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Analysis of centrifugal force-driven filling flow into rotating spiral microchannels
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Introduction and Results: In recent years, a centrifugal pumping method has been widely used in microfludic applications for its convenient controlling of fluid flow1. Compared with the traditional pressure-driven or electrokinetic techniques, centrifugal pumping avoids using tubes or electrical connections. Moreover, the sequence of flow can be controlled by the rotating speed of the platform2. Typically, the fluidic channels prepared on compact disc (CD)-type microfluidics for centrifugally-pumped microflow are designed in the radial orientation. This radial design has several limitations such as restricted dimension of fluidic structure (maximum about 5 cm) and short residence time for biochemical reactions in bio-analysis applications. By using a spiral design, the length of the microchannels as well as the residence time can be extended. So far, the spiral microchannels on the rotating CD-type microfluidics have been successfully applied to DNA hybridizations3. Although rigorous flow dynamics in radial and circular microchannels have been investigated, fluid behaviors in spiral channels have been rarely studied. In this work, we focused on the studies of centrifugal force-driven flows in the spiral microchannels. The key factors impacting on the critical rotation speed (fc) were examined, such as the distance between the reservoir outlet and the platform center (R), the size of the channel (perimeter C and cross section area A), the solution height (h) in the inlet reservoir, and the contact angle between the solution and the surface (θ). CD-type microfluidic platforms with different sizes of spiral channels (width: 0.3-1.0 mm, depth: 0.14 mm, length: 130 mm) were fabricated based on the soft photolithography technique and by molding PDMS prepolymer on the SU-8 master. Flow behavior of a Rose Bengal solution (1 mg/mL) placed in the inlet reservoir was observed by a high-speed CCD camera. 
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Fig. 1 Relationships between critical rotation speed and (A) the position of the inlet reservoir, (B) the hydrodynamic diameter (4A/C), (C) the solution height in the inlet reservoir and (D) the content of methanol in Rose Bengal solution. The red dashed points and curves represent the theoretical values and the black points and curves represent the experimental data, respectively.
Fig. 1 shows that the errors of the experimental measurements from the theoretical values were less than 15.6%. Power indexes of the proportionality between fc and R (Fig. 1A), channel size (Fig. 1B), h (Fig. 1C) are -0.46, -0.51 and -0.46, respectively, which are reasonably close to the theoretical values. Flow movements in the spiral microchannel at different rotation speeds were also investigated. The flow visualization during the disk rotating was achieved with the assistance of a digital video recorder. The displacement of the liquid front was measured and the data were plotted against time, as shown in Fig. 2. 
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Fig.2 Liquid front displacement versus time at different rotation speeds. The inset zooms in the time period from 4 s to 8 s.
The slope indicates the flow velocity of the fluid in the spiral microchannel. It can be found that at a lower rotation speed, 788 rpm, the flow velocity is lower at the initial 40 mm and then increase until the fluid reaches to the outlet reservoir (116 mm). At higher rotation speeds, such as 968 and 1148 rpm, the velocities of the liquid front are faster. The average flow velocities and flow rates were calculated and listed in Table 1. The results demonstrated that higher rotation speeds result in faster flow velocities and flow rates.

Table 1 Calculated average flow velocities and flow rates at different rotation speeds
	Rotation 

speed (rpm)
	Average flow velocity (40-116 mm, mm/s)
	Average flow velocity 
(0-116 mm, mm/s)
	Average flow rate 
(40-116 mm, μL/s)
	Average flow rate 
(0-116 mm, μL/s)

	788
	61.2
	17.9
	4.3
	1.2

	968
	83.6
	61.0
	5.8
	4.3

	1148
	175.1
	100.9
	12.3
	7.1


By applying the same method, the effect of the content of methanol in Rose Bengal solution on the flow velocity was studied. The results showed that the velocity of the liquid front increased as the content of methanol increased. Ongoing work is to apply the present device to the flow injection analysis by chemiluminescence detection and chromatographic separation by preparing monolith column in the spiral microchannels.
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