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ABSTRACT

Micromixing devices often utilize complex architectures to mix miscible liquid streams and
can be complex and expensive to fabricate. Here, we developed, built, experimentally tested,
and computationally analyzed a serpentine micromixer that can be fabricated using simple
tools and supplies available in non-microdevice dedicated laboratories. Fluorescence imag-
ing was used to quantify its mixing effectiveness experimentally. A Computational Fluid
Dynamics (CFD) software package (COMSOL) was used to model the micromixing process.
The predictions were in excellent agreement with the experimental data. The serpentine
micromixer can achieve significant levels of mixing efficiency. CFD predictions for a straight
microfluidic channel of the same length as the serpentine favorably compared with previous
theoretical predictions, indicating that the serpentine’s mixing efficiency was vastly supe-
rior. Finally, CFD predictions were conducted for different and possibly improved designs
of the basic serpentine. In all cases, the mixing efficiency was primarily associated with
the number of 900 elbows in the device rather than the straight sections’ length, with the
first serpentine bend playing a significant role. Future design improvements should focus

Simulation on incorporating as many elbows as possible in the device to maximize mixing efficiency
and reduce the device size.

© 2021 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction offers the additional advantage of an increased surface-area-to-volume

ratio in these applications, thereby reducing the reagent or sample
consumption and increasing surface reactions.

Microfluidics, the handling, manipulation, and control of fluids at the
sub-millimeter scale are typically associated with processing fluids
through a small channel having dimensions of tens or hundreds of
micrometers (Lin, 2011). Microfluidic devices offer several attractive
features since they are intrinsically small, compact, and portable. Many
of the microfluidic applications found in the literature involve chemi-
cal analysis, providing useful capabilities such as the ability to process
tiny quantities of samples and reagents to carry out detection with high
resolution and sensitivity (Cheng, 2019; Zhenglong, 2019). Microfluidics

One of the critical components of microfluidic devices is the
microfluidic mixer, whose function is to provide adequate mixing to
two or more incoming microfluidic streams. Microfluidic mixers, or
micromixers, find application in many biochemical processes such
as the synthesis or sequencing of nucleic acids (Cheng, 2019), DNA
purification (Fan et al.,, 2013), chemical reactions (Cheng, 2020), and
polymerase chain reactions (Capretto et al., 2011). Microfluidic mix-
ers offer the additional advantage of reducing reaction time, such

* Corresponding author at: Department of Chemical and Materials Engineering, New Jersey Institute of Technology, Newark, NJ, 07102,

USA.
** Corresponding author.

E-mail addresses: piero.armenante@njit.edu (P.M. Armenante), sbasuray@njit.edu (S. Basuray).

https://doi.org/10.1016/j.cherd.2021.01.022

0263-8762/© 2021 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/02638762
www.elsevier.com/locate/cherd
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cherd.2021.01.022&domain=pdf
mailto:piero.armenante@njit.edu
mailto:sbasuray@njit.edu
https://doi.org/10.1016/j.cherd.2021.01.022

304 CHEMICAL ENGINEERING RESEARCH AND DESIGN 167 (2021) 303-317

as decreasing the incubation time for bead-based enzyme-linked
immunosorbent assays (ELISA) (Verma et al., 2018).

However, one of the most significant disadvantages of microfluidic
mixers is the fluid’s laminar flow profile in the microfluidic mixers.
Because of the small channel dimension, the Reynolds Number in
micromixers is typically low, i.e., on the order of 0.1 to 0.01 in a typ-
ical water-based microfluidic system (Buchegger et al., 2011). Because
of the absence of turbulence at such low Reynolds numbers, the dom-
inant mixing mechanism is the molecular diffusion of the mixing
species. Since diffusion is an inherently slow process even at this
scale, mixing efficiency in microfluidic channels has been augmented
using active (through external forces) or passive (via intelligent channel
design) methods. Active micromixing is often achieved by integrating
into the micromixers devices such as mechanical ultrasonic trans-
ducers (Ahmed et al., 2009; Luong et al., 2011), thermal actuators (Xu
et al., 2010), periodic electro-osmotic flow generators (Lim et al., 2010),
magnetohydrodynamic flow generators (Wang et al., 2008), and dielec-
trophoretic transducers (Campisi et al., 2009). However, incorporating
active mixing in microfluidics requires external devices, complex fab-
rication, heat generation, and significant power requirements. As a
result, there has been significant interest in the development of passive
mixers.

In passive micromixing devices, a significant increase in mixing effi-
ciency is achieved by increasing the contact area between the mixing
species using simple 2D channels or more complex 3D architectures.
Ortega-Casanova and Lai, as well Lee et al., showed that 3D micromix-
ers promote chaotic mixing, allowing for a significant increase in the
mixing efficiency (Lee et al., 2016; Ortega-Casanova and Lai, 2018). Many
3D passive mixers utilize multiple splitting, recombining, or rotating
channels, incorporating structures with twists (Zhang et al., 2012), as
well as embedded barriers (Park et al., 2009), staggered herringbone
(Du et al., 2010), or Tesla structures (Hossain et al., 2010; Yang et al,,
2015) to increase the mixing efficiency. Ansari and Kim (2010), Ansari
etal. (2010) and Chung et al. (2010) have shown that multiple intersect-
ing channels can enhance the mixing performance by continuously
spitting and rearranging the flow (in so-called “SAR” devices), typically
resulting in the formation of Dean vortices and enhanced flow circula-
tion. Afzal and Kim (2012, 2015) and Parsa et al. (2014) have shown that
repeated splitting and recombining microchannels can achieve a signif-
icant increase in mixing performance due to induced secondary flows
in the subchannels. Other researchers have constructed embedded bar-
riers (Park et al., 2009), expansion chambers, and inter-connected fluid
networks to further increase the chaotic advection or sustain the Dean
vortices. Du et al. (2010) and Téth et al. (2014), as well as other investi-
gators, have shown that a staggering herringbone micromixer (SHM)
could significantly increase the mixing efficiency by sustaining two
transverse vortices whose orientations strictly depend on the struc-
tural asymmetry. Recently, other research groups have incorporated
Tesla structures (Hossain et al., 2010; Yanget al., 2015) to achieve similar
mixing efficiency.

Other investigators, like Ortega-Casanova and Lai and others,
have shown that simple serpentine-type microdevices can be effec-
tively used to achieve significant mixing efficiency without the
additional requirements of more complex designs (Ortega-Casanova,
2016, 2017a,2017b; Ortega-Casanova and Benitez-Alcaide, 2017; Ortega-
Casanova and Lai, 2018; Salas and Ortega-Casanova, 2016). For
example, Buchegger et al. (2011) proposed a multi-lamination ser-
pentine micromixer based on wedge-shaped inlet channels. Their
experimental results revealed highly uniform fluid mixing in the
low millisecond-second range. Ammar et al. (2014) showed that
T-intersections at the inlets have higher mixing efficiency than Y-
intersections due to the significant increase in the interfacial mass
driving forces. Recently, Chen et al. (2016) have shown that a square
wave serpentine micromixer’s mixing efficiency was superior to that of
a zigzag channel micromixer or other types of serpentine micromixers.

Most of the 3D passive micromixers mentioned above require
extensive fabrication, multiple soft lithographic steps, complex, time-
consuming assembly, limiting their usage. Bartholomeusz et al. and
Treise et al. did preliminary work for an innovative microfabrication
technique called Xurography, a technique based on thin, pressure-

sensitive double-sided adhesive flexible films and a cutter plotter
(Bartholomeusz et al., 2005; Treise et al., 2005). This technique involves
removing materials, following the desired pattern, from thin-film
through a cutting blade controlled by cutter plotters used originally
for fabric design and advertisement purposes (Islam et al., 2015). The
design can be accomplished using basic CAD tools for Xurography, and
the production of the design takes a few minutes.

This review shows that micromixers can be complex and expensive
to fabricate. In this work, we propose using a micromixer that can be
simply and inexpensively built, making microfluidic mixers straight-
forward in their fabrication, economical, and readily available in most
laboratories without the need for highly skilled personnel, extensive
training, and dedicated and costly fabrication equipment. We devel-
oped, built, experimentally tested, and computationally analyzed a
serpentine micromixer obtained by using simple tools and supplies
available in non-microdevice dedicated laboratories to achieve this
goal. We used widely available double-sided, adhesive films to obtain
serpentine microchannels of desired depth using a commercially avail-
able, inexpensive cutting machine, and properly assembled them with
other simple components to fabricate highly effective micromixers.

The method proposed in our work to make serpentine channels for
micromixing purposes can offer tremendous versatility to microflu-
idics researchers, including the possibility of using similar or even
more complex microdevices with different fluids for advanced ana-
lytical sensing of biological molecules and chemical moieties or as
electrocatalysts. This approach could help researchers overcome many
problems faced during sensor device development, including inactiva-
tion of biological capture molecules, long-term packing, sensitivity, and
selectivity. More in general, the ability to manufacture these micromix-
ers has the advantage of making microfluidic mixers straightforward
in their manufacturing, inexpensive, and readily available in most lab-
oratories without the need for dedicated personnel, extensive training,
multiple fabrication steps, complex and costly fabrication equipment,
and tedious assembly processes.

Previous researchers have often overlooked the computational and
theoretical validation of the mixing characteristics and efficiency of 3D
passive micromixers. Here we were not only interested in building and
experimentally testing micromixing devices but also in numerically
simulating their mixing characteristics and validating the numerical
predictions against experimental data to quantify their robustness. In
this work, we conducted Computational Fluid Dynamic (CFD) numer-
ical simulations to determine how reliably this approach was to
predict our experimental results in a serpentine channel, as well as
to investigate the mixing performance behavior of different channel
architectures without the need for additional experimental verification.

In this work, mixing experiments were conducted using a microflu-
idic mixing channel rapidly built by cutting a polyester double-sided
adhesive tape with an inexpensive cutting machine (below US $200)
and applying it to glass slides. This approach ensured that other
research groups could easily replicate our microfluidic channels with-
out a significant increase in personnel or additional costs. Fluorescence
imaging was performed to quantify the mixing efficiency of this device
using aqueous solutions. Commercially available Computational Fluid
Dynamics (CFD) modeling software (COMSOL) was used to implement
a 3D CFD model of the same devices to validate the computational
approach (and thus the appropriateness of its use for similar systems
in the absence of additional experimentation) and to corroborate the
experimental results. CFD modeling for a straight microfluidic chan-
nel was conducted to quantify the intensification in mixing efficiency
produced by the serpentine design compared to a straight channel of
the same length and cross-sectional area. These computational results
were also compared with previous theoretical predictions for straight
channels (Lam et al., 2005). Finally, having validated the CFD pre-
dictions, we used the same computational approach to explore the
performance of modified architectures, including those with as dif-
ferent depths of the channels, length of the straight sections of the
serpentine design, channel entry geometries (T-channel and Y-channel
inputs), and flow rates, which could result in improved mixing effi-
ciency. This approach was found to be very useful to better understand
each design parameter’s role in mixing efficiency and especially the
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critical role of the bends in the serpentine channel, which were the
significant contributors to improving mixing effectiveness.

2. Experimental apparatus, materials, and
methods
2.1.  Device design and fabrication

The microfluidic device built and used in this work, and shown
in Fig. 1, consisted of three layers, i.e, (1) a top glass slide
with drilled holes for solvent input and output, (2) a bottom
glass slide, and (3) a microfluidic mixing channel cut from
a double-sided polymer-based adhesive tape (Arcare® 90445)
(Huang et al., 2016) sandwiched between the two glass slides.
This tape was a transparent, thin, flexible acrylic polyester film
coated on both sides with a medical-grade pressure-sensitive
adhesive (AS-110; Adhesive Research Inc.) (Nath et al., 2014).
The tape was protected initially on both sides by the top and
bottom liners, which were removed during the device assem-
bly process. The polyester film thickness was 25 wm, and the
thickness of each of the two adhesive layers was 28 pm, thus
bringing the total thickness of the channel to 81 pm. The
top and bottom glass slides (25 mm x 75 mm x 1 mm), had
ground edges and 90° corners (Globe Scientific Inc). The top
glass slide was drilled using a 1-mm diamond drill bit to obtain
two inlets and one outlet. The glass slides were cleaned with
well-established AMD cleaning protocols to remove organic
and inorganic residues from the glass surface (Lake et al,,
2015).

The desired serpentine pattern (Fig. 1A and B) was cut
into the tape using a widely available commercial die-cutting
machine to cut paper, felt, vinyl, and fabric (Cricut Explore®
electronic cutting machine). A carbide stainless-steel blade
was used to cut the desired design pattern. The first step in
fabricating a 2D serpentine channel consisted of designing
the channel shape using Cricut® software. The vinyl-cutting
setting for the cutting machine was then selected to cut the
desired two-dimensional (2D) serpentine channel pattern in
the polyester-based adhesive tape (with the removable liners
still attached). The serpentine cut into the tape consisted of
13 straight sections, each 7.5 mm-long, connected at 90°, with
furtherinlet and outlet sections (Fig. 1D). The serpentine chan-
nel had a total overall length of 112 mm (L), a 700 pm width
(W), and the same depth (D) as the polyester film plus the two
adhesive layers (81 wm) once the liners were removed. The
device had a total final channel volume of 6.35 pL.

The microfluidic device was assembled by removing the
tape liner on one side of the plastic tape, carefully aligning
the tape along the glass slide’s edges, and then affixing it onto
the glass slide surface. The tape was pressed hard on the glass
slide to ensure that no air bubbles were left between the glass
slide and the adhesive tape. The last step consists of removing
the top liner from the tape (already mounted on the bottom
glass slide), aligning the microfluidic channel with inlet and
outlet openings on the top glass slide, and pressing the top
glass slide. Repeated microscopic observations were made to
ensure that no air bubbles were present. Prefabricated plastic
fluid ports (McMaster-Carr) were glued to the inlet and outlet
openings using a commercially available acrylic glue and left
to dry undisturbed for 15 min. Post assembly, the serpentine
channel was qualitatively visually inspected for integrity and
proper operation by feeding it with solutions of red and green
food colorants (Fig. 1C).

2.2.  Experimental method

The two inlet openings in the microdevice (Inlets 1 and 2)
were connected with Tygon S3 flexible tubing (Saint-Gobain,
USA) to two 3 mL syringes (BD, USA) with an inner diameter
of 8.42 mm. The syringes were inserted in New Era NE-1000
programmable single-channel syringe pumps (New Era Pump
Systems Inc.) to feed the desired solutions at the desired con-
trolled flow rates. The first channel was fed with distilled
water, while the second channel was fed a 1-mM Fluorescein
Isothiocyanate (FITC) solution prepared by dissolving 3.89 mg
FITC (Sigma Aldrich®) in 10 mL of distilled water (Millipore
Sigma).

The assembled microfluidic device was observed using an
Olympus BX51TF fluorescence microscope with an Abbe Con-
denser, 50.8 mm x 7.63 mm (2 in. x 3 in.) Mechanical Stage, 4X
U PlanF] Objectives, DAPI/FITC/TRITC filter cubes, and a 100 W
Mercury Lamp source. The microscope was additionally pro-
vided with a 0.63X C-mounted, 100 frames/s ORCA-Flash4.0
V2 Digital CMOS Hamamatsu camera C11440-22CU to capture
images.

The desired flow rate was programmed into the syringe
pumps. It was ensured that the flow rates were identical at
both inlets and that the pumps were started simultaneously.
Experiments were conducted using two values of the overall
flow rate, Q, i.e., 0.1 pL/min, and 10 pL/min. Once a steady-
state was achieved, which, depending on the flow rate, could
take up to an hour from the moment the syringe pumps were
activated, images were captured at multiple locations along
the mixing channel using an exposure time of 100 ms.

2.3. Data collection and analysis

Once the system reached a steady-state, the mixing pro-
cess’s progress along the channel was quantified by collecting
digital images at different cross-sections along the channel.
Each image was analyzed using Image] software (Version
1.51k) to determine the pixel-by-pixel light intensity I; across
the selected cross-section width. Each image was a 16-bit
grayscale image made of 2048 x 2048 pixels. Each pixel cor-
responded to an area of 0.5 pm x 0.5 pm. A calibration curve
was separately constructed by measuring the light intensity of
solutions of known FITC concentrations. The FITC concentra-
tion, C, was found to vary linearly with light intensity, I, in the
FITC concentration range used here (0—1 mM), implying that C
= kI, where k is the proportionality constant. This method was
used to quantify the FITC tracer’s distribution across selected
cross-sections (Bend 2, Bend 4, and Bend 6 in Fig. 1E) along
the channel. With this approach, we were able to quantify the
cross-sectional FITC concentration profiles’ evolution along
the channel and hence quantify the mixing process’s progress
as the fluid advanced through the channel. To do so, the pixel
light intensity I; at point i was used to determine the normal-
ized concentration &; at that point using:

£ = (Ci—Cwmin) _ (i = Tvin) )

(CMax - CMin) (IMax - IMin)

In this expression, the maximum FITC concentration, Cyax,
corresponding to a pixel intensity Iyax, is the concentration
value of the unmixed FITC solution, whereas the minimum
concentration Cy;, = 0 mg/L, corresponding to a pixel intensity
Invin, is the FITC concentration of the DI water solution. From
this definition, it follows that & = 1 for any point occupied by
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Fig. 1 - Schematic and actual images of the serpentine micromixing device used in this work: (A) Diagrammatic
representation of the device showing top glass slide with inlet and outlet ports, middle microfluidic channel cut into of
polyester tape, and bottom glass slide; (B) Assembled device prior to the insertion of inlet and outlet tubes; (C) Actual image
of assembled device with red and green food coloring dyes flowing through the inlet tubes to visualize the flow pattern; (D)
3D CFD model of the channel in the device constructed in COMSOL; and (E) 2D geometric view of the channel showing the
cross-sections where experimental concentration data were collected (Bend 2, Bend 4, and Bend 6) and where simulation
results were collected (Junction (J), Bend 1, Bend 2, Bend 3, Bend 4, Bend 5 and Bend 6). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

the unmixed FITC solution, & = 0 for any point occupied by
the DI water, and, more in general, 0 < §; < 1 for any point in
the system. Point-by-point values of I;, and hence of C; as well
as &;, along with selected cross-sections, were obtained and
recorded for each experiment.

The degree of mixing achieved at any given cross-section
was quantified using the mixing efficiency 5, defined as (Cha
et al., 2006; Jannig and Nguyen, 2011; Sivashankar et al., 2016):

where the dimensionless concentration deviation o) at the
point 1 is defined as:

(5 — &mix)
(SUnmix - EMix)

(3)

oj =

In this expression, &; is as defined above, &y, is the ultimate
value of the normalized concentration under complete mix-
ing conditions (and equal to 0.5 here since the two streams
being mixed have the same flow rate), and &yymix is the nor-
malized concentration of the pointibefore mixing. In our case,
the value of &yumix Was either 0 or 1 depending, respectively,
on whether the point was initially in the portion of the chan-
nel occupied by the distilled water (§ypmix = 0) or in the FITC
solution (§ypmix = 1)

It is worth remarking that, at steady state, the mixing effi-
ciency at any specific cross-section did not vary with time.
Hence, by determining the mixing efficiency at progressively
different cross-sections of the device, it was possible to follow
the mixing process’s progress along the channel. The mixing
efficiency, especially the mixing efficiency value at the end of
the device, was used to provide quantitative information on
the device’s degree of mixing.

3. Numerical simulations

3.1.  Numerical simulations of the mixing process in
the microfluidic device

Computational Fluid Dynamics (CFD) simulations were per-
formed using COMSOL 5.3 to predict the microfluidic device’s
velocity flow field. This approach was also used to vali-
date the computationally predicted concentration profiles
by comparing them with the corresponding experimentally
obtained profiles at different locations along the serpentine
micromixer. Additionally, the CFD-predicted mixing efficiency
was obtained and compared with that measured experimen-
tally. CFD utilizes the fundamental momentum and mass
conservation equations to describe the hydrodynamics of the
process and predict the distribution of the tracer, i.e., the
Navier-Stokes and continuity equations to obtain the fluid
velocity distribution, and the convection-diffusion equation
to obtain the concentration profile of the tracer under steady-
state flow conditions (Chen et al., 2016).

The system geometry was constructed in COMSOL as
depicted in Fig. 1D, and it was identical to the geometry of the
experimental system. The cross-sectional area of the channel
was rectangular (700 pm x 81 um), and the serpentine channel
shown in Fig. 1E was meshed using a fine-element grid. The
computational domain representing the channel was divided
into finite cells. Mesh-independence studies were conducted
by running CFD simulations using grids containing different
numbers of cells, from extra coarse (37,989 cells) to extra fine
(999,447), to ensure that the computational results were not
affected by the number of cells in the domain. As a result, the
simulations used in the comparisons with the experimental
results were conducted with a grid containing 405,527 cells,
whereas those used in additional parametric studies to eval-
uate the system’s sensitivity to critical design and operating
parameters used a grid with 157,394 cells to reduce computa-
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tional time. Details of the results of the mesh-independence
study are presented in the Results section below.

The physics models applied to build the model in COM-
SOL were creeping flow and diffusional transport of diluted
species. The boundary conditions at all solid surfaces were
set to the no-slip condition (Patsis et al., 2012; Tretheway and
Meinhart, 2002). The inlet streams were modeled to contain
pure water and a 1 mM aqueous solution of FITC. Accordingly,
the FITC concentrations at Inlet 1 and Inlet 2 were set as C
= 0 mM and C = 1 mM, respectively. The two feed flow rates
at the inlets were identical, and the resulting total flow rate
through the channel, Q, was computationally set at either 0.1
pLl/min or 10 pL/min, as in the experiments. The properties
of both fluids used in the simulations were those of water at
20 °C, i.e., the fluids were Newtonian, and their density and
viscosity were set to 1000 kg/m? and 1 mPa s, respectively.
The diffusion coefficient for the FITC solute in water, Dag, was
assumed to be 0.64 x 10~° m?/s (Galambos and Forster, 1998).
After meshing and setting up the system, COMSOL utilized a
finite element method to conduct the simulations.

In addition to the CFD-simulations conducted for the same
system and operating conditions used in the experiments
(i.e., an 81-um depth channel and two flow rates, ie.,, Q =
0.10 pL/min and Q = 10 pL/min), additional simulations were
conducted to determine the sensitivity of the mixing process
(expressed as mixing efficiency) to an even higher flow rate (Q
=100 pL/min) and different channel geometries, i.e., for chan-
neldepthsequal to 25 pm, 50 pm, 100 pm, 200 pm, and 400 pm,
and different inlet geometries for which experiments were not
conducted.

3.2. Numerical simulations and analytical predictions
of the mixing process in a straight channel

Additional CFD simulations were carried out to quantify the
role of the 90° elbows in the serpentine design on the mixing
process. This was achieved by comparing the CFD-predicted
mixing efficiency of the serpentine channel with that of a
simple straight channel having the same length as the overall
length of the serpentine channel (112 mm) and with the same
width and depth. By comparing the numerically predicted
mixing efficiency along the serpentine microdevice with that
along the straight channel, it was possible to quantify each
bend’s contribution to the evolution of the mixing process in
the serpentine channel.

A preliminary test of the correctness of COMSOL numeri-
cal predictions was conducted by comparing the numerically
predicted mixing efficiency at the end of the above-mentioned
straight channel with the predictions from a previously
derived analytical expression (Lam et al., 2005), which had
been obtained for the case of a fluid moving under a laminar
regime in a rectangular channel containing a tracer subjected
to molecular diffusion across the channel, but ignoring the
mixing contributions of axial diffusion and Tyler-Aris disper-
sion. The analytical expression is (Lam et al., 2005):

oo
-1 2 (="
C‘i‘?Z(zn_nCOS

n=1

WPe

{(21'1 ;Vl) nxJ o117 @

In this equation, Pe is the Peclet number (UW/Dag) cal-
culated using the channel width (W), the flow rate per
unit cross-sectional area (u) and the FITC diffusion coeffi-
cient (Dag), C* is the non-dimensional tracer concentration

(C* = (C'/C'p)), where C'p is the concentration of sample ana-
lyte inlet stream (1 mM), and C’ is the sample concentration of
the analyte at any given point in the microfluidic device. Eq. (4)
shows that the non-dimensional tracer concentration at any
point in the channel is a function of both x and z, where x is
the coordinate in the direction of the channel width while z is
the coordinate along the channel length. The origin was fixed
at the channel inlet.

4, Results

4.1.  Experimental and computational results for the
cross-sectional FITC concentration profiles along the
channel

Fig. 2 shows experimental images of the channel at the bend
locations described in Fig. 1E, labeled here as Bend 2, Bend 4,
and Bend 6, at flow rates of 0.1 pL/min and 10 pL/min, respec-
tively. In this figure, the FITC dye can be observed as a bright
region, while the distilled water occupies the dark region. The
channel background is shown with green dotted lines delin-
eating the device from the background. The red line indicates
the direction of flow. It is worth noticing that the bright regions
were restricted to the channels at both flow rates, indicating
no seeping of the solution through the adhesive tape. As can
be observed visually in Fig. 2, the fluorescent zone’s size across
any selected cross-section perpendicular to the flow progres-
sively increased as one moved further away from the channel
inlet. This was the result of the diffusion and mixing processes
of the dye across the channel width.

A quantitative determination of the progression of the
cross-sectional mixing process along the channel was con-
ducted as described above to obtain the tracer concentration
as a function of the position x along the cross-sections at each
of the three different cross-sections along the channel at each
of the three selected bend locations shown where experimen-
tal measurements were made (Fig. 1E). The experimental FITC
concentration profiles as a function of width coordinate x for
different bend locations and flow rates equal to 0.1 pL/min
and 10 pL/min, respectively, are reported in Fig. 3. Although
not shown in this figure, at the inlet of the serpentine chan-
nel, the FITC occupied one half of the channel (0 pm < x <
350 pm), where the FITC concentration was 1 mM, while the
other half (350 pm < x < 700 pm) contained no dye, i.e., the
initial FITC concentration in the channel was a step function
of x, jumping down from 1 mM to 0 mM at x = 350 pm. Fig. 3
shows that the experimental concentration profiles become
progressively flatter as one moves along the channel since the
dye migrates in the cross-sectional direction from the high-
concentration region to the low concentration region. This is
the result of the mass transfer process caused by molecular
diffusion and the additional mixing effects introduced by the
flow alteration resulting from the sharp 90° elbows in the ser-
pentine. By comparing the experimental FITC concentration
profiles at the two different flow rates in Fig. 3, one can also
see that the concentration profiles obtained at the lower flow
rate (0.1 pL/min) are flatter than those at, the higher flow rate
(10 pL/min) at the same bend location, which can be expected
since the residence time of the fluid in the micromixer is much
longer in the former case and, as a result, the diffusion process
can occur over a longer period of time.

The FITC concentration profiles were also computation-
ally predicted using COMSOL at the same bend locations
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Fig. 2 - Fluorescence images showing the progressive migration of the FITC dye in the channel at the three positions long
the serpentine (Bend 2, Bend 4 and Bend 6, as marked in Fig. 1E), at different flow rates. For each channel, the dotted green
lines delimit the effective area of the channel marking the channel boundaries. The direction of flow is indicated by the red
line in the image: (A) Bend 2, 0.1 pL/min; (B) Bend 4, 0.1 pL/min; (C) Bend 6, 0.1 pL/min; (D) Bend 2, 10 pL/min; (E) Bend 4, 10
pL/min; (F) Bend 6, 10 pL/min. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 3 - Experimental concentration profiles obtained from fluorescent images at Bend 2, Bend 4, and Bend 6 for flow rates
equal to 0.1 pL/min and 10 pL/min, respectively, and corresponding concentration profiles obtained from COMSOL
simulations.

as in the experiments and are reported in Fig. 3. In gen- tal concentrations are slightly lower than the corresponding
eral, the agreement between computational and experimental numerical predictions, which is consistent with the impos-
results is good. However, one can see that the experimen- sibility of eliminating all geometric variability in any real
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experiments that would result in a slightly improved mixing
performance. These results also imply that mixing appears
slightly better in the experimental system than in the sim-
ulations. However, overall, there is a significant agreement
between the experimental results and the numerical predic-
tions at all locations and at both flow rates, which supports
the experimental method’s validity and the correctness of the
numerical approach used here. This agreement also validates
the computational approach and provides evidence that the
computational method can be effectively used to simulate
the process, possibly even in operational regions and design
ranges not covered in the experimentation.

The evolution of the concentration profiles obtained with
the COMSOL simulations is presented in Fig. 4, in which the
FITC concentration at Inlet 1 (0 mM; DI water) is represented
with a dark blue color, and the concentration at Inlet 2 (1 mM)
is represented in dark red. One can see that the concentration
profile in the lower flow rate system turned green (indicat-
ing that the FITC concentration approached the 0.5 mM value)
much more closely to the device inlet compared to the higher
flow rate case. The middle band was green while it was still red
and blue near the walls, indicating a significant concentration
gradient across the channel even at the system’s outlet.

4.2. Experimental and computational results for the
mixing efficiency of the serpentine micromixer

The experimental and computational concentration profiles
were additionally used to calculate the mixing efficiency, 7,
for the serpentine device using Eq. (2). To ensure that the com-
putational results did not vary with the mesh size used in the
simulations, a mesh-independence study was first conducted.
The mixing efficiency at the various bends were numeri-
cally obtained for six different mesh configurations, i.e., extra
coarse (37,989 cells), coarser (50,993 cells), coarse (75,624 cells),
normal (114,929 cells), fine (157,394 cells), finer (405,527 cells),
and extra fine (999,447). The results, shown in Fig. 5A, indicate
that the predicted mixing efficiency was highly dependent
on mesh size. However, this figure also shows that the pro-
files obtained with the fine, finer, and extra fine mesh sizes
were similar (i.e., within £7% of each other), i.e,, that mesh
independence was reached, especially when the finer and
extra fine mesh sizes were used. Therefore, the finer mesh
(405,527 cells) was used to obtain numerical results for the
same systems used in the experiments to ensure that accurate
numerical prediction would be compared with the experimen-
tal results. However, the parametric studies in which the only
relative importance of geometric and operating parameters
was assessed were conducted using the fine mesh (157,394
cells) to obtain a significant number of computational predic-
tions in a reasonable time without compromising the validity
of the results.

The mixing efficiency at the two different flow rates is
presented in Fig. 5B as a function of the channel’s distance
(reported as bend number). One can see that the agreement
between predicted and experimental 5 values in the serpen-
tine channel is substantial at both flow rates and across
the entire channel length. Table 1 provides additional details
about the Reynolds numbers and Peclet numbers and the final
mixing efficiencies at Bend 6 in the same system. Significant
mixing was achieved in the serpentine channel immediately
after the first three 90° elbows, i.e., at Bend 1 (computational
results only) and after the first seven elbows, i.e., at Bend
2 (computational and experimental results). The other 90°

elbows’ presence further increased the device’s mixing effi-
ciency (Bend 3 and higher) by Slowing down the flow rate,
and thus increasing the residence time and the time available
for mixing and diffusion to take place, significantly improved
mixing efficiency, as one can see by comparing the two panels
in Fig. 5B and Table 1. For the 10 wL/min case, a 67.4% mixing
efficiency was achieved by the end of the serpentine channel,
while at 0.1 pL/min, a 96.0% mixing efficiency was achieved.

To further quantify the effects of the 90° elbows, the mixing
efficiencies for the serpentine design were compared against
the mixing efficiencies obtained in a straight channel with no
elbows but with the same overall length, cross-section, and
depth as the serpentine. This was first accomplished com-
putationally using the COMSOL simulations for the straight
channel. The results are also shown in Fig. 5B and Table 1.
For flow rates equal to 0.1 pL/min and 10 pL/min, the mix-
ing efficiency at the end of the straight channel was 63.6%
and 21.5%, respectively, which is significantly lower than
the values obtained from the serpentine channel (95.9% and
66.1%, respectively). This demonstrates that the 90° elbows in
the serpentine design are the critical feature responsible for
increasing the straight channel’s mixing efficiency. To further
validate the COMSOL predictions for the straight channel, the
mixing efficiency in this channel was determined using the
analytical predictions for the concentration based on Eq. (4).
This equation was numerically solved using MATLAB for dif-
ferent points along the channel’s width (x) and at the different
cross-sections along the straight channel (z). The correspond-
ing results for 5 are also shown in Fig. 5B and Table 1. One can
see that, in general, the COMSOL computational results and
the analytical predictions are in significant agreement even
for this case.

Fig. 5B can also be used to provide a qualitative understand-
ingof the impact of the initial T-junction to initially contact the
fluids at the device inlet on the mixing process. The straight
channel results show an appreciable initial increase in the
mixing efficiency compared to the remaining portion of the
channel. Although the mixing efficiency cannot be expected
to be a linear function of the distance traveled by the fluid, this
initial jump could be attributed to the T-junction. However,
by comparing this increase with the much more significant
increase in the mixing efficiency at Bend 1 in the serpentine
system, one can conclude that the first elbow plays a critical
role in producing a rapid increase in the mixing efficiency, pos-
sibly even amplifying the initial contribution of the T-junction
to mixing.

Since the integrity of the micromixing device could be
potentially compromised by an excessive pressure building up
during an operation in the device assembly, the pressure drop
along the serpentine channel, i.e., the difference between the
inlet pressure and the pressure at any specific length along
the channel at the desired flow rate, was computationally pre-
dicted. Of particular relevance here is the maximum pressure
drop between the inlet and the outlet since the inlet’s resulting
maximum absolute pressure could affect the device’s integrity.
Fig. 5C shows the calculated pressure drop at the two different
flow rates studied as a function for the different bend num-
bers, i.e., along the channel length. At the lower flow rate, the
maximum pressure drop was minimal (~30 Pa), and even for
Q = 10 pL/min, the corresponding figure was on the order of 3
kPa. Such modest increases in the pressure inside the channel
can be expected to have no impact on the device’s mechan-
ical integrity. This conclusion was experimentally validated
in separate experiments in our laboratory, not related to the
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Fig. 4 - COMSOL simulations showing the FITC concentration profiles in a channel having the same geometry as the
experimental system for two different flow rates, (A) Q = 0.1 pL/min and (B) Q = 10 pL/min. Color scale varies between 1 mM
(dark red) and 0 mM (dark blue). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 5 - (A) Mixing efficiency at different bends in the serpentine micromixing device at a flow rate of 10 pL/min using
different mesh configurations; (B) Mixing efficiency at different bends in the serpentine micromixing device and in a
straight channel of identical length and depth at flow rates of 0.1 pL/min and 10 pL/min, respectively; (C) Pressure drop at
different bends in the serpentine micromixing device and in a straight channel of identical length and depth at flow rates of
0.1 pL/min and 10 pL/min, respectively.
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Table 1 - Comparison between the CFD-predicted simulation values and the experimental results for the mixing

efficiency, y at Bend 6 for the serpentine device (81 pm depth) and between the CFD-predicted simulation values and the

analytical solutions for the mixing efficiency,  for the straight channel (same length and depth as serpentine device).

Flow rate Reynolds Peclet n (experi- n n (simulation; n (analytical;
number number mental; (simulation; straight straight
serpentine) serpentine) channel) channel)
0.1 pL/min 0.015 234 96.0% 95.9% 63.6% 68.2%
10 pL/min 1.5 2340 67.4% 66.1% 21.5% 25.7%

present work, in which a microdevice somewhat similar to
the serpentine device used here was subjected to increasing
pressure drops up to 116 kPa (1.14 atm) without compromising
the integrity of the device (results not shown). These results
are in line with the experimental results of other investigators
who have reported that the tensive force per area required to
delaminate the adhesive tape used here (Arcare® 90,445) when
bonded to glass was about 700 kPa and that the microdevices
that they tested were stable for weeks even under physiolog-
ical shear force conditions (Kratz et al., 2019). In summary, it
can be concluded that the integrity of the micromixing device
would not be compromised by excessive pressure drop during
operation.

Fig. 5C also presents the corresponding pressure drops
along the straight channel. A comparison of the two sys-
tems’ profiles shows that the serpentine channel’s pressure
drop was only marginally higher than in the straight chan-
nel, implying that the 90° elbows in the serpentine design
contributed only modestly to increasing the pressure drop.

The results in Fig. 5 can be used to calculate the mixing
cost, mc, defined as the ratio of the pressure drop to achieve a
given mixing efficiency to the mixing efficiency expressed in
percentage (%) (Ortega-Casanova and Lai, 2018):

AP
mc = %) (5)

implying that the units for mc are Pa/%. For the 0.1 pL/min
case (Re = 0.015; Sc = 1562) mc varied between 0.13 Pa/% at
Bend 2 (n = 75%) to 0.31 Pa/% at Bend 6 (y = 96%), whereas for
the 10 pL/min case (Re = 1.5; Sc = 1562) mc varied between
23.3 Pa/% at Bend 2 (y = 40%) to 45.4 Pa/% at Bend 6 (n = 67.4%).
These values are typically larger than those achieved with very
intricate micromixing designs but are on the same order of
magnitude as those obtained with less complex structures.
For example, Ortega-Casanova and Lai (2018) obtained very
low mc values, ranging from 0.05 Pa/% (Re = 0.1; n = 95%) to 0.15
Pa/% (Re = 0.29; n = 85%), using their complex multiple-input
micromixer. However, other investigators obtained higher mc
values (~1—20 Pa/%) using other types of micromixers (Chung
and Shih, 2007; Hsiao et al., 2014; Khosravi Parsa et al., 2014;
Ortega-Casanova, 2016, 2017a, 2017b; Sadegh Cheriet al., 2013;
Salas and Ortega-Casanova, 2016). A detailed comparison of
mc values for different configurations is presented elsewhere
(Ortega-Casanova and Lai, 2018).

5. Discussion

Although previous work on serpentine channels has been
reported (Ammar et al., 2014; Sivashankar et al., 2016), the
determination of each elbow’s contribution to the mixing pro-
cess has not been presented in the literature. Furthermore,
previous studies have focused on flow rates that are on the
order of about 1 mL/min (Sivashankar et al., 2016) and not on

low flow rates (on the order of wL/min) that are typical for most
microfluidic devices whose volumes are in pL (including ours,
which has a volume of 6.35 pL). Therefore, in this work, we
studied a low-volume microfluidic device, and we examined
the contribution of each elbow of the serpentine channel to
the mixing efficiency.

Since the experimental measurements validated the COM-
SOL predictions, further analysis of the impact of other design
and operating parameters could be reliably conducted using
only a similar computational approach. Although the effect
of varying several parameters on mixing efficiency could in
principle be studied, here we examined primarily the impact
of channel depth since there have been very few studies
exploring the effect of this variable on mixing effectiveness
(Buchegger et al., 2011; Chen et al,, 2016). In addition, con-
centration profiles are difficult to obtain experimentally using
microscope tracer analysis as the channel depth is increased,
thus making computational predictions even more valuable.
Therefore, in this work, COMSOL simulations were carried out
for five additional channel depths (in addition to the 81 pm-
deep channel), i.e., 25 pm, 50 pm, 100 pm, 200 um, and 400 pm
and at flow rates equal to 0.1 pL/min, 10 pL/min, and, addi-
tionally, 100 wL/min (also for the 81 pm-deep channel). The
resulting mixing efficiencies of the serpentine micromixer for
these different channel depths and flow rates are shown in
Fig. 6. These results indicate thatincreasing the channel depth
results in a negligible impact on mixing efficiency if the chan-
nel depth is in the range 25—81 pm, or slightly above (100 pm).
However, the CFD simulations predict a significant increase
in mixing efficiency when the channel depth is increased to
200 pm and 400 pm. This increase is explained in some detail
below. It is worth noticing that for a channel depth of 50 um,
the Reynolds number is equal to 0.01, 1, and 10, when Q = 0.1
uL/min, Q = 10 pL/min, and Q = 100 pL/min, respectively, while
for channels with depths equal to 25 pm, 50 pm, 81 um,100
pm, 200 pm and 400 pm at 10 uL/min the Reynolds numbers
are 0.5, 1, 1.5, 2, 3.6, and 5.9 respectively. The Schmidt number
(u/(0Dag)) for the fluid is 1562.

To further understand the effect of the channel’s depth,
detailed COMSOL simulations were carried out to determine
the flows in channels of different depths. Fig. 7 shows the
COMSOL-predicted streamlines in the channel for different
depths of the channel, namely, (A) 400 pm, (B) 200 pm, (C) 150
wm, and (D) 100 pm. Vector diagrams on cross-sectional areas
immediately following the T-junction and after the first four
elbows are shown in the inserts. The vector diagrams provide
a visual display of the quality of mixing at cross-sections of
interest in the microfluidic device. The slice plots show the
mixing efficiency before the 90° elbow. The degree of mixing
achieved at this and other cross-sections along the channel
was quantified using the mixing efficiency n as defined above.
Fig. 7 shows the mixing efficiency for various designs with var-
ious depths at flow rate Q = 10 pL/min. Furthermore, the vector
diagram made us specifically interested in the initial elbows.
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Fig. 7 - COMSOL simulations showing the streamlines in the channel cross-sectional areas immediately following the
T-junction and after the first four elbows for different channel depths. Vector diagrams at selected cross-sections are shown
in the insert: (A) 400 pm, (B) 200 pm, (C) 150 um, and (D) 100 pm. Red arrow indicate the direction of the flow in the channel.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

It is important to notice that channel shape effects dom-
inate at higher Reynolds number (as seen in Figs. 6 and 7
for Q = 10 pL/min). At 10 wL/min and channel depths larger
than 200 pm, a relative well-mixed behavior can be observed
immediately after the first elbow. This can be explained by
calculating the Dean number, De, defined as De = Re/Dy,/2r,,
where Re is Reynolds number, Dy, is the hydraulic diameter
(= 2W-D/(W-D)), and, r. is the radius of curvature. The Dean
number is a measure of the secondary flows occurring in the
channel. At high Reynolds number or large hydraulic diam-
eters, secondary flows dominate. The secondary flows are
generated in the elbows due to centrifugal forces that drive
the fluid motion towards the outer walls, thus creating veloc-
ity and pressure gradients that cause vorticial flows (Chen
etal., 2016; Lee et al., 2016). Hence, for microchannels of depth
greater than 200 pm and at a higher flow rate (10 pL/min), the
Dean number becomes important, and the effect of secondary
flows on mixing efficiency becomes dominant. These effects
become more significant as the channel depth increases, as
shown in Fig. 7. However, for smaller channel depths, the mix-
ing efficiency is much poorer (Fig. €). Indeed, for channels with
shallow depth, the mixing efficiency is almost independent of
the channel depth, as mentioned above.

It is important to notice that the mixing efficiency at very
low Reynolds numbers (Re = 0.01 for Q = 0.1 wL/min) improves
significantly after the first 90° elbow for all channel depths,
unlike that at Q = 10 pL/min, as it can be seen in Figs. 6 and 7.
This seems to indicate that transverse diffusion effects domi-
nate atlow flow rates (or high residence times) (Lee et al., 2016).

Under such conditions, just a few elbows in the serpentine
channel will be enough to achieve relatively high mixing effi-
ciency levels. Furthermore, as transverse diffusion becomes
dominant over the Dean effects, the mixing efficiency does not
show any shape-dependent behavior. As shown in Fig. 6, even
channels with shallow depths achieve significant mixing effi-
ciency. This observation leads to the conclusion that for small
depths of the microfluidic channels (~25 to 81 pm), improved
mixing can be achieved using lower flow rates to ensure a long
enough residence time for transverse diffusion to dominate
since chaotic advection from secondary flows is typically neg-
ligible for channels of such small depths. For larger flow rates,
the depth of the channel must be increased to achieve higher
mixing efficiency. Hence, at a flow rate of 10 pL/min, it is also
important to determine whether other design factors affect
the mixing efficiency. The 10 nL/min flow rated was used in
the computations since, at 0.1 pL /min, the mixing efficiency
increases drastically and can mask any variation in mixing
efficiency caused by the different designs.

Therefore, to further understand the mixing efficiency
contribution resulting to the different designs, additional
COMSOL simulations were conducted by varying the length
of the channels between two consecutive 90° elbows, which
we define here as “pitch,” following the nomenclature used
by mechanical engineers to describe the distance between
repeated elements in a structure. Therefore, here we labeled as
“vertical pitch” the length of the all serpentine arms aligned in
the same direction as the overall flow in the micromixer (i.e.,
along the long dimension of the micromixer assembly) and as
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Fig. 8 - Mixing efficiency obtained using COMSOL simulations for different depths of the channel (25, 50, 81, 100, 200 and
400 pm) at a flow rate of 10 pnL/min; (A) For three different vertical pitches (5 mm, 7.5 mm and 10 mm); (B) For three different
horizontal pitches (5 mm, 7.5 mm and 10 mm); (C) For two different inlet shapes (T-junction and Y-junction).

“horizontal pitch” the length of the all serpentine arms in a
direction perpendicular to the overall flow in the micromixer
(i.e., along the short dimension of the micromixer assembly),
as visually shown in Fig. 1D. In our standard design, both
pitches were 7.5 pm. In addition, we also explored the effect
of the initial inlet design, where the two feed streams meet
by determining the effect of using a Y-junction instead of the
T-junction used in the experiments. The results presented in
Fig. 8A and B indicate that changing the vertical pitch or the
horizontal pitch in the range 5-10 pm has a minimal impact
on the mixing efficiency. The slight variations observed in
those figures can be attributed to a change in the overall length
of the serpentine channel introduced by the larger pitches.
Consequently, the drastic increase in mixing efficiency asso-
ciated with different designs can be attributed primarily to the
elbows’ presence. The impact of the change in the inlet design
(standard T-junction vs. Y-junction) is shown in Fig. 8C, where
the channel depth is used as a parameter. The T-inlet appears
to improve mixing in the initial bends better than the Y-inlet.
This effect is more evident in channels or greater depth (200
wm and above).

Fig. 9 provides a more direct comparison of the mixing
efficiency for various design architectures, including different
channel depths and inlet types. As already mentioned, the

higher mixing efficiency associated with the increase in the
vertical pitch or the horizontal pitch to 10 mm can likely be
attributed to the increase in the serpentine channel’s overall
length.

This point is further supported by the results presented
in Fig. 10A, which shows the mixing efficiency for different
design architectures as a function of the fluidic path length,
i.e., the distance traveled by the fluid in the whole microde-
vice. In general, it appears that different designs have similar,
although not identical, mixing efficiencies for identical path
lengths. The design with 5 mm horizontal and vertical pitches
has a slightly better mixing efficiency in terms of relative
length at Q = 10 pL/min and a channel depth of 81 pm. Gener-
ally, shorter pitch designs appear to be superior to those with
longer pitches, as far as mixing is concerned, for similar path
lengths. This is consistent with the other findings in this work,
indicating that the 90° elbows are primarily responsible for the
improved mixing efficiency. This observation, in turn, suggests
that a more efficient way to reduce the size of the micromixing
device while maximizing mixing efficiency is to pack as many
90° elbows as possible on the chip. The limiting factor for such
a case would be the resolution of the Cricut cutting machine.
Since the shortest cuts achievable with this device are on the
order of 1 mm, there is a significant room for future design
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improvements to maximize the number of 90° elbows while
avoiding possible liquid seepage during the device assembling
process.

In Fig. 10B, the pressure drop across the device for various
architectures is shown as a function of fluidic path length. In
all cases, the overall pressure drop is only modest and much
lower than the tensive force per area required to delaminate
the adhesive tape from the supporting glass, reported to be
about 700 kPa (Kratz et al., 2019), implying that the mechanical
integrity of these devices would not be compromised. These
results and the results shown in Fig. 5C for the predicted pres-
sure drop in the apparatus experimentally tested in this work
indicate that additional bends in the serpentine design while
maintaining the same path length, contribute only moderately
to the overall pressure drop across the serpentine but improve
the mixing efficiency of the device (Fig. 5B) significantly. This
observation further confirms that future improvements in the
basic design could simply require increasing the number of
bends in the serpentine to increase its mixing efficiency while

only modestly increasing the pressure drop, thus reducing the
mixing cost mc of the device.

Finally, Fig. 11 presents the contribution of each bend in the
serpentine to the overall mixing efficiency. In this figure, the
mixing efficiency achieved in each bend was normalized to
the overall mixing efficiency of that channel architecture, i.e.,
it was calculated as the mixing efficiency achieved just by that
bend dived by overall mixing efficiency for the entire channel.
The channel architecture considered in Fig. 11 is a T-inlet with
a horizontal and vertical pitch of 7.5 mm. This figure clearly
shows that the mixing efficiency of Bend 1 was always higher
than that of any other bend for any given system. Furthermore,
at lower flow rates, significant mixing occurred just in the first
two bends. The number of bends needed for mixing increased
progressively with increasing flow rates and decreases with
increasing channel depth. Therefore, Fig. 11 can be used as a
useful guide by researchers to design a serpentine microfluidic
channel with a required mixing efficiency.
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described in the text.

6. Conclusion

In this work, we have shown that a highly effective serpen-
tine micromixing device can be easily and inexpensively built
using a technique based on thin, pressure-sensitive, double-
sided adhesive flexible films and a cutter plotter. The approach
proposed here would make microfluidic mixers straightfor-
ward in their fabrication, economical, and readily available in
most laboratories without the need for highly skilled person-
nel, extensive training, and dedicated and costly fabrication
equipment.

The microdevice built here was experimentally tested by
observing the evolution of the mixing process of two misci-
ble fluids, one containing a fluorescent dye tracer, through
the collection of digital microscopic images at different
cross-sections along the micromixing channel. The mixing
efficiency of the device was obtained from the experimental
concentrations of the fluid across different sections along the
channel. These experimental data compared very favorably
with the numerical solutions for the concentration profiles
obtained using CFD simulations using COMSOL. Specifically,
the CFD-computed velocity field was used in conjugation
with the convection-diffusion equation to determine the mix-
ing process’s evolution occurring in these channels. The
predictions from the COMSOL simulations were validated
experimentally using the concentration of fluorescent dye
tracer. Mixing efficiency was determined from both the exper-
iments and the numerical computations.

This numerical approach was then used to test similar
design architectures with different geometric characteristics.
The micromixing channel’s depth was computationally shown
to play a minor role in the mixing process for low channel
depths (25—-81 um). However, larger channel depths (100-400
wm) were associated with establishing secondary flows (Dean

vortices), leading to improved mixing efficiency. It was deter-
mined that at higher flow rates and deeper microchannels,
secondary flows dominate. These secondary flows lead to
improved advection, which can significantly increase the mix-
ing efficiency. However, at low flow rates, transverse diffusion
dominates. It was determined that for small-sized microchan-
nels on the order of 25-81 pm, mixing efficiency is dominated
by transverse diffusion and not secondary flows. Hence, to
achieve a high degree of mixing in small microchannels, it is
advantageous to operate the device at high residence times
to allow transverse diffusion to achieve the desired cross-
sectional mixing level. Also, a T-junction to initially contact
the fluids at the microdevice inlet was found to be superior, as
far as mixing efficiency is concerned, to a Y-junction.

Both the experiments and the numerical simulations
showed that the mixing efficacy was primarily associated with
the number of 90° elbows in the device rather than the length
of the straight sections of the serpentine. In particular, the
first bend in the serpentine was the most critical of all the
bends in the design. This observation suggests that future
design improvements should focus on incorporating as many
90° elbows as possible on the chip to maximize mixing effi-
ciency and further reduce the size of the micromixing device.
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