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Abstract. The paper presents a design of micromixer for laminar blood mixing.
In order to minimize the space usage for micromixer of an automatic sample
collection system, a splitting and recombination (SAR) concept was employed
to reduce the diffusion distance of the fluids. Moreover, ellipse-like micropillars
were introduced to this concept to increase the mixing performance of micro-
mixer. With software (COMSOL 4.3) for computational fluid dynamics (CFD)
we simulated the mixing of fluids in a micromixer with ellipse-like micropillars
and basic T-type mixer in a laminar flow regime. Numerical results illustrate
that the micromixer with SAR concept achieves an outstanding mixing efficien-
cy than the one without SAR concept. Numerical results also show that the SAR
micromixer with ellipse-like micropillars is up to 99% efficient, and that effi-
ciency reaches 90% in a short distance.
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1 Introduction

The main vision for the future clinical diagnostics using self-sampling procedure in
homes or health rooms, include automatic, painless and large volume collection of
blood sample. This is to secure representative sample, optimal user abilities, proper
skin and blood vain handling and sustainable prevention health operations. However,
before large whole blood volumes may be handled it is important to manage automat-
ic, painless and small volume of whole blood from the finger for quick point-of-care
diagnosis. An automatic sample collection module with a painless microneedle array
in combination with a micromixer is proposed for the blood collection in typical nurse
or health rooms (Fig.1).

In general, micromixers can be classified into active micromixer and passive mi-
cromixer. In the mixing process, active micromixers require external disturbance
effects such as pressure, temperature, electrohydrodynamics, dielectrophoretics, elec-
trokinetics, etc. Hence, the structures of active micromixers are often complicated. In
contrast to active micromixer, a passive type requires no external energy. The normal
mixing process within a passive micromixer is slow and entirely dependent upon
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molecular diffusion [1-3]. The mixing of the passive microfluidic mixer is based on
several main principles: a) flow laminar, which is used in the T-mixer [3-4]; b) chao-
tic mixing by eddy formation [5]; c) splitting and combination [6]. Previous studies of
micromixer [6-9] show that fast and homogenous mixing can be achieved in the mi-
cromixer with SAR concept by increasing the contact interface of fluids. But some of
them are complicated and require complex microfabrication processes because of
their three dimensional micro structure [1].
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Fig. 1. Painless sample collection systems

In this paper, a simple and low cost splitting and recombination micromixer with
ellipse-like micropillars was investigated. The efficiency of the micromixer was ex-
amined by theoretical methods including Finite Element Method (FEM). Simulation
results are presented with the laminar flow regime, in which a low Reynolds number
is applied, 0.048 < Re < 2.381.

2 Micromixer Design

The term ellipse-like micropillar is an element having the shape of an ellipse. As
shown in Fig.2, a contour of the micropillar was described as an ellipse with the left
major axis semidiameter a,, right major axis semidiameter a,, and minor axis semi-
diameter b. It should be noted that the high velocity region along the two sides of the
contour was larger when the length of the left half axis a, is not equal to that of the
right half axis a4, thatis a; < a,. The optimized values of the profile parameters are
a;:a,:b =5:6:4 [10].
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Fig. 2. Mixing unit of SAR micromixer

Due to the demand for fast and homogenous mixing, the splitting and recombina-
tion concept is considered in blood mixer design. There are three steps in splitting and
recombination process, flow splitting, flow recombination and flow rearrangement
[2]. When the main flow reaches the ellipse-like micropillar, the flow is then split into
two separated flows on the smaller channels. For an incompressible fluid, equation of
continuity (mass conservation of fluid) is defined as [11]

A1u1 = Azuz (1)

Since cross-section area A, is less than cross-section area A, (see Fig.2), the local
velocity u, will be larger than velocity u,. This phenomenon together with the high
velocity region of ellipse-like micropillar will create high velocity at the right end of
the micropillar’s contour. At the outlet end of the micropillar, two separated flows in
small channels are recombined with high velocity. The contact interface of fluids is
increased throughout each mixing unit so that the mixing effect is enhanced.

SAR micromixer ellipse-like micropillars for blood mixing includes 3 inlet chan-
nels (blood sample, anticoagulant solution, Pretect™ solution (NorChip, Klokkarstua,
Norway)), one outlet channel, and some mixing units. The geometry of SAR micro-
mixer with ellipse-like micropillars is shown in Fig.3.

Whole blood undergoes coagulation few seconds after it has left the in vivo condi-
tion [12]. Therefore, the whole blood has to undergo immediate mixing with the right
concentration of EDTA (Trysin-EDTA-solution, Sigma-Aldrich Co. LLC) after it has
left the body. In addition the whole blood has to be mixed with a weak fixative (Pre-
Tect™, Klokkarstua, Norway) that is ideal for long term conservation of DNA, pro-
tein and RNA at room temperature [13]. The degradation process of the RNA starts
just a few seconds after the blood has left the host organism [14]. Therefore, it is very
important to secure optimal mixing between both the PreTect™ medium and the He-
parin (EDTA solution). In this way optimal amplification and detection will follow
optimal sample preparation and RNA/DNA/Protein purification/extraction.
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Fig. 3. SAR micromixer for blood mixing

3 Theoretical Analysis of Micromixer

The flow in SAR micromixer can generally be described by the Navier-Stokes equa-
tion and continuity equation as shown in Eqgs (2) and (3), respectively.

au+ V—1V+V2 2
atuu—ppvu 2)

V-u=0 3)

in which appear velocity u, density p of the fluid, pressure p, and kinematic viscosi-
ty v of the fluid.

The species transport in the systems can be described by the diffusion-convection
equation as shown in Eq. (3).

dc

—+ (u-V)c =DV (4)

at

where ¢ and D are concentration and diffusion constant of the species, respectively.
The variables for the mixing studies are the flow rate corresponding to the charac-

teristic dimensionless number Re (Reynolds number) and number of mixing units in

SAR micromixer. The Reynolds number is defined as

ulL
Re = —<

&)

v

where Re represent the ratio between momentum and viscous friction, L. indicate
the characteristic length of the flow.
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The Reynolds number is the factor to determine the flow regime. The flow is con-
sidered to be turbulent flow when the Reynolds number is greater than 4000. For a
Reynolds number falling below 2300, the flow is considered as laminar flow. In the
macro scale, a Reynolds number of greater than 4000 can be easily achieved. In mi-
crodevice, the Reynolds number rarely exceeds 2000 [3]. Hence, the mixing in micro-
channel is based on molecular diffusion.

It is essential to consider another characteristic dimensionless number Pe (Peclet
number), in order to investigate the efficiency of the SAR micromixer. Peclet number
is defined as

uL,

Pe =
=D

(6)

where Pe represents the ratio between the mass transport due to convection and dif-

fusion. From Eq. (5) and (6), relation between Pe and Re can be derived as
Pe v u
—=5=> ()
Re D pD

where p is the dynamic viscosity of the fluid.

For comparison purposes, water was used as the carrier fluid, so that the dynamic
viscosity, density, and the diffusion coefficient of fluid at room temperature (250C)
are 0.001kg.s/m, 1000kg/m?, and 10°m? /s, respectively. Hence, the relation be-
tween Pe and Re can be estimated for water as Pe = 1000 Re. The transverse dif-
fusion time can be estimated by the following equation:

L?
t=— ®)
D

Therefore, the characteristic mixing length of micromixer to obtain the complete

mixing is
L 2
L=ut=u%=PeLC )

Eq. (9) indicates that the higher is the Peclet number, the more difficult will be to
achieve a complete mixing. Therefore, in the laminar flow regime (Re value is lower
than 2300), the higher Re value makes the mixing less efficient.

4 CFD Modeling and Setting

The geometric size and configuration of SAR micromixer with ellipse-like micropillar
is shown in Fig.4. The micromixer consists of three inlets and one outlet, with a mix-
ing unit length 450um. The simulated SAR micromixer with 10 ellipse-like micropil-
lars has a total length 10mm. The depth of micromixer is S00pm.
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Fig. 4. Schematic illustration of the SAR micromixer with ellipse-like micropillars geometry
and configuration

Multiphysics simulation software (COMSOL 4.3) was used to examine the mixing
performance of the basic T-mixer and SAR micromixer with ellipse-like micropillars.
During simulation, the incompressible steady flow condition was assumed. The phys-
ical properties of water were applied and the diffusion coefficient of the water-ink
mixture is 3.23x10™'" m’s™ [15]. No-slip condition is applied to the boundary on the
wall. The fixed velocity was set to three inlets. The fixed pressure (p = 0) was set to
the outlet of the micromixer. The normalized molar concentration of the species was
set 1 for inlet 1, O for inlet 2 and inlet 3. To investigate the mixing process, simula-
tions were performed at ten flow rates as listed in Table 1.
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Table 1. Flow rate and Re value of numerical simulation

Flow Inlet (ml/min) Velocity (m/s) Reynolds number Peclet number

0.005 0.00083 0.2381 238.1
0.010 0.00167 0.4762 476.2
0.015 0.00250 0.7143 714.3
0.020 0.00333 0.9524 952.4
0.025 0.00417 1.1905 1190.5
0.030 0.00500 1.4286 1428.6
0.035 0.00583 1.6667 1666.7
0.040 0.00667 1.9048 1904.8
0.045 0.00750 2.1429 21429
0.050 0.00833 2.3810 2381.0

5 Post Processing

To evaluate homogeneity of the fluid, the variance of the concentration is considered
in the simulation.

N
1 _
07 =Y (¢ = &Y (10)
N i=1

where N is the total number of sampling points, ¢*; and ¢* are normalized concen-
tration and expected normalized concentration, respectively.

In the evaluation process of variance of the concentration, characteristic dimen-
sionless parameter z'/Pe should be included.

z' z D z/u triow

Pe LcuL. LJ2/D  taifrusion

Thus the parameter z'/Pe is a ratio of the time for flow in the axial direction to
the time for diffusion in the transverse direction.

The variance of the concentration can be normalized again by mean concentration
and taken square root to evaluating the mixing index:

1 N * e 2
ci —¢C
= |— — 12
¥ NZ( c* ) (12)
=1

The mixing index y presents perfect mixing with value O and no mixing with the
value 1. Mixing efficiency of the micromixer can be calculated by the formula as
follow:
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1N * _*2
c;  —¢C
=1—-y=1- |= L 13
U] 14 Ni( = ) (13)
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Mixing efficiency ranges from 0.00 (0% mixing) to 1 (100% mixing, full mixed).
The efficiency between around 80% and 100% is acceptable for mixing process
application.

6 Results and Discussion

6.1 Mixing Field and Performance

Fig.5 shows that the mixing process of the Fluid 1 (red) and Fluid 2, 3 (dark blue) in
the SAR micromixer with 10 ellipse-like micropillars (Re=0.714). The concentration
field was normalized such that the concentration of Fluid 1 denoted a value 1; the
concentration of Fluid 2 and Fluid 4 denoted a value 0. We defined that the mixing
region having a concentration between 0.23 and 0.43. The larger is the mixing region,
the better mixing are the fluids. In the flow downstream, three fluids contacted each
other vertically and suffered the effects of separation, recombination by the designed
structure. Hence, the mixing region was increased.

Fluid 2
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Fluid 3

v -a.505610” [ ] 41,0067
] 1

0.2 0.4 0.6 0.8

Fig. 5. Fluid mixing in SAR mixer with 10 mixing units from CFD simulation (Re = 0.714)

In order to investigate the action of splitting and recombination, the basic T-mixer
was chosen to compare with SAR-mixer with 10 mixing units. The basic T-mixer had
a main channel of depth 500um and width 200um. The total length of both T-mixer
and SAR-mixer are 10mm. Fig.6 shows the concentration of the fluid in T-mixer and
SAR mixer with 10 mixing units at various Reynolds numbers. The color of the fluids
clearly varied with the increase in mixing distance. For Re = 0.714, the fluids were
mixed well in short distance. For higher Reynolds number, mixing region in SAR-
mixer is larger than mixing region in T-mixer. It is due to the presence of ellipse-like
micropillars in mixing channel. Flowing downstream, the fluids mixed rapidly to
exhibit a uniform light blue. For Re = 1.429, the fluid was completely mixed in SAR
mixer, whereas mixing of the fluids in T-mixer was incomplete.
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Fig. 6. Visualization of fluid mixing in T-mixer and SAR-mixer

6.2  Mixing Efficiency

At low Reynolds number, mixing process takes place in microchannel through mole-
cular diffusion. Fig.7 and Fig.8 illustrate the variance of concentration in term of
characteristic dimensionless parameter z’/Pe. In order to depict these diagrams,
numerical simulation in COMSOL 4.3 were carried out with various flow rates.
Hence, each diagram will represent the mixing behavior of each micromixer. Then
they can be used to examine which kind of micromixer is better.
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Fig. 7. Variance of mixing of micromixer without mixing unit
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Fig. 8. Variance of mixing of micromixer with 10 mixing units
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Fig. 9. Comparison of concentration’s variance between T-mixer and SAR-mixer

Fig.9 shows the comparison of the concentration’s variance between T-mixer
(black squares) and SAR-mixer (red circles). It obviously shows that no matter how
far the mixing length or how large the flow rate, variance of concentration in SAR-
mixer is always lower than the variance of concentration in SAR-mixer. Furthermore,
for the same flow rate at the inlets (same Peclet number), variance of concentration in
the SAR mixer after distance 8.58mm (z' = 30, L.= 285um, Pe = 1000) is equal to
the variance of concentration in T-mixer after distance 14.25mm (z' = 50, L, =
285um, Pe = 1000). Thus, the SAR-mixer is suitable to minimize the space usage for
micromixer on the automatic sample collection module.

Fig. 10 shows the mixing efficiency of T-mixer (no mixing unit) and SAR-mixer
with varied number of mixing units on various cross-sections (different distance from
the inlet) at Re = 0.714. Mixing efficiency of 0 (0%) denoted that the mixing fluids
were not mixed at all. In basic T-mixer, the fluids were not mixed well at the outlet of
the channel when its mixing efficiency is 0.7471 (74.71%) lower than the critical
value of well mixing (80%). SAR-mixer with 10 mixing units reaches a critical value
of well mixing after 6mm. When Re value was increased to 2.381, mixing efficiency
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of all mixers is lower than the critical value of well mixing (Fig.11). It means that, the
length for well mixing was increased when Re value was increased, see Eq.(9).
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Fig. 10. Comparison of efficiency at Re =0.714
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Fig. 12 illustrates mixing efficiency in term of Reynolds number. As the figures
show, the mixing efficiency drops as Re increases, but the rate of decrease in SAR
mixer is lower than T-mixer (no mixing unit). It should be noted that mixing efficien-
cy is about 80% or more at Re < 1, which is suitable for mixing application. Fig.
12(c) shows that the mixing efficiency of SAR micromixer with 10 mixing unit after
8.8mm is always higher than 80% when Re < 1, whereas the mixing efficiency of the
basic T-mixer is not acceptable when Re > 0.5. It means that fluids need to flow so
slow in basic T-mixer in order to obtain the well mixed status. In SAR mixer, fluids
flow faster for rapid mixing and mixing efficiency is still higher than the critical value
for well mixing.

7 Conclusions

A splitting and recombination micromixer with ellipse-like micropillars has been
proposed and investigated by FEM. Numerical results show that micromixer with
ellipse-like micropillars have a well mixing status when its mixing efficiency is high-
er than 80% as Re < 1. This micromixer improved the performance of previous mi-
cromixer (T-mixer) at a low Reynolds number. Moreover, this kind of micromixers
may be ideal for a user friendly, rapid and optimal collection and mixing related sam-
ple preparation of whole blood or any other complex human or biological fluidics
used for point-of-care or point-of-need diagnostic applications and technologies.
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