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INTRODUCTION 
 
The field of microfluidics involves the manipulation of fluids in the micro-scale. 
Several microfluidic devices have been developed for biomedical uses in recent years 
due to its advantages in the observation and manipulation of biological entities.1 Firstly, 
microfluidic channels are similar in length scale to that of cells and small biological 
structures. This allows us to manipulate and observe few or single cells instead of 
dealing with several thousand or million cells in the macro-scale. Furthermore, aseptic 
processing and sterility of the environment becomes less of a concern in these devices 
because the experimental environment is confined in the length of the micro-channel. 
Microfluidic devices are also easy to manufacture and have minimal cost. As such, they 
can be used as disposable components in bio-analytical systems. 
 

 
Fig 1. Overview of Bio-analytical System 

 
An overview of the bio-analytical system we aim to develop is shown in Fig 1. Targets 
in the sample are to be separated first from unwanted particles and contaminants. After 
which, the remaining particles in the solution are focused in a tight stream and then 
optically interrogated using high-speed optical systems. As a final step, the targets may 
be separated from other waste particles based on the images taken by the optical system. 
 
To ensure that all targets passing through the optical system are imaged, it is necessary 
to focus the flowing particles in a tight stream before optical interrogation. There are 
several methods of particle focusing that have been developed and used in microfluidic 
systems.2 In this study, we utilize the method of inertial focusing to align the particles 
along a tight stream. Inertial focusing has the advantage over other methods because it 
does not require external forces or multiple streams to focus particles. 
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Inertial focusing in microfluidic channels was first demonstrated by Di Carlo.3 At 
certain conditions, particles flowing in a channel migrate to certain equilibrium 
positions. This effect is observable when particles are flown with Reynolds numbers in 
the order of 100-101. The inertial focusing effect is shown in Fig. 2. In a circular 
channel, particles are focused along a single annulus 0.6r away from the center of the 
channel, where r is the radius of the channel. In square channels, the equilibrium 
positions are located near the center of the channel faces. When the aspect ratio of the 
channel is increased (for rectangular channels), the two equilibrium positions along the 
short-walls disappear and only the long-wall equilibrium positions remain. 
 

 
Fig 2. Inertial Focusing in Various Channel Shapes4 

 
In this study, we combine the inertial focusing effect with secondary flows in a step 
channel in order to focus particles in a single tight stream. This step channel design is 
adapted from Chung, et al.5 

 
 
METHODOLOGY 
 
Device Fabrication and Channel Design 
 

 
Fig 3. Channel Design (left) and Image of Microfluidic Chip (right) 

 
The microfluidic chip was fabricated using conventional soft lithography techniques. 
The channel design was imprinted on a silicon wafer using photolithography to obtain a 
mould. Poly(dimethylsiloxane) (PDMS) was then cast on the mould and subsequently 
bonded to a glass slide using plasma oxidation. 
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The channel design consisted of 23 µm steps along a 46 x 80 µm channel. The total 
length of the channel is 5 cm, with 16 evenly spaced steps. 
 
Particle Flow Imaging 
 
Particles were flown along the channel with particle Re’s ranging from 1.1 to 17. The 
particles that were flown include polystyrene microbeads (7.9 and 16 µm diameter) and 
Euglena cells. Images of the flow were obtained using a high-speed camera mounted on 
a conventional optical microscope. 
 
Sample images were also taken using serial time-encoded amplified imaging 
(STEAM)6. 

 
 
RESULTS AND DISCUSSION 
 
Effect of Various Flow Parameters 
 
To determine the effect of flow conditions on the particle focusing effect in the step 
channel, two parameters were varied: the particle size and flow speed. 
 
From Fig 4, it can be seen that particle focusing improves with larger particle size. In 
both cases, the particles were made of polystyrene and were flown at the same 
concentration and flow speed. The improvement in focusing with larger size is because 
of the increased inertial lift. As the inertial lift force increases, the particles migrate 
faster and thus demonstrate better focusing.  
 
Fig. 5 shows that the same effect is observed when a mixture of both 7.9 and 16 µm are 
flown. The smaller particles remain unfocused while the larger particles demonstrate 
good focusing. 
 

 
 

Fig 4. Effect of Particle Size on Particle Focusing 
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Fig 5. Flow of Particle Mixtures 
 

Fig. 6 shows the flow profile for the particles at different flow speeds. Position 0 on the 
histogram indicates that the particles are focused on the centerline of the channel. A 
higher number indicates that the particles are found at certain distances away from the 
channel center. The histogram shows the normalized count of the particles out of N= 60. 
From the figure, it is evident that more particles are found closer to the center of the 
channel when Re is higher. This indicates that the inertial focusing effect improves with 
increasing flow speed for the range tested. 

 
Fig 5. Flow Profile for Varying Flow Speeds (16 µm polystyrene microbeads; 

concentration = 4.44 x 104 particles/ml; N = 60) 
 
 

Euglena Cells in Flow 
 
Euglena cells also demonstrated good focusing in the step channel that we fabricated. 
These cells are about 10 x 20 µm in size, comparable to the size of the 16 µm 
polystyrene beads that were previously tested. 
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Despite showing good particle focusing, the cells demonstrated other types of motion 
during the flow. Aside from the translation motion (due to inertial migration), the cells 
were also undergoing rotational motion and shrinkage as they flow through the channel. 
These effects are shown in Fig. 7. These motions may arise because of the secondary 
flows that occur along the channel. Fluid streams passing through the steps of the 
channel follow a helical profile and thus may have induced rotational motion in the 
cells. This may be a concern in further downstream applications since the orientation of 
the cells may affect the evaluation of the images. 
 

 
Fig 7.  Rotation and Expansion in Flowing Euglena Cells 

 
Sample Images from STEAM 
 
Finally, a STEAM camera system was used to obtain higher resolution images of the 
flowing particles. Some of these images are shown in Fig 8. From these figures, it can 
be seen that some of the particles produce blurred images. This indicates that not all 
particles are focused along the same focal plane; that is, not all of the particles are on 
the same position along the depth of the channel. This result implies that the channel 
design needs to be improved further to ensure that it can also focus the particles into the 
same focal plane. 

 
Fig 8. Samples STEAM Images of Flowing Microbeads  

(16 µm polystyrene microbeads flowing at 1 m/s) 
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CONCLUSION AND FUTURE WORK 
 
In this study, we fabricated a microfluidic step channel that demonstrates good particle 
focusing for 16 µm particles and Euglena cells. It was also shown that focusing 
efficiency improves with increasing flow speed and larger particle size. Finally, non-
rigid particles such as Euglena cells demonstrate other types of motion as they flow 
along the channel due to the secondary flows. 
 
Further improvement of the channel design needs to be done in order to attain perfect 
particle focusing. For example, the number of channel steps may be increased to create 
a stronger secondary flow effect and improve the focusing. 
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