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Abstract

:

Controlling the fluids in centrifugal microfluidic chips for precise sequential release is critical for multi-step reactions and immunoassays. Currently, the traditional methods of liquid sequential release mainly rely on various types of microvalves, which face the problems of complex operation and high costs. Here, this work presents a method for driving liquid release using the Euler force. Under continuous acceleration and deceleration, the centrifugal and Euler forces can transfer the liquid from the sample chamber to the collection chamber. The liquid sequential release mechanism based on the Euler force was analyzed, which showed that the angular acceleration is key to the liquid release. Then, the geometrical parameters affecting the angular acceleration of complete release were investigated and simulated. Finally, based on the relationship between the geometrical parameters of the connecting channels and the angular acceleration of complete release, a simple and precise sequential release structure was designed, which allowed for a sequential and stable transfer of the liquid into the reaction chamber. The results showed that the proposed method is capable of transferring liquid, and its simple structure, low manufacturing cost, and ease of operation enable precise sequential liquid release in centrifugal microfluidic platforms.
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1. Introduction


Centrifugal microfluidic platforms hold significant promise for applications in areas such as point-of-care testing (POCT), due to their operational simplicity, high level of integration, and high throughput [1]. By utilizing physical forces such as centrifugal force, the Coriolis force, and Euler force on centrifugal platforms, fluids can be precisely controlled to realize various functions such as transportation, metering, aliquoting, mixing, etc. [2,3], which provides great potential for integrating a variety of complicated functions into molecular diagnostic platforms, rendering them particularly suitable for POCT systems. However, controlling liquids to achieve precise sequential release has emerged as a critical challenge for biochemical assays such as enzyme-linked immunosorbent assays (ELISA) [4] and nucleic acid extraction [5].



Currently, it is common to use different types of valves in centrifugal microfluidic platforms for controlling the sequential release of fluids. The valves on centrifugal microfluidic chips are primarily categorized into active and passive valves. Active valves are usually reliable, because they are less reliant on machining accuracy and the stability of material properties. For example, representative active valves include electrowetting valves [6,7], diaphragm valves [8,9,10], and phase change microvalves [11,12,13]. Electrowetting valves can be remotely controlled with an external electric field to change the wetting of the valve, triggering its opening [14]. Diaphragm valves integrate a resilient diaphragm with a valve adaptor, allowing the valve to be reversibly opened and closed using a push rod [15]. Phase-change microvalves are typically single-use, requiring sacrificial materials to be pre-embedded in the chip prior to each use and utilizing temperature changes to open the valve [16]. Nevertheless, despite their robustness, active valves often necessitate more stringent external devices in addition to a control motor for state control, which increases system complexity and cost. To achieve simple, easy to manufacture and operate flow control, various types of passive valves have been developed. For example, hydrophobic valves [17,18], siphon valves [19,20,21], and capillary valves [22,23]. These passive valves do not require any external auxiliary devices besides the motor. They are primarily based on the capillary forces acting on centrifugal microfluidic chips and the centrifugal forces generated by the motor drive. However, they often involve additional complex processes, such as surface modification, and their stability tends to decrease over time, complicating the fabrication of centrifugal microfluidic chips. To avoid surface modification of the centrifugal microfluidic chip material, the valve can be opened by only controlling its motion state. Consequently, a method for decanting liquids using the Euler force has been proposed, which utilizes the Euler force as the driving force for liquid pumping to achieve the transfer of liquids. For example, Deng et al. designed a valve that enables the transfer of liquid, while the parameters affecting the valve turn-on were not studied in depth and cannot meet the needs of multi-step operations for liquids on centrifugal microfluidic chips [24]. Li et al. demonstrated multiple-unit operations of liquids on a chip; however, hydrophilic modification of the back-end channels was still required [25]. In addition, a dual-chamber structure utilizing the Euler force to decant liquids enabled sequential flow control [26,27,28]. However, the width of the outlet caused instability in liquid transfer and increased the risk of reagent contamination during multi-step sequential releases. Therefore, passive valves for controlling liquids in centrifugal microfluidic platforms to achieve precise sequential releases should be characterized by high stability, without the need for surface modification, and with a simple fabrication structure and control.



Here, we present a method for driving liquid release using the Euler force, without surface modification, and with a simple and stable structure. To achieve precise sequential liquid release in centrifugal microfluidic platforms, we performed an in-depth analysis and optimization of key structures. First, the liquid sequential release mechanism based on the Euler force was analyzed, which showed that the angular acceleration is key to the liquid release. Simulation experiments on an Euler-force-driven valve showed that the rotational speed range, inclination angle of the connecting channel, height, and width were the parameters that mainly affected the full release of the fluid. Subsequently, we conducted specific experiments on these parameters, which demonstrated that the minimum angular acceleration required for full fluid release was influenced by the rotational speed range, with a minimum observed at ±2000 rpm. The angular acceleration required for full fluid release increased with the increase in liquid surface tension and the height of the connecting channel, and decreased with increases in the inclination angle, width, and depth of the connecting channel. These trends remained consistent, even when the experiments were repeated with variations in other parameters. Finally, based on the relationship between the geometrical parameters of the connecting channels and the angular acceleration necessary for complete fluid release, a simple and precise sequential release structure was designed, allowing for sequential and stable transfer of the liquid into the reaction chamber. The results showed that the proposed method is capable of transferring liquid, and its simple structure, low manufacturing cost, and ease of operation enable precise sequential liquid release in centrifugal microfluidic platforms.




2. Materials and Methods


2.1. Materials


The centrifugal microfluidic chips were made of polymethylmethacrylate (PMMA). The structure on the chip was designed using AutoCAD 2018 software (Autodesk, CA, USA) and machined using a computerized numerical control (CNC) milling machine (JDHGT400T, Jiangsu Fanyang Electronics Co., Ltd. Changzhou, China). The microstructures on the centrifugal chip were sealed using a pressure-sensitive film (T7120N-10F50, Zhejiang Ouren New Material Co., Ltd. Jiaxing, China). The liquid used in this experiment was made by adding food coloring to deionized water. Specifically, three different liquids were prepared by adding different amounts of pigment to a fixed volume of deionized water. The three liquids were used to measure their contact angles on the surface of the same connecting channel.




2.2. Equipment Development


The centrifugal microfluidic control system was composed of a servo motor (MS1H4-20B3, Huichuan Technology, Suzhou, China), a driver (SV630NS1R6, Huichuan Technology, Suzhou, China), and a programmable logic controller (PLC, Easy501-08, Huichuan Technology, Suzhou, China). The rotation of the motor was controlled by a computer program written in AutoShop V4.10.0.0 (Huichuan Technology, Suzhou, China). A high-speed camera (SH6-109-M-160, Shenzhen Shenshi Intelligent Technology Co., Ltd. Shenzhen, China) was used to capture images of the liquid flow on the centrifugal microfluidic chip during high-speed rotation, and a continuous light source (EF-220, Jinbei, Shanghai, China) was installed for illumination.





3. Results and Discussion


3.1. Design and Working Principle


Figure 1a illustrates the primary structural design of the presented Euler-force-driven valve, including the sample inlet, sample chamber, connection channel, collection chamber, and vent hole. When a centrifugal microfluidic chip rotates, the fluid within the chip is primarily subjected to centrifugal force (FC) and the Euler force (FE). The centrifugal force is generated when the fluid moves within a rotating frame of reference, and the Euler force arises when the chip accelerates or decelerates. These forces are described by Equations (1) and (2) [29] and can be controlled by the angular velocity ω, as shown in Figure 1a.


    F   C   = ρ   ω   2   r  



(1)






    F   E   =  ρ r      d ω    dt     



(2)




where ρ is the mass density of the fluid and r is the distance of the fluid from the center axis.



In achieving liquid release, the centrifugal platform provides an Euler force much larger than the centrifugal force, to drive the liquid transfer from the sample chamber along the connecting channel to the collection chamber, as shown in Figure 1. The movement of the liquid in the sample chamber is affected by both centrifugal and Euler forces. The centrifugal force moves the liquid in the direction of the radius, while the Euler force drives the liquid in the direction perpendicular to the centrifugal force. To facilitate the liquid transfer from the sample chamber to the collection chamber, the centrifugal microfluidic chip first rapidly decelerates in a counterclockwise (CCW) direction and then accelerates clockwise (CW). The relationship between ω, FC, and FE during release is shown in Figure 1b. Deionized water with red pigment was first added to the sample chamber, and the process for achieving liquid transfer was divided into four stages. In Stage I, when the centrifugal microfluidic chip was rotated at a constant rotational speed in a CCW direction, the liquid stayed at the bottom of the sample chamber due to the centrifugal force. In Stage II, through rapid deceleration, the Euler force drove the fluid in a CCW direction, causing the fluid to rise along the connecting channel until the rotational speed reached zero. At this point, the centrifugal force was minimized, and the liquid reached the highest point of the channel, where the two segments join. In Stage III, the chip was accelerated rapidly in a CW direction. At the beginning of rotation, the Euler force dominated due to being greater than the centrifugal force. The Euler force continued to drive the liquid to move in a CCW direction. As the rotational speed gradually increased, the centrifugal force dominated over the Euler force, causing the liquid to move radially until it filled the entire channel. In Stage IV, when the chip rotated CW at a constant rotational speed, the centrifugal force fully actuated the liquid, causing it to be transferred from the sample chamber to the collection chamber.




3.2. Design of Geometric Parameters of the Connecting Channel


In order to achieve precise control over the sequential release of liquids from multiple Euler-force-driven valves, this work explored the effect of various geometric factors on the angular acceleration of complete release. The specific geometrical parameters explored with the Euler-force-driven valve included the height of the connecting channel H, the inclination angle α, the depth of the channel Dep, and the width of the channel W (Figure 2a). First, the magnitude of the angular acceleration plays an important role in the liquid transfer process. If the angular acceleration is too small, it cannot provide enough actuation force for the liquid; if the angular acceleration is too large, this may affect the proper layout of multiple actuated valves. To control the sequential release of the liquid, it is important to determine the full release angular acceleration, which is defined as the minimum angular acceleration required to achieve the maximum volume ratio. The release volume ratio is defined as the ratio of the volume of liquid in the collection chamber to the original volume in the sample chamber (Figure 2b). In a structure with a height of 2 mm, an inclination angle of 40°, a depth of 2 mm, and a width of 0.5 mm, 25 μL of deionized water with pigment was added to the sample chamber. The chip was then rotated in a counterclockwise direction at an initial rotational speed of 3000 rpm. The liquid was transferred by decelerating in the counterclockwise direction and accelerating in the clockwise direction with different angular accelerations, and finally rotated in the clockwise direction at a final rotational speed of 3000 rpm. The results showed that the release volume ratio increased with the angular acceleration. However, the release volume ratio reached a stabilized value when the angular acceleration exceeded 22,000 rpm/s (Figure 2c). At this point, 22,000 rpm/s was referred to as the full release angular acceleration.




3.3. COMSOL Simulation


In order to verify the feasibility of the experiments, the parameters were analyzed through COMSOL Multiphysics 6.0 numerical simulation prior to the specific experiments. A two-phase flow phase field approach was employed to track the interface between two immiscible fluids. This can be expressed in the following equations and solved with the Navier–Stokes (Equation (3)) and the continuity (Equation (4)).


  ρ     ∂ u     ∂ t     + ρ    u ·  ∇   u = ∇ ·   - pI + K   + F  



(3)






  ρ ∇ · u = 0  



(4)




where ρ is the fluid density, t is time, u is the fluidic velocity vector, p is the pressure, I is the unitary tensor, and F is the volume force acting on the fluid.



In the phase–field interface, the dynamics of two-phase flow are governed by the Cahn–Hilliard equation. This equation is used to track the diffusion interface, which is the region between two immiscible liquids where the dimensionless phase field variable φ transitions from −1 to 1. The propagation of the two-phase flow interface and the initialization of the phase field are controlled by Equation (5):


     ∂ φ    ∂ t      + u ·  ∇ φ = ∇ ·     γ λ      ε   2      ∇ Ψ  



(5)




where γ is the mobility, λ is the mixing energy density, ε is the interface thickness parameter, and Ψ is referred to as the phase field covariate.



A two-dimensional, two-phase laminar flow model was utilized, with water and air as the fluids, having densities of 1000 kg/m3 and 1.61 kg/m3, respectively, and dynamic viscosities of 8.94 × 10−4 Pa·s and 1.86 × 10−5 Pa·s at a temperature of 25 °C. The rotational domain in the dynamic mesh was added, and an interpolation function was called to represent the change in rotational speed of the valve structure over time. The centrifugal and Euler forces generated by the rotation of the valve structure around the midpoint of rotation were utilized to represent the volumetric forces. Zero-pressure boundary conditions were used for both the outlet and inlet boundaries, while no-slip boundary conditions were implemented for all other boundaries. The contact angle of the wetted wall was 93.4°. The numerical simulation results obtained are shown in Figure 3. The results indicate that the full release acceleration decreased with an increased in the initial rotational speed, and the full release angular acceleration no longer changed after reaching a certain initial rotational speed (Figure 3b). For the same rotational speed range, the full release angular acceleration decreased with increasing connection channel width and inclination angle (Figure 3c,e), and increased with increasing connection channel height (Figure 3d). Thus, the necessity of the parameters proposed for the study was verified, while the trends among the rotational speed range, inclination angle of the connecting channel, width, height, and the full release angular acceleration, as indicated by the simulation results, provided a preliminary reference for the subsequent experiments.




3.4. Study of Parameters Affecting Controlled Sequential Release


In order to combine the use of Euler-force-driven valves that can be triggered by different full release angular accelerations, we aimed to enable the controlled sequential release of fluids on centrifugal microfluidic platforms. Consequently, we investigated the effects of the rotational speed range, liquid surface tension, and the geometrical parameters of the connecting channel on the full release angular acceleration. First, the rotational speed range was defined as the starting rotational speed of the centrifugal microfluidic chip in the counterclockwise direction to the terminating rotational speed in the clockwise direction. As shown in Figure 4a, the full release angular acceleration decreased with increasing rotational speed, until it reached a minimum point at a rotational speed range of ±2000 rpm or more, when all other parameters remained constant. This was due to the fact that, in the high rotational speed range, the centrifugal force generated was much greater than the Euler force, which prevented the Euler force from driving the fluid. However, it was advantageous to use a wider rotational speed range to increase the time for the Euler force effect. Nevertheless, the full release angular acceleration did not change when the rotational speed range was increased from ±2000 rpm to ±6000 rpm, as shown in Figure 4a, because the Euler force on the fluid was counteracted by the centrifugal force generated at high rotational speeds. The effective rotational speed range may vary with the geometric parameters of the connection channel. Therefore, three different sets of inclination angles were used to investigate the relationship between the rotational speed range and full release angular acceleration. From the experimental results obtained, it was clear that the effective rotational speed range was essentially unchanged with variations in the geometrical parameters of the connecting channel. Consequently, the rotational speed range chosen for this experiment was ± 3000 rpm.



To investigate the relationship between the surface tension of a liquid and its full release angular acceleration, we used three liquids with different formulations to measure their contact angles on the surface of the same connecting channel. The contact angles were measured to be 77.6°, 83.8°, and 93.4° by placing 1 μL droplets on a contact angle meter (Figure 3c).



The relationship between the contact angle θ of a droplet and the surface tension can be expressed by Young’s equation as [30]


  γ =      γ   s v   −   γ   s l      c o s θ      



(6)




where γ is the liquid–gas interfacial tension, γsv is the solid–gas interfacial tension, and γsl is the solid–liquid interfacial tension.



From Equation (6), it can be seen that the liquid surface tension increases with an increasing contact angle. Figure 4b illustrates that, for the same inclination angle, the full release angular acceleration increased with an increasing liquid surface tension. Even when the tests were conducted using different structures, the conclusions obtained remain consistent.



Second, four distinct geometrical parameters (inclination angle, height, depth, and width of the connecting channel) were selected to investigate their effect on the full release angular acceleration (Figure 5). The rotational speed range employed in these experiments was ±3000 rpm, the contact angle of the liquid was 83.8°, and each set of experiments was validated using four different sets of parameters, with the aim of ensuring that the conclusions drawn were generalizable and consistent. Figure 5a shows that for the same liquid surface tension, width, depth, and height of the connecting channel, the full release angular acceleration decreased with increasing inclination angle of the connecting channel. Figure 5b illustrates that, for the same width, depth, and inclination angle of the connecting channel, the full release angular acceleration increased with the height of the connecting channel. Similarly, the full release angular acceleration decreased with the increasing depth and width of the connecting channel, with other factors being equal (Figure 5c,d). The above findings also show that the full release angular acceleration can be flexibly varied over a wide range by adjusting the geometric parameters of the connecting channel. Moreover, based on these conclusions, precise and controlled sequential release of liquids on centrifugal microfluidic platforms can be effectively achieved through the integration of Euler-force-driven valves, which are activated by varying full release accelerations.




3.5. Design and Implementation of Sequential Release Structures


Controlling the fluid to achieve a precise sequential release is one of the most complex steps in centrifugal microfluidic platforms. For instance, isothermal amplification processes typically include operations such as sample processing, nucleic acid extraction, and amplification reactions, and therefore require controlled and precise release of different reagents in a sequential manner [31]. Here, based on the above design principle and the relationship between each parameter and the full release angular acceleration, a simple and precise sequential release structure was designed, as shown in Figure 6a. Since the Euler-force-driven valves are located in different radial positions, the turning on of an Euler-force-driven valve is mainly related to the Euler force. Equation (2) shows that as Euler-force-driven valves get closer to the center of rotation, the smaller their centrifugal radius becomes and the greater the minimum acceleration required for the complete release of the fluid. Therefore, to achieve sequential release of the fluid, the height, inclination angle, depth, and width of each connecting channel were appropriately adjusted so that each of the Euler-force-driven valves had a sequentially increasing full release angular acceleration. The geometric parameters of the designed sequential release structure are listed in Table 1. According to the control of the rotational speed (Figure 6b), the centrifugal microfluidic chip initially rotates counterclockwise at 4000 rpm, then decelerates to 0 with an angular acceleration of 20,000 rpm/s to activate valve 1 (Figure 6c), and immediately accelerates clockwise to 4000 rpm with an angular acceleration of 20,000 rpm/s, subsequently rotating clockwise at a constant speed of 4000 rpm to realize the release of valve 1 (Figure 6d). Subsequently, valve 2 is activated by decelerating to 0 with an angular acceleration of 35,000 rpm/s (Figure 6e), then immediately accelerating counterclockwise to 4000 rpm with an angular acceleration of 35,000 rpm/s, and finally rotating counterclockwise at a constant speed of 4000 rpm to enable the release of valve 2 (Figure 6f). By running counterclockwise and clockwise at ±4000 rpm with angular accelerations of 50,000, 95,000, and 100,000 rpm/s, the liquids in valves 3, 4, and 5 can be transferred sequentially into the reaction chamber (Figure 6g–l). Liquid sequential release videos are provided in the Supplementary Information.





4. Conclusions


In this work, a method for driving liquid release using Euler force was presented. First, the liquid sequential release mechanism based on the Euler force was analyzed, which deduced that the angular acceleration is the key to the liquid release. The minimum angular acceleration required for complete fluid release is associated with the rotational speed. This angular acceleration is minimized when the rotational speed is ±2000 rpm. Furthermore, the angular acceleration necessary for complete liquid release increases with the surface tension of the liquid. Additionally, the geometric parameters of the connection channel in an Euler-force-driven valve influence the fluid’s full release acceleration. Specifically, the angular acceleration required for complete liquid release decreases with the increasing inclination angle, width, and depth of the connection channel, while it increases with the height of the connection channel. Finally, based on the relationship between the geometrical parameters of the connecting channels and the angular acceleration of complete release, a simple and precise sequential release structure was designed, which allows for a sequential and stable transfer of the liquid into the reaction chamber. Our Euler-force-driven sequential liquid release structure enables liquid transfer, without requiring tedious steps such as surface modification of the chip material, and is simple, stable, and reliable, without the need for complex external equipment. We strongly believe that it can be used for immunoassays or clinical tests, such as ELISA and nucleic acid extraction.
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Figure 1. Schematic diagram of the structure and working principle of the Euler-force-driven valve on a centrifugal microfluidic chip. (a) Structure of the Euler-force-driven valve. (b) Processes of rotational speed (ω), centrifugal force (FC), and Euler force (FE) during fluid transfer, along with the states of different liquids in the four stages. 
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Figure 2. Schematic diagram of geometric parameters. (a) Schematic representation of the geometric parameters of the valve structure. (b) Plot of the liquid levels in the sample chamber compared to those in the collection chamber at various angular accelerations. (c) Correlation between angular acceleration and the release volume ratio. 
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Figure 3. Simulation results of Euler-force-driven fluid transfer. (a) Schematic simulation of the liquid transfer process (a0) denotes the rotation speed versus time during simulation, (a1–a5) illustrate the simulation process of liquid transfer, with the gas phase depicted in red and the aqueous phase in blue. (b) Simulation results of initial rotational speed and full release angular acceleration. (c) Simulation results of connecting channel width and full release angular acceleration. (d) Simulation results of connecting channel inclination angle and full release angular acceleration. (e) Simulation results of connecting channel heights and full release angular acceleration. 
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Figure 4. Study of rotational speed range and liquid surface tension. (a) Trends in full release angular acceleration across different rotational speed ranges. (b) The relationship between liquid surface tension and full release angular acceleration. (c) Contact angles of different liquids. 
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Figure 5. Study of the geometric parameters of the connecting channel. (a) The relationship between the inclination angle of the connecting channel and the angular acceleration upon complete release. (b) The relationship between the height of the connecting channel and the angular acceleration upon complete release. (c) Trends in full release angular acceleration for different depths of the connecting channel. (d) Trends in full release angular acceleration for different widths of the connecting channel. 
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Figure 6. Schematic diagram of controlled sequential release. (a) Design drawings of five Euler-force-driven valve sequential release configurations. (b) Plot of speed versus time during sequential release. Within the ±4000 RPM rotation speed range, the running angular accelerations are 20,000, 35,000, 50,000, 95,000, and 100,000 RPM/s from left to right. (c–l) Physical images corresponding to (b) during sequential release. 
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Table 1. The geometric parameters of the controlled sequential release structures.






Table 1. The geometric parameters of the controlled sequential release structures.





	Structure
	A (°)
	H (mm)
	W (mm)
	Dep (mm)





	1
	40
	2.4
	0.9
	2



	2
	40
	2.2
	0.7
	1.5



	3
	40
	3
	0.9
	2



	4
	40
	2.2
	0.7
	2



	5
	50
	1.9
	0.9
	1.5
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