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Abstract  The paper presents an experimental comparison of three types of static micromixer. Efficiencies of a split  and 
recombination micromixer (SAR) based on plate symmetrical modules (PSM) and basic T-type and O-type mixers are 
examined. Experimental tests were carried out in  the laminar flow reg ime with a low Reynolds number range, 0.083 ≤ Re ≤ 
4.166 and image-based techniques were used to evaluate mixing efficiency. Experimental results illustrate that the 
micromixers with splitting and recombination have outstanding mixing efficiency than those of without SAR process. Indeed 
split and recombine (SAR) structures of the flow channels result in the reduction of the d iffusion distance of two fluids and 
optimize the diffusion process and after a short distance from inlet  high mixing  efficiency can be achieved. A lso, 
experimental data show that the SAR PSM mixer is up to 99% efficient, and that efficiency reaches 90% in a short distance, 
demonstrating this type of mixer’s high mixing performance and the effect of splitting and recombination on the degree of 
mixing and the efficiency of the micromixer. 
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1. Introduction 

Developing devices for microfluidic technology has been 
a major  concern  fo r indust ry  in  the past  decade. 
Microflu id ic dev ices  o ffer  many  advan tages  over 
convent ional techn iques , includ ing  reduced  reagent 
consumption, low energy requirements, faster analysis and 
low cost. Micromixers  are key elements in microflu id ic 
technology and have been  addressed by a large body of 
research. In  general, micromixers can  be classified as either 
active and passive fluid mixers[1-4], depending on how they 
manipu late the flu ids to  be mixed . Act ive micromixers 
requ ire external fo rces , such  as acoust ically  induced 
vibrations, electrokinetic instabilities, periodical variat ion of 
pumping  capacity , elect rowett ing-induced  merg ing  o f 
droplets, magneto-hydrodynamic act ion, s mall impellers, 
piezoelectrically v ibrating membranes or integrated micro 
valves and pumps[1-15]. By contrast with  active mixers, a 
passive type requ ires  no external energy  and ag itat ion, 
except that associated with producing the required pressure 
drop for flow. In a typical microfluid ic device, the flow is 
laminar and characterized by low Reynolds numbers. The  
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mixing process is slow and mainly due to molecular 
diffusion. The hydrostatic potential is used to restructure a 
flow in a way which results in faster mixing[1-3]. The 
mixing of microflu ids in a passive device is based on several 
main princip les: a) flow lamination, which is used in basic 
T-mixers and Y- mixers[16-21], in mixers with different 
geometries: zig-zag, square-wave, rhombic and the like[22- 
23], and in serial multi-stage and multi-layer mixers[24-26]); 
b) chaotic mixing  by eddy format ion, stretching and 
folding[27-33]; c)split-and-recombine concepts 
(SAR)[34-39]. The mixing performance of passive mixers 
can be enhanced by extending the contact interface of flu ids 
and by improving the transverse components of flow 
movement, thus decreasing the length and duration of 
mixing[37]. Previous investigations[34-39] have 
demonstrated that devices with a SAR mechanism increase 
the contact interface o f flu ids to generate rapid and 
homogeneous mixing that is suitable for slow laminar flu id 
flow. At the same time, some of the previous SAR mixers 
are complicated in terms o f  design and construction 
because of their three-dimensional micro 
structure[34],[35],[37]. The mixing  mechanism of the mixer 
described in[38] is based on splitting and recombining 
(SAR) with chaotic advection and is best suited for mixing 
flu ids with relat ively h igh Reynolds numbers. The σ-type 
plane static mixer with splitting and inverse 
recombination[36] is simple in structure, but the branched 
channels of the σ-type plane module are not identical or 
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symmetric. The channels vary in form and length, resulting 
in varied channel conductance.  

In this article we compare the efficiencies of split and 
recombination micromixer (SAR) based on plate 
symmetrical modules (PSM) and basic T-type and O-type 
mixers. Results are presented for experimental tests carried 
out in the laminar flow reg ime with a low Reynolds number 
range, 0.083 ≤ Re ≤ 4.166. Image-based techniques were 
used to evaluate mixing efficiency. Two colored  water 
solutions (blue and yellow) are used for mixing. 

2. Micromixer Design 
On the basis of the investigation presented in[39], a split  

and recombination micromixer consisting of plate 
symmetrical modules (SAR PSM micromixer) was designed 
and constructed with polycarbonate using a computerized 
milling process. SAR PSM micromixer design is shown in 
Figures 1 and 2.  

 
Figure 1.  Design of a SAR PSM micromixer 

Channel width and height are 0.4 mm. As can be seen 
from Figure 2, the SAR PSM mixer has a two-layer structure. 
The modules of the upper layer (shown in yellow) and the 
modules of the lower layer (red) are connected by simple 
vertical channels (red). The inlet to  the mixer is designed as a 
T-junction element (left side of figure). 

 
Figure 2.  SAR PSM micromixer 

The principal plate modules of the mixer have the same 
symmetrical shape and are designated as the plate 
symmetrical module (PSM).  

Figure 3 shows structural details of the SAR PMS 
micromixer. Two miscible liquids move through the 
entrance and reach the mixing region of the T-junction 
element, where they flow along the +X direct ion. The flu ids 
flow in parallel through the first element. The stream then 
reaches the vertical channel (segment 2) and moves in the –Z 
direction. At the end of the vert ical channel, the stream 
reaches the first Y segment (principal module) and is split 
into two flows (segment 3).  

One stream moves in the +X direction and the other moves 
in the –X d irection. Both flows then cross the Y segment of 
the principal module, at the end o f which  they are 
recombined and move in the –Y direction. Subsequently, the 
reunited stream reaches the vertical channel and moves in the 
+Z d irect ion. At the end of the vert ical channel, it  arrives at 
the Y segment and is again split into two streams. One stream 
moves in the +Y direction and the other in the –Y direction, 
and both then pass through the Y segment. At the end of the 
Y segment, they are once again recombined and move in the 
+X direction. This process continues to the end of the mixer 
microchannels. 

 
Figure 3.  SAR PSM micromixer structural details; a) PSM microchannel 
segments; b) Sequential lamination of layers 

As can be readily seen, this method of splitting and 
recombining the flow provides a way of increasing the 
number of  fluid layers. 

The T-micromixer and O-mixer are illustrated in Figure 4. 
The T-micromixer is the simplest microfluid ic device and 
consist of two inlets with a straight channel. 

 
Figure 4.  (a) T-micromixer (b) O-micromixer 
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Figure 4b illustrates the O-mixer[40], whose 
microchannel is divided into two segments: straight channel 
and O-segment. Two species flow into the microchannel and 
through the straight section. Subsequently, the stream is 
divided into two parts and the two streams connect to each 
other at the end of the O-segment. This splitting and 
rejoin ing induces the molecu lar d iffusion effect to enhance 
mixing efficiency. Th is process takes place six times along 
the microchannel. 

Both of the T- and O-type micromixers are designed and 
fabricated from plexig las using a computer milling process. 

3. Materials and Method 
The test bench layout used for th is experimental 

investigation is shown in Figure 5. 

 
Figure 5.  Test bench layout 

Microscope: The microscope used during the mixing  
process is a Veho model VMS-004D-400X USB microscope, 
with 400X magnification, 2 Megapixel Cmos lens 
(interpolated) and measurement software. 

Syringe pump: Flow rate was measured by means of a 
syringe pump. The syringe pump used in this study is a KDS 
210 series. The flow rate range for this instrument is 0.1 μl/hr 
(10μl syringe) to 506 ml/hr (60 ml syringe). 

4. Experimental Procedure 
Experimental tests were performed under the microscope 

(VMS-004D, Veho) with h igh speed image acquisit ion. As 
miscible fluids, colored water (blue and yellow) was used in 
all tests on the three micromixers. Co lored water solutions 
for the tests were p roduced by blending 1 gram powder in  0.5 
liter water. Species flow in the microchannel was controlled 
by means of a programmable syringe pump. Figure 6 depicts 
the mixing p rocess through the microchannels in T, O and 
SAR PSM micromixers. After the mixing process was 
visualized  as shown in the figure, mixing efficiencies fo r all 
micromixers were calcu lated and compared. As Figure 7 
shows, two samples are concentrated into one stream while 
flu id flows. 

During the mixing  process, several pictures were taken 
with the microscope from the in let section to the end of the 
channel. This was repeated for all Reynolds numbers used in 

this study. 

 

Figure 6.  Micromixers after filling: (a) T-micromixer (b) O-micromixer (c) 
SAR PSM micromixer 

 
Figure 7.  SAR PSM micromixer after filling 

To investigate the mixing process, experimental tests were 
performed at five flow rates as shown in Table 1: 
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Table 1.  Flow rate and Re values during experimental tests 

Flow Inlet 
(ml/min) 

Mass Flow 
(kg/s) V (m/s) Re 

0.001 1.66*10-8 0.0001 0.083 

0.005 8.31*10-8 0.0005 0.416 

0.01 1.66*10-7 0.0010 0.832 

0.02 3.32*10-7 0.0020 1.666 

0.05 8.32*10-7 0.0052 4.166 

Image-based techniques were used to evaluate the mixing  
performance of the prototypes, and the gray scale value was 
applied for post processing. To analyze the image, the 
captured color images were converted into gray scale images. 
Gray scale images are also called monochromat ic, denoting 
the absence of any chromatic variation (also called  bi level or 
binary images). To convert any color to a gray scale 
representation of its luminance, the value of its red, green 
and blue (RGB) primaries must first be obtained in linear 
intensity encoding, after which 30% of the red values, 59% 
of the green values, and 11% of the b lue values are added 
together. This technique (gray scale value) is useful for 
highlighting reg ions of interest, especially the concentration 
field in the micromixer[41]. 

5. Post Processing 
To evaluate the standard deviation of concentration, 

mixing index and efficiency of the prototypes, three kinds of 
Matlab program code are written (PDF1, PDF2 and 
Efficiency). Data was analyzed using the following 
procedure: 

 
Figure 8.  Flow chart for experimental analyzing 

Figure 9 presents the probability distribution function 
(PDF) in terms of concentration. Subsequently, probabilities 
for different concentration values and for various Reynolds 
numbers were calcu lated and plotted for the SAR PSM 
prototype. 

In a region such as the inlet  or other reg ions where two  
species are not mixed, there are two predominant 
concentration values of 0 and 1, resulting in two separate 
peaks. In a region of well-mixed flu ids, there is one 
predominant concentration resulting in a single peak. 

 
Figure 9.  PDF in SAR PSM micromixer, Re=1.666, entrance region 

The homogeneity can be represented as the standard 
deviation of the concentration : 
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where C* is the normalized concentration and C͞* is the 
expected normalized concentration. Also the standard 
deviation is 0 for well-mixed cases. The standard deviation 
can be normalized again by the mean concentration to 
evaluating the mixing index (MI) : 
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The mixing indexes (MI) are 1 and 0 for the unmixed case 
and well-mixed case, respectively. Mixing efficiency can be 
defined through equation 3 : 
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If the two species are fully mixed, mixing efficiency is 
1(100%). An efficiency between around 80% and 100% is 
acceptable for mixing process applications[41], and useful 
for many applicat ions. As shown in  Figure 10, analysis of the 
experimental data indicates that at the starting point where 
two fluids join together, the standard deviation is 0.5, mixing 
index is 1 and efficiency is 0%. 

The experimental results demonstrate that efficiency is 
98%at  the end section of the SAR PSM mixer under certain 
conditions. For example, Figure 11 illustrates the SAR PSM 
mixer’s concentration, while Figure 12 shows σ, MI and η at 
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the same Reynolds number of 1.666, where efficiency is 
98%. These processes continue for Reynolds numbers of 
0.083, 0.416, 0.832 and 4.166 for the SAR PSM   
prototype.  

 

Figure 10.  σ, MI and η in SAR PSM micromixer, Re = 1.666, inlet section 

 
Figure 11.  PDF in SAR PSM micromixer, Re = 1.666, after 20 mm 

Concentration based analysis is the most reputable and 
trustworthy method of investigating and evaluating mixing 
efficiency. 

By improving concentration image analysis, the detailed 
process taking place in the microchannel can be investigated. 
When flow is not in the turbulent regime, it  is essential to 
observe changes in concentration through the channel to 
understand mixing  performance. Once the concentration 
field has been determined with the probability distribution 
function in terms of concentration, then according to 
equations 1, 2 and 3, the standard deviation of the 
concentrations, mixing index and efficiency can be 
calculated (and plotted). 

 
Figure 12.  σ, MI and η in SAR PSM micromixer, Re = 1.666, after 20 mm 

6. Result and Discussion 
At low Reynolds numbers, mixing takes place through 

molecular diffusion alone. Results obtained for the PSM 
micromixer are compared  with those for the T- and O-mixers 
at the same Reynolds number in Figure 13. 

 
Figure 13.  Comparison of σ for T, O and SAR PSM mixers at Re = 0.832 

For the SAR PSM mixer, standard deviation of the 
concentration changes from 0.5 to 0.01 at Re=0.832; σ = 0.01 
at the ending region  is a  good result fo r the mixing process. 
For the O-mixer and T-mixer, standard deviation of the 
concentration at the same Reynolds number is 0.343 and 
0.378 respectively. Comparing the standard deviation 
indicates that mixing is more complete in the SAR PSM 
mixer than in the O- and T-mixers. 

Figure 14 shows that at Re= 0.832 the mixing index is 
0.016 and 0.68 in the PSM mixer and the O-mixer 
respectively. Figure 14 also shows that MI decreases in the 
first five millimeters of the microchannel from the in let 
section at a faster rate in the PSM mixer than in the O- and 
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T-mixers, and drops below 0.2. Th is characteristic is 
significant for micromixer design, as it illustrates that mixing 
is fully accomplished in a short distance. 

 
Figure 14.  Comparison of MI at Re = 0.832 

During tests at other Reynolds numbers, it was found that 
the mixing index increases along with the Reynolds number. 
As shown in Figure 14, however, the SAR PSM mixer’s MI 
is less than 0.1 at all tested flow rates, indicating that mixing 
is accomplished effectively at a range of flow rates (0.001≤ 
Q ≤0.05). 

Results of experimental tests on the SAR PSM 
micromixer are illustrated in this paragraph. 

 
Figure 15.  Comparison of η at Re = 0.832 

Figure 15 compares the efficiency of SAR PSM, T- and 
O-micromixers at  Re=0.832. As can be seen, the SAR PSM 
mixer is more efficient than the other prototypes in all 
regions of interest. 

Figure 16 also shows that the T-and O-mixer’s efficiency 
is 9% and 13% respectively, which is not acceptable for 
mixing processes, whereas the efficiency of the PSM mixer 
is 97%. 

 
Figure 16.  Comparison of η at Re = 4.166 

A comparison of the SAR PSM mixer’s efficiency at 
Re=4.166 also indicates that fluids are well mixed at this 
Reynolds number, and that it is possible to increase the flow 
rate to rapidly achieve complete mixing. 

This capability is significant for micromixer design, as 
this device requires special geometry since it cannot rely on 
turbulence flow to enhance mixing performance. 

Figures 17-20 illustrate efficiency in terms of Reynolds 
number. As the diagrams show, efficiency drops as the 
Reynolds number increases, but the rate of decrease in the 
SAR PSM mixer is very slow and  neglig ible after 5 mm. In 
some micromixers, efficiency is about 80% or more at  Re ≤1, 
which is useful for mixing applications. 

As the diagrams show, efficiency of the T- and O-mixers 
is less than 80% for 1 ≤ Re ≤ 4.66, which is not acceptable 
for mixing processes. In the SAR PSM mixer, however, the 
flu ids are well mixed even for 1 ≤ Re ≤ 4.66. Rapid mixing is 
thus possible in this kind of geometry, and complete mixing 
as seen to take place in this prototype. 

 
Figure 17.  Comparison of η in terms of Re, after 5 mm 
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Figure 18.  Comparison of η in terms of Re, after 10 mm 

 
Figure 19.  Comparison of η in terms of Re, after 15 mm 

 
Figure 20.  Comparison of η in terms of Re, after 20 mm 

As Figure 20 shows, SAR PSM mixer efficiency is over 
98% and acceptable for mixing processes at all tested 
Reynolds numbers. 

7. Conclusions 
This paper explained a 3D splitt ing and recombination 

passive micromixer called ‘’SAR PSM micromixer’’ which 
was designed and constructed with polycarbonate using a 
computerized milling process. Mixing characteristics of two 
species are analyzed via experimental investigation with 
various inlet flow rates (velocit ies) and results compared 
with the previous T-type and O-type well-known geometries 
mixers which were designed and fabricated from p lexiglas 
using a computer milling process. 

In micromixers, viscosity dominates flow and mixing is 
limited to molecular d iffusion due to the laminar nature of 
microflows such as T- and O-type micromixers and because 
of low mixing performance in these kind of microchannels, 
they are not applicable in industries. 

Since effective mixing is a crucial process in microflu idic 
systems, hence focus on this field of research is to propose a 
device itself and optimizat ion of the geometry to help 
diffusion process to enhance fluid mixing  within the 
microchannel to reach the desired degree of mixing. 

Comparison between SAR PSM and other mixers  
demonstrated that the SAR PSM micromixer is more 
efficient for mixing processes at low Reynolds numbers ( Re 
< 5), which generate complete mixing. 

Experimental data show that the standard deviation of the 
concentration at the outlet of the SAR PSM micromixer is 
below 0.1, which  is less than that of the T- and O-mixers in 
the 0.083 ≤ Re ≤ 4.166 range. 

The mixing index changes at a more rapid rate in the SAR 
PSM mixer than in the T- and O-mixers at all flow rates. It 
can be concluded that mixing is accomplished more qu ickly 
in the SAR PSM micromixer than in the other prototypes. As 
mentioned before, After short distance, SAR PSM mixer’s 
efficiencies are acceptable while in other prototypes the 
degree of mixing is low demonstrating the effect of splitting 
and recombination on micromixer’s efficiency. Also, when 
the flow rate increases, standard deviation of concentration 
and mixing index rise and efficiency drops. However, the 
rate of change in  the SAR PSM mixer is very slow, and it 
was found that flow rate can be increased to rapid ly achieve 
complete mixing in the passive micromixer. 
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