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Abstract. 
A centrifugal microfluidic system has been developed in this study, enabling the control and measurement of the burst frequency in order to manipulate the liquid. The radial microfluid chips with different microchannel dimensions were designed for simulation analyses and experimental verifications. The microfluidic flow in the microchannel was analyzed using software CFDRC, providing an accurate result compared with that from experiment. The results show that the design of the overflow microchannel can correctly keep the liquid volume with error as low as 5%. For mercurochrome, the burst frequency has an inverse proportion to the channel width, and the simulation results agree with the experimental results. For oil, however, the experimental and simulation results indicate that the relationship between the burst frequency and channel width is not obvious due to oil properties. Since the simulation approach can provide an accurate prediction of flow behavior in the microchannel, the design of radial microfluid chip and the control of burst frequency can be achieved effectively. A practical application to design the centrifugal microfluidic disc for blood typing test was also carried out in this study. The centrifugal microfluidic system can successfully control the spinning speed to achieve the result of adding reagents in a specific sequence.


1. Introduction
Biochip is an emerging technology that integrates biology, chemistry, optics, and electronics for biochemical analyses. These devices fabricated using (micro-electro-mechanical system) MEMS technique on glass, plastic, or quartz can conduct an analytical process in microscale volumes. Lab-on-a-chip (LOC) device, through the manipulation of microfluids, is one of the major types of biochips. Usually, LOC device contains several functional components, such as pump, valve, mixer, and filter, for performing sample preparation, test, and detection in a single chip. LOC devices have been successfully applied to numerous biochemical analysis procedures, including polymerase chain reaction (PCR), immunoassay, biochemical assay, and clinical diagnostics [1].
Since the device is miniaturized, the channel size has been reduced within the microscale. Technique for controlling and observing microfluid becomes the hinge of precise fluid manipulation. Two representative methods for microfluid actuation are electrokinetic and pressure-driven approaches, both of which require external actuation mechanisms to drive the microfluid flow.
Recently, the centrifugal force has been found to be an excellent and elegant method to control fluid flowing from the microchamber near the center of centrifugal disc to the peripheral microchamber. In the centrifugal microfluidic platform, a special component called capillary valve is designed to prevent the fluid from flowing out of the microchamber because of the balance of centrifugal force and capillary force which results from the surface tension in the junction where the microchannel meets the valve. The capillary valve is a kind of passive valve without any moving parts. When the centrifugal force is greater than the capillary force by increasing the spinning speed, the fluid bursts through the valve and begins to flow to the next microchamber. This is called the burst frequency [2]. The advantages of capillary valves include easy flow control and reduced production costs [3–8].
Numerical simulations have been applied to various fields [9, 10], for example, structural mechanics, thermology, electrical science, and hydrodynamics, and so forth. In the design of microfluidic system, simulation is also an economical and widely used solution to study the flow behavior in order to save design time and to reduce design mistakes. The obtained analytic results provide important information such as filling flow front advancement, pressure distribution, and velocity. Thus, this method can offer a simple design guide for the preliminary system design and predict the flow behavior in the microchannel precisely [11–17]. However, the burst frequency of the centrifugal microfluidic system has not been thoroughly investigated. In this study, the simulation approach of burst frequency is discussed, and the results are verified by experiments. 
2. Chip Design and Simulation
2.1. Design of Radial Microfluid Chip
The radial microfluid chip designed in this study can be divided into eight elements, including reservoir, meter chamber, capillary valve, main channel, overflow channel, reaction chamber, waste chamber, and vent, as shown in Figure 1. Their dimensions are shown in Figure 2.


	
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
						
							
						
							
						
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
						
							
						
							
						
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
						
							
						
							
						
					
				
			
		
	
	
	
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
		
	
	
		
	
		


	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure 1:  Design of radial microfluidic chip.




	
	
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
		
	
	
		
			
				
					
						
					
						
					
				
			
		
	
	
		
	
		
			
				
					
						
					
						
					
					
						
					
				
			
		
	
	
		
			
				
					
						
					
						
					
				
			
		
	
	
		
	
		
			
				
					
						
					
						
					
				
			
		
	
	
		
			
				
					
						
					
						
					
				
			
		
	
	
		
			
				
					
						
					
						
					
					
						
					
				
			
		
	
	
		
			
				
					
						
					
						
					
					
						
					
				
			
		
	
	
		
			
				
					
						
					
						
					
					
						
					
				
			
		
	
	
		
			
				
					
						
					
						
					
				
			
		
	
	
		
			
				
					
						
					
						
					
				
			
		
	
	
		
			
				
					
						
					
						
					
				
			
		
	
	
		
			
				
					
						
					
						
					
				
			
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		


	
		
			
				
				
			
			
				
				
			
			
				
				
				
				
			
			
				
					
				
				
					
				
				
					
					
				
			
			
				
			
			
				
					
				
				
					
				
				
					
				
			
			
				
					
				
				
					
				
				
					
				
				
					
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
					
				
				
					
				
				
					
				
			
			
				
					
				
				
					
				
				
					
				
			
		
	
	
		
			
				
				
				
				
				
				
			
			
				
				
				
			
		
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure 2: Dimensions of radial microfluidic chip.



					(1)   Reservoir, Meter Chamber, and Overflow Channel. The fluid is first stored in the reservoir. The meter chamber meters and collects a desired volume of fluid for quantitative experiment. Once the meter chamber is filled with the fluid, the excessive amount of fluid will be drained out from the overflow channel. That is, if the centrifugal force is greater than the surface tension produced in the intersection of overflow channel, the excessive amount of fluid can flow into the waste chamber, as shown in Figure 3. The width of overflow channel is designed to be 500 μm, and the depth is 200 μm.


	
	
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
		
	
	
		
	
		


	
	
	
	
	
	
	
	
	
	
	
	

(a)































(b)
































(c)
Figure 3: Design of overflow channel.



					(2)  Reaction Chamber and Waste Chamber. The biochemical reaction will take place inside the reaction chamber, while the redundant fluid or the byproducts will be introduced to the waste chamber. The design of these two chambers, including their sizes and locations, relies on the reaction protocol.

					(3)  Capillary Valve. The function of capillary valve is to block the fluid in the microchamber until the spinning speed reaches the burst frequency. Then, the fluid bursts through the valve and begins to flow. Thanks to the design of capillary valves, the different fluids flowing from their respective microchambers can be controlled in a specific sequence. The capillary valve has a sharp increased width in the cross-section of microchannel, producing the resistance of the capillary pressure for the microfluid in capillary valve to stop the flow.

					(4)  Main Channel. The main channel is used to transport the fluid into the reaction chamber. In this study, different widths of main channel, that is, 300, 400, and 500 μm, were designed for comparison, as shown in Figure 4.















Figure 4: Centrifugal microfluidic chips with different widths of main channel.



					(5)  Vent. The air existing in the sealed microchannel increases the difficulty for fluid actuation. The function of the vent is to exhaust the air in the microchannel so that the fluid can be driven smoothly.
2.2. Modeling and Simulation
Newton’s second law states that the time rate of change of the momentum of a fluid element is equal to the sum of the forces on the element. The Navier-Stokes Equation (1) represents the detailed fluid motion through the device as follows:
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A volume of fluids (VOF) method  was used to simulate two different fluid’s interface motion in the microchannel. The fluid distribution in the computational grid is accounted for using a single scalar field variable, 
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Under the microscale, the surface tension has significant effect on liquid flow and must be taken into account. Surface tension can be expressed as follows:
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In this study, computational fluid dynamics (CFD) was employed to simulate microfluidic flow behavior in the microchannel and the burst frequency at the capillary valve. The mesh type, element number, and grid quality are important factors which affect the results and calculation time. Due to the function limitation of software, structured grids are appropriate and used to solve surface tension problems [18]. In order to describe the cross-section of microchannel exactly, a 3D model type was chosen. The microfluid flows into the rectangle channel at a low Reynolds number leading to a flow field which is assumed laminar and uncompressible. Different channel dimensions having widths of 300, 400, and 500 μm were studied. Their depths were assumed to be 200 μm. The distance between the disc center and capillary valve was 50 mm. Other basic assumptions and parameters are listed in Table 1.
Table 1: Basic assumptions and parameters for numerical analyses.
	

	Problem type	Flow
	Free surface (VOF)
	

	Model options	Transient condition = transient
	Rotation reference input
	Reference pressure = 100000 N/m2
	Surface tension
	

	Volume conditions	Secondary fluid
	VOF input
	

	Boundary conditions	Inlet = fixed pressure default
	Outlet = fixed pressure default
	Rotating wall input
	Fluid volume fraction
	Contact angle for fluid 2 input
	

	Initial conditions	IC applied = volume by volume
	Fluid 1 input default
	Fluid 2 input default
	Volume VOF
	



The theoretical values of burst frequency can be calculated easily by [4] the following: 
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