indicates the degree of mixing; the lower the MI is, the more the
beads are absorbed and mixed. Similar results were obtained in all experiments, with a
gradual decrease in concentration starting from the left chamber. Figure 8 is a graph
showing the mean and standard error of MI after 9 s for the nine experimental results. The
standard error of C-1 was large ( standard errors of C-1 and C-2 were 0.0199 and 0.169).

(a)

9.0[s]7.2[s]

5.4[s]3.6[s]

1.8[s]Chip1, 1st trial, 0[s]500μm

(b)

Chip1, 2nd trial, 9.0s

Chip1, 3rd trial, 9.0s Chip2, 1st trial, 9.0s

Chip2, 2nd trial, 9.0s Chip2, 3rd trial, 9.0s

Chip1, 1st trial, 9.0s500μm

Chip3, 1st trial, 9.0s Chip3, 2nd trial, 9.0s

Chip3, 3rd trial, 9.0s

Figure 6. Generation of concentration gradient using an outer-circumference-driven mixer. (a) Time
variation of an experiment (Chip 1, first trial). (b) Experimental results. Similar results were obtained
from nine experiments.
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Figure 7. Time variation of mixing index until 9 s after application of air pressure. Graph was drawn
using 3 points of a simple moving average. Mixing index indicates the degree of mixing; the lower
the mixing index was, the more the beads were absorbed and mixed.
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Figure 8. Graph of average of concentrations after 9 s for 9 experiments. Error bars represent standard
error. The concentration gradient iwass generated roughly along the pressure gradient.
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4. Discussion
4.1. Experiment Evaluation

In order to comprehensively check whether the concentration gradient was generated,
the average value of the nine experimental results was calculated, and a simple moving
average was applied, as shown in Figure 9.
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C-3 C-4

C-5 C-6

C-7 C-8

Figure 9. Average of nine experiments was calculated, and graph shows the simple moving average.
Final concentrations were C-1, -2, -3, -4, -5, -6, -8, and -7.

Concentration gradients were generated along the pressure gradient, but chambers
at both ends did not follow the pressure gradient; C-1 was almost the same absorption
speed and mixing index as those of C-2, and C-8 was larger than the mixing index of C-7.
This may have been caused by wall friction loss. Except for the chambers at both ends
(C-1 and C-8), concentrations became thinner in the order of C-2, -3, -4, ..., -7, and the
concentration gradient was generated along the pressure gradient. However, there was a
large difference in the mixing index between C-5 and C-6. A detailed design method for
generating a uniform concentration gradient has not been established, and it is necessary to
explore the design of the driving chamber for generating a uniform concentration gradient
in the future.

On average, we were successful in generating concentration gradients, but the order
of the concentration gradients varied in each. In the future, it is necessary to pursue
reproducibility so that the same concentration gradient could be obtained in all experiments.

4.2. Experiments Using Colored Water

In a previous experiment, we used 3 µm microbeads to evaluate the concentration.
To confirm that the same results could be obtained with liquid–liquid mixing, we conducted
an experiment using colored water.

The experimental results using colored water are shown in Figures 10 and 11, where
Figure 10 denotes the time variation in an experiment, and Figure 11 denotes the time vari-
ation in the mixing index. We obtained a similar result to that in the previous experiments.
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0[s] 3.0[s]

6.0[s] 9.0[s]

Figure 10. Time variation of experiment using colored water.

Figure 11. Time variation of mixing index in experiments using colored water. We obtained s similar
result as that in experiments using 3 µm microbeads. Final mixing indices were C-1, -2, -3, -4, -5, -6, -8, -7.

4.3. Evaluation of Pressure Gradient

The mixer generated a concentration gradient owing to the pressure gradient. To con-
firm that the mixer was functioning properly, we measured the deformation of the wall.
The measurement method and results are shown in Figure 12, where Figure 12a,b denote
the measuring area, and Figure 12c denotes the graph of the amount of wall deformation.
When air pressure was applied, the wall between the driving chamber and the main cham-
ber was significantly deformed (Figure 12a). Since the amount of deformation depends on
the supplied pressure, we could evaluate the pressure gradient by comparing the amount
of deformation. To measure the wall deformation, the main chamber was divided into three
regions as shown in Figure 12b. Region A is the entire main chamber and the wall area,
Region B is the main chamber area, and Region C is the wall area. Since the pixel value
in Region C represents the amount of deformation of the wall, the pixel value in Region
C was calculated using the pixel values in Regions A and B. The wall deformation was
evaluated with the following formula;

PX(t) =
X

∑ Pxl(t, x, y) (3)

ND = 1 − PC(texpansion)

PC(0)SC
= 1 − PA(texpansion)− PB(texpansion)

(PA(0)− PB(0))(SA − SB)
(4)

where ND denotes normalization deformation, X denotes each region, PX denotes the
total pixel values of the region, Pxl(x, y) denotes the pixel value at x, y, and SX denotes
the number of pixels of region X. Figure 12c shows the normalized deformation of the
wall. It was confirmed that the pressure gradient was generally generated in the order of
the concentration gradient. The standard error of C-1 was also larger than that of other
regions (standard errors of C-1 and C-2 were 0.0431 and 0.348, respectively); therefore,
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as shown in Figure 7, the concentration of C-1 was unstable, so it was difficult to adjust the
concentration according to the pressure gradient.
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Figure 12. Evaluation of pressure gradient. (a) Wall deformation during expansion. Since the
amount of deformation varied with the magnitude of pressure, it was used to evaluate the pressure
gradient. (b) Details of evaluation region. Pixel values in Regions A and B were used to evaluate wall
deformation in Region C. Equation (4) was used for evaluation. (c) Wall deformation in each chamber.
Pressure gradients were generated approximately in the order of the concentration gradient.

5. Conclusions

The flow path shown in Figure 6 was successful in generating a concentration gradient,
but the chambers at both ends did not adhere to the gradient due to wall friction. If the
goal is to generate the concentration gradient, the liquid in the chambers at both ends can
be discarded, and the concentration gradient can be realized in the other main chambers.
The volume of the main chamber of the channel designed in this study was 7.06 nL;
therefore, even if the liquid in the chambers at both ends was discarded, the advantage of
reducing the amount of liquid waste was not lost.

We attempted to generate a concentration gradient in an outer-circumference-driven
mixer. We succeeded in generating a concentration gradient using the difference in the
pressure applied to the driving chambers, which decayed as the distance from the air
pressure source increased. As the micromixer was driven by air pressure, the channel could
be expanded by increasing the applied pressure. However, although we succeeded in
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generating a concentration gradient, it was difficult to adjust the concentration in the main
chambers according to the expected value (i.e., there was a large difference between C-5 and
C-6). In the future, we aim to determine parameters that could fine-tune the concentration,
and to further increase the scale of the system.
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Appendix A. Determination of Channel Design

Appendix A.1. Concentration Gradient Generation Method

In this study, air was used. Therefore, the driving frequency cannot be increased owing
to compressibility, but large deformation occurred in the driving chamber by increasing the
driving pressure; therefore, the main chamber could be the same stirring speed as that in a
previous study [32–36].

When an outer-circumference-driven mixer is driven using piezoelectric actuators, it
was confirmed in previous studies [32–36] that the concentration in the main chamber could
be adjusted depending on how much the driving chamber surrounds the main chamber
(enclosure angle) and the pressure applied to the driving chamber. Therefore, there are two
processes to generate the concentration gradient:

1. Equalize pressure in each driving chamber and adjust the concentration on the basis
of enclosure angle.

2. Make the enclosure angle of each driving chamber uniform, and adjust the concentra-
tion on the basis of pressure.

The concept of each is shown in Figure A1. To investigate whether the concentration
gradient using air could be realized in these channels, we designed a verification channel.
As the first process requires uniform pressure supply, a linearly symmetrical branch channel
was used to verify whether the concentration can be made uniform. In the second process,
a serial-type channel was used to verify if a concentration gradient could be generated. If it
was not possible to generate a concentration gradient, it was necessary to devise a new
channel shape to drive the device on the basis of air pressure.

(a) (b)
Pressure

Figure A1. How to generate concentration gradient by outer-circumference-driven on-chip mixer.
(a) Generation of concentration gradient by enclosure angle. Flow path was designed so that all
driving chambers were equally pressurized, and the concentration was adjusted by enclosure angle.
(b) Generation of concentration gradient by pressure gradient. All driving chambers had the same
enclosure angle, and the concentration gradient was generated by the pressure supplied to the
driving chambers.
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Appendix A.2. Verification of Ability to Generate Chambers with Uniform Concentration Using
Branch Channels

To generate a concentration gradient based on the enclosure angle, the pressure
must be uniformly supplied to each driving chamber. To verify this, an experiment was
conducted using the flow path shown in Figure A2a. The driving chambers were arranged
independently, so that they were not affected by the neighboring chambers, and the driving
chambers were designed in a treelike pattern, so that there was no difference in flow
length among the driving chambers. If concentrations in all the main chambers were equal
(Figure A2a), concentration could be adjusted by the enclosure angle. The experimental
results are shown in Figure A2b. Concentrations in the main chambers are not uniform,
and it is difficult to adjust them on the basis of enclosure angle. When pneumatic pressure
is used, the pressure may not be evenly transmitted if the flow path is narrow. Therefore,
the application of air pressure to such a branch channel was not appropriate to generate a
concentration gradient.

(a)

Air 
Source

500μm

(b)

1st trial, 10s

2nd trial, 10s

3rd trial, 10s

500μm

Figure A2. Verification of pressure uniformity. (a) To generate a concentration gradient using the
enclosing angle, pressure must be uniform to generate a concentration gradient using the enclosing
angle. (b) Experimental results. Concentrations were not uniform.

Appendix A.3. Generation of Concentration Gradients Based on Serial-Type Flow Paths

As mentioned in the previous section, it is difficult to evenly supply pressure to the
driving chamber; therefore, we attempted to generate a concentration gradient based on
pressure gradient. The flow path is shown in Figure A3a. The farther the distance from the
air source, the more pressure loss occurs owing wall friction, and the more pressure gradient
is generated in the driving chamber. The experimental results are shown in Figure A3b.
No stirring occurred at all owing to the effect of the channel width, as described in the
previous section.

Assuming that the channel width affects agitation, we designed the channel to generate
the concentration gradient based on the pressure gradient by removing the effect of the
channel width and conducted the experiment. The flow path shown in Figure A4a was
designed in a way that the width of the flow path between the pneumatic source and each
driving chamber was maximal. Experimental results are shown in Figure A4b. Although a
concentration gradient was generated, the chambers located at both ends of the flow path
exhibited a low concentration because of the pressure loss caused by wall friction.
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(a)

Air 
Source

500μm

(b)

1st trial, 15s

2nd trial, 15s

3rd trial, 15s

500μm

Figure A3. Use of pressure gradient. (a) Air was supplied from the left side of the figure, and the
driving chamber was deformed by air pressure. The pressure gradient was generated by the pressure
drop through the flow path, which generated the concentration gradient. (b) Experimental results of
(a). Each chamber was driven for 15 s, but no stirring occurred.

(a)

Air 
Source

500μm

(b)

1st trial, 7s

2nd trial, 7s

3rd trial, 7s

500μm

Figure A4. Flow path without the effect of channel width. (a) Concentration gradient was generated
by the pressure gradient after removing the effect of the channel width. (b) Experimental results.
Concentration gradient was generated, but concentrations in the chambers at both ends were low.

The aforementioned results imply that it is difficult to supply pressure to the driving
chamber as expected when the channel width of the driving chamber is narrow. Therefore,
when air is used for pressure transmission and the frequency of expansion/contraction is
high, it is better to increase the channel width of the driving chamber as much as possible.

Appendix A.4. Influence of Deformation of Wall

Another possible reason for the diluted concentration in the chambers at both ends
is the difference in the deformation of the driving chamber. Figure A5 shows how the
wall is deformed when the driving chamber is driven using a high-speed camera. There
is a difference in the deformation of the driving chamber depending on the positional
relationship between the air pressure source and driving chamber. It is not clear whether
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this affects the concentration or not, but the parameters related to the concentration can be
reduced by removing this effect.

500μm

200μm

Figure A5. Wall deformation in relation to the position of the pneumatic source. Deformation
differeed depending on the position of the chamber.

Appendix B. Raw Data of the Experiments

Figure A7 shows raw data of Figure 7. In Figure A7, the graph exhibits rattling
behavior owning to the recording frame rate. Figure A6 shows the n-th, N + 1st, and N +
2nd frames in the experiments. The main chamber repeatedly expanded and contracted,
which caused the liquid to be gradually absorbed as it moved back and forth between the
neck chambers, resulting in rattling luminance values during the driving chamber operation.

N N+2N+1

Figure A6. N-th to N + 2nd frame of an experiments. Main chamber repeatedly expanded and
contracted, which caused rattling luminance values.
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Figure A7. Time variation in mixing index until 9 s after the application of air pressure.
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Abstract: In this study, the mixing performance in a Y-junction microchannel with acoustic streaming
was investigated through numerical simulation. The acoustic streaming is created by inducing
triangular structures at the junction and sidewalls regions. The numerical model utilizes Navier–
Stokes equations in conjunction with the convection–diffusion equations. The parameters investigated
were inlet velocities ranging from 4.46 to 55.6 µm/s, triangular structure’s vertex angles ranging from
22◦ to 90◦ oscillation amplitude ranging from 3 to 6 µm, and an oscillation frequency set to 13 kHz.
The results show that at the junction region, a pair of counter-rotating streaming vortices were formed,
and unsymmetrical or one-sided vortices were formed when additional triangles were added along
the sidewalls. These streaming flows significantly increase the vorticity compared with the case
without the acoustic stream. Mixing performances were found to have improved with the generation
of the acoustic stream. The mixing performance was evaluated at various inlet velocities, the vertex
angles of the triangular structure, and oscillation amplitudes. The numerical results show that adding
the triangular structure at the junction region considerably improved the mixing efficiency due to the
generation of acoustic streaming, and further improvements can be achieved at lower inlet velocity,
sharper vertex angle, and higher oscillation amplitude. Integrating with more triangular structures at
the sidewall regions also improves the mixing performance within the laminar flow regime in the
Y-microchannel. At Y = 2.30 mm, oscillation amplitude of 6 µm, and flow inlet velocity of 55.6 µm/s,
with all three triangles integrated and the triangles’ vertex angles fixed to 30◦, the mixing index can
achieve the best results of 0.9981, which is better than 0.8355 in the case of using only the triangle at
the junction, and 0.6642 in the case without acoustic streaming. This is equal to an improvement of
50.27% in the case of using both the junction and the two sidewall triangles, and 25.79% in the case of
simply using a junction triangle.

Keywords: acoustic streaming; micromixer; acoustofluidics; microfluidics; computational fluid
dynamics

1. Introduction

Fluid mixing is a phenomenon process in microfluidics that involves the combination
of various materials. Homogeneous and rapid mixing in microscales are critical for various
applications such as drug delivery, chemical process industries, biomedical diagnostics, etc.
The main mixing mechanism is governed by molecular diffusion. Micromixers are thus
integrated into microfluidic devices to achieve quick mixing by facilitating mass transfer
between the flow streams. They can be categorized as either active or passive depending on
the amount of energy consumed [1]. Passive micromixers are easy to set up and integrate
with other microfluidic components. However, this type of micromixer has less perfor-
mance compared with active micromixers. The different geometry of the microchannel
section is modified in passive micromixers to induce flow disturbance as well as pressure
difference, which then promotes mixing quality. The most common geometrical features
used as passive micromixers are swirl inducing [2], obstructions [3], the placement of
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obstacles [4], etc. Active micromixers perform mixing to enhance quality and speed by uti-
lizing external power sources such as acoustic field [5], pressure-driven [6], electric field [7],
and magnetic-field [8]. Active micromixers can be activated based on the user’s needs
and provide controllable mixing with electrical voltage, pressure gradient, and integrated
elements. In general, active micromixers improve mixing by magnetically, mechanically,
electrically, and acoustically swirling the fluid streams.

Acoustofluidics is a combination of acoustics and microfluidics. It has many applica-
tion areas such as microfluidic pump [9], bimodal signal amplification [10], mixing and
migration of micro-size particles [11], etc. Acoustic streaming occurs as a result of the
time-averaged nonlinear dynamics of the solid–fluid interaction in a viscous flow [12–14].
It is induced by the second order time-averaged streaming fluctuating components in any
fluid flow. Ovchinnikov et al., studied numerically the flow pattern and scaling around a
single sharp edge and found that it generated a high Reynold body force when compared
with its non-sharp counterparts [15]. Similarly, Doinikov et al., recently reported that sharp
edge structures were used to generate acoustic streaming in a circular microfluidic device of
the fluid domain [16]. Both studies indicated that the sharp edge of the solid body is used
as the origin of acoustic streaming to oscillate the flow. The acoustic streaming production
is strong enough near the apex with a small vertex angle and is also directly related to the
applied amplitude [17]. Its generation is also affected by the fluid’s Reynold number flow
characteristics. Generally, the induced streaming flow pattern is stronger at low Reynold
number flows than at high Reynold number flows [18]. The acoustic stream is produced
more efficiently when the radius of the curvature of the apex is small in comparison with
the thickness of the viscous boundary layer [19]. Acoustic streaming has been recognized
as an important and non-invasive solution for different applications such as mixing [20,21],
heat transfer [22], synthesis of organic nanoparticles [23], and particle patterning [24].
Nama et al., numerically investigated the performance of micromixing by inducing acoustic
oscillated sharp edges in a sidewalls rectangular computational domain [25]. In general,
active and passive mixing in Y-microchannels has previously been performed such as
acoustically induced bubbles [26,27], rotating magnetic fields [28], placement of obstacles
in the microchannels [29,30], electronically driven flow [31], acoustic streaming around the
sharp triangular structure in the sidewall directions [20], adding split and recombination
features [32], side lateral obstructions [33], and symmetrical cylindrical grooves [34].

The Y-microchannel is a micromixer configuration used in microfluidics devices.
Different geometries such as a circle, square, rectangle, various inlet and outlet section
regions, and channel angles are developed, but its configuration is mainly defined by two
inlets and one outlet, with the single outlet acting as a micromixer at various angles [35].
The mixing of two or more fluids is a critical process inside the Y-microchannel. Since
the fluid flow inside the small dimension of the Y-microchannel is mostly laminar, it is
dependent on its outlet effective length and diffusion disturbance to achieve the maximum
optimum species mixture concentration at the common microchannel outlet region. Thus,
fluid flow pattern disturbance is required before passing through the junction region to
minimize the effective outlet length and also reduce the microchannel manufacturing costs.

The main objective of this study is to investigate numerically the mixing performance
of acoustic streaming in a Y-microchannel by inducing a triangular structure starting from
the microchannel junction region. It can achieve quick mixing and improve homogeneity
within the microchannel mixing section by disrupting the flow pattern starting from the
junction region and generating a vortex streaming flow. The paper is organized as follows:
methods are presented in Section 2, results and discussion are presented in Section 3, and
Section 4 concludes with the important findings and future work.

2. Numerical Methods
2.1. Microchannel Geometry and Numerical Scheme

Figure 1 demonstrates the CAD design of the microchannel used in the current study.
The Y-junction microchannel segments are separated by a 120◦ angle. Figure 1a illus-
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trates the dimensions and configuration of the common standard Y-junction microchannel.
The new microchannel configuration includes fillet dimensions to reduce the microchannel
edge effect and enlarge the junction region. The triangle’s apex inside the microchannel
is rounded with 0.30 µm, which is below the viscous boundary layer thickness. Similarly,
the triangle has a characteristic height, h, around the junctions of 0.35 mm, 0.25 mm, and
0.17 mm at the microchannel outlet sidewalls, which is equal to the distance between the
triangle’s tip and the beginning of its base. Figure 1b,c show the new microchannel designs
for numerical modeling. It was designed with an induced single triangular structure only
at the junction region and the addition of two more triangles to the microchannel sidewalls
at the outlet direction. As shown in Figure 1c, the first sidewall triangle induced 0.40 mm
away from the apex of the junction triangle, while the second triangle induced in the other
side at a distance of S away from the first sidewall triangle’s apex. The triangle’s apex is
located between the two edges of the outlet microchannel, as shown in Figure 1b, but below
0.10 mm in the case of the 0.25 mm triangle height, h, as shown in Figure 1c. The base edges
of the triangular structure inside the microchannel are rounded with 0.10 mm and 0.02 mm,
as shown in Figure 1b,c.

The Y-junction microchannel numerical model is in the coordinate rectangular region
ranging in x-axis (0.4398, 0.2598) to (2.4255, 0.2598) and in y-axis (0.5898 and 2.2755, 0) to
(1.1326 and 1.7326, 2.3484) as shown in Figure 2. The origin of the coordinate system is
set to be at the lower-left corner of Figure 2. Throughout this study, the origin is fixed at
this point and the coordinate system is unified in order to express all the data and results.
The Y-shaped microchannel has two inlets and one outlet microchannel for mixing purpose.
The lower and inlet side microchannel edges of the 2D modeling are 30◦ and 60◦ from the
x-axis, respectively. Similarly, the upper and inlet side microchannel edges are 60◦ and 30◦

from the y-axis, respectively.
The numerical model scheme is used to solve the two-dimensional water domain of

the Y-microchannel cross section, which has two inlets and one outlet segment. The material
properties used in the numerical study are listed in Table 1. Figure 2 shows the geometry
of the numerical model discretization of the new Y-junction microchannel. The numerical
model was implemented and the governing equation solved using the finite element
software COMSOL Multiphysics [36]. Three sets of governing equations are used to obtain
the results in this study. Based on the temporal and spatial scales, the acoustic velocity
field is first calculated by using the thermoviscous acoustics module in frequency domain.
The streaming flow velocity field is then calculated by applying the laminar flow physics
module. Lastly, the transport of diluted species module is used to solve the convective
transport of a solute species from one inlet side to the outlet’s common mixing region in
the Y-junction microchannel. Table 2 shows the numerical study input parameters.

Table 1. Material properties.

Water Properties at T = 25 ◦C [37] Value Units

Viscous dynamics viscosity, µ 890 µPas
Specific heat capacity, Cp 4180 J/kg·K

Density, ρo 997 kg/m3

Speed of sound, co 1497 m/s
Compressibility, ko = 1/

(
ρoco

2) 4.47× 10−10 1/Pa
Specific heat capacity ratio, γ 1.012

Thermal conductivity, kth 0.61 W/m·K
Thermal expansion coefficient, α =

√
CP(γ− 1)/(Tc o

2) 2.74× 10−4 1/K

Thermal diffusivity, Dth = kth/
(
ρocp

)
1.464× 10−7 m2/s

Bulk dynamic viscosity, µb 2.47 mPas
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Figure 1. Designs of Y-microchannel configurations of the present study: (a) normal Y-channel
without triangle structures, (b) triangular structure for acoustic streaming at the junction only, and
(c) triangular structures in the junction and the channel sidewalls. All dimensions are marked in
mm. In (b), where α is the triangle’s vertex angle, w is the width of the triangle; in (c), where S is the
sidewall triangle’s spacing, α1 and α2 are the vertex angles of the triangles at the junction and the
sidewalls, respectively. w1 and w2 are the widths of the junction and sidewall triangles, respectively.
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Figure 2. Geometrical mesh; (a) with only one junction triangle; (b) with three triangles.

Table 2. Study input parameters.

Parameters Values Units

Inlets velocities 4.46, 8.89, 30, 55.6 µm/s
Oscillation frequency 13 kHz
Oscillation amplitude 3–6 µm

Vertex angles α = 22–60◦, α1 = 30◦, α2= 22–90◦

Spacing gap S of the side walls triangles 0.15, 0.30, 0.40, 0.60, 0.90 mm
Diffusion coefficient (fluorescein sodium salt) 10−9 m2/s

2.2. Governing Equations and Boundary Conditions

Acoustic streaming fundamental governing equations have been presented in various
studies [38,39]. The perturbation theory is used to solve microchannel flow problems in
the context of “weak disturbance”. It is an effective tool for reducing the Navier–Stokes
equation, which includes the nonlinear terms that couple the acoustic and streaming
velocity fields. The general governing equations are continuity, momentum, and energy
equations. The numerical model was performed in three steps: (i) solving the wave
equation to compute the acoustic velocity fields, (ii) computing the streaming flow, and
(iii) solving the flux of the concentration profile in the microchannel.

In the thermoviscous acoustics module, governing equations are obtained from the
linearized Navier–Stokes equations, which are used to solve the continuity and momentum
in the microchannel system. All governing equations fields and sources are assumed
to be harmonic with eiωt. Therefore, the acoustic velocity field was determined in the
following ways:

iωρa +∇.(ρova) = 0 (1)

iωρova = ∇.
[
−PI + µ(∇va + (∇va)

T)−
(

2
3

µ− µB

)
(∇.va)I

]
(2)

whereω is the frequency of actuation, va is the acoustic velocity field, and ρa is the density
at temperature Ta:

ρa = ρo(κT pa − αTa) (3)

κT =
1
ρ
(

∂ρ

∂p
)

T
=

1
ρoco2 (4)

131



Micromachines 2022, 13, 338

co is the speed of sound in fluid, κT is the isothermal compressibility coefficient, and α
is the coefficient of thermal expansion.

α =
1
ρ

(
∂ρ

∂T

)

P
=

1
c

√
Cp(γ− 1)

T
(5)

µ and µb are the viscous and bulk dynamic viscosities, respectively. I is the identity
matrix. The walls of the microchannel are solid surfaces with no-slip and isothermal
boundary conditions. The thermoviscous acoustics length scale is defined by viscous and
thermal boundary layer thicknesses, but due to the low oscillation frequency in kHz level,
it is sufficient to describe it with only the viscous boundary layer thickness. Therefore, the
viscous penetration depth (viscous boundary layer thickness) is given by:

δ = δv =

√
2µ

ωρ
=

√
µ

π f ρ
=

√
ν

π f
(6)

According to Equation (6), the thickness of the viscous boundary layer decreases as the
frequency, f, of the oscillation increases, but it can also increase as the frequency, f, decreases.

The ratio of inertia to viscous forces, i.e., the Reynold number (Re = (ρvDh)/µ), is
small, indicating that viscous forces dominate and damp out all disturbance in the mi-
crochannel. Similarly, acoustic streaming at the sharp edge has a dominant body force over
other driving forces in the microchannel. As a result, the fluid flow inside the microchannel
is in a single phase and operates in a laminar flow regime. Likewise, the acoustic wave-
length (λ = c/ f ) is much larger than the width dimension of the microchannel, where
c is the speed of sound in water. The dimensionless number of a fluid flow Mach num-
ber (Ma = va/c � 1) and the temperature variation in the microchannel are very small,
and the density is also nearly constant. As a result, the laminar fluid motion is assumed
to be incompressible, and the governing equations of the continuity and Navier–Stokes
momentum equations are as follows in Equations (7) and (8), respectively:

ρ∇.v = 0 (7)

∂v
∂t

+ (v.∇)v =
1
ρ

(
∇.(−pI + µ

(
∇v +

(
∇v)T

))
+ F

)
(8)

where F = 〈ρa
∂v
∂t 〉+ ρo〈(v.∇)v〉 is the volume force (N/m3) and v is the streaming veloc-

ity field.
As stated previously, the microchannel has a solid wall and is stationary. The wall

boundary condition is therefore no-slip and zero velocity is assumed. Similarly, the fluid
flow at both inlets is considered as fully developed and uniform, so the inflow boundary
condition is assigned by the average velocity. The pressure boundary condition is equal to
zero at inlets and absolute pressure po at the outlet.

The transport of fluorescein sodium salt species in the microchannel via convection-
diffusion is solved using Equation (9):

∂ci
∂t

+∇.Ji + v.∇ci = Ri (9)

where ci is the concentration of the species (mol/m3), Ri is a reaction rate expression
for the species (mol/

(
m3 · s

)
), and v is the streaming fluid averaged velocity vector

(m/s). Ji denotes the mass flux factors that define the diffusive flux vector and are solved
using Equation (10):

Ji = −Di∇ci (10)

where Di is the diffusion coefficient of fluorescein sodium salt species (m2/s).
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The initial boundary condition concentration co of the material species was set to
1 mol/m3 in one inlet direction and 0 in the other inlet side.

The mixing index or degree of mixedness is investigated based on the statistical
method. It is calculated at any cross section of the microchannel width from the standard
deviation of the fluorescein sodium salt species concentration using Equation (11) [40]:

M = 1−
√

σ2

σ2max
(11)

σ =

√
1
n ∑n

i=1(ci − c) (12)

σmax =
√

c(1− c) (13)

where σ is the standard deviation of the concentration species ci in each point on the width
of the cross section, c is the mean of the concentration ci on the width cross section, and
σmax is the maximum standard deviation of the species concentration at the specified width
cross section of the microchannel.

2.3. Mesh Independence Test

The mesh independence test is required in the simulation to find the optimal mesh.
An optimal mesh is one in which the computational time is minimized while the accuracy
of the result is maintained. The independence test was evaluated by considering the
acoustic velocity fields and streaming velocity magnitude at various mesh element sizes.
The computational mesh is created by combining a maximum element size length dmesh
at the domain boundaries and bulk of the fluid. The bulk water domain region mesh
size dmesh,dk is kept constant with 12δ, where δ is the thickness of viscous boundary layer
thickness. Then, the mesh independent test was verified by different boundary element
sizes, dmesh,db. Moreover, the smallest mesh element size dmesh,db = 0.25δ is taken as a
reference computational mesh element size and evaluated the mesh independent test in
terms of relative convergence parameter C(g) using Equation (14) as follows [41]:

C(g) =

√√√√√√

∫ (
g− g(re f )

)2
dxdy

∫ (
g(re f )

)2
dxdy

(14)

where g(ref ) is the reference value at the smallest mesh element size.
The evaluation was performed at the junction tip edge triangles up to 10 µm from

the numerical model, as shown in Figure 2a. Figure 3 shows the relative convergence
parameter C vs. δ/dmesh,db, demonstrating that the value of the parameter C(g) is very
small in all ranges of mesh element size. As a result, δ/dmesh,db = 1.33 is chosen for all
succeeding study cases. The velocity fields v1x and v1y are for acoustic velocity components,
and v2 is the velocity magnitude for streaming flow.

When the size of the boundary mesh element is reduced to a minimum, the relative
convergence parameter approaches zero as shown in Figure 3.
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Figure 3. Mesh independence test.

3. Results and Discussion
3.1. Normal Y-Junction Microchannel

Figure 4 illustrates the flow vector plot, velocity magnitude, and species concentration
distribution in the original Y-junction microchannel without the triangle structure and
acoustic field. The fluid flow from the inlet side of the microchannel followed its path
to the microchannel outlet as demonstrated in Figure 4a. Because of the layered stream
formed between the two side fluid streams, concentrated species were difficult to diffuse
and convect to the other sides of the microchannel outlet region as shown in Figure 4b.
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Figure 4. Visualization in standard Y-junction microchannel at 55.6 µm/s; (a) velocity vector and
magnitude; and (b) species concentration distribution.

3.2. Acoustic Streaming Generation

The Y-junction microchannel has an induced triangle edged in the junction and also
integrated with the sidewall triangle’s edges, which are positioned in an oscillation fluid to
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create a vortex stream in both clockwise and anti-clockwise rotation. The generated acoustic
field and streaming flow problems are addressed using perturbation theory. The viscous
boundary thickness was much less than the height dimensions of the microchannel-induced
triangle’s sharp edge structure. The triangle’s sharp edge is rounded to avoid a numerical
solution discontinuity purpose. However, its radius curvature of the round is sufficiently
sharper in comparison with the viscous boundary layer thickness dimension, i.e., r � δ.
This implied that the length scale was enough to create acoustic streaming flow.

Figure 5 shows the quiver plot and velocity magnitudes after inducing triangular
structures in different positions. The streaming flow originated from the two inlet sides,
whereas acoustic streaming flows began from the triangle’s sharp edges. Acoustic stream
line patterns followed a revolving circular structure and produced strong vorticity on
both sides of the induced triangular structure. Figure 5a shows the streaming flow and
revolving caused by inducing only the triangular structure around the junction region.
Streaming velocity has a high magnitude of streaming velocity around the sharp tip edges,
but produces two strong counter-rotating vortices on both sides of the triangle regions.
The strength of the vortices expressed interims of vorticity. It was extracted and plotted on
both the left and right sides at equal distances from the tip edge, then compared in different
junction triangle vertex angles.

The side walls of the isosceles triangle vibrated highly in the study conducted in two-
dimensional X- and Y-directions. The results indicated that two sides streaming layers were
created starting from the tip sharp edge during the induction of one triangular structure at
the junction region, as shown in Figure 5a. When the sidewalls triangles were induced, the
layer’s curve length size was minimized and rotated in a similar manner into two circular
counter vortices, as shown in Figure 5b–f. First and foremost, the effect of the placement
of the gap, S, between the two sidewall triangles was considered and investigated. When
the spacing between the sidewall triangles was reduced to 0.15 mm, it produced a short
curved revolving streaming from the first right sidewall triangle’s apex to the second left
sidewall triangle edge, as shown in Figure 5b, but when the space, S, was increased to 0.90
mm, the stream pattern became less curved and the second left sidewall triangle created
two unsymmetrical streaming vortices, as shown in Figure 5f.

Figure 6b shows symmetrical vortices and high vorticity on both sides of the junction-
induced triangle, as plotted by cutting plane lines X = 1.283 mm, X = 1.583 mm, and
Y = 0.485 to 2.30 mm. There are clockwise and anti-clockwise vortices on both sides of the
triangular structure. Therefore, there is a higher tip velocity maximum as well as vorticity at
the very sharp-edged tip of 22◦ than 60◦. It has a maximum velocity of around 5 mm/s on
a 30◦ triangle tip sharp edge angle, as shown in Figure 5. Figure 5c also shows the vorticity
generation at a specified geometry coordinate region of both sides of the junction triangle
in different oscillation frequencies from 3 to 13 kHz. The 13 kHz oscillation frequency has
better vorticity generation performance. Therefore, this frequency is selected for the input
parameter to evaluate all numerical study work.
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3.3. Mixing Performance

The acoustic streaming produced increased the disturbance of the concentrated species
beginning at the junction of the Y-microchannel region as shown in Figure 7.
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The diffusional movement of concentrated species followed the streaming pattern and
more disturbances originated from the junction triangle’s apex. Due to the high streaming
velocity around the sharp edge compared with other regions, it created a high-streaming
curved layer. Therefore, with only a sharp edge at the Y-junction, mixing was incomplete
and did not to fully achieve the desired objective. Another microchannel design and
the number of integrated triangles was used to improve the mixing performance of the
microchannel. Figure 7b–f shows the visualization of successive mixing performance after
integrating two sidewall triangles and shortening the two strong layers created in the
junction triangle’s apex.

The effect of streaming velocity and vortices strength on the concentration species
distribution in the microchannel outlet region was evaluated using only the junction region
induced triangular structure, as shown in Figure 7a. The mixing performance was evaluated
using the concentration flux in comparison with the expected optimum concentration of the
species across the width of the outlet microchannel and also the dimensionless parameter
mixing index along the flow direction in the measurement region as shown in Figure 8.
The width of the microchannel outlet ranges of from X = 1.1326 to 1.7326 mm along the
horizontal axis.
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The performance of acoustic streaming on mixing is affected by variables such as inlet
velocity, oscillation amplitude, and the vertex angles. Considering the evaluation mecha-
nism of mixing effectiveness is a concentration profile in the microchannel perpendicular to
the flow direction in comparison with the expected optimum species concentration. At the
end of the mixing process, the expected optimum concentration species is 0.50 mol/m3

inside the outlet microchannel. Figure 9 illustrates the species concentration profile at
Y = 2.30 mm perpendicular to the flow direction with various parameters. As shown
in Figure 9b, the concentration profile resulted in less than the expected optimum concen-
tration in all cases due to the low inlet velocity as well as the junction and sidewalls with the
same vertex angle. However, it was improved at high inlet velocity, as shown in Figure 9c.
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Similarly, it improved sufficiently at low inlet velocity when the junction triangle’s vertex
angle was more than the sidewall triangle tip angles, as displayed in Figure 9d.
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Figure 9. Species concentration profile comparison with 13 kHz, 6 µm oscillation amplitude at
Y = 2.30 mm; (a) only junction α = 30◦; (b) at α1= 30◦,α2 = 30◦, at 4.46 µm/s with different S; (c)
at α1 = 30◦,α2= 30◦, at 55.6 µm/s inlet velocity with different S; and (d) at 4.46 µm/s inlet velocity
and S = 0.30 mm.

Acoustic streaming produces more body force around sharp edges than other non-
microchannel parts, which is expected to result in a 3D flow phenomenon. However,
the mixing process takes place in small microchannel dimensions and follows the bulk
movement of fluids. The Y-microchannel must always have an inlet and an outlet with
a continuous flow process. As a result, the mixing performance is always evaluated far
from the high disturbance and around the outlet cross section. Therefore, it is one of
the primary reasons to focus on mixing performance evaluation in 2D. Figure 10 illus-
trates the concentration profile when the sidewall triangle’s vertex angle is reduced from
α2 = 30◦ to 50◦. The results show that the sidewall triangles at a distance of S = 0.15 mm and
0.30 mm delivered close to the expected optimum concentration flux profile compared with
other dimensions, as shown in Figure 10a. Similarly, low inlet velocity has better output
performance than high inlet velocity, as displayed in Figure 10b, but has worse output
performance at lower oscillation amplitude, as seen in Figure 10c.
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Figure 10. Concentration profile comparison with 13 kHz at Y = 2.30 mm, and α1= 30◦,α2 = 50◦;
(a) at 4.46 µm/s with different S; (b) α1 = 30◦,α2= 50◦, S = 0.30 mm, and at different inlet velocity;
and (c) α1= 30◦,α2= 50◦, S = 0.30 mm, 4.46 µm/s inlet velocity, and at different oscillation amplitudes.

The mixing index M is determined using Equation (11) by a concentration of species
taken in the measurement region between y = 0.75 to 2.30 mm in all cases, as shown
in Figure 8. It is increased along the flow direction and its acoustic streaming performance
is also more effective at low inlet velocity, as indicated in Figure 11a,d,e. Figure 11a
illustrates a mixing index profile ranging from 0.631 to 0.88 after inducing a single triangle
at the junction region with an inlet velocity of 4.46 m/s, however, when the inlet velocity
increased to 55.6 m/s, the performance, M, profile changed from 0.45 to 0.84.

Mixing performance is improved with the same inlet after sidewall triangles are
induced and integrated. The distance, S, between the sidewall triangles was investigated
with different values, as shown in Figures 5, 7, 9b,c and 10a. The distance, S, was better
at 0.30 mm based on the streaming vortices profile shown in Figure 5 and the expected
optimum concentration profile shown in Figure 9b. Moreover, the dimensionless mixing
index, M, was investigated for all values of S, as shown in Figure 11b,c. However, the
mixing index M value did not result in an exaggerated result at the microchannel outlet in
all S value cases except around the sidewall triangles regions. In general, the sharp edge
design of three integrated triangles performed better than the sharp edge design of a single
junction triangle. As shown in Figure 11f, the sharper edge of the sidewall provided a better
mixing index than the junction triangle’s apex, but its concentration profile was lower than
the expected optimum concentration value at Y = 2.30 mm plane cutting line. As a result,
to satisfy those conditions at low inlet velocity, the junction triangle’s vertex angle should
be sharper than the sidewall triangles’.
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In general, when compared with a standard Y-junction microchannel, the generated
acoustic streaming disturbance has a significant effect on fluid disturbance and improved
mixing performance. It performed well in both the concentration profile with a reference
to the expected optimum concentration of 0.50 mol/m3, as indicated in Figure 12, and the
mixing index M, as shown in Figure 13 below.
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The concentration of species profile varied between 0.7129 and 0.2871 mol/m3 in
the normal Y- junction microchannel cases, whereas with one triangle at the junction, the
species concentration profile ranged between 0.6008 and 0.3989 mol/m3, but using three
triangles improved its range between 0.5015 and 0.4991 mol/m3.

Similarly, at Y = 2.30 mm, the mixing index M performance of a normal Y-junction
microchannel, with only one triangle at the junction, and an integrated three triangles is
0.6642, 0.8355, and 0.9981, respectively.

143



Micromachines 2022, 13, 338

4. Conclusions

In this study, a new configuration of acoustofluidics was proposed to improve the
mixing performances of a Y-junction micromixer. By introducing acoustic streaming with
triangular structures at the junction and sidewall regions, the acoustic streaming vortices
created by the structure at the junction can improve the mixing efficiency, and the streaming
vortices generated by this triangular structure at the junction region can be further inte-
grated with two additional ones at the channel sidewalls to produce successive vortices in
the mixing channel to elongate the mixing enhancement. Through numerical simulations,
the strength of the vortices is evaluated in terms of the Z-vorticity magnitude, whereas the
mixing effectiveness is measured by the concentration profile across the width of the outlet
microchannel section and the dimensionless mixing index, M, in the measurement region
X = 1.1326 to 1.7326 mm and Y = 0.75 to 2.30 mm along the flow direction. Conclusions can
be drawn from the obtained results:

First, introducing the acoustic streaming considerably increased the vorticity in the
flow field, and therefore increased the mixing index. In the present study, the Y-junction
microchannel without acoustic streaming had a mixing index of 0.6642. By introducing
the acoustic streaming with a single triangular structure at the junction region, the mixing
performance improved to 0.8355. Three triangular structures at the junction and sidewall
regions further improved the result to 0.9981 at Y = 2.30 mm with an inlet velocity of
55.6 µm/s. This corresponds to an increase of 25.79% and 50.27% in the case without
acoustic streaming, respectively.

Second, the strength of the streaming vortices and mixing performance are influenced
by the parameters such as inlet velocity and the vertex angles of the triangular structure.
Higher inlet velocities result in slightly worse mixing performance. In the present study,
inlet velocities were tested from 4.46 µm/s to 55.6 µm/s. The mixing index, M, gradually
decreased from 0.880 at 4.46 µm/s inlet to 0.8355 at inlet velocity 55.6 µm/s. The same
trends can be observed for the cases with three triangular structures, decreasing from 0.9989
to 0.9981 at low and high inlet velocities, respectively. Sharper vertex angles produced
higher vorticities and more uniform species distributions in the microchannel. To achieve
even better performances in terms of both concentration profile and mixing index, the
junction triangle’s apex should be sharper than the sidewall triangles’. The sharper case,
α2= 30◦, has a mixing index of 0.9989, while the case of α2= 90◦ only has a mixing index
of 0.9729. Further optimization of the geometrical details might be achieved by adopting
methods such as topology optimization, if certain design restrictions or requirements can
be specified to form the objective function. However, the results might be sensitive around
the apexes of the triangular structures due to the higher curvature.

Finally, the Z-vorticity calculated from the velocity fields correlated with the mixing
performance well. The improvement of performances, namely, the species concentration
profile with respect to optimum concentration and mixing index, M, due to acoustic
streaming, can be explained by the increase in the vorticity magnitude in the vorticity map.
This correlation can be applied to experimental studies to evaluate the mixing performance
using velocimetry techniques such as micro-particle image velocimetry (µ− PIV). More
ongoing works are currently conducted to investigate the flow patterns experimentally and
take the three-dimensional boundary effects into account, such as the channel height and
vertical triangular structure.
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Abstract: Functionalized sensor surfaces combined with microfluidic channels are becoming in-
creasingly important in realizing efficient biosensing devices applicable to small sample volumes.
Relaxing the limitations imposed by laminar flow of the microfluidic channels by passive mixing
structures to enhance analyte mass transfer to the sensing area will further improve the performance
of these devices. In this paper, we characterize the flow performance in a group of microfluidic flow
channels with novel double curved passive mixing structures (DCMS) fabricated in the ceiling. The
experimental strategy includes confocal imaging to monitor the stationary flow patterns downstream
from the inlet where a fluorophore is included in one of the inlets in a Y-channel microfluidic device.
Analyses of the fluorescence pattern projected both along the channel and transverse to the flow
direction monitored details in the developing homogenization. The mixing index (MI) as a function of
the channel length was found to be well accounted for by a double-exponential equilibration process,
where the different parameters of the DCMS were found to affect the extent and length of the initial
mixing component. The range of MI for a 1 cm channel length for the DCMS was 0.75–0.98, which is
a range of MI comparable to micromixers with herringbone structures. Overall, this indicates that the
DCMS is a high performing passive micromixer, but the sensitivity to geometric parameter values
calls for the selection of certain values for the most efficient mixing.

Keywords: passive mixing; curved mixing structure; confocal microscopy; mixing efficiency

1. Introduction

Integration of microfluidics and microfluidic channels within several scientific do-
mains have increased over the past few decades. This merger has led to the development
of devices such as Lab-on-Chip, Organ-on-Chip, and sensors for the determination of
various biological, chemical, and medical analytes, as well as applications as reactors [1–4].
Substantial advantages associated with working in the miniaturized regime, including
microfluidics, motivates such developments. An example of favorable features includes
the use of a reduced sample volume and read out time and an improved limit-of-detection
(LOD). Although microfluidics come with several advantages, there are also challenges
with operating in the micro-regime. One of the major disadvantages is the laminar flow
regime encountered for fluid flow at the microscale. This reduces the impact of inertial
forces over the viscous forces and yields low Reynold’s numbers. Typically, with a laminar
flow, the only mixing that occur is by diffusion, which is a relatively inefficient mixing
process. This limitation of laminar flows has led to the development of different mixing
techniques to enhance the rate of mixing. The various fluid mixing strategies are grouped
into processes referred to as either active or passive, where the active mixers require
external energy input.

Active mixers use peripheral devices to drive the mechanism of the mixing process,
e.g., based on acoustics, electrostatics, or other principles [5–8]. The peripherals thus deliver
energy to the devices that is dissipated, which may lead to heating. Although the resultant
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mixing efficiencies are often over 90% for active mixers [9,10], the additional equipment
increases the complexity of the system, cost, size and can in cases be harmful to biological
samples due to the energy dissipation. These drawbacks have led to an increased focus on
the development of passive micromixers and their optimization.

Passive mixers do not require energy supplied by peripherals, while at the same time
they show a substantial increased mixing efficiency compared to diffusion driven process.
Several different strategies have been implemented ranging from changing the 2D geometry
of the channels [11–15], including obstructions [16–20] or adding different structures to
one or more of the channel surfaces [21–30], amongst others [31–36]. The slanted groove
mixer (SGM) [37] exploiting fabricated structures in the ceiling of the microfluidic channels
are among the designs that have attracted the most attention.

The SGM involves the addition of slanted bar structures localized at one of the walls
of a microfluidic channel [37]. Stroock et al. (2002) expanded on this design by the addition
of an asymmetric arm to the SGM, resulting in the well-known staggered herringbone
mixer (SHM) [38]. In their original work, they reported that addition of an asymmetric
element resulted in a more efficient passive mixer due to the development of mixing via
chaotic advection, compared to channels containing no mixing elements or the SGM.

Following the initial publication of the SHM, several studies have been performed fo-
cusing on the variation of different geometrical parameters of the passive mixing structure
to enhance their performance. Yang et al. (2005) found that the height ratio and asymmetry
index of the grooves (length of long arm to short arm) were the key parameters in influenc-
ing the mixing performance of the SHM [35]. An asymmetry index of 2/3 has been shown
to be optimal [38–40] and a deeper groove yielded increased mixing efficiencies [35,41–43].
Furthermore, the groove depth was also identified as an important parameter, where a
wider groove increased the mixing efficiency induced by the structure [44].

Stroock et al. (2002) also predicted that the use of SHM would increase the rate of
a diffusion limited reaction, through the stirring of the boundary layer [38], which was
further investigated by other research groups [45,46]. An application of this would be
surface-based sensors, such as biosensors. Biosensors often require a certain minimum
concentration of analyte receptor binding for the analyte to be sensed by an underlying
readout principle, e.g., changes in the mass or refractive index adjacent to or connected to
the sensor [47–49]. Passive mixing structures in microfluidic channels have been used in
conjunction with surface biosensors to enhance analyte concentration at the sensor [50],
thus decreasing the LOD and readout time. Lynn et al. implemented an SHM in the ceiling
of a microfluidic channel, which, combined with a surface plasmon resonance (SPR) sensor,
showed an increase in sensitivity, where different parameters varied the efficiency of the
sensor [51–55].

An increase in the rate of surface coverage of analyte as induced by a microfluidic
channel with mixing structures will decrease the channel length needed to increase the
probability of an analyte reaching a surface sensor. Comparing this to its efficiency in
mixing an optimal channel for mass transport and mixing, e.g., for diluting samples, can
be calculated. A shorter channel and increased surface coverage rate would also allow
for a reduction in the sample volume required for the minimum concentration necessary
to obtain a signal beyond the signal-to-noise ratio of certain types of biosensors within
reasonable time frames.

We previously reported on a comparison of the mixing efficiency of a curved passive
mixing structure (CMS) with that of herringbone structures (HBS) and found that the CMS
represented a more robust group of design geometries in maintaining efficient mixing
than the HBS [56]. Specifically, we reported a mixing index (MI) 1 cm downstream from
the inlet in the range of 0.85–0.99 for various parameter values of the designs in the CMS
group, compared to the HBS group that resulted in an MI range of 0.74–0.98. These finding
motivated further studies of passive mixing structure geometries based on our initial CMS
design by the addition of an asymmetric element. The resulting structure had two curved
structures, thus also resembling the HBS designs with its two branches, and with the
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location of the mixing elements along the channel, reverting the asymmetry location every
second structure. In the following section, we describe the experimental characterization
of the mixing performance, the change in MI and mass transfer abilities, of the adapted
double curved mixing structure (DCMS) fabricated in the ceiling of microfluidic channels.

2. Materials and Methods
2.1. Fabrication

Microfluidic mixing channels were fabricated using a two-layer photo-lithographic
method following the procedure previously outlined [56]. In brief, the master for the soft
lithography was fabricated by spin-coating a negative photoresist (MrDWL40, Micro Resist
Technologies) on a silicon wafer, baked at 90 ◦C following a stepwise 5 ◦C temperature
ramping, patterning of the flow channel by exposing to a laser at 405 nm (MLA150 Maskless
Aligner, Heidelberg) and post-exposure baked (PEB) at 90 ◦C. The second resist layer was
spun onto layer one after cooling, and the mixing design exposed using the same procedure.
The final mold was obtained by developing the exposed structure (MrDev 600, Micro Resist
Technology) and was silanized to allow for easier removal of the PDMS. The PDMS (Sylgard
184, Dow Corning) was added at a 1:10 curing agent to elastomer weight, degassed, poured
on the mold and then baked at 65 ◦C for 3 h. The final channels were peeled from the master,
cut, and outlet and inlets were punched (Ø1.0 mm, Miltex Biopsy Punch). To complete the
device, a microscope slide and the PDMS channel were activated using oxygen plasma and
bonded together.

2.2. Passive Mixer Designs

Two different groups of passive mixing designs were studied. These groups were
a curved mixing structure (CMS) as introduced previously [56], and a double curved
mixing structure (DCMS) extending from the CMS by adding a second curve to the overall
geometry (Figure 1). A total of 16 different channels with passive mixing designs were
fabricated for each group. The DCMS was divided into cycles of two structures, alternating
the direction of the long and short curved structure for each cycle. Due to the varying
groove pitch of the mixing structures, the number of structures within the overall channel
length (1 cm) differed for each channel. The geometrical parameters are shown in Figure 1.
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Figure 1. Schematic illustration of microfluidic channel designs showing relevant parameters. The
overall transverse widths of each channel were 100 µm. (a) Side view of a channel design with
passive mixing structures in the ceiling where the design parameters are as follows: Hc depicts the
channel height; HPM is the passive mixer height. (b) Top view depicting the passive mixer depth, D,
and passive mixer spacing, S, for DCMS, where the short arm to perpendicular intersection is 30 µm
(teal line) and long arm is 70 µm (green line). A = 35 µm and B = 15 µm. (c) 3D view of DCMS also
depicting the location of Hc, HPM and D.
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The various channels with the DCMS design were realized by selecting different
channel heights (HC), and the passive mixing structure depth (D), spacing (S) and height
(HPM) (Table 1).

Table 1. Parameter values of microfluidic channels with DCMS in the ceiling of the microfluidic channel. The table lists
all combinations of the parameters implemented by the lithography process. The design parameters are schematically
illustrated in Figure 1. The master molds on the four wafers were realized for fabrication of channels with total heights:
Wafer 1 (W1) = 40 µm, Wafer 2 (W2) = 60 µm, Wafer 3 (W3) = 80 µm and Wafer 4 (W4) = 100 µm. Sixteen different channels
with design parameter variables were fabricated. All channels had a width (along the y-direction) of 100 µm, and a mixing
channel length (x-direction) of 1 cm.

Parameters Wafer 1 (W1) Wafer 2 (W2) Wafer 3 (W3) Wafer 4 (W4)

Channel height
(HC) 20 20 40 40

Passive mixer
(PM) height

(HPM)
20 40 40 60

Parameter
Design Varaible

(PDV)

PM
Depth

(D)

PM
Spacing

(S)

PM
Pitch

(D + S)

PM
Depth

(D)

PM
Spacing

(S)

PM
Pitch

(D + S)

PM
Depth

(D)

PM
Spacing

(S)

PM
Pitch

(D + S)

PM
Depth

(D)

PM
Spacing

(S)

PM
Pitch

(D + S)
1 20 20 40 40 40 80 40 40 80 60 60 120
2 20 40 60 40 80 120 40 80 120 60 120 180
3 40 40 80 80 80 160 80 80 160 120 120 240
4 40 80 120 80 160 240 80 160 240 120 240 360

In the following we refer to the parameters in the various mixing structure designs
using the wafer they were produced on (W1–W4), the passive mixing design used (DCMS)
followed by the PDV (1–4), e.g., W1 DCMS 1 would have the dimensions HC = 20 µm,
HPM = 20 µm, and the Double Curved Mixing Structures (DCMS) would have D = 20 µm
and S = 20 µm. Whilst W4 DCMS 4 would have the dimensions 40 µm, 60 µm, 120 µm and
240 µm, respectively.

2.3. Confocal Imaging

The flow pattern in the microfluidic channels with the various mixing structures were
determined using confocal microscopy (Leica TCS SP5), employing fluorescein (Fluorescein
sodium salt SigmaAldrich) included in the aqueous solutions injected to one of the Y-inlets
as a reporter. The fluorescein solution and deionized water were added to two separate
5 mL syringes and were simultaneously injected (10 µL/min, Harvard apparatus syringe
pump) via plastic tubes in the two separate inlets of the Y-channel. This resulted in a
mixing flow rate of 20 µL/min and a Reynold’s number of ~4. XYZT-stack images were
obtained for specific locations downstream from the inlet employing a 10× (NA = 0.4) HC
PL Apo CS dry objective. The image acquisition process is further detailed in our previous
study [56].

2.4. Data Processing

The acquired confocal XYZT-stacks along the microfluidic channel were analyzed
using custom-designed MATLAB scripts. A virtual sensor volume was chosen between two
mixing structures for each stack and the lowest and highest Z-level within the microfluidic
channel was determined. This was also used as a basis for the analysis within the fluid
layer adjacent to a most likely location of a transducing sensor element. After calculating
the standard deviation of the fluorescence intensity at the inlet, the pixel intensities were
normalized to 1, and each consecutive measurement for the same channel was then normal-
ized to the inlet signal. We calculated the mixing index (MI) from the standard deviation of
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the normalized fluorescence intensity profile for each image volume along each channel
using Equation (1):

MI = 1 −

√
1

N−1 ∑N
i=1(ci − c)2

√
1

Nin−1 ∑Nin
i=1(ci − c)2

Inlet

(1)

In Equation (1), N is the number of pixels, ci is the pixel intensity, c is the mean pixel
intensity, and Nin is the number of pixels at the inlet. A completely unmixed channel has
an MI of 0, whilst a completely mixed channel has a value of 1. The MI was empirically
observed to equilibrate towards the completely mixed state with the increasing channel
length. To facilitate an easier comparison of the main trends of the mixing performance
between the various mixing structures, we fitted the experimental MI(x), x from 0 to 1 cm,
with a two-exponential equation to describe the equilibration process. Thus, modeling
the MI as a double exponential increase to saturation using four parameters follows
Equation (2):

MI = a(1 − e−bx) + c(1 − e−dx), (2)

The parameters a, b, c and d were obtained by fitting MI(x), Equation (2), to the
experimentally observed data using the constraints, a, b, c and d greater than 0 and either
a + c < 1 or a + c = 1 (SigmaPlot). The analysis shows that a double exponential function
with 4 parameters, where a + c < 1, was adequate to account for the trends in MI(x) while
at the same time limiting the number of parameters. Further aspects of the selection of
this procedure was reported previously [56]. The image processing, calculation of the
MI based on the observed fluorescence distributions and the further representation of MI
using Equation (2), were conducted for the layers adjacent to a possible sensor location
(termed sensor layer, SL, adjacent to the bottom in Figure 1c) or were based on the mean
over the height of the channel (channel layers, CL). Additionally, we refer to all layers, i.e.,
the channel layers with the extension of the grooves, as all layers (AL).

2.5. Statistics

Differences between micromixer design groups with respect to robustness in mixing
performance when varying parameter dimensions were tested statistically based on the
variance of MI between the groups. Thus, an F-test was used, rejecting null hypothe-
ses when the ratio of the variances, F, were larger than Fα/2, N1-1, N2-1, where α is the
significance level and N1-1 and N2-1 are the degrees of freedom.

3. Results and Discussion

To validate the mixing and surface coverage efficiencies of the designs, a qualitative
analysis of the flow pattern (Figure 2) and a quantitative analysis for the MI (Figure 3) were
employed. The development of the flow patterns was realized in both the transverse and
the axial direction, resulting in the possibility of a pseudo 3D analysis. The addition of the
double curve design changes the flow pattern drastically, compared to the CMS previously
studied [56], in both dimensions (Figure 2).

In the following, the flow pattern in the DCMS describes the case where the Y-channel
inlet initially exposes the fluid flow with the fluorescein solution to the long curve of the
DCMS (Figure 2b). The DCMS mixing structure induces change in the observed flow
pattern for all Z-layers as follows. The DCMS, W2 DCMS 1, induces a distance dependent
enhancement of the fluorescence on the side initially loaded with water and no enhanced
fluorophore within the grooves on that side. This gradual spreading, as observed from
the pattern in the XY planes, is further exemplified after 5 and 10 structures where the
fluorescently depleted regions remain on the top for the DCMS (Figure 2b). Halfway
downstream of the channel (e.g., 50%, Figure 2), there is still an observable region of lower
intensity in the projections along the channels, which no longer exists at the outlet, where
homogeneous distributions are observed (Figure 2b).
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tion of image acquisition regions (red dashed rectangles). (b) Confocal projection of fluorescence 
intensity along the W2 DCMS 1 channel within the selected regions (XY view with intensity aver-
aged over all Z layers) and (c) projection of fluorophore perpendicular to the channel direction 
(sum of intensities along X in each region leading to a YZ-projection). The fluorescence intensity 
projections were deduced by the custom-designed image processing routine of the confocal XYZT-
stacks acquired. 

 
Figure 3. Mixing index for the channel layers (CL) versus the channel length for (a) Wafer 1, (b) 
Wafer 2, (c) Wafer 3, and (d) Wafer 4. Data obtained for channels with parameter design variables 
(PDV, Table 1) are depicted as follow: PDV 1 is a black solid line, PDV 2 is a blue long-dashed line, 
PDV 3 green is three short-dashed lines and PDV 4 is a red dashed-dot-dot line. 

In the following, the flow pattern in the DCMS describes the case where the Y-chan-
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the DCMS (Figure 2b). The DCMS mixing structure induces change in the observed flow 
pattern for all Z-layers as follows. The DCMS, W2 DCMS 1, induces a distance dependent 

Figure 2. (a) Schematic illustration of a mixing channel with arbitrary mixers (grey rectangles) for
identification of location of mixing structures from the inlet (left) to the outlet (right) with the location
of image acquisition regions (red dashed rectangles). (b) Confocal projection of fluorescence intensity
along the W2 DCMS 1 channel within the selected regions (XY view with intensity averaged over all
Z layers) and (c) projection of fluorophore perpendicular to the channel direction (sum of intensities
along X in each region leading to a YZ-projection). The fluorescence intensity projections were
deduced by the custom-designed image processing routine of the confocal XYZT-stacks acquired.
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Figure 3. Mixing index for the channel layers (CL) versus the channel length for (a) Wafer 1, (b) Wafer
2, (c) Wafer 3, and (d) Wafer 4. Data obtained for channels with parameter design variables (PDV,
Table 1) are depicted as follow: PDV 1 is a black solid line, PDV 2 is a blue long-dashed line, PDV 3
green is three short-dashed lines and PDV 4 is a red dashed-dot-dot line.

The developing flow pattern along the channels can also be observed in the YZ
projections (Figure 2c), where the DCMS structures induces a combined migration (1st
mixing structure) and a region of increased fluorescence in the part of the channel opposite
the injection side (5th mixing structure). The latter could indicate that a swirling motion
has taken place. Such a rotational flow is more evident after 10 structures, although a
more heterogeneous distribution remains after 50% channel length. A similar analysis
was performed for the surface layer (SL) (Figure A1) of the DCMS structures as a basis for
comparison to the bulk flow. The developing homogenization process, as viewed in the
XY projections, are considered to be similar for the SL as compared to the bulk movement.
While the above development of the flow pattern is observed when the Y-channel inlet
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guiding the fluorescently labelled stream to the initial long curve is observed, reverting the
labelled fluid to the alternative inlet will generate the “mirror” image of the observation
reported in Figure 2b. Thus, the unlabeled part of the developing pattern reflects the
initial distance-dependent reduction of the spread across the channel (Figure 2b 1st) for the
DCMS structures.

Some differences in the developing flow pattern of DCMS as compared to that of
the previously reported single-curved mixing structures (CMS) [56] include an earlier
indication of swirling flow already within the 1st mixing structure of CMS as compared
to the 5th mixing structure for the DCMS. The initial distance-dependent depletion of
fluorescence intensity from the side of the channel where the fluorophore was injected
in the case of CMS was compensated by the swirling motion, yielding an overall more
efficient homogenization as a function of distance than the DCMS.

The flow visualization provides a qualitative approach to compare efficiencies between
different structures. Quantitative determination of the MI was also performed as a further
expansion to be used for comparing mixing performance. Employing Equations (1) and
(2), we gathered the MI for the various DCMS micromixers with various parameter values
(Table 1). These are presented in terms of which HC:HPM ratio they belong to (W1, W2, W3
or W4) and whether we have used the average bulk flow, represented as the channel layers
(CL), or the fluid layer adjacent to the channel surface, represented as the surface layer (SL),
as a basis for the determination of MI (Figures 3 and A2).

The efficiency of the designs to enhance mixing (Figure 3) and to facilitate surface
coverage (Figure A2) was found to a depend on the height ratios of the channel. Increasing
this ratio from 1:1 (W1, Figure 3a) to 1:2 (W2, Figure 3b) increased the overall average
efficiencies realized. The MI observed at the outlet, 1 cm downstream from the inlet, was
0.96 (range 0.06) for W1 (Figure 3a), 0.92 (range 0.03) for W2 (Figure 3b),0.94 (range 0.04)
for W3 (Figure 3c) and 0.82 (range 0.20) for W4 (Figure 3d). A similar trend in the average
efficiencies was also observed for the surface layers (SL) (Figure A2), where the MI realized
for W4 showed the lowest average MI at the outlet and the largest range. However, this
dependence was not as prominent as for the previously reported CMS [56].

The pitch of the structures (S + D, Table 1) was also found to strongly influence the
length dependence of the MI. The more strongly distance-dependent increase in mixing
and MI at the outlet (1 cm from the inlet) observed for DCMS 3 on W1 (Figure 3a) as
compared to DCMS 1 and 2 on the same wafer correlates with the changes in pitch between
these structures. This low MI and high MD observed in this case for DCMS 1 and 2 could
be due to the structures having a too-narrow pitch (S + D), resulting in inefficient flow
distributions. As the structures becomes wider and further apart, there is a large increase
in MI and a decrease in MD, and this trend was also observed for the CMS design [56].
These efficient designs were comparable to those realized in W2 and W3 in achieving
efficient mixing.

However, a further increase in the pitch, as observed on W4 (Table 1, Figure 3d)
resulted in a large decrease in MI and an increase in the range of observed efficiencies. In
this instance, only W4 DCMS 1 resulted in an MI comparable to the most efficient design
(W1 DCMS 3). This decrease in efficiency, as the structures become wider and deeper, could
be due to the formation of dead volumes within the structures, thereby lowering their
ability to perform as efficient mixers. However, this is not in line with that reported for the
CMS group, where the least efficient channels were those realized on wafers with geometry
as W1, and here especially, CMS 1 and CMS 2 [56].

The channels showed a similar MI at the outlet for all DCMS 1 designs (mean 0.95,
range 0.02), where the ratio between HPM: D: S was 1:1:1. A similar trend in MI was also
observed for all designs where the pitch was 120 µm (Table 1) (mean 0.95, range 0.03),
whereas an increase in pitch to 240 µm resulted in an average MI of 0.90 (range 0.20). This
indicates that there is not a particular design parameter that can be universally applied
to achieve the best mixing performance. From the designs evaluated, the three main
parameters to consider are the height (HPM), depth (D), and spacing (S) of the DCMS.

153



Micromachines 2021, 12, 556

A similar relationship between HPM:D:S was also observed for the surface layer (SL)
(Figure A2), thus indicating an apparent similar developing fluorescence distribution at
the surface and throughout the channel. However, a notable difference was observed
for DCMS 2 from W1 and W3. In the case of W1 DCMS 2, the rate of homogenization of
the fluid layer at the surface (Figure A2a) was lower than for the rest of the bulk fluid
(Figure 3a), thereby resulting in lower MI values at the same distance from the inlet (i.e.,
MD0.6 = 0.49 cm (SL) and 0.33 cm (CL), whilst at 1 cm, the MI = 0.84 (SL) and 0.93 (CL)).
The SL for W3 DCMS 2, on the other hand, showed a slightly faster initial rate of fluid
homogenization and a larger MI at the outlet compared to the bulk flow in CL. In this
instance, the homogenization throughout the channel required an extra 0.06 cm to reach an
MI of 0.6 compared to the SL, although the MI at 1 cm was 0.94 for both.

These variations in MI and mixing rate (as determined by the variations in the mixing
distance required to reach an MI of 0.6) show the difficulty in predicting flow behavior
depending on changes to different geometrical parameters, as well as the relationship
between the fluid environment at the surface of the channel compared to an average of the
bulk flow throughout the channel volume.

The data obtained showed a strong correlation between the mixing distance (MD)
required to achieve an MI of 0.6 (MD0.6), and the MI reached at the outlet, where a smaller
MD0.6 typically leads to a larger MI at the outlet. Since a short MD0.6 and a large MI at the
outlet both indicate efficient mixing, such a correlation can be expected. However, this was
not always the case, as seen for W4 DCMS 2 and W4 DCMS 4 (Figure 4d). In this instance,
W4 DCMS 2 and W4 DCMS 4 resulted in an outlet MI of 0.82 and 0.75, respectively, which
was unexpected as the corresponding MD0.6 values were 0.52 cm and 0.40 cm. Therefore,
although W4 DCMS 4 possessed a more rapid initial mixing rate, the resulting MI at the
outlet was lower than for other structures with similar initial rapid mixing.

1 

 

 

Figure 4. Mixing distance to achieve an MI of 0.6 (60%) (left Y-axis, black) for the channel layers
(black #) and the sensor layer (black +) and the mixing index at the outlet (right Y-axis, green) for the
channel layers (green �) and the sensor layer (green ×) for the microfluidic channels with passive
mixing structures, as indicated. The parameter values for the microfluidic channels with mixing
structures with parameter design variables (Table 1) as prepared from (a) Wafer 1 (W1), (b) Wafer
2 (W2), (c) Wafer 3 (W3) and (d) Wafer 4 (W4), respectively. The average values for the previously
reported curved mixing structure (AVG CMS) [56] is represented in red.
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A similar trend was also observed for W2 DCMS 1, where a rapid initial increase in
MI resulting in an MI of 0.9 after roughly 0.3 cm, produced the lowest MI at the outlet,
for the same wafer designs (Figure 3b). This indicates the presence of different length
dependencies of the processes, inducing the homogenization throughout the channel or
different optimal sensor locations. For example, comparing the MI for CL and SL illustrates
this, where W1 DCMS 2 (Figure 4a) clearly indicate a difference in the MI and MD0.6
analyzed based on CL or SL. Nevertheless, the trend in performance still holds true, as the
CL shows a shorter MD0.6 and a larger MI compared to the SL.

The average values for the previously reported CMS design provide an easy com-
parison between the two design groups, as the DCMS is a direct evolution of the CMS
design. The passive mixing channels fabricated based on W2 and W3 (Table 1, Figure 4b,c)
resulted in the lowest range of efficiencies, largely due to the low performance seen for the
DCMS group on W4 (Figure 4d). The low performance for the DCMS group was surprising
due to the otherwise low spread in the high efficiencies for the CMS and HBS previously
reported [56].

Overall, the passive mixing channels with the CMS group yielded an MI after 1 cm
(outlet) and MD0.6 (Figure 5a,b) that was less sensitive to altered parameter values than
the DCMS group. The CMS group resulted in the largest MI and the lowest MD0.6, both
for the CL and the SL. On average, the addition of the second curve resulted in lower MIs
and larger MD0.6 (Figure 5a,b), as analyzed both throughout the channel and for a layer
adjacent to the possible sensor location, CL and SL, respectively. This was mainly due to
the decrease in mixing performance observed on W4 (Figure 4d), and the increase in MD0.6
from W1 and W4 (Figure 4a,d). The CMS group was found to yield a statistically significant
different variance (smaller) of the MI at the outlet than the DCMS (at level of significance
α = 0.05).
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Figure 5. Boxplots depicting (a) a range of mixing distances required to achieve a mixing index of
0.6 (black) and (b) a range of mixing indices at the outlet (green) for the channel layers (CL) (black
+ and green ×) and surface layer (SL) (black # and green �) for the CMS (striped box) and DCMS
(gray box) groups. The red and black/green lines within the boxes depict the mean and median
values, respectively. The box corresponds to the interquartile range (50% of the data), whilst the
lines (ᵀ ᵀ) represent 1.5× the interquartile range. The CMS data were obtained from our previous
study [56].

The mixing efficiencies reported here for the asymmetric double curved mixing struc-
tures are also within a range obtained for other passive microfluidic mixers utilizing similar
mixing lengths and Re numbers. Hossain et al. optimized the SHM placed on the top
and bottom wall of a microchannel and achieved a simulated MI range of 0.68 to 0.93 for
various design variables [42]. Kim et al. designed a barrier-embedded micromixer that
achieved an MI of 0.40 at Re = 120 for a mixing length of 21 mm, although this was reduced
to 0.23 for Re = 1 [57]. Comparing the present results also to include 3D dimensional
mixers, the maximum MI reached was often over 0.9 [10], such as the serpentine crossing
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channel resulting in an MI ranging from 0.9–0.99 over an Re range of 0.01–120 [58–60].
Nevertheless, the 3D mixing designs such as the serpentine crossing channel do not readily
support combination with biosensors integrated in the designs. Thus, the overall aim of
those designs is directed to homogenization of the liquid at the outlet and does not support
the feasibility for sensor integration, compared to the designs realized in the present study.

4. Conclusions

The results on the mixing index (MI) and the initial rate of mixing for a newly fabri-
cated passive ceiling mixing structure group show a large dependence on the geometry of
the structure. The addition of a second curved structure to the previously studied curved
mixing structure (CMS) group [56] resulting in the novel double curved mixing structure
(DCMS) had a drastic effect on the flow pattern induced by the mixers and the resulting
efficiencies. The MI for the mixers were determined using confocal microscopy, where the
homogenization process between water and fluorescein solution were analyzed for the
specific regions of the channel volume, as well as for the sensor layer. This provided a
description for the flow and progression throughout the channel in the XY and YZ planes
of the channel.

The initial mixing rate was determined from the required mixing distance (MD)
necessary for a design to achieve an MI = 0.6 (MD0.6), where MI = 1 would be complete
homogenization. Varying the geometric parameter channel height (HC), mixing structure
depth (D), spacing (S) and height (HPM) resulted in a range of mixing efficiencies, where
the three most important parameters to consider for the DCMS design were HPM, D and S.

The most efficient DCMS, W1 DCMS 3 resulted in an MI of 0.99, whilst the least effi-
cient, W4 DCMS 4, was 0.75, leaving a range from 0.75 to 0.99 for the MI at the outlet (after
1 cm of mixing). We compared these results to the CMS group reported previously [56],
which showed an MI range from 0.99 (W2 CMS 1) to 0.85 (W1 CMS 2). The more extended
overall range of MI at the outlet of the DCMS (0.75–0.99) as compared to that reported
previously for the CMS (0.85–0.99) using similar spacings and pitches, indicating that the
MI at the outlet are more sensitive to parameter values in the DCMS design than the CMS
design. A similar relationship was also experienced at the surface of the channels, where the
MD0.6 range was 0.11–0.53 cm and 0.06–0.32 cm for DCMS and CMS respectively (Table A1).

Decreasing the height of the channel and the passive mixing structures resulted in an
increase in the MI after 1 cm, as well as a reduction in MD0.6 for the DCMS group. This
could be due to the reduction in potential dead volumes experienced at the larger depth
and height of the structure, or an increased efficiency at a larger velocity, as at the same
flow rate the velocity of the fluid increases for smaller channels. The higher performance
of the CMS could be due to the structure being more capable of inducing chaotic advection
compared to the DCMS and the HBS. The DCMS group is therefore more sensitive to
variation in its geometric parameters compared to the CMS group.

Here we have provided a large parametric study for the design of double curved
passive mixing structure, where an efficient design can be achieved over a variation of
channel heights. This provides a guide to design microchannels with efficient mixing.
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Figure A1. Schematic illustration of a mixing channel with arbitrary mixers (black dashed rectan-
gles) for location purposes from the inlet (left) to the outlet (right). (a) Schematic illustration of
a microfluidic mixing channel containing DCMS.Confocal XY view averaged intensity for (b) all
Z levels and (c) the sensor layer. XYZT-stacks were acquired after each structure until the 10th
structure, subsequent stacks were recorded after each structure. For mixing channels with fewer than
50 structures, stacks were recorded after every fifth structure.
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Table A1. Range in MI found at the outlet (1 cm) and the mixing distance (MD) required to obtain a mixing index of 0.6.
The max and min values (and which design these represent) are presented for the channel layers (CL) and the surface layer
(SL), as well as the range. Represented are the two design families compared in this article, CMS and DCMS, as well as a
previously studied herringbone-type structure (HBS) presented in our previous article [56].

MI at Outlet MaxCL MinCL RangeCL MaxSL MinSL RangeSL

CMS 0.99 W2 CMS 1 0.85 W1 CMS 2 0.14 0.98 W2 CMS 1 0.86 W1 CMS 1 0.12

HBS 0.98 W2 HBS 3 0.74 W1 HBS 2 0.24 0.98 W2 HBS 3 0.72 W1 HBS 2 0.26

DCMS 0.99 W1 DCMS 3 0.75 W4 DCMS 4 0.24 0.98 W2 DCMS 4 0.75 W4 DCMS 4 0.23

MD (cm) at MI0.6

CMS 0.32 W1 CMS 1 0.06 W2 CMS 2 0.26 0.39 W1 CMS 1 0.05 W2 CMS 2 0.34

HBS 0.66 W3 HBS 2 0.11 W2 HBS 3 0.55 0.66 W3 HBS 2 0.06 W4 HBS 3 0.60

DCMS 0.53 W4 DCMS 3 0.11 W2 DCMS 1 0.42 0.59 W4 DCMS 3 0.13 W2 DCMS 1 0.46
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Abstract: Mixing at the microscale is of great importance for various applications ranging from
biological and chemical synthesis to drug delivery. Among the numerous types of micromixers that
have been developed, planar passive spiral micromixers have gained considerable interest due to
their ease of fabrication and integration into complex miniaturized systems. However, less attention
has been paid to non-planar spiral micromixers with various cross-sections and the effects of these
cross-sections on the total performance of the micromixer. Here, mixing performance in a spiral
micromixer with different channel cross-sections is evaluated experimentally and numerically in the
Re range of 0.001 to 50. The accuracy of the 3D-finite element model was first verified at different
flow rates by tracking the mixing index across the loops, which were directly proportional to the
spiral radius and were hence also proportional to the Dean flow. It is shown that higher flow rates
induce stronger vortices compared to lower flow rates; thus, fewer loops are required for efficient
mixing. The numerical study revealed that a large-angle outward trapezoidal cross-section provides
the highest mixing performance, reaching efficiencies of up to 95%. Moreover, the velocity/vorticity
along the channel length was analyzed and discussed to evaluate channel mixing performance. A
relatively low pressure drop (<130 kPa) makes these passive spiral micromixers ideal candidates for
various lab-on-chip applications.

Keywords: 3D printing; spiral micromixers; dean flow; trapezoidal cross-section; mixing index;
convection and diffusion

1. Introduction

With the progress in device miniaturization technology, micro-platforms have drawn
significant attention in various realms, including environmental science, chemistry, and
therapeutics [1]. Among them, microfluidics, which manipulate fluid flow inside a mi-
crochannel, has progressed considerably due to its privileges such as enhanced control
over the experiment, reduced reagent consumption, and the ability to fabricate compact
and portable devices [2]. Accompanied by immense improvements in such platforms,
their application has flourished drastically in several fields, including in drug delivery [3],
cell isolation and lysis [4,5], polymerization [6], DNA amplification [7], and crystalliza-
tion [8]. In many microfluidic devices, the sample should be mixed with a reagent prior
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to experimentation. However, the flow regime in most of these microfluidic devices is
laminar, where slow mixing occurs by pure diffusion, making efficient mixing challenging.
To address this concern, diverse micromixer designs have been proposed and optimized.
Thus, once the purpose of an experiment has been identified, the optimum design and
fabrication method should be selected based on the operational requirements and the
available equipment of the practiced application.

Generally, micromixers are divided into two categories based on the external en-
ergy usage aspect: active and passive [9]. Active micromixers employ various acoustic,
electric, magnetic, or optic forces to enhance the mixing efficiency in a short period of
time. However, they have some serious drawbacks, such as detrimental effects on the
biological reagents or troublesome integration with other microfluidic devices since they
are inherently slow, and matching their flow rates with other microfluidic components
is challenging [10]. On the other hand, passive micromixers rely on optimizing the chan-
nel geometry, creating chaotic advection, or enhancing the molecular diffusion to boost
the mixing efficiency. In this regard, their simplicity, low-cost fabrication, and ease of
integration with other lab-on-a-chip platforms provide better functionality for practical
applications. Hence, passive micromixers have become of interest and are considered to be
a viable option for commercialization [11].

In passive micromixers, diffusion and advection are the two main mechanisms that
can be used to control mixing inside a micromixer. Molecular diffusion is inherently very
slow. There are limited methods that can be used to increase the efficiency of this method:
lamination or split and recombine (SAR), although they are not as productive as advection-
based mixing mechanisms. On the other hand, advection has more impact. To enhance the
mixing, different types of micromixers use chaotic advection concepts, such as staggered
herringbones [12], serpentines [13,14], and spirals [15]. The idea of combining different
mixing units has also been tested [16]. Due to the centrifugal force inside of a curved
channel, the maximum velocity point in the parabolic profile of laminar flow is drawn
towards the outer wall, creating a velocity gradient and consequently an adverse pressure
gradient along the channel cross-section. These changes cause two counter-rotating vortices
that are perpendicular to the mainstream that are called Dean vortices. The Dean number
indicates how strong those vortical patterns are and is proportional to the Reynolds number
(Re), hydraulic diameter (Dh), and radius of curvature (R) [17,18].

In addition to the significant impact of high mixing efficiency in a sample preparation
step during an experiment, incubation time is of great importance in numerous applications,
including during protein coating and crystallization [19–21]. This can be explained by
the fact that for a complete reaction, two or more samples and reagents need to contact
each other for a specific amount of time, and the only way to attain this is to increase the
mixing length. Nevertheless, there are limitations in increasing the mixing length, such as
extending the fluid path, increasing the pressure drop, and enlarging the channel footprint,
which conflicts with miniaturization and portability. Therefore, there is a need to have a
maximum mixing length in a minimum footprint, i.e., a compact, efficient micromixer [22].
In this regard, the spiral microchannels are proper candidates. This design not only satisfies
the requirements of a compact micromixer but also has a relatively high mixing index and
straightforward fabrication process.

Howell et al. [23] were the first to propose spiral-shaped mixer devices. Although the
channel dimensions were big, they studied the vortex formation at different Reynolds num-
bers, channel aspect ratios, and initial radii. Expectedly, later studies have developed this
structure for micromixers and have applied different techniques with various modifications
to enhance the mixing efficiency. Moreover, a combination of varying mixing effects such as
SAR and expansion with Dean vortices have been studied [24]. These effects were further
characterized using confocal microscopy techniques, which presented a cross-sectional
view of transverse Dean flow inside of the curved channel. Various geometrical features
can influence the mixing quality. The angle between two inlets, for example, is an essential
parameter in mixing processes. Zhang et al. [25] investigated this effect in the mixing per-
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formance of spiral micromixers both numerically and experimentally. The mixing results
showed that the mixing index (MI) improved by increasing the inlet mixing angle, with
the best angles being obtained between 90–180 degrees. As microchannel cross-sections
are of great diversity, numerical methods are applied as an efficient comparative tool for
various operational conditions. Kumar et al. [26] computationally investigated the fluid
dynamics of a cross-section for a curved tube in contrast with a straight tube. Based on
Reynolds number and Schmidt number (Sc), the study showed that mixing is enhanced
at a moderate Re (~10) for a higher Sc, while this behavior does not apply to a Re in the
order of 0.1. Another research study on the effect of the cross-section aspect ratio in spiral
micromixers showed that mixing performance in high-aspect ratio micromixers is better
for a wide range of Re ranging from 1 to 468 [27]. Furthermore, a parametric study was
carried out on the mixing process in spiral micromixers [28]. This study discussed various
key variables on mixing efficiency, such as initial radius and cross-section shape, where
they compared the impact of inlet velocity between straight and spiral micromixers. They
reported that the mixing performance increases when the initial radius decreases while
the straight micromixer acts oppositely. Very recently, Wang and colleagues studied the
mixing enhancement of various spiral structures, including Archimedean, Logarithmic,
Hyperbolic, Golden, and Fibonacci spirals, and concluded that the Archimedean spiral has
the best performance among the other types [29]. However, so far, the effects of channel
cross-section on the total performance of spiral micromixers have not been investigated.

Alongside all of the parameters and functionalities of micromixers, finding the proper
fabrication method is vital for device miniaturization [30]. The softlithography method has
been widely used due to the channel transparency for live monitoring, biocompatibility,
and gas permeability [31,32]. However, in this method, master mould fabrication requires
several laborious processes such as photolithography or micro-milling, which are time-
consuming and are mainly applied to the manufacture of planar devices. To address
these issues, additive manufacturing or 3D printing has evolved as a promising method
for fabricating complex devices. In this method, parts with intricate geometries can be
manufactured with high precision [33,34].

The present work concentrates on analyzing the mixing qualities of several spiral
micromixers with unconventional cross-sections. Using numerical and experimental results,
we nominated the most efficient cross-section for flow field and performance analysis
in terms of the mixing index and the pressure drop at the outlet. The experimentally
validated numerical model was conducted using the 3D finite element method to solve
the convection–diffusion equation as well as the Navier–Stokes momentum equation. In
addition, the mixing qualities and pressure drops were evaluated across a wide range of
Reynolds numbers. Then, the effect of the velocity field and Dean flow on the mixing
mechanism was investigated in detail for several flow conditions. Finally, the vortical
impact was explored as the fluid poured into each loop, leading to compact, efficient
micromixer structures being obtained according to the required application and flow rates.
The selected designs were compared with each other using the mentioned performance
parameters. Consequently, a general map of the mixing index was obtained for the most
appropriate design by changing the Re along the loops.

2. Materials and Methods

In the following, the proposed spiral micromixer structures, design, and fabrication
process are described. After selecting the micromixer designs, their efficiency is evaluated
at the same Re by employing numerical simulation. The underlying theories and governing
equations for the current physics are discussed, and analysis tools are used to achieve the
optimal design from a range of geometrical/operational features.

2.1. Spiral Designs and Fabrication Methods

A spiral microchannel with trapezoidal cross-section was designed by our group [35]
for CTC isolation and had a width of 600 µm, a 80 µm height in the inner wall, and a
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130 µm height for the outer wall, which was previously modified here in terms of the
height ratio, cross-section, and the position of the walls in order to investigate the effect
of each factor on the mixing index. Here, two major changes have been made to the
original cross-sectional design: First, the channel height ratio, being the larger height
relative to the smaller one, has changed compared to the original design. Thus, the 80 µm
wall was reduced to 60 µm and 40 µm, while the larger other wall helped to maintain a
constant hydraulic diameter and volume (enabling valid comparison based on Re). Since
the inner wall (80 µm) was modified to be shorter than the outer wall in the original pattern,
the second step was to flip the channel cross-section, i.e., switching the position of the
sidewalls. In the end, a rectangular cross-section was drawn in order to gain insight into
the effect of the cross-section shape. Therefore, in all of the geometries, the key variable is
channel cross-section. While the fluid flows through a curve, the inner/outer near-wall
velocity decreases/increases due to the centrifugal force and the pressure gradient. The
pressure variation enforces a secondary flow that is perpendicular to the main flow, which
benefits the mixing process in high inertial fluid states. Hence, as illustrated in Figure 1, a
total of seven cross-sections comprising outward and inward (mirrored) trapezoidal and
rectangular geometries were studied to determine the most efficient structure.

Micromachines 2021, 12, x FOR PEER REVIEW 4 of 13 
 

 

2.1. Spiral Designs and Fabrication Methods 
A spiral microchannel with trapezoidal cross-section was designed by our group [35] 

for CTC isolation and had a width of 600 µm, a 80 µm height in the inner wall, and a 130 
µm height for the outer wall, which was previously modified here in terms of the height 
ratio, cross-section, and the position of the walls in order to investigate the effect of each 
factor on the mixing index. Here, two major changes have been made to the original cross-
sectional design: First, the channel height ratio, being the larger height relative to the 
smaller one, has changed compared to the original design. Thus, the 80 µm wall was re-
duced to 60 µm and 40 µm, while the larger other wall helped to maintain a constant 
hydraulic diameter and volume (enabling valid comparison based on Re). Since the inner 
wall (80 µm) was modified to be shorter than the outer wall in the original pattern, the 
second step was to flip the channel cross-section, i.e., switching the position of the side-
walls. In the end, a rectangular cross-section was drawn in order to gain insight into the 
effect of the cross-section shape. Therefore, in all of the geometries, the key variable is 
channel cross-section. While the fluid flows through a curve, the inner/outer near-wall 
velocity decreases/increases due to the centrifugal force and the pressure gradient. The 
pressure variation enforces a secondary flow that is perpendicular to the main flow, which 
benefits the mixing process in high inertial fluid states. Hence, as illustrated in Figure 1, a 
total of seven cross-sections comprising outward and inward (mirrored) trapezoidal and 
rectangular geometries were studied to determine the most efficient structure. 

 
Figure 1. Schematic of the microchannel and the proposed cross-sections along with the applied 
boundary conditions. SM1 to SM3 in the left column are trapezoidal cross-sections before flipping 
when the outer wall is shorter, while SM4 to SM6 on the right column refer to mirrored ones with 
shorter inner walls. The cross-section hydraulic diameter and total fluid volume capacity of the mi-
cromixer are kept equal in all cases. All dimensions are in micrometers. 

All of the devices were fabricated using a high-resolution DLP 3D printer (Miicraft, 
Hsinchu, Taiwan) with a 32 × 57 × 120 mm3 printing volume and 30 µm XY resolution. 
The geometry was printed on one side and was then attached to a substrate (PMMA sheet) 
using a double-sided adhesive. The desired micromixer device was initially drafted using 
a commercially available CAD drawing software (SolidWorks 2019, Waltham, MA, USA) 
and was then exported in STL format. This STL format is suitable for 3D printer language. 
The Miicraft software (Version 6.1.0.t4, Miicraft, Hsinchu, Taiwan) was used to slice the 
file in the Z direction. The slicing in the Z direction (slice thickness) can be adjusted from 
5 to 200 µm with an increment of 5 µm [36,37]. 

The complexity of the channel assists the user in choosing the proper slicing option. 
A ramp or steps in geometries leads to a smaller slice thickness, while orthogonal or pla-
nar channel structures result in a higher slice thickness. Afterward, the file, which was 
previously sliced, was sent to the 3D printer, which has a UV wavelength of 358–405 nm 
UV. The UV light was projected from the bottom of the resin bath, which had already been 

Figure 1. Schematic of the microchannel and the proposed cross-sections along with the applied boundary conditions. SM1
to SM3 in the left column are trapezoidal cross-sections before flipping when the outer wall is shorter, while SM4 to SM6
on the right column refer to mirrored ones with shorter inner walls. The cross-section hydraulic diameter and total fluid
volume capacity of the micromixer are kept equal in all cases. All dimensions are in micrometers.

All of the devices were fabricated using a high-resolution DLP 3D printer (Miicraft,
Hsinchu, Taiwan) with a 32 × 57 × 120 mm3 printing volume and 30 µm XY resolution.
The geometry was printed on one side and was then attached to a substrate (PMMA sheet)
using a double-sided adhesive. The desired micromixer device was initially drafted using
a commercially available CAD drawing software (SolidWorks 2019, Waltham, MA, USA)
and was then exported in STL format. This STL format is suitable for 3D printer language.
The Miicraft software (Version 6.1.0.t4, Miicraft, Hsinchu, Taiwan) was used to slice the file
in the Z direction. The slicing in the Z direction (slice thickness) can be adjusted from 5 to
200 µm with an increment of 5 µm [36,37].

The complexity of the channel assists the user in choosing the proper slicing option.
A ramp or steps in geometries leads to a smaller slice thickness, while orthogonal or
planar channel structures result in a higher slice thickness. Afterward, the file, which was
previously sliced, was sent to the 3D printer, which has a UV wavelength of 358–405 nm
UV. The UV light was projected from the bottom of the resin bath, which had already been
filled with BV-007 resin. The UV light passed from a transparent Teflon film and cured the
resin on the picker of the 3D printer. As soon as one layer formed on the picker, the stepper
motor relocated one layer and started printing another layer. This process continued
until the whole part was printed successfully. Once the part was printed, it was removed
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from the picker and was washed carefully with isopropanol three times. As a post-curing
step, the channel was placed in a UV chamber with a wavelength of 405 ± 5 nm. Finally,
the tubes were mounted on the parts using tweezers. The inlet and outlet holes were
printed in a way where they could keep the tubes firmly together to eliminate any chance
of leakage [38]. The parts printed via this method were of high quality; we previously
characterized the surface characteristics of the fabricated parts and measured and reported
the surface roughness (Sa) of the parts that were printed via this method. Its value was less
than 300 nm, indicating that surface roughness does not disturb channel performance and
that it is appropriate for various microfluidic applications [39].

2.2. Numerical Model

Newtonian fluid flow is considered to be steady, incompressible, and laminar; hence,
general governing equations for fluid mixing include the continuity of mass and momen-
tum [40], which are shown as:

∇·V = 0 (1)

∂V
∂t

+ ρ(V·∇)V = −∇P + µ∇2V (2)

where V, P, ρ, and µ are the fluid velocity field, pressure, density (998 kg/m3), and dynamic
viscosity (8.9 × 10−4 Pa·s), respectively. The boundary conditions include constant velocity
inlets (Vin,1 = U1 and Vin,2 = U2), the pressure outlet (Pout = 0), and the no-slip walls for
all cases. Since the hydraulic diameter and therefore the flow volume does not change
in the different investigated structures, the inlet velocities differ throughout the Re range.
The convection–diffusion equation governs the species concentrations (c) for fluids with a
diffusion coefficient of D (2 × 10−9 m2/s), which is similar to other works [26–28,35,40–42]
and can be determined as:

∂c
∂t

+ (V·∇)c = 1
ReSc

∇2c (3)

where Re is the Reynolds number of the channel and where Sc is the Schmidt number, which
defines as the ratio of momentum to mass diffusivity. The concentrations are considered as
0 and c0 = 1 mol/m3 for the inlet boundary condition, where the average molar fraction of
c = 0.5 mol/m3 is referred to as complete mixing. Consequently, the coupled governing
equations were solved in COMSOL Multiphysics 5.3a (COMSOL, Burlington, MA, USA)
by applying the proper boundary conditions. Mixing quality was evaluated by the mixing
index criterion that was defined based on the deviation from c [43]:

MI = 1−

√√√√ 1
n

n

∑
i=1

(
ci − c

c

)2
(4)

where MI, n, ci, and c are the mixing index, number of sample points, concentration of the
species, and average concentration, respectively.

2.3. Sample Preparation

In order to visualize the mixing process through bright field imaging, food coloring
(Queen Fine Foods, Alderley, Queensland, Australia) was used. To prepare the sample,
1 mL from each dye was dissolved in 49 mL of MACS buffer (Miltenyi Biotec, Bergisch
Gladbach, Germany) containing phosphate-buffered saline (PBS) and 2 mM ethylenedi-
aminetetraacetic acid (EDTA) supplemented with 0.5% BSA, and 0.09% sodium azide.

2.4. Experimental Results

An inverted microscope (IX73, Olympus, Tokyo, Japan) equipped with a CCD camera
(DP80, Olympus, Tokyo, Japan) was used for brightfield imaging. Samples (green and red)
were filled into the 50 mL plastic Syringe (BD, Franklin Lakes, NJ, USA) and were injected
into the micromixer using a syringe pump (Chemyx Fusion 200, Stafford, TX, USA).
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3. Results and Discussions
3.1. Grid Study

Grid independence is of significant importance and directly affects the accuracy of
the results. The quality of the results obtained with a small number of elements is not
high since only a small number of discrete points within the domain are evaluated and
solved. On the other hand, simulation with an increased number of elements results in
more accurate data, increasing computational time. Consequently, a trade-off between the
number of elements and calculation time is required. Accordingly, an initial simulation
was performed with three grid numbers to evaluate the effect of the element size on the
mixing index in a trapezoidal spiral micromixer. Figure 2A shows a big gap between the
results for the 2 × 106 and 3 × 106 mesh numbers. Subsequently, another simulation was
performed with 5 × 106 elements, and the difference between the two results is negligible.
Henceforth, the latter was selected for the simulations, and its details, such as tetrahedral
elements and boundary layer cells, are demonstrated in Figure 2B.
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3.2. Spiral Micromixers with Various Cross-Sections

Spiral microfluidic devices have shown great promise in the area of microfluidic
because of their flexibility when parameters such as cross-section, initial radius, and the
number of loops change. Additionally, changing the above parameters can flexibly affect
enormous interactive forces and regimes inside a spiral microfluidic device. This feasibility
leads to various applications for these types of devices such as mixing, focusing, and
separation, all of which being applications where the channel cross-section plays the most
critical role in their functionality [44,45]. In this regard, Figure 1 shows the changes that
were applied in order to determine the effect of the cross-sectional parameters in a spiral
micromixer based on the initial geometry.

The numerical model was implemented on a variety of spiral micromixers that had
been discussed earlier to capture the slightest concentration gradient and to identify the
most efficient structure. The final mixing index at Re = 5, which is shown in Figure 3A, is
generally known as having the least efficient Reynolds number, highlights that SM3 offers
the best overall mixing qualities. Therefore, the higher the height ratio is, the better the
mixing index becomes, and this is due to the broadened centrifugal force and the secondary
flows. As a result, when the fluid moves from the shorter wall to the larger wall, the higher
wall height ratio creates a greater surface area near the longer wall, allowing sufficient
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space for secondary flows, increasing the chance of mixing. Upon that, the cross-section
benefits from the forces acting on in- or outward direction of the fluid. Moreover, due to the
significantly smaller height ratios, the mixers with an 80 µm height (SM1 and SM4) perform
somewhat similarly to the rectangular micromixer (SM7), exhibiting the least predictable
mixing performances.
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Figure 3. Evaluation of the mixing performance at Re = 5 for the proposed micromixers based on (A) final and (B) along-the-
loop mixing index. The impact of height ratios on mixing quality is more significant than the outward/inward position of
the shorter wall.

In Figure 3B, the mixing index growth along the spirals suggests that the performance
of these mixers rises gradually as the fluids flow through each loop. The difference between
the designs with the high height ratio (SM3 and SM6) and other geometries is evident from
the initial loops, which is remarkable until the sixth loop. In contrast, poor performance
was observed for cases with a low height ratio, which is evident from the beginning of the
spiral. Nevertheless, another trend that was observed shows that the outward channels
outperform the inward channels. Overall, the height ratio is far more influential than
the inward/outward positioning of the walls. Final evaluations confirm SM3 as the most
efficient structures. Thus, it was nominated as the micromixer structure of choice.

3.3. Numerical Validation

Figure 4 depicts the comparison of the mixing trends between the numerical method
and experimental runs of the nominate channel (SM3). In this experiment, the samples
were loaded into BD plastic syringes with Luer-Lok tips, were mounted on a syringe pump
(Chemyx Fusion 200, Stafford, TX, USA), and were then loaded into the channels via Tygon
tubing. We used tubing with an inner diameter of 0.02 and an outer diameter of 0.06 inches.
For the visualization of the mixing process in the bright field, food coloring (Queen Fine
Foods, Alderley, Queensland, Australia) were used. The inlet flow rates were set to 12.5
and 9.5 µL/min for Re = 1, 125 and 95 µL/min for Re = 10, and 250 and 190 µL/min for
Re = 20 for each inlet. The results for the three nominal Reynolds numbers show similar
mixing behavior before, at, and after the critical Re = 5. The snapshots were captured
after a sufficient amount of time, meaning that the flow represents a steady state. This
agreement between both methodologies is satisfactory in the initial loops wherein the
widthwise concentration gradient is relatively more intense. Moreover, the mixing that
takes place in the earlier stages occurs at the two-fluid interface, producing a narrow area.
This mixing interface is shifted towards the center of the spiral with the Re growth due to
the involvement of the Dean vortices. Accordingly, an efficiently mixed flow is obtained
with fewer loops and when using a greater velocity. To quantitatively validate numerical
simulations, Fiji, an image processing software, was used to extract the values of the mixing
index from the experimental snapshots. To this end, a line that was parallel to the channel
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width at the inlet and outlet of the microchannel was drawn, and the grayscale values of
the image were extracted. These values have been normalized using Equation (5).

Ii =
I∗i − I∗min

I∗max − I∗min
(5)
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Figure 4. Numerical model validation and assessment with experiments at Re = 1, 10, and 20 using SM3. An overall view of
mixing performance obtained via experimental observation (left) and numerical simulation (right). Fluids in the channel
are shown in two distinct colors: green and red. The numerical errors seem to be insignificant, and the model agrees well
with experiments in different situations.

Here, I∗i is the actual intensity, and I∗min and I∗max are the minimum and maximum
intensity values at the channel inlet (unmixed fluid), respectively. Using these values, the
experimental mixing index can be calculated using Equation (6).

MIexperimental = 1−

√
1
N ∑N

i=1

(
Ii−I

I

)2

√
1
N ∑N

i=1

(
Imin,max−I

I

)2
(6)

where the pixel numbers in the inlet or outlet image along a line parallel to the channel
width are represented by N, Imin,max is either 0 or 1, and I is 0.5. Using the above formulas,
the MIexperimental for Re = 1, 10, and 20 was extracted and calculated and is shown in
Figure 4. The difference between the values is mainly related to the fact that the mixing
index in numerical simulations is evaluated along the channel cross-section, while in
experimental snapshots, it is evaluated from the top view. In all, both the qualitative
and quantitative comparison of the mixing process reveals that the numerical simulations
agree well with experimental ones, proving that computational fluid dynamics is a proper
approach for the investigation of the mixing process that occurs within micromixers.

3.4. Nominated Designs: A Comparison

As observed in Figure 5, the nominated micromixer was analyzed in a wide range of
Re = 0.001–50 to highlight the performance advantages in different working conditions.
More cases were analyzed between Re = 1–10 because there were more fluctuations and
sensitivity during this period. There is a negative balance spot between the diffusion and
convection regimes at Re = 5. Thus, Figure 5A confirms Re = 5 as the critical condition with
the least efficient mixing process, which still demonstrates a suitable amount of mixing
at 80%. Before this Re and hence at lower flow velocities, there is more time for the fluid
molecules to disperse and diffuse onto the interface. In general, the available time reduces
by increasing the Re, and the vortices/secondary flows are not initially strong enough to
compensate for the time reduction. As a result, the mixing index is poor until the cross-
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sectional flow can overcome this weakness after Re = 5, leading to a rapid increase in the
mixing quality. In conclusion, starting from a Re = 0.001 with M.I. = 88%, the mixing quality
first decreases, and the critical Re increases afterwards. Nevertheless, in the present case,
the mixing efficiency usually saturates after a flow rate is assigned to Re = 30. Furthermore,
the flows with the highest flow rate create the best mixing, with mixing efficiencies of
up to 95% being demonstrated at Re = 50. However, this mixing quality also causes the
highest pressure drop, which is depicted in Figure 5A. Although the micromixer performs
appropriately in the studied velocity range, the optimum efficiency is achieved at moderate
Reynolds numbers (Re = 20–40) without reaching the 100 kPa pressure-drop limit.
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Figure 5. Mixing parameters evaluated at the final loop of SM3 in Re = 0.001–50. (A) Mixing index
variations and pressure drop changes achieved by altering flow rates; (B) Concentration distribution,
vorticity intensity, and fluid streamlines at the final loop of the nominated design for the selected
flow conditions.

The influence of the Re is further confirmed by observing the concentration distri-
bution, vorticity contours, and streamlines at the outlet in Figure 5B. The outlets have a
uniform concentration distribution at Re < 5, where mixing is mainly guided by molecular
diffusion; hence, the order of magnitude is small for the vorticity, leading to insignificant
changes in the streamlines of the laminar flow. Therefore, both fluids are evenly mixed
throughout the channels due to the low speed and sufficient time for molecular mixing.
This uniformity, however, does not appear at a moderate Re of more than five since the
molecular diffusion becomes less dominant and because the transition to the leading vortex
effect occurs. By moving further away from that region, the mixing index starts to be
much higher, and the concentration is not heterogenous all over the cross-section. Finally,
the outer wall regions achieved better mixing due to the strengthened vortices at Re > 30
(Re = 30 is when the vortical pattern emerges) given the adequate total length/mixing time.
However, the no-slip condition produces dead zones for mass transfer and for the stirring
effect around the inner/smaller wall. On the other hand, the streamlines, which reveal that
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the exact fluid flow paths in the cross-section continue to increase as the Re increases. This
results in enhanced mixing, as these secondary flows create wider/stronger vortices.

Velocity analysis was also performed to highlight the mechanism by which the vortices
and secondary flows enhance the mixing process. Figure 6A shows the Dean number map
for the current design based on the Reynolds number at a loop number. It is known that
the mixing efficiency improves as the Re rises since stronger vortices emerge, which is
indicated by De as a manifestation of the flow characteristics. Moreover, as previously
demonstrated, by increasing the velocity, the Dean number changes dramatically and is
able to go through the loops; this therefore increase the changes of the fluids being properly
mixed. The vortex magnitude is illustrated in Figure 6B at Re = 50, which shows large
decreases in the strength of the vortices and in the De number as the fluid moves along the
spiral. Thus, the primary loops offer better secondary flow effects. This is a result of the
inverse relationship between the Dean flow and curvature radius. Therefore, long channels
do not aid the secondary flow influence in the spiral channels, and/or fewer loops are
necessary since the mixing is less dependent on the number of loops in this secondary
flow state.
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Another aspect to be considered is the required loops in each flow condition. As
the flow goes through the loops of the spiral micromixer, two distinct mixing patterns
were detected in the mixing index growth, one is diffusion based and one is advection
based, which are depicted in Figure 7A,B. The assessment of this trend is summarized and
mapped for all of the applied flow rates in Figure 7C. Contrary to 1 < Re < 10 flows, it can
be seen that the very low and high Re conditions achieved proper mixing in a much smaller
number of loops. In these cases, the mixing remains unchanged after only a few loops.
Thus, those loops are required within these ranges, and the structure can be deliberately
modified according to the application requirements that substantially reduce the input
pressure usage.
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Re = 5; (B) after Re = 5; (C) the mixing contour along the spiral loops is shown for all of the applied flow rates. Very low and
high velocities show proper mixing in fewer loops. No further mixing occurs after the initial loops in high Re, benefiting the
fabrication and application requirements.

4. Conclusions

In the present work, seven different spiral geometries were proposed and examined
by experiments and using a 3D-finite element model. The nominated channel was further
analyzed after finding the most efficient cross-section based on mixing performance, pres-
sure drop, and velocity variations. The mixer with the large-angle outward trapezoidal
cross-section achieved the best mixing performance and achieved the highest height as-
pect ratio that was studied (4.25). The mixing index of the nominated device reduced
the diffusion-dominant mixing mechanism from 88% at Re = 0.001 to 80% at Re = 5. The
turning point at Re = 5 was associated with the transition of the mixing mechanism from a
diffusion to a convection mechanism. Once the convection mechanism became dominant,
the mixing index reached 95% at Re = 50, corresponding to a pressure drop of 130 kPa.
Further investigation of the loop number effect in terms of velocity and vortex emergence,
which influences the mixing performance, indicated that the desired mixing rate can be
achieved at a higher Re and by using a lower number of spiral loops. This can significantly
decrease the device footprint. This study may open up new avenues for the further un-
derstanding of spiral micromixers and can be used for various applications ranging from
particle synthesis to crystallization, where proper mixing and enough incubation time
is necessary.
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Abstract: A new passive micro-mixer with mixing units stacked in the cross flow direction was
proposed, and its performance was evaluated numerically. The present micro-mixer consisted of
eight mixing units. Each mixing unit had four baffles, and they were arranged alternatively in
the cross flow and transverse direction. The mixing units were stacked in four different ways:
one step, two step, four step, and eight step stacking. A numerical study was carried out for the
Reynolds numbers from 0.5 to 50. The corresponding volume flow rate ranged from 6.33 µL/min to
633 µL/min. The mixing performance was analyzed in terms of the degree of mixing (DOM) and
relative mixing energy cost (MEC). The numerical results showed a noticeable enhancement of the
mixing performance compared with other micromixers. The mixing enhancement was achieved by
two flow characteristics: baffle wall impingement by a stream of high concentration and swirl motion
within the mixing unit. The baffle wall impingement by a stream of high concentration was observed
throughout all Reynolds numbers. The swirl motion inside the mixing unit was observed in the cross
flow direction, and became significant as the Reynolds number increased to larger than about five.
The eight step stacking showed the best performance for Reynolds numbers larger than about two,
while the two step stacking was better for Reynolds numbers less than about two.

Keywords: passive micro-mixer; mixing unit; cross flow direction; baffle impingement; swirl motion;
mixing performance

1. Introduction

Mixing at micro scales is an essential design task in the bio- and microfluidic systems
such as micro-total analysis system (µ-TAS), lab on a chip, and micro-reactors. As the
associated dimensions of a microfluidic system are small, the molecular diffusion is a major
mechanism of mixing; the corresponding Reynolds number is also very small and the flow
is laminar. Meanwhile, many biochemical processes require rapid and complete mixing,
and mixing enhancement is essential in designing these systems [1].

A variety of micro-mixers have been devised to enhance the mixing in a micro-fluidic
system [2]. They are named either active or passive micro-mixers, depending on the
usage of an external energy source. As active micro-mixers utilize an external energy
source to achieve the mixing enhancement, the structure of a micro-mixer becomes more
complicated than that of passive micro-mixers. In addition, it is more costly compared with
a passive micro-mixer. Examples of external energy sources used for active micro-mixers are
acoustic [3], magnetic [4], electric [5], thermal [6], electro [7,8], and pressure fluctuating [9].
On the contrary, passive micro-mixers use micro-mixer geometry to agitate and generate
secondary flow. They are expected to promote chaotic advection of fluids leading to the
mixing enhancement. Accordingly, the mixing enhancement by a passive micro-mixer
could be limited compared with that by a similar, active micro-mixer. However, passive
micro-mixers are simpler to fabricate and easier to integrate into microfluidic systems;
therefore, they are widely used in microfluidic systems.

Many different types of passive micro-mixers have been designed and investigated to
enhance their mixing performance [10]. Some examples include recessed grooves in the
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channel wall [11], herringbone-type walls [12], baffles [13,14], channel wall twisting [15],
junction contraction [16], split and recombine (SAR) [17,18], serpentine microchannel [19,20],
converging and diverging microchannel [21], spiral channel [22,23], and periodic geometric
features [24].

Among various geometric components, baffles are one of the most widely adopted
components in designing a passive micro-mixer. Many researchers have shown that micro-
mixers based on baffles perform effectively over a wide range of Reynolds numbers [13,25].
For example, Tsai et al. [25] used radial baffles in a curved microchannel and showed that
radial baffles induced vortices in multiple directions. Kang [13] placed rectangular baffles
in a cyclic order along the channel wall and enhanced the mixing performance of a T-
shaped micromixer. Santana et al. [14] used triangular baffles to obtain a high mixing index
for various micro-channel dimensions. Sotowa et al. [26] showed that the indentations and
baffles attached to the micromixer wall enhance the mixing by means of secondary flow
in deep micro-channel reactors. Chen et al. [27] distributed baffles on both side walls of a
micromixer based on the Koch fractal principle. They showed that the baffles distributed
on the both side of the microchannel wall performs better than the mixing performance
of the baffles distributed on the one side. Chung et al. [28] implemented planar baffles
and showed that the mixing performance was enhanced at both of diffusion dominant and
convection dominant regime of mixing. Raza et al. [29] improved the mixing performance
of a SAR micromixer by embedding baffles just after each SAR unit. The enhancement was
shown as achievable over a Reynolds number range from 0.1 to 80.

Recently, several complicated three-dimensional (3D) micro-mixers showed an im-
proved mixing performance compared with those of two-dimensional (2D) micro-mixers
of similar size [30–33]. However, 2D planar micromixers have an advantage of simplicity
in fabrication compared with that of complex 3D micromixers. Various design techniques
were attempted to promote 3D effects: baffles, channel wall twisting, spiral channel, and
split and recombine. For example, Kang [13] showed that a cyclic configuration of baffles
generates a rotational flow in the cross section of a micromixer. The same idea was adopted
in the present micromixer to promote 3D effects, and four baffles were attached to the four
side walls of the micromixer in a cyclic order. The overall layout of a passive micromixer is
also an important design concept [33]. For example, Tripathi [23] studied three different
layout of a passive micromixer based on spiral microchannel and showed that the mixing
performance is quite dependent on the micromixer layout. The eight mixing units were
stacked in the cross flow direction; this kind of stacking has not been studied yet. The
stacking was designed as four different layouts: one step, two step, four step, and eight
step stacking. The combined effects of a cyclic baffle arrangement and mixing unit stacking
in the cross flow direction was the main design concept of the present micromixer.

Most of micromixers used in biological and chemical applications usually operate in
the range of milliseconds of mixing time, and the corresponding Reynolds number is less
than about 100 [34–36]; the corresponding volume flow rate is an order of mL/h. In this
range, the mixing mechanism can be divided into three regimes: molecular dominance,
transition, and advection dominance [10,18,33]. The effects of micromixer layout design
as well as a passive device such as baffles are known to be significant in all of the three
regimes. Accordingly, a numerical study was carried out for the Reynolds numbers from
0.5 to 50, covering all of the three regimes. The corresponding volume flow rate ranged
from 6.33 µL/min to 633 µL/min.

A numerical simulation has several advantages to study the fluid dynamic and mixing
features involved in a micro-mixer, including easy visualization of the mixing process and
the associated flow characteristics such as streamlines and vortex formation. Accordingly,
a numerical approach is widely accepted in studying mixing enhancement mechanism of
a micro-mixer. For example, Rhoades et al. [37] used the commercial software COMSOL
Multiphysics 5.1 (COMSOL, Inc., Burlington, MA, USA) to study the mixing performance
of grooved serpentine microchannels. Volpe et al. [38] studied the flow dynamics of a con-
tinuous size-based sorter microfluidic device by using the lattice Boltzmann method (LBM).
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Kang [13] used the commercial software ANSYS® Fluent 19.2 (ANSYS, Inc., Canonsburg,
PS, USA) [39] to simulate the mixing performance of a passive micromixer with baffles and
quantitatively evaluated the mixing performance.

In this paper, the commercial software ANSYS® Fluent 19.2 was used to simulate the
mixing performance. The mixing performance was estimated in terms of the degree of
mixing (DOM) and corresponding mixing energy cost (MEC). The numerical simulation
was carried out for Reynolds numbers ranging from 0.5 to 50, corresponding to volume
flow rates ranging from 6.33 µL/min to 633 µL/min.

2. Passive Micro-Mixer with Mixing Units Stacked in the Cross Flow Direction

Figure 1 shows a mixing unit with four hexahedron baffles inside. The four baffles
were arranged in a cyclic order. The first baffle was attached to the lower wall, and the
third baffle was attached to the upper wall. The second and fourth baffles were attached
to the front and back walls, respectively. Each baffle was 30 µm thick, and blocked the
flow passage by half in each direction. Two consecutive baffles were separated by 60
µm, and each mixing unit was 600 µm long. Figure 2 depicts the five different layouts
of a micromixer simulated in this paper. Each micromixer had eight mixing units, and
each mixing unit consisted of four baffles. Figure 2a shows the baseline layout of eight
mixing units, and Figure 2b–e shows mixing units stacked in the cross stream direction
(y direction); the mixing units were overlapped 150 µm in the main stream direction
(x direction). The inlets and outlet had a rectangular cross-section of 300 µm × 120 µm.
The two inlet branches were 1000 µm long, and the outlet branch was 600 µm long.

For the sake of simplicity, we assumed that the same aqueous solution flows into
the two inlets: Inlet 1 and Inlet 2. The properties of the aqueous solution are similar to
those used in BioMEMS systems. The kinematic viscosity and mass diffusion coefficient
of the aqueous solution are v = 10−6 m2/s and D = 10−9 m2/s, respectively [18,33]. The
corresponding Schmidt (Sc) number is 103; it is defined as the ratio of the kinetic viscosity
and the mass diffusion coefficient. The Reynolds number is defined as Re = Umeandh

v , where
Umean, dh and v indicate the mean velocity at the outlet, the hydraulic diameter of outlet,
and the kinematic viscosity of the fluid, respectively.
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3. Governing Equations and Computation Procedure

Transport phenomena in micromixers can be described theoretically at two different
levels: the molecular level and the continuum level. The two different levels are related to
the typical length scale involved. The continuum model can describe most transport phe-
nomena in micromixers with a length scale ranging from micrometers to centimeters [40].
The present micromixers were in this range of length scale.

In this study, the fluid entering the two inlets were water and dyed water. They were
assumed to have the same physical properties of water at a temperature of 20 ◦C; the fluid
A at Inlet 1 was the dyed water and the fluid B at Inlet 2 was water. The flow inside the
micromixer was assumed to be steady, incompressible, laminar, and Newtonian. Therefore,
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the fluid flow in the micromixer was simulated solving the incompressible Navier–Stokes
and the continuity equations:

(→
u ·∇

)→
u = −1

ρ
∇p + ν∇2→u (1)

∇·→u = 0 (2)

where ρ,
→
u , p, and ν are the density, the velocity vector, the pressure, and the kinematic

viscosity of the fluid, respectively. The density and viscosity were specified as 998 kg/m3

and 0.001 kg/(ms), respectively.
The flow field thus obtained was used to simulate the mixing process throughout the

micromixer. In this study, the mixing was assumed to be governed by two fluid dynamic
mechanisms: molecular diffusion and advection. A scalar advection-diffusion transport
equation was used to simulate the mixing process [33,37]:

(→
u ·∇

)
φ = D∇2φ (3)

where D and φ are the diffusion coefficient and the dye concentration, respectively. The
dyed water concentration is φ = 1 at Inlet 1, and φ = 0 at Inlet 2. In general, a concentration
gradient is a density gradient which can induce a convective flow. The flow velocity due to
concentration gradients can vary from 0.1 to 10 µms−1 depending on properties such as
the channel dimensions, fluid viscosity, fluid type, gradient magnitude [41]; in this paper,
the flow velocity in the micromixer was in the range of 0.001 to 0.14 ms−1. Therefore, the
convective flow induced by any concentration gradient was neglected in this paper.

We used the commercial software ANSYS® Fluent to solve the governing Equations
(1)–(3), and it is based on the finite volume method. In general, a certain amount of
numerical diffusion is introduced in discretizing the convective terms, but it can be limited
by using a high-order discretization scheme. The non-linear convective terms in Equations
(1) and (3) were approximated using the QUICK scheme (quadratic upstream interpolation
for convective kinematics), and its theoretical accuracy is third order. The velocity was
assumed uniform at the two inlets, while it was assumed fully developed at the outlet.
Along all the other walls, the no-slip boundary was applied.

In order to obtain a fully converged solution, every computation was continued until
oscillation of the residual of all equations was negligibly small. Some researchers used
an adaptive mesh technique to reduce the oscillation [42]. In this study, the residuals
of continuity, momentum, and concentration equations oscillated in the range smaller
than 10−11, 10−14, and 10−8, respectively; they were sufficiently small to obtain reliable
numerical solutions.

Accurate numerical simulation of the mixing in micromixers is still a challenging
problem, especially for high Peclet numbers. Some studies do not deal with computational
issues related to the mesh dependence of numerical solution. In this paper, a detailed
study was conducted in the section of validation of numerical solution. According to
Okuducu et al. [43], the accuracy of numerical solutions is also dependent on the type of
cells; structured hexahedral cells show the most reliable numerical solution, in comparison
with tetrahedral and prism cells. In this paper, all cells for every micromixer layout were
structured and hexahedral.

The mixing performance of present micro-mixer was evaluated using the degree of
mixing (DOM) and mixing energy cost (MEC). We calculated the DOM in the follow-
ing form:

DOM = 1− 1
ξ

√

∑n
i=1

(φi − ξ)2

n
(4)
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where ϕι and n are the mass fraction of fluid A in the ith cell and total number of cells,
respectively, and ξ is 0.5 when the two fluids are completely mixed. The MEC is calculated
in the following form, and measures the effectiveness of a micro-mixer [44,45]:

MEC =
∆p/ρu2

mean

DOMX100
(5)

where umean is the average velocity at the outlet, and ∆p is the pressure difference between
the inlet and the outlet.

4. Validation of Numerical Study

For high Sc number simulations, numerical diffusion is known to deteriorate the
accuracy of simulated results, in general [46–49]. To minimize the numerical diffusion
problem, several approaches can be chosen. These include a particle-based simulation such
as the Monte Carlo method [46] or a grid-based method with a small cell Peclet number.
Here, the cell Peclet number is Pe = Ucell lcell

D where Ucell and lcell are the local flow velocity
and cell size, respectively. However, these approaches are computationally too expensive
to adopt in a study like this paper. Most numerical studies prefer a practical approach to
obtain numerical solutions with a reasonable degree of accuracy. To achieve that, a detailed
study of grid independence including the grid convergence index (GCI) test is usually
adopted [18,29,31]. In this paper, a similar procedure was followed.

To quantitatively validate the present numerical approach, we simulated a passive
micro-mixer experimented by Tsai et al. [25]. Figure 3 shows a schematic diagram of the
micro-mixer. The two inlets had a rectangular cross section of width 45 µm by depth
130 µm. The micromixer had four baffles of width 45 µm by height 97.5 µm. The fluid
was assumed to have the properties of density 997 kg/m3, viscosity 0.00097 kg/(ms),
and diffusion coefficient 3.6 × 10−10 m2/s, as reported by Tsai et al. [25]. The numerical
simulation was carried out for three different Reynolds numbers of Re = 1, 9, and 81 and
the results were compared with the corresponding experimental data.
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Hexahedral cells were used to mesh the computational domain sketched in Figure 3;
they are all structured. Before detailed simulations, a preliminary study was carried out
to check the grid independence of numerical solutions for the Reynolds number of 9.
Figure 4a shows the dependence of the numerical solution for Re = 1, and about 1 million
of the computational cells were enough to obtain a numerical solution with a reasonable
accuracy. Here, DOMT stands for the degree of mixing defined by Tsai et al. [25] in the
following way:

DOMT = 1− σD
σD,o

(6)
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and

σ =

√
1
n

n

∑
i=1

(φi − φave)
2 (7)

where σD is the standard deviation of φ on a cross section normal to the flow, σD,o is the
standard deviation at the inlet, and φave is the average value of φ at a sampled cross section.
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Figure 4b compares the simulation results with the corresponding experimental data
by Tsai et al. [25] for Reynolds numbers from 1 to 81. The numerical solution and experimen-
tal data showed similar behavior as the Reynolds number increased, and the discrepancy
was acceptable. The discrepancy between the experimental data and numerical solution
was less than 4%, and became smaller as the Reynolds number decreased, and as the Peclet
number decreased. The discrepancy is attributed to several factors such as the numerical
diffusion, experimental uncertainty, etc.

Prior to carrying out the final simulations, an additional set of preliminary simulations
was carried out to determine an appropriate mesh size for the simulation of the present
micro-mixer. We used the present micro-mixer of Figure 2d for this study, and simulated
for the Reynolds number of Re = 3. The size of every hexahedral cell was varied from
2.5 µm to 5 µm. Figure 5 shows the dependence of the calculated DOM on the edge size.
The deviation of 3.5 µm solution from that of 4 µm was 0.4%. Therefore, 3.5 µm was small
enough to obtain grid independent solutions.
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Using the preliminary simulation results, the uncertainty of grid convergence was
evaluated using the grid convergence index (GCI) [50,51]. According to the Richardson
extrapolation methodology, the GCI is defined as follows:

GCI = Fs
|ε|

rp − 1
(8)

ε =
fcoarse − f f ine

f f ine
(9)

where Fs, r, and p are the safety factor of the method, grid refinement ratio, and the order
of accuracy of the numerical method, respectively. fcoarse and ffine are the numerical results
obtained with a coarse grid and fine grid, respectively. We specified Fs as 1.25 according
to the suggestion by Roache [50]. For the GCI evaluation, the edge size was varied from
2.5 µm to 5 µm, 2.5 µm, 3.5 µm, 4 µm, and 5 µm. Table 1 summarizes the result of the GCI
test. The GCI based on the DOM at the outlet was 1% and 0.57% for 4 µm and 3.5 µm,
respectively. Therefore, the edge size of 3.5 µm was small enough to obtain numerical
solutions with reasonable accuracy.

Table 1. Results of the GCI test.

Edge Size (µm) DOM ε r GCI

2.5 0.89253 0.00001 1.4 0.00001

3.5 0.89254 0.0014 1.14286 0.00572

4 0.89379 0.00466 1.25 0.01036

5 0.89796

5. Results

A new passive micro-mixer with mixing units stacked in the cross flow direction was
proposed, its mixing performance was simulated for Reynolds numbers ranging from
0.1 to 50. The present micro-mixer consisted of eight mixing units, and each mixing unit
contained four baffles; the baffles were arranged in three different ways. The mixing units
were stacked in four different ways to study their effect on the mixing performance.

The velocity at the two inlets was uniform in the range from 0.0293 mm/s to 146 mm/s,
and the corresponding volume flow rates were from 6.33 to 633 µL/min. The mixing
performance was evaluated in terms of the DOM at the outlet and the corresponding MEC.

Figure 6 shows the effects of mixing unit stacking in the cross flow direction on the
mixing performance in terms of the DOM and the corresponding MEC. All of the cross
flow stacking layouts resulted in a noticeable variation from the baseline layout, and the
variation was prominent in the Reynolds number range from 1 to 30. For the Reynolds
numbers less than about one, the two step stacking showed the best performance in terms
of DOM. For example, the DOM of the two step stacking at Re = 1 showed a 9% increase
from that of the baseline layout. On the contrary, the eight step stacking showed the best
DOM for the Reynolds numbers larger than about two. For example, the DOM of the eight
step stacking at Re = 20 was enhanced 14% from that of the baseline layout. However, the
eight step stacking showed the least effective performance for the Reynolds numbers less
than about one, as can be seen in the MEC distribution; it required the largest pressure load.
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We examined how the mixing unit stacking affected the mixing performance of a
passive micro-mixer. Figure 7 shows the distribution of mass concentration of the fluid A
at the plane of channel half width z = 60 µm for Re = 1. The concentration contours showed
that a stream of high concentration of fluid A (reddish yellow line in the figure) formed
along the center of the flow passage. Its appearance from the second mixing unit suggests
that the mixing in the first mixing unit was actively achieved by the baffles. One interesting
thing to note is that the stream of high concentration impinged on the baffle in the mixing
units, especially in the two step stacking layout. Considering that the convective mixing
effects for Re = 1 were quite limited, the flow characteristics of baffle impingement is an
interesting phenomenon in the diffusion dominant flow regime. The baffle impingement
seemed most intensive for the case of two step stacking. To quantitatively check this
explanation, the DOM increment in each mixing unit was compared for the baseline and
two step stacking layouts. Figure 8 shows the DOM increment in each mixing unit for
Re = 1. Here, the DOM increment means the difference of DOM between at the exit and
entry of each mixing unit. For example, the flow entry and exit in the second mixing unit
of the two step layout are indicated as the arrows pointing upward and downward (see
Figure 2c), respectively. The entry and exit DOMs were calculated at the corresponding
cross section normal to the flow. The increment of the two step stacking in the third and
fourth mixing units was noticeably larger than that of the baseline layout. For example, the
DOM increment in the third mixing unit of two step stacking was about 64% larger than
the baseline layout.

Figure 9 shows the distribution of mass concentration of the fluid A at the plane
of channel half width z = 60 µm for Re = 20. The concentration contours showed a very
chaotic distribution in the first and second mixing units. However, the stream of fluid
A (red stream in the figure) and fluid B (blue stream in the figure) started to segregate
from each other in the third mixing unit for the baseline layout. On the other hand, the
eight step stacking layout showed a quite different flow pattern. The stream of fluid B
impinged on the baffle in the third and fourth mixing units while the stream of fluid A
impinged on the baffle in the second, fifth, and sixth mixing units. This suggests that the
stream of high concentration changes their position as it flows down along the mixing unit.
Figure 10 plots the distribution of mass concentration of the fluid A at the cross sections
before and after each mixing unit for the eight step stacking layout, with contours in the zx
plane (in the cross flow direction). The streams of fluid A and B showed a swirl motion
as they passed through the mixing units. Since the swirl motion was in the y-direction
(zx plane), the stacking of the mixing units in the cross flow direction contributed to the
mixing enhancement discussed in Figure 6. This suggests that the mixing enhancement in
the convection dominant flow regime can be easily obtained by a simple stacking method
of the mixing units in the cross flow direction.
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mixing performance. They showed that the mixing performance was better than their earlier 
version of SAR micro-mixer, and attributed the mixing enhancement to the combined effects 
of collision, Dean vortex, and secondary flows. Makhsuda et al. [52] proposed an optimal com-
bination of the cross channel split and recombine (CC-SAR) and the mixing cell with baffles 
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Figure 10. Concentration distribution at the cross section before and after the mixing unit for Re = 20.

Figure 11 shows the velocity vector field at the junction of third and fourth mixing
units (at section (d) in Figure 10) for Re = 20, 5, and 2. The velocity vector field in Figure 11a
shows two counter rotating vortices. A larger and stronger vortex flow was observed on
the lower right corner, and the other vortex was on the upper left corner. Comparing this
with Figure 10d, the vortex flow pattern caused a stream of high concentration of fluid A
(a red stream on the lower right corner) swirling in the clockwise direction along the mixing
unit walls. However, this swirl motion became weak as the Reynolds number decreased, as
can be seen in Figure 11b,c. A weak vortex seemed to form near the lower right corner for
Re = 5, while no explicit pattern of vortex was observed for Re = 2. This suggests that the
mixing unit stacking in the cross flow direction generated a swirl motion inside the mixing
unit, even if the swirl motion was insignificant for Reynolds numbers less than about five.
The swirl motion inside the mixing unit is the second flow characteristic attributed to the
mixing enhancement described in the Figure 8.
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Figure 12 compares the streamlines starting from the two inlets and concentration
contours at a plane within each mixing unit for the baseline and eight step stacking layouts
for Re = 20. The streamline plots were obtained at the cross section of half width z = 60 µm.
On the right upper side, an enlarged view of the streamlines passing through from the
third to fifth mixing units are shown. The concentration contours were obtained at the
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plane of the first baffle within each mixing unit along the micromixer. The streamlines from
the inlet 1 (red) and streamlines from the inlet 2 (blue) changed their relative position more
frequently for the eight step stacking layout as they passed down the mixing units; this
flow pattern was more clearly seen in the enlarged view shown on the right upper side.
The rapid change of their relative position led to faster mixing at the cross section, as can be
seen in the centration contours within the mixing units. This flow pattern is also explained
by the velocity vector field shown on the right lower side. The eight step stacking layout
showed a vortex flow on the right lower corner, and the vector field was wavier than the
baseline layout. This vortex flow in the x-direction is another flow characteristic attributed
to the stacking of mixing unit in the cross flow direction.
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Figure 13 compares the simulated mixing performance in terms of the DOM and
required pressure load with those from other passive micromixers. In general, the mixing
performance of micromixers increased with the diffusion coefficient. The value of diffusion
coefficient depends on the fluid used in actual applications. To neglect the effects of the
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diffusion coefficient on the mixing performance, several passive micromixers based on
the same size of the diffusion coefficient were selected for comparison; the diffusion
coefficient was 1.2 × 10−9 m2/s. Tripathi et al. [23] numerically investigated the mixing
performance of spiral micromixers and observed transverse flow due to the centrifugal
effect. A pair of counter rotating vortices was found to enhance the mixing performance in
the spiral micromixer. Raza et al. [29] proposed a SAR mixing unit combined with baffles
in a curved channel and simulated its mixing performance. They showed that the mixing
performance was better than their earlier version of SAR micro-mixer, and attributed the
mixing enhancement to the combined effects of collision, Dean vortex, and secondary
flows. Makhsuda et al. [52] proposed an optimal combination of the cross channel split
and recombine (CC-SAR) and the mixing cell with baffles (MC-B). They showed that the
mixing performance of the optimized micromixer was noticeably improved compared with
a micromixer based on the CC-SAR alone. Hossain et al. [53] studied a micromixer with
unbalanced three split rhombic sub-channels. According to their results, a rhombic angle of
90◦ provides the best mixing performance. The mixing performance was enhanced by the
two pairs of counter rotating vortices in the cross section. The present micromixer showed
a meaningful enhancement of the mixing performance for Reynolds numbers less than
about 20, as compared with other micromixers. The enhancement was caused by the two
flow characteristics: the baffle impingement by a stream of high concentration and a swirl
motion inside the mixing unit. The baffle impingement by a stream of high concentration
was observed throughout all Reynolds numbers, while the swirl motion inside the mixing
unit became significant only for Reynolds numbers larger than about five. Figure 13b
shows that the required pressure load of the present micromixer was comparable with
those of other micromixers; the mixing enhancement was achieved without an additional
pressure load. This confirms that the mixing unit stacking in the cross flow direction is a
practical approach to enhance the mixing performance, especially for Reynolds numbers
less than about 20.
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6. Conclusions

A new passive micro-mixer with the mixing units stacked in the cross flow direction
was proposed and estimated. It consisted of eight mixing units, and each mixing unit
contained four baffles; the baffles were staggered alternatively in the cross flow and
transverse directions. The mixing performance of the present micro-mixer was evaluated
numerically by examining the DOM and MEC. The numerical simulation was carried out
for Reynolds numbers ranging from 0.5 to 50.

The numerical solutions showed that the mixing unit stacking in the cross flow
direction noticeably enhanced the mixing performance for Reynolds numbers less than
about 20, as compared with other micromixers. The stacking layout would be different
according to the Reynolds number. For Reynolds numbers less than about two, the two
step stacking in the cross flow direction showed the best mixing performance. On the other
hand, the eight step stacking showed the best mixing performance for Reynolds numbers
larger than about two.

The mixing enhancement due to the mixing unit stacking in the cross flow direction
was caused by two different flow characteristics. One is the baffle impingement by a
stream of high concentration. A stream of high concentration was observed to impinge
on the baffle wall throughout all Reynolds numbers. It was observed even in the limited
convection flow regime such as Re = 0.5. The other one is the swirl motion inside the
mixing unit in the cross flow direction, and it was significant for Reynolds numbers larger
than about five.

Since both halves of the present micro-mixer in the transverse direction are planar,
they can be simply stacked to construct the present micromixer. The present micromixer
performed better than other passive micro-mixers for low Reynolds numbers less than
about 20. Therefore, it is expected to be useful as a necessary part of lab-on-a-chip devices
and micro-total analysis systems.
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Nomenclature

D diffusion coefficient (m2/s)
DOM degree of mixing
fcoarse numerical solution obtained with coarse grid
ffine numerical solution obtained with fine grid
GCI grid convergence index
DOMT mixing index
MEC mixing energy cost
∆p pressure load (Pa)
r grid refinement ratio
Re Reynolds number
Umean average velocity at the outlet (m/s)
x, y, z Cartesian coordinates
Greek Symbols
ε relative error
µ fluid viscosity (kg/(ms))
ν fluid kinematic viscosity (m2/s)
φ mass fraction of the fluid A
φ fluid density (kg/m3)
σ standard deviation
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Abstract: Three-dimensional numerical investigations of a novel passive micromixer were carried
out to analyze the hydrodynamic and thermal behaviors of Nano-Non-Newtonian fluids. Mass and
heat transfer characteristics of two heated fluids have been investigated to understand the quanti-
tative and qualitative fluid faction distributions with temperature homogenization. The effect of
fluid behavior and different Al2O3 nanoparticles concentrations on the pressure drop and thermal
mixing performances were studied for different Reynolds number (from 0.1 to 25). The performance
improvement simulation was conducted in intervals of various Nanoparticles concentrations (ϕ = 0
to 5%) with Power-law index (n) using CFD. The proposed micromixer displayed a mixing energy
cost of 50–60 comparable to that achieved for a recent micromixer (2021y) in terms of fluid homoge-
nization. The analysis exhibited that for high nanofluid concentrations, having a strong chaotic flow
enhances significantly the hydrodynamic and thermal performances for all Reynolds numbers. The
visualization of vortex core region of mass fraction and path lines presents that the proposed design
exhibits a rapid thermal mixing rate that tends to 0.99%, and a mass fraction mixing rate of more
than 0.93% with very low pressure losses, thus the proposed micromixer can be utilized to enhance
homogenization in different Nano-Non-Newtonian mechanism with minimum energy.

Keywords: chaotic micromixer; Nano-Non-Newtonian fluid; mass mixing index; thermal mixing
index; low generalized Reynolds number; minimal mixing energy cost

1. Introduction

Heat and mass transfer produced by different fluid concentrations is generally applied
in high mixing processes that affect the dynamic transport of chemical species within
physical chaotic advection. Mixing of non-Newtonian fluids process of micromixers occurs
in multiple applications of various devices and industrial applications that have significant
utility in bioengineering fields [1], chemical engineering [2], extraction, polymerization
techniques and cleaning systems [3–7], etc. To enhance the kinematic behaviour [8] and
fluid homogenization performance, many researchers contribute various solutions using
chaotic advection inside microchannels [9,10] while reducing pressure drops [11–14].

Xia et al. [15] investigated experimentally and numerically different passive micromix-
ers with multi-layer crossing channels. Their proposed micromixer can give a fast mixing
(more than 95%) at minimum Reynolds number (not exceeding 40), for example, a high
mixing index of 0.96 was found for very low flow regimes. The same geometry was selected
by Hossain et al. [16] to carry out a parametric study. To develop the mixing efficiency,
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the effect of the geometrical parameter was analyzed at (not exceeding 40) low Reynolds
numbers.

The mixing enhancement of split and recombination micromixers using Newtonian
fluid flow with low regimes was investigated numerically by Hossain et al. [17]. They
evaluated the homogenization performance and the pressure-drop characteristics compared
to the TLCCM micromixer which was selected by Xia et al. [15], in a range of Reynolds
numbers between 0.2 and 120. Raza et al. [18,19] developed the same problem to create an
unbalanced split and recombination micromixer (1.5 mm). They measured numerically the
mixing efficiency within various cross-sections via low flow regime. They found that the
optimal configuration has 88% mixing efficiency. A parametric study using five geometric
parameters of the micromixer was performed by Naas et al. [8]. They presented the effect
of a low Reynolds number on mixing efficiency. Their proposed short micromixer gives
mixing rates greater than 99% throughout the Reynolds number range in a short length of
three-dimensional micromixer, which is rarely achieved in early micromixer configurations.

The effects of thermal condition of non-Newtonian fluids rheology were investigated
by Naas et al. for C-shape chaotic geometry [20,21] and Multi-layer micromixers [22]. They
selected a highly efficient heat mixing system and better thermodynamic performance, for
rheology index ranging from 1 to 0.49. The results showed that the decrease in heat transfer
flow of shear-thinning flows was higher than that of Newtonian fluids.

In order to enhance the heat transfer efficiency, several researchers carried out numeri-
cally [23–30] and experimentally [31,32] the thermo-physical enhancement of various ap-
plied thermal engineering systems. They used effective nanoparticles such as: Al2O3 [23,24],
H2O/SWCNT [29], CuO [28–30]. The authors proved experimentally that the nanofluids
have significantly more powerful thermal conductivities than the same flow with zero
nano concentration.

Inside tubes, Xuan and Li [33] investigated experimentally the thermal performance of
nanofluid swirling under wall heat transfer. Compared with pure water, the heat transfer
coefficient was augmented more than 39% with the Cu nanoparticles concentration of 2.0%.

Within rectangular microchannels, convection laminar regimes with nano-shear thin-
ning flow have been carried out by Esmaeilnejad et al. [34]. Their obtained results presented
that, with Peclet number of 700 and 4% particle concentration, the thermal coefficient will de-
cease around 27.2% and the pressure drop will increase roughly 50.7%. Evangelos et al. [35]
studied the mixing performances of heated water with the effect of an electromagnetic field.
For different mixers, Pouya [36] investigated numerically, the heat transfer enhancement
and mixing quality of a hybrid nanofluid. They found that for high Reynolds numbers and
a constant frequency, the mixing rate increased over time.

In other works [37], the authors created a chaotic geometry called C-shape to enhance
the heat transfer characteristics of non-Newtonian nanofluid. They found that the develop-
ment of chaotic advection causes more enhancement to thermal rate in comparison with
pumping power.

In recent years, Antar and Kacem [24] analyzed the enhancement of forced convec-
tion flow within a straight pipe under the effect of nano-particles of Al2O3subjected to a
fixed wall of heat. They examined the effects of both fluid behavior index and nanofluid
concentrations on the gradient temperature and heat transfer rates. Their obtained results
indicated that, for various Peclet and Brinkman numbers, the heat transfer rate increases
when nanoparticles concentration.

Due to the diminutive measurement of micromixers, it’s difficult to enhance the
molecular diffusion operation. While the improvement in dynamic behaviors is limited, the
injection of nanofluid concentrations is a suitable manner in which to enhance mass transfer
and thermal mixing efficiency within a passive micromixer. Therefore, our contribution
aims to improve high mixing performances for Nano-non-Newtonian fluids in terms of
mass and heat transfer inside the optimum multi-layer micromixer as it was recently used by
Naas et al. [8] beneath a very low Reynolds number. Various nanoparticles concentrations
with different values of fluid behavior index were proposed to investigate the chaotic flow
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formation and thermal mixing performances within the suggested micromixer. In order to
get important energy efficiency, the homogenization of the fluid indexes and mixing energy
cost will be appraised.

2. Micromixer Structure and Problem Statement

A novel micromixer was suggested in this study, namely a Two-Layer Crossing Mod-
ified geometry (TLCM) which was used recently and firstly by Naas et al. [8] to achieve
High-Mixing Processing under the effect of nanofluid concentrations for power-law non-
Newtonian fluid [24], see Figure 1. The micromixer is constructed of a couple of twisted
channels; the higher and lower channels are arranged with a periodic chamber. The fol-
lowing mixing components occur in reconstructed forms of several grooves. Dimensions
detail is presented in Table 1, where D is the chamber diameter, d is the grooves diameter,
dhyd is the hydraulic diameter, l is the distance between the inlets and L* is the length
of the geometry. The same nano-non-Newtonian fluid of Antar and Kacem [23,24] and
Santra et al. [36] was proposed as working fluid, represented in Tables 2 and 3 respectively.
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Table 1. Dimensions information of the proposed micromixer.

W 0.2 mm
l* 0.8 mm
D* 0.2 mm
d* 0.1 mm

dhyd 0.22 mm
D 0.6 mm
L 4.5 mm

Table 2. Rheological parameters of Al2O3 Nano-non-Newtonian, reproduced with permission
from [23,24].

ϕ% m (N sn m−2) N

0.5 0.00187 0.88
1.0 0.00230 0.83
1.5 0.00283 0.78
2.0 0.00347 0.730
2.5 0.00426 0.680
3.0 0.00535 0.625
3.5 0.00641 0.580
4.0 0.00750 0.540
4.5 0.00876 0.500
5.0 0.01020 0.460
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Table 3. Thermal parameters of Al2O3 Nano-non-Newtonian, reproduced with permission
from [23,24].

(ϕ%) ρ (Kg/m3) Cp (J/Kg k) k (w/m k)

0.5 1013.1 4165.9 0.6248
1.0 1027.9 4148.8 0.6367
1.5 1042.8 4131.7 0.6488
2.0 1057.6 4114.6 0.6610
2.5 1072.5 4097.5 0.6734
3.0 1087.4 4080.5 0.6859
3.5 1102.2 4063.4 0.6987
4.0 1117.1 4046.3 0.7116
4.5 1131.9 4029.2 0.7246
5.0 1146.8 4012.1 0.7379

Heated and cold Nano-non-Newtonian fluids flow from the inlets with a uniform
velocity profile. The outsides are deemed adiabatic and the other boundaries include
no-slip. Pressure outlet condition is awarded at the outflow section. A numerical CFD code
Fluent© numerically solved the governing equations, which are given by the following
expressions [22,38]:

div
→
V = 0 (1)

where
→
V is the velocity vector.

→
V · ∇

→
V = − 1

ρn f

→
∇P + divτ (2)

where σ (Pa) is shear stress and P is the pressure.

ρn f cn f
→
V ·
→
∇T = λn f ∆T (3)

where ρn f , λn f and T are the density, the conductivity and the temperature of the
nanofluid, respectively.

The constitutive connection among the shear rate
.
γ (s−1) and shear stress τ (Pa) can

be characterized by a simple power-law equation:

τ = m
.
γ

n (4)

where, m (Pas−1) is fluid consistency index and n is the fluid behavior index.
The apparent viscosity is:

µn f = k
.
γ

n−1 (5)

The advised boundary conditions are:

- Uniform velocity profile imposed to the inlets flow, and the temperatures equal to
Tmin = 300 k for one inlet, and the other one Tmax = 330 k

- No-slip conditions within the solid walls.
- Pressure outlet condition is considered at the outlet section flow.

2.1. Mass Transfer Characteristics of the Chaotic Flows

Metzner and Reed [39,40] defined the generalized Reynolds number (Reg) for power-
law fluids as follows:

Reg =
ρnfu2−ndn

hyd[
8n−1

(
b∗ + a∗

n
)nm

] (6)

a∗ Geometric parameter (a∗ = 0.2121)
b∗ Geometric parameter (b∗ = 0.6771)
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ρnf Density
[
kg ·m−3]

u Average speed
[
m · s−1]

dhyd Hydraulic diameter [m]
m Consistency index (N sn m−2)
n Rheological behavior index of the fluid

Mixing efficiency of two Nano-non-Newtonian fluids inside the micromixer is charac-
terized by:

MMi = 1− σ

σ0
(7)

σ is the standard deviation measured by post-CFD.
σ0 is the maximum standard deviation.

σ2 =
1
N

N

∑
i=1

(
Ci −C

)2 (8)

For fully mixed fluids, the standard deviation rate was taken from the minimum
values and maximum for unmixed fluids. N presents the total number of nodes. C is the
average mass fraction. The maximum standard deviation σ2 is measured by:

σ2
0 =

(
1−C

)
(9)

The mixing energy cost (MEC) is used to decide the effectiveness of the micromixer
and is established by merging the pressure losses and the mixing degree, as follows [41]:

MEC =
∆P×Q

MMi
(10)

where ∆P and Q are the pressure drop and the flow rate (m3/s) along the geometry, respectively.

2.2. Thermal Characteristics of the Chaotic Flows

Heat transfer coefficient, h, different inlet temperature is assumed as:

h =
q′′

(Tb − Tw)
(11)

where, Tb (k) is the mean bulk temperature fluid, Tw (k) is the perimeter average wall
temperature and q′′ (w/m2) is the wall heat flux.

These two temperatures are defined as:

Tw(s) =
1
P

∫

P
Twdp (12)

Tb(s) =
1

AUi

x

A

→
V·→nT·dA (13)

The mean heat transfer coefficient, hmean, is defined as:

hmean =
1
L

L∫

0

h(s)ds (14)

The Thermal Mixing index (TMi) utilized by Naas et al. [22] of two fluids (hot and
cold) is given by the following equation:

TMi = 1−
s

s

∣∣T− Tavg
∣∣ds

(Tmax − Tmin)s
(15)
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where, Tavg = (Tmin + Tmax)/2. Tmin= 300 K and Tmax = 330.
K The values of TMi range from 0 for the unmixed flow case, to 1 for fully mixed flow.
In order to confirm the efficiency of the scalar temperature T which was measured

between two values; (Ta, Tb) at a given section, a probability density function PDF % (T)
was calculated which was equal to the number of nodes within (Ta, Tb) divided by the total
number of nodes [22].

All governing equations in the present work were solved in a laminar flow by using
ANSYS Fluent 16© CFD software [42], which works by the (FVM) finite volumes method.
The SIMPLEC scheme was chosen for pressure and velocity coupling. To determine
the mass and momentum equations a second-order upwind scheme was selected. The
computations were ensured and simulated to be converged at 10−7 of root mean square
(RMS) residual values. Non-Newtonian power-law fluids were done as a working fluid for
various Al2O3 nanoparticles concentrations.

3. Mesh Sensitivity Test

To check the sensitivity of the CFD results, a quantitative grid study was carried outby
varying the total number of cells. Using an unstructured mesh with uniform tetrahedral
cells, four mesh grids were analyzed ranging from 100,000 to 800,000.

The evolutions of the velocity along the X-axis of the outlet section with a Reynolds
number equal to 10 are shown in Figure 2. It can be observed that the outlet velocity rates
were sensitive to the mesh, except for the mesh densities with 700,000 and 800,000 nodes
where no important difference is seen. As a consequence, the 700,000 nodes grid is selected
as the favorable mesh for the analyses (Figures 2 and 3).
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4. Results and Discussion

Kinematic and thermal behaviors of mixing Nano-non-Newtonian flows are investi-
gated in detail within novel micromixers, which are compared with potential micromixers
used recently in the literature. Heat, mass transfer and fluid mixing process are investigated
for several low generalized Reynolds number ranging between 0.1 to 25.

4.1. CDF Validation Case

The numerical solution procedure of mass transfer performances has been reported
and validated thoroughly by comparing the present results with the results of Xia et al. [15]
and Hossain et al. [16], for Reynolds number equal to 0.2, quantitative and quantitative
comparison for mixing efficiency index and mass transfer contours for different successive
cross-sectional planes, as shown in Figure 4.
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An excellent agreement is seen to exist between the present numerical values and
the literature values of mass mixing index. Based on these comparisons, it is perhaps
reasonable to conclude that the present results are reliable to within ±0.4%. Deviations of
this order are not at all uncommon in numerical studies and arise due to the differences
in the flow schematics, problem formulations, grid and/or domain sizes, discretization
schemes and numerical methods.

Moreover, a quantitative numerical validation was carried out with those obtained by
Ning et al. (2016) [43], and the results present a heat transfer rate as a function of various
Reynolds numbers for non-Newtonian cases. The comparison is satisfactory and revealed
good agreements among results which are shown in Figure 5.

In addition, we added another validation with those obtained by Jibo et al. [44]. The
problem was analyzed for multiphase fluids of mixing enhancement inside micromixers,
see Figure 6, where the relative error with the numerical results is less than 1%.
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4.2. Mass Transfer and Fluid Mixing Processing

Flow visualization of mass fraction between two nanofluids is shown in Figure 7.
Different cases of fluid concentrations are subjected within the fluid pattern to understand
the development of visual mixing inside the new configuration. We remark that the
fluid mixing augments with the Reg for all fluid behavior index n and there is no exactly
black region in the second unites. Therefore, the new micromixers have a quick mass
transfer performance.
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Figure 7. Mass fraction contours at various Reynolds numbers with different fluid concentrations
(ϕ = 0.5 to 5%).

Figure 8 shows the evaluation of the mass mixing efficiency of two fluids as a func-
tion of Reg for various cases of nanofluid concentrations (ϕ = 0.5 to 5%). As the flow
homogenization was only performed by the nanoparticles, the prevalence of Reynolds
number is very low (Re < 5) and the flow behaviors were not effective for improving
mixing (molecular diffusion dominates). When the generalized Reynolds fluid number
increased, the homogenization was more effective, and the mixing intensity developed
rapidly. Note that in large Reynolds numbers, the nano-particles are more effective, and
the mixing intensity develops quickly so the most select mixing state is reached when the
concentration increases. Moreover, it is observed that the proposed micromixer shows a
2.22% enhancement of mixing intensity when the fluid behavior index decreases to 0.46, as
compared to the case of n = 0.88.

The homogeneity achieved over midlines at the exit of the several cases of nano-fluid
concentrations inside the micromixer at a given Reg is demonstrated by the standard
deviation like mass transfer profiles as shown in Figure 5. Significant changes in the values
of the mass transfer for all cases of Nano-non-Newtonian fluids can be observed. For the
case of ϕ = 5%, the results indicates that the best degree of mixing done at the exit of
the micromixer.

To explain the structure of the fluid flow inside the proposed micromixer, a visualiza-
tion of vectors and streamlines of the mass fraction and vortex core regions are shown in
Figure 9. The kinematic behavior has an important role in enhancing homogenization for
nanofluids. As can be seen in Figure 10, the micromixer has a single strong vortex region
inside each corner which develops the mixing rate inwardly of the geometry, whereas it
has a low-pressure drop near the outlet part. Furthermore, we can see that the flow is more
chaotic and dynamic due to the structure and the curve of the configuration. Moreover, it
is remarkable that the pathline inside the selected new micromixer produces a reversed
flow pattern and strong secondary flows are created which can enhance more mass transfer
efficiency and ensure excellent quality of homogenization.
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Figure 8. Development of mass mixing performance for different Reynolds numbers with variation
cases of nanofluid concentration (ϕ = 0.5 to 5%).

Micromachines 2022, 13, 933 11 of 18 
 

 

 
Figure 8. Development of mass mixing performance for different Reynolds numbers with variation 
cases of nanofluid concentration (φ = 0.5 to 5%). 

To explain the structure of the fluid flow inside the proposed micromixer, a 
visualization of vectors and streamlines of the mass fraction and vortex core regions are 
shown in Figure 9. The kinematic behavior has an important role in enhancing 
homogenization for nanofluids. As can be seen in Figure 10, the micromixer has a single 
strong vortex region inside each corner which develops the mixing rate inwardly of the 
geometry, whereas it has a low-pressure drop near the outlet part. Furthermore, we can 
see that the flow is more chaotic and dynamic due to the structure and the curve of the 
configuration. Moreover, it is remarkable that the pathline inside the selected new 
micromixer produces a reversed flow pattern and strong secondary flows are created 
which can enhance more mass transfer efficiency and ensure excellent quality of 
homogenization. 

  
(a) (b) 

Figure 9. Evolution of the mass standard deviation along the (a): exit X-line and (b) exit Y-line of 
different cases of nano-fluid concentration (φ = 0.5 to 5%) at fixed Reg = 25. 

0 5 10 15 20 25
0.800

0.820

0.840

0.860

0.880

0.900

0.920

0.940

M
as

s M
ix

in
g 

In
de

x
Re

 ϕ = 0.5%  ϕ = 1%
 ϕ = 1.5%  ϕ = 2%
 ϕ = 2.5%  ϕ = 3%
 ϕ = 3.5%  ϕ = 4%
 ϕ = 4.5%  ϕ = 5%

0.0 0.2 0.4 0.6 0.8 1.0
0.47

0.48

0.49

0.50

0.51

0.52

0.53

0.54

 ϕ = 0.5%  ϕ = 2%     ϕ = 3.5%
 ϕ = 1%     ϕ = 2.5%  ϕ = 4%
 ϕ = 1.5%  ϕ = 3%     ϕ = 4.5%

                         ϕ = 5%

M
as

s S
ta

nd
ar

d 
D

ev
ia

tio
n

X*

Figure 9. Evolution of the mass standard deviation along the (a): exit X-line and (b) exit Y-line of
different cases of nano-fluid concentration (ϕ = 0.5 to 5%) at fixed Reg = 25.

4.3. Heat Transfer and Thermal Mixing Processing

Thermal mixing fluids between hot and cold Nano-non Newtonian fluids are mea-
sured for various cases of nanofluid concentrations (ϕ = 0.5 to 5%). For this, the cold fluid
is injected in one inlet at 300K and the heated fluid is injected in the other inlet at 330 K, see
Figure 11. In this part, we investigate thermal mixing performances and mining energy
coast in the present micromixer, and its performances will be compared to other strong
micromixers. Figure 11 shows a top view of the temperature contours in three cases of
nanofluid concentration (ϕ = 0, 2.5 and 5%) for Reg ranging from 0.1 to 25. For a given
value of nanofluid concentration or fluid behavior index, the thermal homogenization
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quality is more vigorous when the Reg is more important. The development of the gener-
alized number highly improves the dynamic of the movement, the kinematic of the fluid
nanoparticles varies considerably and the mixing intensity will be improved.
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The influence of the nanofluid concentration loading on the improved thermal ef-
ficiency is analyzed, see Figures 12–14. Figure 12 shows the evolution of heat transfer
coefficient for several generalized Reynolds numbers with different nano-fluid concentra-
tions (ϕ = 0.5 to 5%). As the nanofluid concentration ranges from 0.5% to 5%, the heat
transfer augments from 122 W/m2 K to 222 W/m2 K for Reg = 25. It can be resolved
that other devices besides thermal conductivity increase can be efficient for thermal flow
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enhancement. Thermal nanofluid performance is under the effect of various parameters. It
appears that nanofluid behavior may develop the temperature gradient within the flow
and thus increase the heat of the nanofluid, see Figure 13. Figure 14 shows the evaluation of
the thermal mixing efficiency of two fluids for different Reg for various cases of nanofluid
concentrations (ϕ = 0.5 to 5%).
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Figure 13. Evolutions of local heat transfer coefficient as a function along the geometry with ϕ = 1
and 5%.
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Figure 14. Improvement of thermal mixing performance for different generalized Reynolds numbers
for variation cases of nanofluid concentrations (ϕ = 0.5 to 5%).

Due to the heat transfer being done only by conduction, it is indicated that the mixing
quality is not affected by the fluid concentrations for low Reg numbers. Therefore, the
rheology fluid index n has no effect on the mode of energy transfer in the flow. When Reg
augments, the flow is chaotic which leads to greater mixing. This behavior enhances greatly
the thermal efficiency as a function of Reg number for all cases of nanofluid concentrations.
For Reg numbers equal to 25, the mixing degree is close to 1 and the quality of mixing is
perfect. The degree of thermal mixing has an insignificant difference as a function of the
fluid concentrations considered, so the fluid behavior index n has the same effect on the
TMI as described above.

Table 4 presents the probability density function of temperature distribution for differ-
ent cross-sections. As it is known, the greatest PDF is 100% for T = 315 K. Despite the fluid
passing through the micromixer, the fluids are well mixed and tend to be homogenized
(T = 315 K) under the effect of the chaotic behavior of the flow. For all cases of various
nanofluid concentrations, the temperature distribution from the third plane (P3) is exam-
ined in a small variety of the order of two Kelvin, where the best of this arrangement is
compared to the coveted mixing fluid temperature, 315 K.

Table 4. Local Temperature PDF ranging from 314 K to 316 K for different cross-sections.

ϕ (%) P1 = 0.93 mm P2 = 1.82 mm P3 = 2.62 mm P4 = 3.47 mm Outlet

0.5 5% 31.45% 99.99% 99.99% 99.99%
2 7.83% 26.23% 99.99% 99.99% 99.99%
4 7.85% 24.43% 99.99% 99.99% 99.99%
5 12.24% 30.49% 99.99% 99.99% 99.99%

To choose the better Nano-non-Newtonian fluid concentration with high mixing
efficiency and lower cost of mixing energy, Figure 15 presents Mixing Energy Cost under
the effect of generalized Reynolds number ranging (Reg = 0.1 to 25) for various nanofluid
concentrations (ϕ = 0.5 to 5%). The flow of low Reg has qualitatively the same behavior in
terms of cost of the mixing energy, due to the fluid being more viscous and the secondary
flows not yet active. When the Reg overrun the value of 5, the difference enhances obviously
for both the kinematic and thermal process. As can be seen, when the Reg increases, the
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MEC become larger inside the micromixers because the fluid flow turns out more sheared
and agitated. Moreover, the fluid flow concentration of 0.5% displays low rates of energy
cost compared to the other cases.
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The development of Mixing Energy Costis illustrated in Table 5 for various Reynolds
numbers. For cases of Reynolds numbers, it can be clearly remarked that the present
micromixer has the most economical mixing energy cost compared to the micromixer
studied recently by Embarek et al. in [39]. In addition, to compare quantitatively the
mixing index, pressure-losses, and the mixing energy cost, Table 6 shows different recent
works (2017, 2019, 2021y) for these parameters at fixed Reynolds number (Re = 70). It is
shown that the proposed micromixer has the lower pressure drops and the higher mixing
index value of 99.99%, and the best mixing energy cost.

Table 5. Quantitative comparison of the Energy Mixing Cost for varied generalized Reynolds number
(Re = 1, 5, 15 and 15) with that obtained by Embarek et al. reprinted with permission from [41] in
2021y.

Re MEC (µW) of Embarek [39] MEC (µW) of Present Work Evolution Parentage

1 0.00920 0.0064 30%
5 0.23600 0.194 18%

15 2.57302 1.548 40%
30 12.99 7.43 45%

Table 6. Comparison of the pressure losses, mixing degree and energy mixing cost with different
recent works at fixed Reynolds number (Re = 70).

Micromixer, Year Unit Length (mm) ∆P (Pa) MI MEC (µW)

Split and recombination micromixer, 2012 [14] 6 10.66 16500 0.83 210.25
Convergent and divergent micromixer, 2017 [41] 6 11 14000 0.94 209.55

rectangular obstacles micromixer 2019 [45] 5 8.0 12542 0.98 179.75
triangular obstacles micromixer 2019 [45] 5 8.0 11485 0.93 175.38
teardrop obstacles micromixer 2019 [45] 5 8.0 10908 0.94 163.22
Elongation micromixer with 2021 [41] 4 3.5 8002 0.99 111.48

Present Two-layer Modified micromixer 5 4.58 3455 0.99 55.67
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5. Conclusions

A numerical CFD work was performed to analyze the flow characteristics of Nano-
non-Newtonian shear-thinning fluid inside a novel micromixer. This study outlines the
hydrodynamic and thermal mixing performances for different generalized Reynolds num-
bers with nanofluid concentrations (ϕ = 0.5 to 5%). According to this study, the following
points can be given:

- Effects of generalized Reynolds numbers on the hydrodynamic behavior of non-
Newtonian flow were improved within the proposed micromixers.

- Strong secondary flows are created inside the micromixer to enhance the mixing
quality for all cases of nanofluid concentration.

- The non-Newtonian fluid of ϕ = 0.5% exhibits low mass transfer compared to the
preferable nanofluid concentration case (ϕ = 5%).

- As Reynolds number increases, the flow visualization of both heat and mass transfer
revealed that the vortex created in the micromixer had more vigorous intensity.

- Higher rates of generalized Reynolds number have more effects to increase both mass
and thermal homogenization rates.

- The heat transfer coefficient increases from 122 W/m2K to 222 W/m2K when ϕ rises
from 0.5 to 5%.

- The cases of low fluid behavior index n have a more effective improvement in the
mixing efficiency than the other cases

- For all of Reg, high intensity thermal and fluid mixing is obtained for high nanofluid
concentration (ϕ = 5%).
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Abstract: In this work, a numerical investigation was analyzed to exhibit the mixing behaviors of
non-Newtonian shear-thinning fluids in Kenics micromixers. The numerical analysis was performed
using the computational fluid dynamic (CFD) tool to solve 3D Navier-Stokes equations with the
species transport equations. The efficiency of mixing is estimated by the calculation of the mixing
index for different cases of Reynolds number. The geometry of micro Kenics collected with a series
of six helical elements twisted 180◦ and arranged alternately to achieve the higher level of chaotic
mixing, inside a pipe with a Y-inlet. Under a wide range of Reynolds numbers between 0.1 to 500
and the carboxymethyl cellulose (CMC) solutions with power-law indices among 1 to 0.49, the micro-
Kenics proves high mixing Performances at low and high Reynolds number. Moreover the pressure
losses of the shear-thinning fluids for different Reynolds numbers was validated and represented.

Keywords: Kenics micromixer; numerical simulation; mixing index; non-Newtonian fluids; CMC
solutions; low Reynolds number

1. Introduction

Different applications of micromixers can be found in biomedical, environmental
industries and chemical analysis, where they are essential components in the micro-total
analysis systems for such applications requiring the rapid and complete mixing of species
for a variety of tasks [1,2]. Various characteristics of micromixers have been developed
to produce fast and homogenous mixing; micromixers are usually classified according
to their mixing principles as active or passive devices [3–6]. Active micromixers need an
external energy supply to mix species. Passive micromixers are preferable due to their
simple structures and easy manufacturing and greater robustness and stability [7]. To get
enhanced mixing flows, the chaotic advection technique is employed as one of the strongest
passive mixing methods for non-Newtonian flows. One of the potential chaotic geometries
which can present a good method to advance the performances of the hydrodynamics is
called the Kenics mixer. A Kenics mixer is a passive mixer created for conditions of laminar
flow; it is generally constituted of a series of helical elements, and each element rotated
90◦ relatives to the second. The helical elements are designed to divide the flow into two
or more flows, turn them and afterward recombine them [8,9]. Kurnia [10] observed that
the inserted of a twisted tape in a T-junction micromixer creates a chaotic movement that
improves the convection mass transfer at the expense of a higher pressure drop. For dean
instability, Fellouah et al. [11] investigated experimentally the flow field of power-law
and Bingham fluids inside a curved rectangular duct. Pinho and White law [12] studied
the effect of dean number on flow behavior of non-Newtonian laminar fluid. For twisted
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pipes, Stroock et al. [13] realized a twisting flow microsystem with diagonally oriented
ridges on the bottom wall in a microchannel. They attained chaotic mixing by alternating
velocity fields. Tsai et al. [14] calculated the mixing fluid of non-Newtonian carboxymethyl
cellulose (CMC) solutions in three serpentine micromixers. They summarized that the
curvature-induced vortices develop in a long way the mixing efficiency. Bahiri et al. [15],
using grooves integrated on the bottom wall of a curved surface, studied numerically the
mixing of non-Newtonian shear-thinning fluids. They illustrated that the grooves elevated
the chaotic advection and augmented the mixing performance. Naas et al. [16,17] and
Kouadri et al. [18] used the two-layer crossing channels micromixer to evaluate the mixing
rate hydrodynamics and thermal mixing performances, finding that the mixing rate was
nearly 99%, at a very low Reynolds number. Kim et al. [19] experimentally characterized
the barrier embedded Kenics micromixer. They showed that the mixing rate decreases
as the Reynolds number augments for the suggested BEKM chaotic micromixer. Hossain
et al. [20] experimentally and numerically analyzed a model of micromixer with TLCCM
that can achieve 99% mixing over a series of Reynolds number values (0.2–110).

There are not many works in the literature for non-Newtonian fluid mixing using
Kenics micromixers. Therefore, the idea of the current study is to investigate the perfor-
mance of a microKenics for mixing shear thinning fluids, trying to attain a high mixing
quality and pressure drop. Using CFD code, numerical simulations were carried out at
Reynolds numbers ranging from 1 to 500 in order to examine the flow structures and the
hydrodynamic mixing performances within the concerned Kenics micromixer. Various
CMC concentrations were proposed to investigate the chaotic flow formation and ther-
mal mixing performances within the suggested micromixer. In order to get important
homogenization of the fluids’ indices and pressure losses will be appraised.

2. Governing Equations and Geometry Discretion

Steady conservation equations of incompressible fluid are solved numerically in a
laminar regime by using the ANSYS FluentTM 16 CFD software (Ansys, Canonsburg, PL,
USA) [21], which is fundamentally based on the finite volumes method. We choose the
SIMPLEC scheme for velocity coupling and pressure. A second-order upwind scheme
was nominated to solve the concentration and momentum equations. The numeric’s were
ensured and simulated to be converged at 10−6 of root mean square residual values.

A non-Newtonian solution of carboxyméthyl cellulose (CMC) is used as working
fluid for the simulation of fluid flows. The density of CMC solutions according to Fellouah
et al. [11] and Pinho et al. [12], is 1000 kg/m3. The coherence coefficient and the power
law indexes of the CMC solutions are indicated in Table 1, where the diffusion coefficient
equals 1 × 10−11 m2/s.

Table 1. Rheological properties of CMC solutions.

CMC% N k (Pa·sn)

0 1 0.000902
0.1 0.9 0.0075
0.2 0.85 0.0252
0.3 0.73 0.15
0.5 0.6 0.67
0.7 0.49 2.75

The 3D governing equations for incompressible and steady flows are continuity,
momentum and species mass fraction convection diffusion equation:

∇U = 0 (1)

ρU·∇U = −∇P + µ∇2U (2)

U·∇C = Di∇2Ci (3)
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where U (m/s) denotes the fluid velocity, ρ (kg/m3) is the fluid density, P (Pa) is the static
pressure, µ (w/m·k) is the viscosity, Ci is the local mass fraction of each species by solving
the convection-diffusion equation for the i-th species. Di is the mass diffusion coeffcient of
the species “i” in the mixing.

For power-law non-Newtonian fluids the apparent viscosity is:

µa = k
.
γ

n−1 (4)

where k (w/m·k) is called the consistency coefficient and n is the power-law index
.
γ (s−1)

is the shear rate.
For a shear thinning fluid (Ostwald model), the generalized Reynolds number (Reg) is

defined as [6]:

Reg =
ρU2−nDh

n

k
8
( 6n+2

2
)n (5)

where Dh (m) is the hydraulic diameter of the micromixer.
To measure the efficiency of the Kenics micromixers, mixing rate is defined as fol-

lows [16]:
MI = 1− σ

σ0
(6)

where σ signifies the standard deviation of mass fraction and characterized as:

σ2 =
1
N

N

∑
i=1

(
Ci −C

)2 (7)

N indicates the number of sampling locations inside the transversal division, Ci is the
mass fraction at examining point i, and C is the ideal mixing mass fraction of Ci, and it is
equal to 0.5, σ0 (Pa·s−1) is the standard deviation at the inlet part.

The boundary conditions are a condition of adhesion on the walls where the velocities
are considered to be zero, uniform velocities are executed at the inlets, the mass fraction of
the fluid at the inlet 1 equal to 1 and that of the inlet 2 equal to 0, an atmospheric pressure
condition is considered at the exit. All walls are considered adiabatic.

The configuration (Figure 1) is based on the Kenics KM static mixer. It consists of a
tube with a diameter D = 1.2 mm and a length L = 16.5 mm, with six helical parts. Each
part has a thickness t = 0.025 mm and length li = 1.5 mm. The final helical blade element
is placed at the distance l = 3 mm from the tube outlet. The angle between the two inlet
entrances is α = 35◦.
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3. Grid Independence Test

In this work, which investigated fluid mixing in laminar flow in which the convergence
is limited by the pressure-velocity coupling, a converged and stable solution was obtained
using SIMPLE algorithm. The pressure correction under relaxation factor is given at 0.3,
which facilitates the acceleration of convergence for the second order upwind scheme. The
convergence of iterative calculations was attained when the specified value of the residual
quantities are less than 106.
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To choose an adequate mesh; an unstructured mesh has been generated with tetra-
hedral elements; several grids were tested for the present proposed geometry (Table 2).
Numerical variations of the mixing index are not important after the marked cell size;
therefore this can be studied as the better mesh for the calculation. This mesh size with
338,438 cells will give better results with less time as compared to the finer mesh.

Table 2. Mesh independency test.

Mesh Elements MI for Re = 80 MI for Re = 10

87,304 0.8924 0.9834
137,592 0.8994 0.9877
241,322 0.8996 0.9890
338,438 0.9017 0.9941
593,476 0.9017 0.9942

4. Numerical Validation

A numerical study of the pressure drop in a T-Junction Passive micromixer to verify
the accuracy of the CFD with that of C. Kurnia et al. [10], see Table 3. The comparison
illustrated a good agreement where the relative error of the numerical results is less than 1%.

Table 3. Comparison of current computational results for Pressure drop as a function of various
Reynolds numbers.

Pressure Drop

Re 1 5 10 50 100

Kurnia et al. [10] 1.48 7.5 15.22 86.59 205

Present simulation 1.5 7.6 15.3 86.6 205.5

5. Results and Discussion

To compare the numerical results a quantitative comparison was made for Newto-
nian fluids in a Kenics micromixer as shown in Figure 2. The mixing performance of
the microKenics was compared with other three micromixers [15]: the SHG micromixer
(staggered herringbone), a mixer based on patterns of grooves on the floor of the channel
and a 3D serpentine micromixer with repeating “L-shape” units and the TLSCC (two-layer
serpentine crossing channels) a micromixer which the principle serpentine channels with
an angle of 90◦ regarding the inlets.

The mixing indices were compared using the range of Reynolds number between 0.1
to 120. The Kenics micromixer and TLSCC displayed exceptional mixing performance
compared to the other two micromixers for Re < 30, with superiority of the microKenics,
as the Kenics device shows almost complete mixing (MI > 0.999) at low Reynolds numbers
(Re = 0.1–5).

The mixing index at the exit of Newtonian and non-Newtonian fluid in Kenics was
compared with the curved micromixer of Bahiri et al. [15]. For range numbers of Reynolds
(0.1–500) and shear thinning index n (1, 0.85, and 0.6), as shown in Figure 3, the Kenics
proved a high mixing efficiency.

The effects of the Reynolds number and the behavior index on the chaotic mixing
mechanism were qualitatively analyzed by presenting the contours of the mass fraction at
the various transverse planes P1–P7 and the exit. Figure 4 shows the improvement of the
mass fraction distribution on the y-plane along the micromixer at Reg = 25 and n = 0.73.
The twist of element and the sharp change of angle between blades affected the intensity of
the fluid particles’ movement and the mixing performance.

Figure 5 show the streamlines flow in the microKenics for fluid behavior 0.73 and for
Reg 0.1 and 50. The flow field enhanced the secondary flow along the micromixer for all
cases of Re due to the blade conurbation of the Kenics device.

Figures 6 and 7 present the mass fraction contours for different power-law indices
(n = 1 and 0.49), with Reynolds numbers ranging between 0.1 and 50, at the different
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cross-sectional planes. Table 4 gives the distances between different plans to analyze the
local flow behavior. For n = 1, the flow behavior presented by the mass fraction contours
shows that the fluid layers for P1 to P4 advance in the same mode of molecular diffusion.

When the Reynolds number increases to 50, the quality of the mixing begins to
improve, therefore a homogeneous mixture is obtained at the exit plane in the microKenics
for all the values of the behavior index.

Figure 8 shows the variation of mixing index versus generalized Reynolds number
for different values of power-law index inside the microKenics. It can be seen that for all
values of n, the micromixers have nearly the same high mixing index (Mi = 0.99).
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For low Reynolds numbers (Re = 0.1–5), when the species have more contact time
to achieve a perfect mixing with the Kenics, the mixing index loses a part corresponding
to nearly 14% of its value. In addition, by increasing the Reynolds number the fluid
homonezation augments due to increases of secondary flows and advection, compared
with TLCC micromixers for all cases of the power-law index.
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Table 4. Position of the planes in the micromixer.

Plans Z mm

P1 4.5
P2 6
P3 7.5
P4 9
P5 10.5
P6 12
P7 13.5
P8 16.5

Figure 9 shows the evolution of MI along the micro-Kenics, at different planes, with
various values of the behavior index and for Re = 1, 5, 10, 25 and 100. For all cases of n,
we can see from this figure that MI grows progressively and reaches high values when
approaching the exit plane. Thus, as mentioned before we can see in all figures, the mixing
performance increases with the increase in the behavior index, for Reg ≤ 50.
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Figure 9. Development of mixing index along the mixing helical for different power-law indices and Reynolds numbers.

The Newtonian fluid with n = 1 is independent of shear rate and maintains a constant
value of viscosity among different numbers of Reynolds (Figures 10 and 11). Besides, the
decrease of value of n induces the increases of the apparent viscosity of non-Newtonian
fluid which also depends on the consistency coefficient of the fluid and the shear rate.
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Therefore, Figure 10 indicates that for a known shear rate, where the fluid with a
lower power-law index has a higher apparent viscosity furthermore the apparent viscosity
increases by reducing the power-law index.

Figure 11 shows the apparent viscosity on line x = 0 at the exit of micro Kenics for
all power-law indices. It is obvious that the apparent viscosity decreases by rising the
Reynolds number.

The pressure drop obtained from CFD simulations was compared with the TLCC
micromixer [18], for the cases with the same CMC solutions and flow speed. As remarked
in Figure 12, the pressure loss of Kenics is less than that from TLCC; so the best advantage
has been obtained by the Kenics.
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A high mixing performance of the micromixer is generally associated with a high-
pressure loss that involves the required energy input for the mixing process. Figure 13
shows the pressure loss increases with the increases of generalized Reynolds and concen-
tration level. It is evident that a decreasing power-law index leads to an increment of the
apparent viscosity and consequently a rising pressure loss.
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6. Conclusions

In this work, mixing of CMC non-Newtonian fluids in a microKenics device was nu-
merically investigated for different regimes (Re = 0.1–500), using CFD code. The analyses
showed that the mixing performances of the Kenics micromixers consisting of repeat-
ing short twisted helical configurations is better than that of other micromixers at low
Reynolds numbers.

It can be achieved that for fluids with all power-law indices studied (n = 0.49, 0.6, 0.73,
0.85, 0.9, and 1) and low Reynolds numbers (less than 8) the micromixer is an excellent
one, while for the fluids with Re > 12 MI start decreasing for all power-law indices, but for
low power law index (n = 0.6), the MI is reached from numbers of Re ≥ 60. At elevated
Reynolds numbers (Re ≥ 120), the micromixer performance is improved for all values of
the power-law indices. The results confirmed that the apparent viscosity of CMC solutions
decreases with the increase of the shear rate, while, the pressure drop increases rapidly
with increasing Reynolds number and power-law index. Nevertheless it is still the slightest
loss compared to other micromixers in the literature with the same mean flow speed and
apparent viscosity.
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Abstract: A passive micromixer based on the modified Tesla mixing unit was designed by embedding
tip clearance above the wedge-shape divider, and its mixing performance was simulated over a wider
range of the Reynolds numbers from 0.1 to 80. The mixing performance was evaluated in terms of
the degree of mixing (DOM) at the outlet and the required pressure load between inlet and outlet.
The height of tip clearance was varied from 40 µm to 80 µm, corresponding to 25% to 33% of the
micromixer depth. The numerical results show that the mixing enhancement by the tip clearance
is noticeable over a wide range of the Reynolds numbers Re < 50. The height of tip clearance is
optimized in terms of the DOM, and the optimum value is roughly h = 60 µm. It corresponds to
33% of the present micromixer depth. The mixing enhancement in the molecular diffusion regime of
mixing, Re ≤ 1, is obtained by drag and connection of the interface in the two sub-streams of each
Tesla mixing unit. It appears as a wider interface in the tip clearance zone. In the intermediate range
of the Reynolds number, 1 < Re ≤ 50, the mixing enhancement is attributed to the interaction of the
flow through the tip clearance and the secondary flow in the vortex zone of each Tesla mixing unit.
When the Reynolds number is larger than about 50, vortices are formed at various locations and drive
the mixing in the modified Tesla micromixer. For the Reynolds number of Re = 80, a pair of vortices
is formed around the inlet and outlet of each Tesla mixing unit, and it plays a role as a governing
mechanism in the convection-dominant regime of mixing. This vortex pattern is little affected as long
as the tip clearance remains smaller than about h = 70 µm. The DOM at the outlet is little enhanced
by the presence of tip clearance for the Reynolds numbers Re ≥ 50. The tip clearance contributes to
reducing the required pressure load for the same value of the DOM.

Keywords: degree of mixing (DOM); modified Tesla micromixer; tip clearance; symmetric counter-rotating
vortices; drag and connection of interface

1. Introduction

Micromixers are widely used in many microfluidic systems for biochemistry analysis,
chemical synthesis, biomedical diagnostics, and drug delivery [1–3]. As the microfluidic
systems aims to achieve several characteristics such as reduced consumption of reagent, fast
processing, low cost, and portability [4], they require rapid and complete mixing. Micromix-
ing is therefore one of the fundamental technologies utilized in microfluidic applications.

The mixing in most microfluidics systems is governed by molecular diffusion, slow
fluid velocity and microscale geometry. The associated flow corresponds to very low
Reynolds number regime, and mixing is inevitably slow and inefficient. Therefore, it is
critical to develop a more efficient micromixer for the progress of the microfluidic industry.
Mixing enhancement is still a crucial design goal, even though various technologies have
been proposed to enhance the efficiency of microfluidic mixing [2].

A variety of micromixers have been proposed to enhance the mixing in microfluidic
systems, and they are usually categorized as either active or passive. An active micromixer
utilizes an external energy source to improve mixing efficiency. The external energy source
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is mostly used to generate flow disturbance, and contributes to the enhancement of mix-
ing. Typical energy sources are acoustic [5], magnetic [6], electric [7], thermal [8], and
pressure [9]. As each active micromixer employs an external energy source, the resulting
structure of an active micromixer is more complicated and expensive, compared with
passive micromixers. This characteristic limits the usage of active technologies in microflu-
idic systems. On the contrary, passive micromixers rely on the modification of geometric
structures to generate a chaotic flow field and have no moving parts. Therefore, they are
much simpler to integrate into a microfluidic system. Various geometric modifications
have been shown to generate a chaotic flow field. Some of them include a staggered
herringbone [10], channel wall twisting [11], repeated surface groove and baffles [12,13],
block in the junction [14], split-and-recombine (SAR) [15,16], Tesla structure [17], stacking
of mixing units in the cross-flow direction [18], optimization of lateral structure [19] and
submergence of planar structures [20].

There are several approaches to enhance the degree of mixing (DOM): complex three-
dimensional structures, modification of planar geometry, and manipulation of flow condi-
tions. Using a pulsatile inlet flow is an example to control flow condition. For example,
McDonough et al. [21] showed that the micromixing time decreased with an increased
velocity ratio of oscillatory velocity to net velocity; baffle designs were used. However,
this kind of approach requires an extra device to generate the pulsatile flow. In this paper,
a simpler geometric approach is studied to enhance the mixing performance, based on a
geometric modification.

Generally, a complex three-dimensional (3D) micromixer may result in a better mixing
performance than that of a two-dimensional (2D) micromixer of similar size [22]. However,
the entire fabrication process of a 3D micromixer is much more complicated, and costs more
compared with a planar design. In addition, some 2D planar micromixers were shown to
generate effective 3D flow characteristics such as multidirectional vortex and Dean vortex.
For example, Hong et al. [23] proposed a modified Tesla micromixer, which is based on the
Coanda effect. The Coanda effect allows the fluid to follow the angles surface, and the Tesla
structure is placed serially in the opposite direction to enhance the transverse dispersion
of fluid. Hossain et al. [17] optimized this modified Tesla micromixer and showed that
it generates a couple of symmetric counter-rotating vortices in the cross section for the
Reynolds numbers Re≥ 2. Raza et al. [22] recommended this modified Tesla structure in the
intermediate (1 < Re ≤ 40) and high Reynolds number ranges (Re > 40) and recommended
3D micromixers in the low Reynolds range (Re≤ 1). On the other hand, Makhsuda et al. [20]
showed that a submergence of planar structure enhances the mixing performance in the
Reynolds number range of Re≥ 5; a vortex burst of the two Dean vortices promotes mixing
performance. Chung et al. [24] showed that short planar baffles with a gap promotes
vortex creation due to the sudden expansion around the baffles and enhance the mixing
performance in the diffusion-dominant flow rate (Re < 1) and the convection-dominant
flow rate (Re > 40). Bazaz et al. [25] studied a hybrid micromixer combining six planar
mixing units such as modified Tesla, ellipse-like, nozzle, pillar, teardrop and obstruction,
and optimized the combination: one nozzle, one pillar, three obstacles in a curved channel,
and two modified Tesla units. They obtained a mixing performance improvement for a
wide range of Reynolds number (Re ≤ 1 and 22 ≤ Re ≤ 45).

In this paper, tip clearance was embedded into the modified 2D Tesla micromixer to
enhance the mixing performance by combining the Coanda effect and flow disturbance due
to tip clearance of planar structures. The present micromixer consists of several modified
Tesla units, and tip clearance is present above the wedge-shape divider geometry of each
modified Tesla unit. As the structure of the present micromixer is slightly modified from
that of a planar micromixer, microfabrication techniques such as Xurography [26] can
be easily applied. The Xurography technique uses thin, pressure-sensitive double-sided
adhesive flexible films so that the tip clearance zone is simply tailored using a cutter plotter;
it cuts off a film along the perimeter of the modified Tesla micromixer. The tailored film
and the planar structure can be simply assembled to complete the present micromixer. The
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number of the modified Tesla units was varied from three to five. The tip clearance between
the divider structure and the micromixer wall is expected to play a key role in generating
flow disturbance and is varied in the range from 40 µm to 80 µm. It is to 20~40% of the
present micromixer depth. The mixing performance was simulated in terms of the degree
of mixing (DOM) at the outlet and the required pressure load between the inlets and outlet
and compared with those of the modified planar Tesla micromixer without tip clearance.

A numerical approach has several benefits, such as easy visualization of the mixing
process and the associated flow patterns. Accordingly, it is widely used in studying the
mixing performance of a micromixer. For a numerical study, a commercial software is
commonly used. For example, Makhsuda et al. [19] used the commercial software ANSYS®

Fluent [27] to study the mixing performance. Rhoades et al. [28] used the commercial
software COMSOL Multiphysics 5.1 (COMSOL, Inc., Burlington, MA, USA) to simulate
the mixing performance of a grooved serpentine micro-channel. Volpe et al. [29] used the
lattice Boltzmann method (LBM) to study the flow dynamics of a continuous size-based
sorter microfluidic device. In this paper, the mixing performance of the present micromixer
was simulated using the commercial software ANSYS® Fluent 2021 R2 [27].

Most micromixers for biological and chemical applications operate in the range of
millisecond mixing time, and the corresponding Reynolds number is less than about
100 [30–32]. In this range of the Reynolds number, the micromixing is governed by two dis-
tinct mechanisms such as the molecular diffusion and convection [18,22]. The Reynolds
number is usually categorized into three regimes according to the dominant mixing mecha-
nism: molecular dominance, transition, and convection dominance. The present numerical
study was carried out to cover all of the three mixing regimes. Therefore, the Reynolds
number was varied from 0.1 to 80, and the corresponding volume flow rate ranged from
1.3 µL/min to 964.6 µL/min.

2. Modified Tesla Micromixer with Tip Clearance

Figure 1 shows a modified Tesla mixing unit. It is placed serially in the present passive
micromixer. The wedge-shape divider splits the fluid stream into two sub-streams which
recombine downstream: sub-stream 1 and sub-stream 2. Therefore, the mixing performance
of each modified Tesla mixing unit shows some dependence on the geometry of the divider.
The detailed geometry of the modified Tesla mixing unit is the same as one optimized by
Hossain et al. [17]. In Figure 1b, h is the height of tip clearance, and it is varied from 40 µm
to 80 µm. According to previous research [17,23], multiple vortices form at the vortex zone
as the Reynolds number increases; the outlet of each Tesla mixing unit is named as the
vortex zone.
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Figure 1. Schematic diagram of the modified Tesla mixing unit (non-proportional): (a) Front view
and (b) Three-dimensional view.

Figure 2 shows a schematic diagram of the present passive micromixer. The cross
section of the inlet and outlet branches is rectangular: 200 µm wide and 200 µm deep. Both
inlets 1 and 2 are 1000 µm long while the outlet branch is 500 µm long. Even Figure 2 shows
four modified Tesla mixing units, and the actual number of the modified Tesla mixing units
is varied from three to five. The Ss in Figure 2 indicate the cross section at the outlet of
each modified Tesla mixing unit. For example, S4 is the cross section after the fourth Tesla
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mixing unit. As the two inlets are facing opposite to each other, micromixing takes place
mainly in the modified Tesla mixing units.

Micromachines 2022, 13, x FOR PEER REVIEW 4 of 17 
 

 

Figure 2 shows a schematic diagram of the present passive micromixer. The cross 
section of the inlet and outlet branches is rectangular: 200 μm wide and 200 μm deep. Both 
inlets 1 and 2 are 1000 μm long while the outlet branch is 500 μm long. Even Figure 2 
shows four modified Tesla mixing units, and the actual number of the modified Tesla 
mixing units is varied from three to five. The Ss in Figure 2 indicate the cross section at 
the outlet of each modified Tesla mixing unit. For example, S4 is the cross section after the 
fourth Tesla mixing unit. As the two inlets are facing opposite to each other, micromixing 
takes place mainly in the modified Tesla mixing units. 

 
Figure 2. Schematic diagram of present micromixer (non-proportional). 

3. Governing Equations and Computational Procedure 
As the fluid was assumed Newtonian and incompressible, the following continuity 

and Navier–Stokes equations are the governing equations: �⃗� ∙ 𝛻 �⃗� = − 1𝜌 𝛻𝑝 + 𝜈𝛻 �⃗� (1)𝛻 ∙ �⃗� = 0 (2)

where u, p, and ν are the velocity vector, pressure, and kinematic viscosity, respectively. 
The evolution of mixing was simulated by solving an advection-diffusion equation: �⃗� ∙ 𝛻 𝜑 = 𝐷𝛻 𝜑 (3)

where D and φ are the mass diffusivity and mass fraction of fluid A, respectively. 
ANSYS® FLUENT 2021 R2, Canonsburg, PA, USA [25] was used to solve the govern-

ing Equations (1)–(3). It is based on the finite volume method. The QUICK scheme (quad-
ratic upstream interpolation for convective kinematics) was used to discretize the convec-
tive terms in Equations (1) and (3), and its theoretical accuracy is third order. The velocity 
distribution at the two inlets was assumed as uniform, and the outflow condition was 
used at the outlet. The no-slip boundary condition was specified along the all walls were 
treated as a no-slip boundary. The mass fraction of fluid A is φ = 1 at inlet 1 and φ = 0 at 
inlet 2. 

The mixing performance of a combined micromixer was evaluated using the degree 
of mixing (DOM) and mixing energy cost (MEC). The DOM is defined in the following 
form: 

Figure 2. Schematic diagram of present micromixer (non-proportional).

3. Governing Equations and Computational Procedure

As the fluid was assumed Newtonian and incompressible, the following continuity
and Navier–Stokes equations are the governing equations:

(→
u ·∇

)→
u = −1

ρ
∇p + ν∇2→u (1)

∇·→u = 0 (2)

where
→
u , p, and ν are the velocity vector, pressure, and kinematic viscosity, respectively.

The evolution of mixing was simulated by solving an advection-diffusion equation:
(→

u ·∇
)

ϕ = D∇2 ϕ (3)

where D and ϕ are the mass diffusivity and mass fraction of fluid A, respectively.
ANSYS® FLUENT 2021 R2, Canonsburg, PA, USA [25] was used to solve the governing

Equations (1)–(3). It is based on the finite volume method. The QUICK scheme (quadratic
upstream interpolation for convective kinematics) was used to discretize the convective
terms in Equations (1) and (3), and its theoretical accuracy is third order. The velocity
distribution at the two inlets was assumed as uniform, and the outflow condition was used
at the outlet. The no-slip boundary condition was specified along the all walls were treated
as a no-slip boundary. The mass fraction of fluid A is ϕ = 1 at inlet 1 and ϕ = 0 at inlet 2.

The mixing performance of a combined micromixer was evaluated using the degree of
mixing (DOM) and mixing energy cost (MEC). The DOM is defined in the following form:

DOM = 1− 1
ξ

√√√√ n

∑
i=1

(ϕi − ξ)2

n
, (4)

where ϕi and n are the mass fraction of fluid A in the ith cell and the total number of cells,
respectively; ξ = 0.5, which means equal mixing of the two fluids. The MEC is widely used
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to evaluate the effectiveness of the present micromixer and is defined by combining the
pressure load and DOM in the following form [33,34]:

MEC =
∆p/ρu2

mean

DOM× 100
, (5)

where umean is the average velocity at the outlet, and ∆p is the pressure load between the
inlet and the outlet.

The aqueous fluids flowing into the two inlets were assumed to have the same prop-
erties, the same as the physical properties of the water. Therefore, the density, diffusion
constant, and viscosity of the fluid are ρ = 997 kg/m3, D = 1.0 × 10−10 m2 s−1, and
ν = 0.89 × 10−6 m2 s−1, respectively. The corresponding Schmidt (Sc) number is approx-
imately 104 (the ratio of the kinetic viscosity and the mass diffusivity of the fluid). The
Reynolds number was defined as Re = ρUmeandh

µ , where ρ, Umean, dh, and µ mean the
density, the mean velocity at the outlet, the hydraulic diameter of the outlet channel, and
the dynamic viscosity of the fluid, respectively.

4. Validation of the Numerical Study

Accurate numerical simulation is still a challenging problem to study the mixing in
micromixers, especially for high Sc numbers. Many research papers do not deal with this
computational issue. In general, the numerical diffusion can deteriorate the accuracy of the
simulated results for high Sc number simulations. To obtain a quantitatively more rigorous
numerical solution, we could use either a particle-based simulation method such as Monte
Carlo method [35] or decrease the cell Peclet number for a grid-based method. Here, the cell
Peclet number is defined as Pe = Ucell lcell

D , where Ucell and lcell are the local flow velocity and
cell size, respectively. However, these methods are computationally expensive to adopt in
a study such as this paper. As a practical remedy, most numerical studies prefer a detailed
study of grid independence by comparing with experimental data [15,36].

The present numerical approach was validated by simulating the micromixer exam-
ined by Chung et al. [24]. Figure 3 shows a schematic diagram of the micromixer, and it
consists of three mixing units. Each mixing unit contains three rectangular baffles and the
associated gaps; the thickness of the baffles is 80 µm. As each baffle is shorter than the
micromixer width, a gap is created. The first two baffles form a gap in the center while the
third baffle makes two gaps around its edges as shown in Figure 3. The width of the inlet
1 and two side inlets, inlet 2 and inlet 3, are 400 µm and 200 µm, respectively. The depth of
the micromixer is 130 µm.
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The density, diffusion constant and viscosity of the fluid are ρ = 997 kg/m3,
D = 3.6 × 10−10 m2 s−1, and ν = 0.89 × 10−6 m2 s−1, respectively. Therefore, the Schmidt
(Sc) number is approximately 40,000. The simulation was carried out and compared with
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the corresponding experimental data for Reynolds numbers Re = 60. Here, the Reynolds
number is defined as Re = ρUmeandh

µ , where ρ, Umean, dh, and µ indicate the density, the
mean velocity at the outlet, the hydraulic diameter of the outlet channel (dh = 196.2 µm),
and the dynamic viscosity of the fluid, respectively. Structured hexahedral cells were used
to mesh the computational domain; the total number of cells is about 3.75 million.

Figure 4 compares the present simulation images with the corresponding experimental
data reported by Chung et al. [24]. The mixing images at the two different depth show that
the mixing process is quite depth-dependent: a strong mixing in the cross-flow direction.
The comparison confirms that the present numerical simulation captures all the important
mixing features such as the formation of vortices around short baffles.
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Figure 4. Comparison of the mixing images of the first two chambers for Re = 60: (a) At z = 32.5 µm
and (b) At z = 65 µm.

Prior to the present numerical study, an additional set of preliminary simulations was
carried out to determine an appropriate cell size for the present micromixer. For this study,
the edge size of cells was varied from 4.5 µm to 6 µm for three modified Tesla units. The
corresponding number of mesh varies from 1.8 × 106 to 3.8 × 106. The simulation was
carried out for Re = 0.5. Figure 5 shows the dependence of the calculated DOM on the edge
size. The deviation of 5 µm solution from that of 4.5 µm is about 1%. Therefore, 5 µm is
small enough to obtain grid independent solutions.
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Using the numerical solutions, the grid convergence index (GCI) was also calculated
to quantify the uncertainty of grid convergence [37,38]. According to the Richardson
extrapolation methodology, the GCI is calculated as follows:

GCI = Fs
|ε|

rp − 1
, (6)

ε =
fcoarse − f f ine

f f ine
, (7)
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where Fs, r, and p are the safety factor of the method, grid refinement ratio, and the order
of accuracy of the numerical method, respectively. fcoarse and ffine are the numerical results
obtained with a coarse grid and fine grid, respectively. Fs was specified at 1.25 as suggested
by Roache [37]. For the edge size of 4.5 µm, 5 µm, and 6 µm, the corresponding number
of nodes are 3.8 × 106, 2.98 × 106, and 1.8 × 106 for three Tesla mixing units, respectively;
and 5.9 × 106, 4.4 × 106, and 2.6 × 106 for five mixing units, respectively. As a result, the
GCI of the computed DOM is reduced from 5.7% to 1.1%. Therefore, the edge size of 5 µm
was chosen to obtain the present numerical solutions.

According to Okuducu et al. [39], the accuracy of numerical solutions is also dependent
on the type of cells. Structured hexahedral cells show the most reliable numerical solution,
in comparison with tetrahedral and prism cells. In this paper, most cells were generated to
be hexahedral as can be seen in Figure 5. The number of prism cells was minimized; refer
to the red circle in Figure 5.

5. Results and Discussion

The present micromixer with tip clearance was simulated to assess its mixing per-
formance by comparing with that of the Tesla micromixer without any tip clearance for
Reynolds numbers from 0.1 to 80. The velocity at the two inlets was specified as uniform in
the range from 0.2512 mm/s to 200.96 mm/s. Therefore, the corresponding volume flow
rates range from 1.2 µL/min to 964.6 µL/min. The mixing performance was evaluated in
terms of the DOM at outlet and the corresponding MEC.

Figure 6 shows the DOM of the modified Tesla micromixer with tip clearance h = 60 µm
against that of no tip clearance; N indicates the number of the modified Tesla mixing units.
A noticeable enhancement of the DOM is observed in the range of the Reynolds numbers
Re < 50, and the amount of improvement increases with the number of the modified Tesla
mixing units. For the Reynolds number of Re = 20 and N = 4, the DOM with tip clearance
h = 60 µm is 24% higher than that with no tip clearance. When the Reynolds number is
larger than about 50, the tip clearance allows a more efficient operation in terms of the
required pressure load. For example, the DOM of tip clearance h = 40 µm for Re = 80 and
N = 5 shows almost the value with the case of no tip clearance while it reduces the pressure
load by about 8%.
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Figure 7 shows the mixing performance map in terms of the DOM versus the required
pressure load for four Reynolds numbers, Re = 0.1, 1, 10, and 50. The dotted line in the
figure indicates the variation of the DOM for the case with no tip clearance. The DOM
shows a linear relationship with the number of the mixing units. It means that the DOM
can be improved linearly at the expense of the pressure load between the inlets and outlet,
increasing the number of mixing units. On the other hand, for the case of tip clearance,
all the DOM except for Re = 50 show an additional increment of the DOM from that of
the modified Tesla micromixer. For example, the DOM of tip clearance h = 60 µm is 94%
higher than that of the case of no tip clearance for Re = 5 and N = 4. At the same time, the
required pressure load is 12% reduced. It is also noteworthy that the height of tip clearance
is optimized in terms of the DOM. The optimum value of h is roughly h = 60 µm for most
cases, and it is about 33% of the present micromixer depth. As the Reynolds number is
increased to larger than about 50, the effects of tip clearance become less significant. It is
associated with twis iso symmetric counter-rotating vortices formed at the outlet branch of
each modified Tesla unit; refer to the vortex zone in Figure 1a. This flow characteristic is
also reported by Hossain et al. [17] and is described in detail later.
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In the low Reynolds number regime of Re ≤ 1, the molecular diffusion dominates
mixing process so that a straight channel is a good reference to compare with. Figure 8
compares the mixing evolution of the present micromixer with that of a straight channel;
the DOM was obtained just after each Tesla mixing unit. The micromixers based on the
modified Tesla mixing units show a noticeable mixing enhancement from the straight
channel, and the enhancement increases with the number of mixing units. For the Reynolds
number of Re = 0.1, the mixing enhancement of the modified Tesla mixing unit after one
mixing unit is 63% and increases to 75% after five mixing units. The tip clearance results
in an additional enhancement. It is 13% after one mixing unit and increases to 25% after
five mixing units. A similar enhancement of the DOM is observed for the Reynolds number
of Re = 1.

230



Micromachines 2022, 13, 1375

Micromachines 2022, 13, x FOR PEER REVIEW 9 of 17 
 

 

the DOM was obtained just after each Tesla mixing unit. The micromixers based on the 
modified Tesla mixing units show a noticeable mixing enhancement from the straight 
channel, and the enhancement increases with the number of mixing units. For the Reyn-
olds number of Re = 0.1, the mixing enhancement of the modified Tesla mixing unit after 
one mixing unit is 63% and increases to 75% after five mixing units. The tip clearance 
results in an additional enhancement. It is 13% after one mixing unit and increases to 25% 
after five mixing units. A similar enhancement of the DOM is observed for the Reynolds 
number of Re = 1. 

Figure 9 shows the mixing effectiveness of the present micromixer in comparison 
with that of the modified Tesla micromixer. In the figure, a smaller value of the MEC 
means more effective and requires a lesser pressure load to obtain the same degree of 
mixing. Therefore, the tip clearance of the present micromixer is found to reduce signifi-
cantly the required pressure load for all Reynolds numbers, even though the effect is quite 
limited for the Reynolds number of Re = 50. Another interesting thing is that the tip clear-
ance is optimized to minimize the MEC. The optimum value is about 60 μm, and close to 
the value for maximizing the DOM shown in Figure 6. This suggests that the size of tip 
clearance can be determined to enhance the DOM as well as minimize the required pres-
sure load. 

  
(a) (b) 

Figure 8. Comparison of mixing evolution in the axial direction: (a) Re = 0.1 and (b) Re = 1. 

  
(a) (b) 

  
(c) (d) 

Figure 9. Mixing effectiveness map: (a) Re = 0.1, (b) Re = 1, (c) Re = 10, and (d) Re = 50. 

Figure 8. Comparison of mixing evolution in the axial direction: (a) Re = 0.1 and (b) Re = 1.

Figure 9 shows the mixing effectiveness of the present micromixer in comparison with
that of the modified Tesla micromixer. In the figure, a smaller value of the MEC means
more effective and requires a lesser pressure load to obtain the same degree of mixing.
Therefore, the tip clearance of the present micromixer is found to reduce significantly the
required pressure load for all Reynolds numbers, even though the effect is quite limited
for the Reynolds number of Re = 50. Another interesting thing is that the tip clearance is
optimized to minimize the MEC. The optimum value is about 60 µm, and close to the value
for maximizing the DOM shown in Figure 6. This suggests that the size of tip clearance can
be determined to enhance the DOM as well as minimize the required pressure load.
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Figure 10 shows the increment of the DOM obtained by embedding tip clearance into
the modified Tesla mixing units. The vertical axis indicates the increment of the DOM
obtained with tip clearance from the DOM with tip clearance. Therefore, a negative value
means that the tip clearance affects the DOM in a negative way. For Re = 0.1, the effects of
tip clearance is significant throughout the whole mixing unit; in the molecular dominance
regime of mixing. On the contrary, the tip clearance in the first mixing unit takes little or
negative effects on mixing for Re = 1, 5 and 10; in the intermediate range of the Reynolds
number. The increment of the DOM increases as it goes downstream. This suggests that the
flow characteristics associated with the mixing enhancement in the two ranges are different
from each other.
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The mixing enhancement mechanism is analyzed further in the three different regimes
of mixing: molecular diffusion dominance, transition, and convection dominance. Figure 11
shows the concentration contours on two planes for the Reynolds number of Re = 0.1: at
z = 30 µm and 100 µm. Here, the plane at z = 100 µm corresponds to the mid-depth plane
of the present micromixer while the plane at z = 30 µm is in the middle of the tip clearance.
The case of tip clearance h = 60 µm shows a wider interface between the two fluids on the
plane at z = 30 µm; this means that the mixing along the interface is more active. Figure 12
plots the concentration and the velocity vector on the yz plane for Re = 0.1 and h = 60 µm.
The flow through tip clearance drags the interface of the sub-stream 1 and connects it to the
interface of the sub-stream 2: drag and connection of the interface by tip clearance flow.
This kind of flow characteristic is seen both on section 1 and 2 while the two interfaces
for the case of no tip clearance is separated by the structure, as seen in Figure 11b. This
explains why the increment of the DOM for Re = 1 is significant throughout the whole
mixing unit. Therefore, the drag and connection of interface is the main flow mechanism
for the mixing enhancement caused by the tip clearance in the molecular diffusion regime
of mixing.
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As the Reynolds number increases, the convective mixing becomes significant, and
the mixing enhancement by tip clearance is obtained in a different way. Figure 13 compares
the concentration contours on the xy planes for the Reynolds number of Re = 5. For the
case of tip clearance, the interface between the two fluids appears wavier and multiple
times and is a result of the mixing enhancement. The difference caused by tip clearance is
more obvious on the plane at z = 100 µm. Figure 14 compares the concentration contours
with the corresponding velocity vector on the two yz planes for Re = 5: section 1 and 2. For
the case of no tip clearance, a vortex forms on the cross-section 1, and develops into a pair
of two counter-rotating vortices on the cross-section 2.
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Contrarily, the vortex flow on section 1 is agitated and developed in a different way
on section 2 for the case of tip clearance. This different flow evolution suggests that the
flow passing through tip clearance interacts with the secondary flow generated on section 1
and develops into an agitated vortex flow on section 2. The agitated vortex flow plays
a significant role in the mixing enhancement for the Reynolds numbers 1 ≤ Re < 50.
Figure 15 compares the concentration contours with the corresponding velocity vector on
the two yz planes for Re = 10: section 1 and 2. For the case of tip clearance, the flow through
tip clearance agitates the secondary flow generated in the vortex zone and confirms the
agitated vortex flow to cause the mixing enhancement.
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As the Reynolds number increases further, the vortex flow formed in the vortex zone
of each Tesla mixing unit develops into a pair of strong counter-rotating vortices. They are
separated distinctly and become stronger. Figure 16 compares the concentration contours
on the two xy planes for the Reynolds number of Re = 50. Comparing the concentration
contours on the plane at z = 100 µm, the mixing seems to be processed in a similar way, even
though there is a little difference locally. On the contrary, the concentration contours on the
plane at z = 30 µm show a more vivid difference between them. The case of tip clearance
shows a more complicated pattern of the interface. This is caused by the asymmetric
geometry due to tip clearance. This flow pattern is observed on both cross sections of
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section 1 and 2. This difference of interface pattern suggests that the influence of tip
clearance is localized, and there is another significant mechanism of mixing. Figure 17
compares the concentration contours with velocity vector on the two yz planes. It shows
that there are two distinct counter-rotating vortices on both planes of section 1 and 2,
irrespective of tip clearance. They seem almost symmetric even for the case of tip clearance.
This suggests that the mixing is mainly governed by the two counter-rotating vortices for
the Reynolds numbers Re ≥ 50; this pair of counter-rotating vortices was also reported in
the previous study [17,21].
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(b) with tip clearance h = 60 µm.
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Figure 18 shows how the presence of tip clearance affects the vortex patterns and
mixing performance in the present micromixer for the Reynolds of Re = 80. At the cross
section 1 and 2, a pair of vortices seems formed, and this is generated as the flow follows the
circular passage of the micromixer, at the first and last Tesla mixing unit. It implies that the
centrifugal force plays a significant role. Another interesting thing is that the vortex pattern
is little affected as long as the tip clearance remains about h ≤ 60 µm. On the other hand,
the vortex close to the tip clearance zone (lower vortex) was observed to have noticeably
shrunk for the tip clearance h = 70 µm, as can be seen in Figure 18a. This suggests that the
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convection flow is strong enough to localize the effects of tip clearance as long as the tip
clearance is smaller than about h = 70 µm. Another pair of vortices are seen at section 3
and 4, which are located around the outlet of the first and last Tesla mixing units.
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Accordingly, the flow characteristics such as a pair of vortices play a role as a governing
mechanism in the convection-dominant regime of mixing. As a result, the concentration on
plane 4 for no tip clearance and h = 60 µm is almost identical, as can be seen in Figure 18b.
Therefore, the presence of tip clearance contributes a little to the mixing enhancement for
the Reynolds numbers Re ≥ 50 as long as the tip clearance remains smaller than about
h = 70 µm.

Figure 19 shows how the mixing evolves throughout the mixing units for Re = 50.
Unlike the case of no tip clearance in Figure 19a, the case of tip clearance in Figure 19b
shows asymmetric concentration contours on the upper section of yz planes of section 1
and 2; the upper section corresponds to the sub-stream 1. However, symmetry seems to be
recovered mostly on the lower section of the yz planes; refer to the box of red dotted lines
in the figure. The lower section corresponds to the yz plane in sub-stream 2. This recovery
is attributed to the two symmetric counter-rotating vortices depicted in Figure 15 and
suggests that the effects of tip clearance are localized for Re = 50. The two counter-rotating
vortices generated in the vortex zone are strong enough to recover the asymmetric mixing
pattern in the tip clearance zone. No significant increment of the DOM is achieved by the
tip clearance for Re ≥ 50, as shown in Figure 6.
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6. Conclusions

This paper studied numerically the effects of tip clearance on the mixing performance
of the modified Tesla micromixer. The present micromixer consists of several modified
Tesla mixing units, and each mixing unit has tip clearance above the wedge-shape divider.
The numerical simulation was carried out for the Reynolds numbers 0.1 ≤ Re ≤ 80 and
three different numbers of mixing units: 3, 4 and 5. The mixing performance was assessed
in terms of the DOM at the outlet and the required pressure load between the inlets and
outlet. The mixing performance was simulated using the commercial software ANSYS®

Fluent 2021 R2.
The effects of tip clearance were found noticeably over a wide range of the Reynolds

numbers, Re < 50. For example, the DOM of tip clearance h = 60 µm is 94% higher than
that with no tip clearance for Re = 5 and N = 4, and in addition, the required pressure load
is 12% reduced. The height of tip clearance is optimized in terms of the DOM, and the
optimum value is roughly h = 60 µm for most cases. It corresponds to 33% of the present
micromixer depth. The tip clearance is also optimized to minimize the MEC. The optimum
value is close to that for maximizing the DOM. The size of tip clearance can be determined
to enhance the DOM as well as minimize the required pressure load.
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The mixing enhancement due to tip clearance was obtained by different mixing
mechanisms in accordance with the Reynolds number. In the molecular diffusion regime
of mixing, Re ≤ 1, the mixing enhancement is obtained mainly by connection of the
two interfaces in sub-stream 1 and sub-stream 2. The flow through the tip clearance drags
the interface in sub-stream 1 and connects it to the interface in sub-stream 2. This flow
characteristic causes the mixing to happen actively and the interface to become wider in
the tip clearance zone.

The mixing enhancement in the intermediate range of the Reynolds number, 1 < Re ≤ 50,
is attributed to the interaction of the flow through tip clearance and the secondary flow in
the vortex zone of each Tesla mixing unit. Unlike for the case of no tip clearance, the flow
through tip clearance agitates the secondary flow formed in the vortex zone of each Tesla
mixing unit, and it leads to an increment in the DOM.

When the Reynolds number is larger than about 50, vortices are formed at various
locations and drive the mixing in the modified Tesla micromixer. For the Reynolds number
of Re = 80, a pair of vortices is formed around the inlet and outlet of each Tesla mixing
unit. This vortex pattern is little affected by the presence of tip clearance as long as the tip
clearance remains smaller than about h = 70 µm. It plays a role as a governing mechanism
for the present micromixer in the convection-dominant regime of mixing. As a result, the
DOM at the outlet is little enhanced by the presence of tip clearance. The tip clearance
contributes only to reduce the required pressure load for the same value of the DOM.

The tip clearance embedded into the modified Tesla micromixer was shown to improve
the mixing performance over a wide range of the Reynolds numbers. The improvement of
mixing performance is achieved in terms of the DOM enhancement as well as the reduction
of the corresponding pressure load. The mixing enhancement mechanism is dependent on
the magnitude of the Reynolds number. The tip clearance is easily realized by lowering the
height of the wedge-shape divider of the modified Tesla micromixer.
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