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ABSTRACT: Micromixers with the microchannel structure can enable rapid
and efficient mixing of multiple types of fluids on a microfluidic chip. Herein, we
report the mixing performance of three passive micromixers based on the
different mathematical spiral structures. We study the fluid flow characteristics of
Archimedes spiral, Fermat spiral, and hyperbolic spiral structures with various
channel widths and Reynolds number (Re) ranging from 0 to 10 via numerical
simulation and visualization experiments. In addition, we analyze the mechanism
of streamlines and Dean vortices at different cross sections during fluid flows. As
the fluid flows in the Fermat spiral channel, the centrifugal force induces the
Dean vortex to form a chaotic advection, enhancing the fluid mixing
performance. By integrating the Fermat spiral channel into a microfluidic
chip, we successfully detect acute myocardial infarction (AMI) marker with the
double-antibody sandwich method and reduce the detection time to 10 min.
This method has a low reagent consumption and a high reaction efficiency and demonstrates great potential in point-of-care testing
(POCT).

1. INTRODUCTION

Micromixers1 occupy a vital position in the sample pretreat-
ment of biochemical assays testing.2 Micromixers is a
microdevice with small size, low reagent3 consumption, and
high reaction efficiency.4 These features enable rapid fluid
mixing and analysis. Studies show that the mixing of fluids is
crucial for biological and chemical reactions.5,6 However,
laminar fluid mixing is an inefficient process.7,8 It mainly
depends on the diffusion of molecules, especially at low flow
rates. Researchers proposed various micromixer structures
based on fluid drive methods to enhance fluid mixing and meet
experimental requirements.
Micromixers are divided into active and passive mixers

depending on different sampling methods.9−11 Active mixers
rely on external energy co-driven fluid flows like electro-
magnetic drive,12−14 electric drive,15,16 mechanical stirring,17

and thermal expansion.18,19 This type of mixer has a faster
sampling speed and has higher mixing efficiency. Nevertheless,
the common disadvantage of active micromixers is their
relatively complex structure and relatively high analytical costs.
In contrast, passive micromixers are simple in structure and do
not require external energy.20−22 Passive micromixer relies only
on the various designs of the microchannels to achieve fluid
mixing. Moreover, the small size of this micromixer reduces the
cost of analysis. Lok et al.23 introduced chemiluminescence
(CL) detection using a double spiral channel micromixer. It
facilitates the mixing of reagents. Experiments prove that the
CL signal is double when using a double spiral channel
micromixer than a single spiral channel. Furthermore, the

micromixer improved the signal by 1.5 times. Yang et al.24

optimized the settings of a new double spiral channel three-
dimensional (3D) micromixer based on the Dean effect
principle using hydrodynamic software. The centrifugal force
of the double spiral channel micromixer induced the
generation and enhancement of Dean vortices to exhibit high
mixing efficiency. The Dean vortex can improve fluid’s mixing
performance and also effectively focus particles or cells of
various sizes in the inertial microfluid using the principle of the
Dean vortex effect.25−27 Hossain et al.28 carried out a
numerical study of the mixing performance of a nonaligned
input serpentine mixer. It has a higher mixing index than the T-
joint inlet micromixer at different Re. Nonaligned input
serpentine micromixer induces the lateral flow of the fluid,
which expands the contact area between the fluids and
enhances the fluid mixing. Vatankhah et al.29 studied the spiral
micromixer using numerical simulation methods. The fluid
flowing in the spiral microchannel induces transverse Dean
vortices through centrifugal force and enhances the mixing
effect of fluids. Wang et al.30 proposed a serpentine micromixer
using elliptical curves, where the Dean vortices induced using
different elliptic curves vary continuously with the curvature.
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The greater the curvature, the stronger the Dean vortices
induced, thus improving the mixing performance. Yin et al.31

reported a microfluidic chip-based magnetic relaxation
switched immunosensor based on a snake-shaped mixing
channel that mixed MBs-Ab1, CAT-PS-Ab2, and analytes well.
This sensor detects α-fetoprotein in actual samples with a 0.56
ng/ml detection limit superior to conventional enzyme-linked
immunoassay assays (ELISA).32−36 The microfluidic chip with
mixed channels can integrate into a small portable point-of-
care testing (POCT) device.37−40 It can detect multiple targets
or different samples that are well mixed and reacted in the
channels. This POCT device expects practical implementation
in the community and other settings with its fast detection
speed and high sensitivity41 in chemiluminescent immuno-
assays.42

At present, most micromixers are mainly used for mixing
fluids under a high Re (10−100). The mixing of fluids under a
low Re (0−10) requires continuous improvement of the
structure of the micromixers. Changing the structure of the
passive mixer enhances the mixing of the fluid simultaneously,
placing higher demands on the fabrication of the chip mold.
The complex steps of the conventional photolithography
process and extended cycle times make the chip mold
fabrication process prone to various defects. These problems
are challenging for laboratories with limited facilities. In
contrast, the 3D printing technology has convenient and
straightforward steps to achieve chip fabrication, which
overcomes such drawbacks.43−46

Therefore, we investigate the effect of three different spiral
structures with varying widths of the channel and different Re
(0−10) on mixing the micromixer. Our study is based on
numerical simulations47 and visualization experiments.48 We
also used a Fermat spiral structure as the micromixer for
chemiluminescent immunoassay. We injected cardiac troponin
and detection antibody conjugated with horseradish perox-
idase49 into the chip under different Re. After mixing and
reacting in the spiral channel, it binds to the capture antibody
precoated in the detection zone. Under chaotic advection,50

the micromixer controls the detection time to 10 min and has
high sensitivity in detecting cTnI. The introduction of the
spiral channel saves valuable time for POCT device testing and
has frontier use in POCT devices to diagnose acute myocardial
infarction (AMI).

2. EXPERIMENTAL SECTION

2.1. Materials and Equipment. Cardiac troponin I
(cTnI), capture antibody (cTnI-Ab1), and detection anti-
body-conjugated horseradish peroxidase (cTnI-HRP-Ab2)
were purchased from Abcam (U.K.). Phosphate-buffered
solution (PBS) tablets were from Amresco. cTnI and cTnI-
Ab1 were diluted in 0.01 M (pH = 7.4) PBS solution. Bovine
serum albumin (BSA) powder was obtained from Tianjin Kang
Yuan Biotechnology Co., Ltd. (Tianjin, China). Bovine serum
albumin solution 0.05% was used to dilute cTnI-HRP-Ab2.
Ultrasensitive CL kits were obtained from Beijing Labgic
Technology Co., Ltd. (Beijing, China). Poly(dimethylsiloxane)
(PDMS) and curing agent (Sylgard 184) were from Dow
Corning Co., Ltd. (Michigan). The silicone film for coating the
cTnI-Ab1 was purchased from Shanghai Shentong Rubber &
Plastic Products Co., Ltd. (Shanghai, China). Visualization
experiments use a 0.1 M ferric chloride solution and a 0.1 M
ammonium thiocyanate standard solution.

The mold used for PDMS chip manufacturing was provided
using an AccuFab-L4K light-curing 3D printer from SHINING
3D Technology Co., Ltd. (Hangzhou, China). A 202-00T
electric constant-temperature drying oven and a DZF-6020A
vacuum-drying oven were purchased from LICHEN-BX Co.,
Ltd. (Shanghai, China). Bonding of the PDMS chips was
performed with a PTL-VM500 plasma cleaner manufactured
from Putler Electric Technology Co., Ltd. (Shandong, China).
The fluid injection was supplied using an ISPLab02 intelligent
syringe pump purchased from Duke Industrial Technology
Co., Ltd. (Shanghai, China). The CL image analysis system is
acquired from BIO-OI Co., Ltd. (Guangzhou, China). A PH-
XDS5 inverted microscope purchased from Phoenix Optical
Co., Ltd. (Jiangxi, China) was used to take pictures of fluid
mixing during the experiments.

2.2. Mathematical Spiral Structures Parameter Equa-
tion. This work investigates three common mathematical
spiral equations of Archimedean spiral, Fermat spiral, and
hyperbolic spiral. For different mathematical spiral structures,
the total arc length of the control channel is 50 mm. Three of
the mathematical spiral parametric equations are given in the
equation as follows
Archimedean spiral
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2.3. Numerical Analysis and Simulation. The Navier−
Stokes equations are applied on COMSOL Multiphysics to
calculate a mixing model for incompressible fluids. We
assumed a steady-state flow pattern to simplify the numerical
model. The microchannel walls have antislip boundaries. We
set the two fluid concentrations at the inlet, and at the outlet,
we set the backflow inhibition. A second-order discretization of
the dilute matter transfer interface concentrations is used for a
more efficient calculation to ensure a more accurate simulation.
The Navier−Stokes equations and the convective diffusion
equations describe the constant flow in different mathematical
spiral mixing channels, incompressible fluids51

∇· ⃗ =v 0 (4)

ρ
⃗·∇ ⃗ = − ∇ ⃗ + ∇ ⃗v v p v v

1 2

(5)

⃗∇ ⃗ = ∇ ⃗v c D c( ) AB
2

(6)

where ρ denotes the fluid density, ⃗v denotes the velocity
vector, ν represents the kinematic viscosity, p denotes the
pressure, and ⃗c represents the concentration. The simulated
fluid density ρ is 103 kg/m3, the diffusion coefficient DAB is 3 ×
10−10 m2·s−1, and the kinematic viscosity ν is 10−3 kg/(m·s).
The Re equation, which characterizes fluid flow, is as follows
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where Dh is the microchannel hydrodynamic diameter. The
inlet concentration condition is (0 or 1), the channel walls are
slip-free, the outlet pressure synchronizes to 0, and the
backflow inhibition is set. The study has chosen an outlet cross
section for the mixing performance assessment, n equal parts
when griding. The standard deviation calculation of the volume
fraction of the components in each cell face assessed the
mixing performance. The following equation evaluated the
fluid mixing performance.52
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where cm is the volume fraction when the fluid is completely
mixed, n is the number of points on the cross section, and Ci is
the volume fraction at the point i. The fluid is not mixed at all
when M = 0; when 80% ≤ M < 95%, it can be considered that
the fluid mixing is well mixed; and when M ≥ 95%, the fluid is
mixed evenly.

3. METHODOLOGY AND FEASIBILITY VALIDATION
3.1. Numerical Simulation Methods and Grid

Independence Tests. Using hydrodynamic theory, we
evaluated three mathematical spiral structured micromixers
using numerical simulations to grid the geometric model. The
grid quality, thickness, and distribution of the nodes all impact
the final simulation results. Better grid quality has a more
refined grid and reasonable node distribution, which helps
numerical simulation results get close to the real values. The
grid independence test calculates the results closest to the
actual value with the least number of grids before the
numerical simulation, reducing the computer calculation
time. At the same time, it reduces the requirement of
computer configuration and minimizes the waste of resources.
In this work, the grid independence verification uses the

Archimedean spiral channel as an example. The COMSOL
Multiphysics was used to divide the grid, and design six
different tetrahedral structured grids 39 319, 81 725, 181 268,
747 826, 885 493, and 1 039 292, respectively, for numerical
simulation calculation. Figure 1 shows the concentration
distribution at the centerline of the exit cross section,
respectively. As shown in Figure 1, when the grid number is
885 493 or 1039 292, the maximum error of the concentration
distribution at the centerline of the cross section is only 0.8%.

We consider the economic efficiency and choose grid number
885 493 as the grid used for this micromixer simulation. For
the Fermat spiral and hyperbolic spiral, micromixer channels
were also meshed using the same method.

3.2. Experimental Method and Validation. The actual
dimensions of the micromixer channels were measured to
verify the reliability of the 3D-printed mold dimensions. Figure
2a−d validates the dimensions for five-channel locations of the
Archimedes spiral micromixer. The errors were all below 1.3%,
demonstrating the reliability of the 3D printing accuracy.
Then, we verify the consistency of simulation through

experiments. The two fluids to be mixed are ferric chloride
(FeCl3·6H2O) and ammonium thiocyanate (NH4SCN)
dissolved in deionized water (DI) at the same concentration.
The ammonium thiocyanate solution is colorless, and the ferric
chloride solution is pale yellow. When these two solutions
come into contact, the solution reacts and becomes blood red.
The intensity of the red color depicted with the RGB value of
each pixel can represent the amount of fluid mixed and react.
The normalized intensity of the color indicates the mixing
efficiency of the two fluids. In the experiment, the
quantification of mixing performance uses concentrations
measured in the imaging area of the spiral channel exit
section. The mixing efficiency calculation utilizes the pixel
intensities of the average RGB values within the imaging
area.53

η =
−

−
×

I I
I I

100%exp
min

max min (9)

where 100% indicates that the two liquids are completely
mixed. The value 0 means that the two liquids did not mix at
all. Imax represents the maximum red intensity observed in the
wholly mixed image, and Imin defines the minimum intensity
observed in the deionized water image. Figure 3 is the
simulation and experimental verification of micromixers with
different mathematical spiral structures and 3D printing mold
diagrams. Figure 3a,c,e shows the comparison between
numerical simulations and experimental results for the three
mathematical spiral channels at different Re. Figure 3b,d,f
shows the 3D-printed mold plots corresponding to the three
mathematical spiral structures. As shown in Figure 3a,c,e, the
numerical simulation results for the three structures of the
micromixer agree with the experimental results, with the
maximum error between them being within 5%. There are two
primary sources of error. One is that the 3D printing mold
process generates surface defects, and therefore the actual
microchannels will not be as smooth as in the numerical
simulations. The second is that the mixing metrics for the
numerical simulation are calculated based on the exit cross
section. In contrast, the experimental mixing metrics are
calculated based on the top view within the exit imaging area,
hence the error between the two.

4. RESULTS AND DISCUSSION
4.1. Effect of Channel Width on the Mixing Perform-

ance. Numerical simulation of channels shows the channel
widths affect fluid mixing under the same spiral channel length
and boundary conditions. As shown in Figure 4, at Re = 5 and
a channel width of 0.2 mm, the mixing effect of the Fermat
spiral channel is higher than that of the other two
mathematical spirals. When the channel width is 0.4 mm, the
hyperbolic spiral structure has the best mixing effect, and the

Figure 1. Grid independence tests. The concentration distribution of
Archimedean spiral structured micromixers at the centerline of the
exit cross section for a total channel arc length of 50 mm, Re = 5, and
channel cross section 0.2 mm × 0.2 mm for six different tetrahedral
structured grids.
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Fermat spiral structure has the worst mixing effect. Also, from
Figure 4, it can be concluded that the mixing performance

becomes worse as the channel width increases. The mixing
efficiency is higher when the channel width is smaller with the
fluid flow rate at the same Re. From eq 7, when Re = 5, the
smaller the channel width, the greater the flow velocity. Also,
the fluid in the channel is in chaotic advection, which increases
mixing effectiveness as the flow rate increases.

4.2. Effect of Re on Mixing Performance and Pressure
Drop. Molecular diffusion and chaotic advection drive fluid
mixing at a microscopic scale. The constant change of
curvature radius of the three mathematical spiral structures
changes centrifugal forces and facilitates fluid perturbation. In
the molecular diffusion-dominated phase, the mixing intensity
factor is the total length of the mixing channel. In the chaotic
advection-dominated phase, the intensity of Dean vortex is
induced by centrifugal force. As shown in Figure 5, at low Re,
the dominant factor influencing fluid mixing is molecular
diffusion. A lower Re will give a longer time for the fluid
diffusion, allowing the molecules to diffuse more thoroughly.
Although diffusion of molecules is an inefficient process, the
mixing efficiency is not high at the outlet. Figure 5d exhibits,
when Re is around 0.4, neither diffusion of molecules nor the
chaotic advection dominates the factor. The mixing index at
the outlet is the smallest, consequently exhibiting a least
effective fluid mixing. With increasing Re, the dominant factor
affecting fluid mixing is chaotic advection, and the mixing
performance improves with the gradual enhancement of

Figure 2. Characterization of the actual dimensions of the channel. (a) Characterization of the dimensions of the Archimedean structured spiral
channel at the inlet section. The design width of the inlet section is 200 μm, and the actual size is 201.43 μm, with an error of 0.72%. (b−d)
Characterization of the different cross-sectional dimensions of the channel, with a maximum error of 1.29%.

Figure 3. Simulation and experimental verification of micromixers
with different mathematical spiral structures and 3D printing mold
diagrams. (a, c, e) Numerical simulations and experimental results of
Archimedean spiral, Fermat spiral, and hyperbolic spiral at different
Re, respectively. (b, d, f) Corresponding 3D-printed molds for the
corresponding mathematical spiral structure micromixers; the lengths
of the two inlets are 3 and 3 mm, the spiral channel is 50 mm, the
outlet is 1.5 mm, and the channel width is 0.2 mm.

Figure 4. Effect of channel width on mixing performance for three
kinds of mathematical spiral structure micromixers with a total
channel arc length of 50 mm and Re = 5.
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chaotic advection. Conversely, chaotic advection is a fast and
efficient process. As a result, the fluid mixing performance
improves rapidly. Figure 5 shows that the mixing performance
of the Fermat spiral structured micromixer is better when the
Re is the same. As the Re increases, the mixing index of the
fluid at the outlet first decreases and then increases.
Figure 6 shows the fluid simulations and experimental results

for a Fermat spiral microchannel micromixer. We used the

cross section at the outlet to calculate the simulation results.
The top view in the imaging area at the outlet shows the
experimental results. The fluid simulations agree with the
experimental results for varying Re, as shown in Figure 6. The
fluid is thoroughly mixed at Re = 0.1 and 5, and at Re = 0.5,
the fluid is not thoroughly mixed.
As shown in Figure S1, when the fluid is mixed at a low Re,

the maximum pressure drop is about 2 × 103 Pa. Meanwhile,
the fluid has been completely mixed, and the pressure drop of
the Fermat spiral structure micromixer is the smallest, which is
extremely cost-effective.

Through the other two types of micromixers simulation, we
compared the pressure drop and mixing performance at four
different Re, and the results are shown in Table S1. The
pressure drop of the five different micromixers with four
different Re is only slightly different. However, the Fermat
spiral structure micromixer’s pressure drop is the smallest in
comparison. The micromixer mixing performance in this work
is significantly better than the other two types at low Re, and
the Fermat spiral structure micromixer has the highest mixing
performance when the fluid is in a chaotic advection state.

4.3. Molecular Diffusion and Chaotic Advection.
Using the Fermat spiral structure micromixer as an example,
Figure 7 depicts the local mixing pattern of the channels at
different Re and different cross sections of concentration. From
cross sections A−A to E−E in Figure 7, at Re ≤ 0.5, the
contact area between the two fluids is confined to the middle
of the microchannel when the mixing is dominated by
molecular diffusion. The mixing residence time is the key
factor affecting molecular diffusion, and the mixing is slow. On
the contrary, at Re ≥ 5, from cross section A−A and cross
section C−C, the fluid is dominated by chaotic advection.
Strong Dean vortices form at the cross sections, and the
contact area between the two fluids becomes larger,
accelerating the mixing of the fluids.
At the cross section D−D, we analyzed the streamlines at

two different locations, as shown in Figure 8, where panels (a)
and (e), and (b) and (f) are the streamlines at Re = 0.1 and Re
= 0.5, respectively. The diagrams show that the streamlines are
in parallel with each other, and the curve is smooth. At this
time, molecular diffusion mixes the fluid. The mixing of
concentration is slow. Panels (c) and (g), and (d) and (h) are,
respectively, for Re = 5 and Re = 10 at the two positions of the
streamlines diagram. The streamline is no longer parallel. The
streamlines are mixed and disordered. Thus, fluid mixing is
accelerated, and mixing performance is significantly improved.
Figure 9 shows the direction of fluid flow at different Re in five
cross sections of the Dean vortices. While Re = 0.1 and Re =
0.2, in this case, the velocity is low, and the mixing of fluid in

Figure 5. Simulation and experimental mixing performance graphs of different spiral micromixers under different Re. (a−c) Simulation and
experimental results of Archimedes, Fermat, and hyperbolic three mathematical spirals at different Re in the channel width of 0.2 mm. (d) Local
enlargement of the dashed box area in (b).

Figure 6. Mixed simulation and experimental results for Fermat spiral
channel widths of 0.2 mm and Re = 0.1, 0.5, and 5.
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Figure 7. Local mixing patterns of the Fermat spiral micromixer at Re = 0.1, 0.5, 5, and 10. (a) Schematic diagram of Fermat spiral micromixer,
including two inlets, one outlet, and five different cross sections. (b) Mixing performance of micromixers at five different cross sections.

Figure 8. Fermat spiral micromixer at a channel length of 50 mm and a channel width of 0.2 mm; streamline and local magnification at different Re:
(a, e) Re = 0.1, (b, f) Re = 0.5, (c, g) Re = 5, (d, h) Re = 10.
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the channel is dominated by molecular diffusion. There is no
significant vortex generation and the streamlines parallel in the
plane. When Re = 0.4, the streamlines are completely parallel

and the mixing performance of the fluid is the worst. It can also
be seen from Figure 5d. When Re = 0.5 and Re = 0.6, Fermat
spiral channel micromixer gradually forms Dean vortices in the
C−C and D−D cross sections, and the mixing of fluid in the
channel is gradually dominated by chaotic advection. It also
deflects the direction of the streamline, and the fluid mixing
performance is a continuous improvement.

4.4. Chemiluminescence Immunoassay. We used the
Fermat spiral structured micromixer to detect the cTnI.
SolidWorks was used to create the components associated with
the chip, chip mold, and pressure valve. Exploded views and
assembly drawings of the 3D modeling of each component are
shown in Figure 10a,b, respectively. An AccuFab-L4K light-
curing 3D printer was used to automatically print the chip
molds, valves, and other auxiliary parts. The PDMS was 10:1
(mass ratio) mixed with the curing agent, evacuated, and
cured. Then, the dual PDMS layer chip in the mold was
removed with tweezers, as shown in Figure 10e. Figure 10f
shows the complete Fermat spiral microfluidic chip after
bonding (60 s of cleaning, power 220 W, gas flow rate 2.0 L/
min) and assembly by a plasma cleaner. Figure 10c,d shows the
principle of the experimental cTnI assay. The silicone film of
the detection area is precoated with one or three cTnI-Ab1 (25
μg/mL) and then precoated with bovine serum albumin. A
syringe pump injects cTnI and cTnI-HRP-Ab2, then mixes,
and reacts them through the mixing channel. It specifically

Figure 9. Fermat spiral micromixer at a channel length of 50 mm and
a channel width of 0.2 mm, corresponding to the Dean vortices in five
cross sections.

Figure 10. Design and detection principles of microfluidic chips. (a) Exploded view of the three-dimensional modeling of the chip; (b) assembled
view; (c) schematic diagram of cTnI-Ab1 in the coating layer; (d) principle of the double-antibody sandwich assay for cTnI; (e) 3D-printed
double-layer PDMS chip with pressure valves and other related components; and (f) assembled microfluidic chip.
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binds to the cTnI-Ab1 in the detection area to form an
immune complex. After incubation, the assay is washed three
times with PBS before adding the chemiluminescent substrate.
We precoated a cTnI-Ab1 for the experiments on a silica

membrane and set the syringe pump at different flow rates. At
different Re, cTnI (1 ng/mL) and cTnI-HRP-Ab2 (2.4 μg/
mL) were injected simultaneously into the reaction zone of the
chip by the syringe pump via a mixing channel. For POCT
purposes, incubation was carried out for 10 min and compared
with a complete incubation of 30 min under the same
conditions. When the relative standard deviation of the
experimental results is greater than 10%, we will re-run the
experiment to ensure the accuracy of each assay result. Figure
11a,b shows the images of CL fractions at different incubation
times. Figure 11c,d shows the corresponding luminescence
intensities at different Re for 10 and 30 min of incubation,
respectively. As shown in Figure 11a,b at Re = 0.5, the intensity

of CL at 10 min incubation is inferior to that at 30 min
incubation, indicating that the two reagents did not mix
entirely at this time. To obtain the CL intensity, we subtracted
the blank value from the sample value. The blank intensity was
tested by adding PBS and measured to be 203.5. Also, at Re =
0.1, 5, and 10, cTnI was mixed and reacted with cTnI-HRP-
Ab2 through the spiral channel and then reacted with cTnI-
Ab1 in the detection zone. At 10 min of incubation, the CL
intensity differed by a maximum of 2.3% from that at 30 min of
full incubation, in agreement with the experimental results
(Figure 11c,d).
At 10 min incubation and Re = 0.1, 5, and 10, the overall

immunoassay times were 18.33, 10.17, and 10.08 min,
respectively. Therefore, considering the economic efficiency
of the assay, Re ≥ 5 is used for detection.
Finally, we verified the detection performance of this

micromixer at Re = 5 and 10 min incubation. Before the

Figure 11. CL dot pattern and the corresponding luminescence intensities at different Re at a cTnI concentration of 1 ng/mL. (a, b) Images of CL
fractions at 10 and 30 min incubation, respectively: (a) 10 min incubation and (b) 30 min incubation. (c, d) Corresponding CL intensity at
different Re for 10 and 30 min incubation, respectively.

Figure 12. Different concentrations of cTnI CL dot pattern, cTnI detection range, and calibration curve for quantitative analysis. (a) CL dot plot of
nine different concentrations of cTnI (concentrations are 7.5, 15, 30, 60, 120, 240, 480, 960, 1920, 3840, 7680, and 15360 pg/ml.). (b) Detection
range of cTnI. (c) Standard curve of a specific cTnI concentration.
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experiment, three cTnI-Ab1 were encapsulated in the detection
zone and closed with bovine serum albumin. Figure 12b shows
a series of standard cTnI concentrations prepared using the
micromixer assay with corresponding CL intensity values. The
lowest detection limit we detected in the experiment was 7.5
pg/mL. Figure 12a shows the CL dot plots for nine different
cTnI concentrations (cTnI, concentration from 7.5 to 15 360
pg/ml). The CL signal is proportional to the concentration of
cTnI over a range of concentrations. As shown in Figure 12c,
the fitted curves showed good linearity (Y = 14517.18×
−12 438.92, R2 = 0.99) over these concentration ranges (30−
1920 pg/mL). The results indicate that this micromixer has
high sensitivity in detecting cTnI. When the concentration of
cTnI was 30−1920 pg/mL, it showed good linearity (Y =
14517.18× −12438.92, R2 = 0.99), and the lowest detection
limit was 7.5 pg/mL. The assay can be completed in 10 min,
meeting the clinical diagnosis needs, and is expecting
application in POCT devices.

5. CONCLUSIONS
This work proposes micromixers for low Re mixing using
mathematical spiral structures. In the mathematical spiral
structure microchannels, the flow direction constantly changes
and centrifugal forces induce Dean vortices of different
strengths throughout the flow path. We take numerical
simulations and visualization experiments to investigate the
influence of fluid flow characteristics and mixing performance
in the micromixer varying widths of the channel and different
Re (0−10). At Re = 5, different channel widths have different
effects on the mixing performance of the micromixer and the
smaller the channel width, the better the mixing performance.
A channel width of 0.2 mm demonstrates the best mixing
performance of the Fermat spiral structure micromixer. When
the channel width is 0.2 mm, the mixing performance of the
three mathematical spiral structure micromixers decreases and
then increases as the Re increases. At Re = 5 and the channel
width of 0.2 mm, the mixing efficiency of the Fermat spiral
structured micromixer reached 99%. We analyzed the stream-
lines and Dean vortices when the fluid flows. The results show
that fluid mixing is mainly based on molecular diffusion if Re ≤
0.4. However, the molecular residence time is the main factor
affecting the mixing performance. Therefore, the mixing is
slower. When Re > 0.4, chaotic advection gradually dominates
and centrifugal forces induce Dean vortices in the micro-
channel. This phenomenon causes the contact area to become
larger when the fluid mixes and the mixing index increases. We
finally integrated a Fermat spiral structured channel into the
microfluidic chip and successfully detected an AMI marker
using a double-antibody sandwich method. We have
successfully shortened the detection time to 10 min.
Furthermore, the concentration of cTnI was 30−1920 pg/
mL, which showed good linearity (Y = 14 517.18×
−12 438.92, R2 = 0.99), and the lowest detection limit was
7.5 pg/mL. The micromixers showed great potential for use in
POCT applications.
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