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ABSTRACT 
In a passive micro-scale mixer, the complete mixing of two 

or more fluids within a reasonable time period plays an im-
portant role.  Microfluidic transportation and effective mixing 
are of importance and require examination.  The biophysical 
micromixer addressed by authors would be utilized because 
of its excellent ability to enlarge the interface and reduce the 
diffusion length during the mixing process.  Here, the mixing 
efficiency, pressure drop and Aspect ratio (AR) at an optimal 
inlet Reynolds ratio will be studied.  Some useful results will 
be addressed: First, the dimensions of AX, GX, GY, FX, HX, HY 
and J would be effective factors when mixing the biophysical 
micromixer.  Second, the recirculation region would play an 
important role in the mixing with an increment of 33.03% 
with respect to the original prototype because it would esca-
late the two-flow interaction.  Lastly, the side wall effect will 
influence both the mixing performance and the pressure drop.  
An aspect ratio of AR = 10 will be suggested because it ex-
hibits the highest mixing coefficient of 0.907 and the lowest 
pressure drop than previous studies cases.  These findings will 
show the greater feasibility of the biophysical micromixer 
being mixed in a limited space.  Additionally, these results 
would be useful for the mixing improvement of passive mi-
cromixer. 

I. INTRODUCTION 
Rapid mixing is crucial to microfluid systems, which are 

now widely used in biochemistry analysis, chemical synthesis, 
drug delivery, high-throughput screening, among others [7, 26].  
In microsystems, their small size prohibits turbulent mixing.  
The Reynolds figure is generally less than 100, and can be as 
low as 0.01, which lies within the creeping regime.  Hence, the 
mixing in microchannels is predominantly governed by mo-

lecular diffusion.  If the thickness of the lamella structure of 
the fluid is much larger than the characteristic diffusion length, 
it is difficult to obtain rapid mixing. 

To enhance fluid mixing, either active or passive methods 
can be employed.  Different mixing principles and micromixer 
designs have been reported in order to show improved fluid 
mixing within the microchannel.  Micromixers can mainly be 
categorized as either active micromixers or passive micromix- 
ers.  An active micromixer requires an external power source 
to facilitate mixing.  These external energy supply points 
cause a periodic variation of flow rates, microimpellers, ul-
trasonic effects, and so on [8, 22, 32].  The structures are often 
complicated and require a complex fabrication process as a 
transmission mechanism for the external energy source and a 
mixing chamber is needed.  Although an active micromixer’s 
mixing time and microchannel length required for uniform 
mixing is less than that for a passive micromixer, the fact that 
it requires external power makes it difficult for it to be inte-
grated with other microfluidic devices.  The relatively higher 
power consumption and cost make active mixers less attrac-
tive for use as disposable applications.  Contrarily, passive mi- 
cromixers, including the biophysical micromixer addressed in 
this study, are simple to operate because the mixing process 
occurs along with a structural change of the microchannel, 
making them both attractive and suitable for integration with 
other devices.  A passive micromixer, however, acts upon the 
pressure drop of the fluids. 

The construction of a passive micromixer is simpler and its 
operation is less complicated than that of an active micromixer.  
In this study, various mixing principles were applied to the 
passive micromixers to achieve higher efficiencies of mixing.  
These included interdigital multilamination, split and recom-
bination, diffusion length decrease, vortex generation, and 
chaotic mixing [2-6, 10, 12-14, 17, 20-25, 31], to name just a 
few.  An interdigital micromixer with alternating feed chan-
nels that periodically created liquid multilamination was ad-
dressed and geometrics were used focusing on the reduction of 
the lamellae width and the acceleration of mixing [9, 13, 19].  
In addition, a split and recombination mixer addressed by Lee 
et al. [15] increased the contact surface area exponentially.  
Lin et al. [16] used a circular mixing chamber to generate a 
vortex and two inlet channels which were then divided into 
eight individual channels.  Stroock et al. [24] demonstrated 
that a staggered herringbone structure generates chaotic mix-
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ing.  Two key issues in micromixer development usually con- 
cern a simple system design with a high mixing efficiency in 
addition to effective techniques for examining mixing effi-
ciency [18, 30].  It is known that the flow inside microchannels 
is predominantly laminar and the Reynolds numbers are usu-
ally lower than 10.  Therefore, the mixing of fluids in micro-
channels is not easily implemented via mechanical stirring 
methods because of size limitations and fabrication difficulties 
[1].  Improvement in the flexibility and performance of micro- 
fluidic systems by incorporating a number of processes, includ- 
ing fluid handling and fluid motion, that cause rapid mixing on 
a micro scale, can become a challenging problem [20].  

In general, most traditional passive micro-mixers have been 
constructed with straight fluid channels and designed with a 
combination of fillisters and/or fold paths to enhance the mix- 
ing effect [29].  However, the design of a straight channel 
requires a longer length by which to achieve the goal of uni-
form mixing.  Therefore, it is always associated with the prob- 
lems of mixer sizes and full-field inspections.  To achieve a 
better mixing effect, an efficient passive micro-mixer usually 
involves complex 3-dimensional geometries which are util-
ized to improve fluid lamination, stretching and folding.  But 
that would cause a substantial pressure drop and present dif-
ficulties in the design and fabrication process.  In order to 
overcome these problems, a novel passive micro-mixer, which 
utilizes a biophysical concept and possesses a higher flow uni- 
formity and a lower pressure drop, is addressed by the authors 
[27, 28].  In this study, an impinging channel and recirculation 
chamber will be added in the prototype of biophysical micro- 
mixer to enlarge the interface and reduce the diffusion length.  
The finding of an optimal design for a biophysical mixer that 
possesses an exceptionally high mixing performance will also 
be presented.  This will be shown to be the highest that has 
ever been attained in any previous case studies. 

II. NUMERICAL METHOD 
In this study, an optimal design that originated from the 

prototype of a biophysical micromixer, whose biophysi-
cal-type micro-channel was created to mimic the features of 
vascular flow networks as shown in the Fig. 1, was investi-
gated [27, 28].  In this case, the fluid in the middle channel, 
labeled as Fluid I2, is assumed to contain a species such as 
protein or DNA, and the dimensionless concentration is set to 
unity for the Inlet 1 channel.  In addition, the fluids in channels 
I1 and I3 are all the same and the concentration are assumed to 
be zero in the name of another fluid.  The equations that gov-
ern the mixing process can be obtained by solving the conti-
nuity equation in the form of (1), momentum equation shown 
in (2), and diffusion equations defined in the format of (3): 

 0V∇• =  (1) 
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Fig. 1.  Dimensional factors of biophysical micromixer. 
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Here, Re is the Reynolds number and is defined as Re = 
0V Wρ
μ

; Sc is defined as Sc = 
ijD

μ
ρ

 and is the Schmidt 

number to represent the ratio of the viscosity effect to the 
diffusion effect.  W is the width of the outlet channel, V  is the 
velocity vector, t is time, p denotes pressure, Ci represents 
mole concentration, V0 is the characteristic velocity, μ is the 
fluid viscosity, ρ is the density of fluid, and Dij is the mass 

diffusivity.  In addition, Pe is defined as Pe =
AB

UD
D

 and is the 

Pelect number to show the ratio of the convection effect to the 
diffusion effect and will be investigated. 

The mixing performance was numerically simulated using 
a commercial CFD software package, CFD-ACE+ and a multi- 
physics package based on the Finite-Volume method was 
applied.  The program was run on a 2.4 GHz Pentium IV proc- 
essor with 1GB of RAM memory.  Mesh-independent tests 
were performed before the studies took place.  An upwind 
method for solving the multi-block unstructured grid of 2 × 104 
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cells was used as the 2D computational domain inside the 
micro-mixer.  In addition, the grids ranging from 1.46 × 105 to 
9.17 × 105 cells were used in 3D simulation for an aspect ratio 
from AR = 0.5 to AR = 10.  The convergent criterion was 
assumed to be ± 10-18 for the residual of the discrete governing 
equations in the simulation.  The boundary conditions were set 
at the optimal condition which exhibits outstanding mixing 
performance at Reynolds number ratio Rer = 0.85, defined as 

Rer = 1 3

2

Re Re
Re
+ and which had been addressed by a previous 

study.  The resulting flow mixing mechanism would be mainly 
from the flow convection in the biophysical micro-channels. 

In the simulation process, constant inlet velocities whose 
values are 7.5813 × 10-2m/sec and 4.4864 × 10-2 m/sec for chan- 
nel I1 (I3) and I2 respectively set at a given Reynolds number 
Re1 = Re3 = 0.425 and Re2 = 1 as related to the optimal Rey-
nolds ratio Rer = 0.85 were used for steady-state analysis [27, 
28], and the outlet reference pressure was set as zero as the 
gage pressure.  Otherwise, the flow velocity, reference pres-
sure, and concentration were all set to zero as the initial con-
ditions.  Although the valve flow was laminar, a rather fine 
mesh was needed to account for the detailed features of the 
sorting mechanism.  The time limit for each run spanned from 
two up to three hours.  

In this study, a biophysical-type micro-channel, as shown in 
Fig. 1, was used as a prototype passive micro-mixer.  This is 
because it would not damage a bio-sample in transmission and 
is easy to fabricate [27, 28].  The width of the middle channel, 
labeled as Fluid I2, was set at 20 μm and the two identical side 
entrances, channels I1 and I3, were set at 7.1 μm.  The outlet 
channel width W was set at 20 μm.  Although increasing the 
mixing length could increase the mixing performance for a 
passive micro-mixer, the total length of the micro-channel was 
restricted to 370 μm.  This is less than that of other known 
passive micro-mixers, and was done on purpose for this study 
because the effect of the mixing length is not the main objec-
tive in this experiment.  Instead, this study focuses on finding 
an optimal biophysical micro-mixer which possesses the 
highest mixing performance of all previous case studies. 

Here a mixing coefficient εmixing defined in (4) was em-
ployed to find the optimal dimensional structure of a bio-
physical micro-mixer. 

 
max0
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W X
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−
= −

−∫  (4) 

Here, 
maxAX is the maximum mole fraction of Fluid A (Fluid 

I2) with the value at unity,
,x outletAX is the mole fraction of Fluid 

A at outlet location, and W = 20 μm denotes the outlet width of 
the channel.  As εmixing approaches 1, the mixing efficiency 
approaches a maximum.  A larger value of εmixing corresponds 
to a better mixing performance. 
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Fig. 2. The original prototype of biophysical micromixer (unit: μm), the 

inlet angle of θ is 30° and the arrow indicates the inlet and outlet 
flow direction.  

III. DISCUSSIONS AND RESULTS 
In this study, Fig. 1 shows that an optimal dimensional 

structure for a micromixer originating from the prototype of 
Fig. 2 was investigated at Rer = 0.85.  Here, it should be  
noted that the recirculation region H and impinging height I 
were added because they are important factors in the mixing 
process. 

In addition, dimensions like channel region color, marked 
as A to G, and the distance between the two square obstruc-
tions at the middle of the micromixer J are shown in Fig. 2.  To 
simplify the dimensional analysis of the micromixer system, a 
dimension RX,Y,  where R is used to name the channel region A 
to G, and where the suffix X and Y indicate the parallel width 
and perpendicular height respectively for the different channel 
regions were applied in this study. 

For an optimal analysis of the biophysical micromixer, the 
value of suffix X and Y based on the original dimensions of the 
micromixer were adjusted in ±5 and shown in Table 1.  Here, it 
should be noted that one parameter selected first would be 
analyzed for each process in order to find the effective factors 
in the mixing.  From a series of analytical procedures, the 
results showed that the parameters AX, GX,Y, FX, HX,Y, J and I 
would be effective factors in the mixing.  As for the integrated 
mixing performance of system, the Taguchi method [31, 32] 
used to determine the coupling effect of parameters was exe-
cuted in the range of the values shown in Table 2. 
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Table 1. Variations of dimension based on the original 
prototype. 

Original dimensions Increment of suffix Decrement of suffix
A45,20 A50,20、A45,25 A40,20、A45,15 
B30,45 B35,45、B30,50 B25,45、B30,40 
C50,30 C55,30、C50,35 C45,30、C50,25 
D40,40 D45,40、D40,45 D35,40、D40,35 
E50,30 E50,35 E50,25 
F30,45 F35,45、F30,50 F25,45、F30,40 
G45,20 G50,20、G45,25 G40,20、G45,15 
J130 J138、J146、J156 J106、J114、J122 
H0,0 H60,20  

I 4、8、12  
 

Table 2. Dimensions of effective parameter for biophysi-
cal micromixer. 

Dimensions of effective parameters Variation of suffix 
AX X = 10-20 
GX X = 10-20 
GY Y = 45-55 
FX X = 20-40 
HX X = 5-20 
HY Y = 20-60 
J 90-170 

 
 

Table 3. Optimal dimensions of effective parameter for 
biophysical micromixer. 

Dimensions of effective parameters Variation of suffix 
AX X = 10 
GX X = 10 
GY Y = 55 
FX X = 20 
HX X = 20 
HY Y = 20 
J 90 
I 20 

 
 
An optimal parameter group possessing a better mixing 

index of εmixing = 0.8975 was found and shown in Table 3.  The 
mixing efficiency of the optimal dimensions would be in-
creased with an increment of 33.02% based on the original 
prototype.  The main reason, with respect to improving the 
mixing performance, can be found clearly in Table 4.  The 
results in Table 4 show the mixing at different downstream 
locations from the inlet.  The recirculation region would play 
an important role in mixing because it increased the two-flow 
interaction.  Generally speaking, passive micromixers do not  

Table 4. The mixing efficiency versus different distance to 
inlet. 

Distance to inlet X80 X130 X200 X370

εX 0.381 0.662 0.691 0.897
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Fig. 3.  Aspect ratio, AR, versus mixing efficiency and pressure drop (Pa). 

 
 

mix well and increasing the mixing length would be a common 
method used for improvement.  However, this result shows the 
feasibility that this biophysical micromixer could possess a 
better mixing performance in a limited space of 370 μm.  To 
simulate the real operation of the mixer, an aspect ratio de-
noted as AR and defined in the form of AR = D/W was used to 
determine the effect of the aspect ratio to mixing and pressure 
drop at the optimal dimensions of the bio-micromixer, where 
D is depth of channel and W indicates the width of outlet chan- 
nel.  Fig. 3 shows the mixing efficiency and pressure drop at 
AR = 0.5 to 12 at Rer = 0.85.  

According the new paper [11], Fig. 5 shown in the paper [11] 
indicates that the mixing index at the exit will approach the 
limiting value of about 0.9 for the three kinds of flow structure 
studied at Reynolds number Re = 267.  Conversely, the pres-
sure drop increases rapidly with the Reynolds number in all 
studied channels whose flow structure type is a square wave 
channel, Zig-zag channel and curve channel, respectively.   
Fig. 8 of paper [11] shows that the value of the pressure drop 
will be larger than 3.5 × 104 pa for Re > 267.  This evidence 
shows that the maximum  pressure drop for the biophysical 
micro-mixer is about 3500 pa when the value is less than one 
for present results [11] and corresponds to the same mixing 
index whose value is about 0.9.  In addition, the mixing length 
of the paper [11] is larger than 2 mm when it  approaches the 
mixing index of 0.9, but 370 μm will be needed at Re2 = 1 for 
the biophysical micro-mixer.  These results show that the 
biophysical micro-mixer has a better mixing performance than 
that of other passive micro-mixers. 

In addition, the results shown in Fig. 3 are addressed as 
follows: First, the mixing efficiency will increase roughly with  
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AR but decreases once AR > 10.  The mixing efficiency ar-
rives at a maximum value of 0.907 for AR = 10 because the 
swirling and asymmetric flow shown in Fig. 4 occur.  Con-
versely, the pressure drop would decrease with AR.  Thus, the 
case of AR = 10 would be suggested as the optimal design for 
a biophysical micromixer.  The mixing efficiency of the op-
timal type is increased by about 33.03% compared to the 
prototype of the bio-micromixer.  These findings would be 
useful for further experimental confirmation of a biophysical 
micromixer in the future. 

IV. CONCLUSION 
An optimal design for a passive micromixer originating 

from the biophysical prototype was designed in this study due 
to its simple shape.  In addition, the design possesses a higher 
mixing performance and lower pressure drop.  Some nu-
merical results executed at an optimal flow condition using 
Reynolds number ratio Rer = 0.85 were obtained and are ad-
dressed as follows: 

First, the dimensions of AX, GX, GY, FX, HX, HY and J were 
found to be effective factors in mixing for the biophysical 
micromixer.  Second, the recirculation region plays an im-
portant role in mixing with an increment of 33.03% with re-
spect to the original prototype because it increases the two 
flow interaction.  Finally, the side wall effect will influence the 

mixing performance and pressure drop.  An aspect ratio of  
AR = 10 would be suggested for use as it exhibits the highest 
mixing coefficient of 0.907 and the lowest pressure drop of all 
other studied cases.  These findings show the feasibility of 
better mixing within a limited space for the biophysical mi-
cromixer.  In addition, these results would be beneficial to fu- 
ture experiments. 
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