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Abstract

:

Reciprocating piezoelectric micropumps enable miniaturization in microfluidics for lab-on-a-chip applications such as organs-on-chips (OoC). However, achieving a steady flow when using these micropumps is a significant challenge because of flow ripples in the displaced liquid, especially at low frequencies or low flow rates (<50 µL/min). Although dampers are widely used for reducing ripples in a flow, their efficiency depends on the driving frequency of the pump. Here, we investigated multi-phase rectification as an approach to minimize ripples at low flow rates by connecting piezoelectric micropumps in parallel. The efficiency in ripple reduction was evaluated with an increasing number (n) of pumps connected in parallel, each actuated by an alternating voltage waveform with a phase difference of 2π/n (called multi-phase rectification) at a chosen frequency. We introduce a fluidic ripple factor (  R  F  f l .    ), which is the ratio of the root mean square (  R M S  ) value of the fluctuations present in the rectified output to the average fluctuation-free value of the discharge flow, as a metric to express the quality of the flow. The fluidic ripple factor was reduced by more than 90% by using three-phase rectification when compared to one-phase rectification in the 2–60 μL/min flow rate range. Analytical equations to estimate the fluidic ripple factor for a chosen number of pumps connected in parallel are presented, and we experimentally confirmed up to four pumps. The analysis shown can be used to design a frequency-independent multi-phase fluid rectifier to the desired ripple level in a flow for reciprocating pumps.
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1. Introduction


There are mainly two ways of controlling fluid flow in microfluidics: active flow control and passive flow control. Active flow control requires an energy input from an actuator, and passive flow control does not require any actuators for fluid flow manipulation [1,2]. Active flow control is used in many applications, such as biomedical healthcare [3], food industry [4], inkjet printing [5], therapeutics [6], and soft robotics [7]. When compared to passive flow control, active flow control may provide greater control over the flow rate, a more precise flow, and closed-loop control [8,9,10]. Reciprocating pumps are one of the preferred pump types in active flow control for the delivery of gases and low-viscosity liquids (~1 mPa·s, e.g., water) [11,12]. They contain one or more pumping elements (pistons, plungers, or diaphragms) that reciprocate into and out of pumping chambers to produce the flow. The need for portable microfluidic platforms increased the interest in miniaturized reciprocating pumps, especially piezoelectric diaphragm pumps. These pumps are ideal for liquid flow rates of less than 50 µL/min and back pressures of up to 1.5 bar [13]. They do not require priming, have simple structures, and can be miniaturized and mass-produced [14].



Low-flow rates are necessary for applications such as organs-on-chips (OoC) technology, where organ functions are emulated with the aim of minimizing animal testing [15]. The fluid flow through OoC environments needs to be stable to provide an appropriate fluid shear stress level on the cells in microfluidic chambers, e.g., below a threshold of 3 Pa [16], while mimicking vascular perfusion [17,18,19,20]. The purpose is to generate a steady flow and prevent adverse effects on cells during fluid flow, which could influence the stability and viability of the cells.



Piezoelectric diaphragm pumps are promising in terms of miniaturization [12]. The working principle and the schematic representation of the pump are shown in Figure 1. The pump consists of a chamber with a piezoelectrically actuated diaphragm and check valves at the inlet and the outlet (Figure 1a) to displace the fluid in one direction. In the suction mode, the diaphragm deforms upward to allow the fluid inside the chamber while the check-valve at the inlet is open and the check-valve at the outlet is closed. In the discharge mode, the diaphragm deforms downward to displace fluid out of the chamber, while the check valve at the inlet is closed and the check valve at the outlet is open. The functionality in fluidic circuit symbols is shown in Figure 1b. The flow generated by piezoelectric diaphragm pumps pulsates due to the reciprocating motion of the displacing diaphragm (Figure 1c). The amplitude and frequency of the diaphragm are the main parameters for flow rate control.



There are several methods reported in the literature to remove the pulsations in reciprocating pumps [21]. These methods include pump design modification by changing chamber outlet geometry [22,23], pulsation dampers, such as flexible tubing [24] and compliant membranes [25,26], controllable flow restriction by throttling with an orifice [27,28], and the multiplication of pistons [21,29,30]. Pump design modifications and dampers are often limited in their effectiveness and introduce compromises with regard to system size and response time [31]. In some cases, high pressures above 1 bar are required for dampers to be effective [32,33]. Furthermore, dampers cover only a narrow frequency range of a design and, thus, cannot reduce frequency ripples effectively over the entire flow rate range of the pump [34]. Controllable flow restriction is carried out by adding an extra proportional valve, which might produce intolerable high back pressures by increasing the resistance of the microfluidic system.



We propose that multi-phase rectification is a promising method to reduce the pulsations in reciprocating pumps. To the best of our knowledge, no research has been conducted to explore and quantify multi-phase rectification by introducing fluidic ripple factors, albeit there are a few two-phase rectification studies that reached improvements of only 35% [35] and 55% [36] for flow ripple reductions (having out-of-phase differences between pumping chambers).



In this study, we explore generalized multi-phase rectification schemes and their effect on flow rate and flow ripples. We give a theoretical analysis on multi-phase rectification; then, the obtained results were compared to experiments using off-the-shelf piezoelectric diaphragm pumps. The ripple factor value of the flow was used as a figure of merit for a steady flow with increasing numbers of parallel-phased micropumps. As a final step, we analyze and discuss the back pressure values and the influence of flow restriction.




2. Theory


This section gives analytical equations for the computation of fluid flow and flow ripples. The equations are based on the analogy of rectification in electrical circuits.



2.1. Rectification Analogy with Electrical Elements


The electrical current ( I ) flowing through an electrical resistor ( R ) for an applied voltage ( V ) is given by Ohm’s law (V = I × R). Similarly, the fluid flow (    Q  ) through a resistive flow channel (   R h   ) for an applied pressure difference (ΔP) between the inlet and the outlet is given by Hagen-Poiseuille’s law (  Δ P = Q ×  R h   ) [37]. This analogy is quite useful in designing purely resistive microfluidic circuits.



The process of converting alternating current (  A C  ) to direct current (  D C  ) is known as electrical rectification. Input current (   I  A C    ) and average rectified output   D C   current (   I  D C    ) over a time period of   ω = 2 π   are given as [38]


   I  A C   =  I  m a x   s i n   ω t    



(1)






   I  D C   =  1  2 π     ∫  0  2 π    I  m a x   s i n   ω t   d   ω t      



(2)







Since the  π  to   2 π   cycle of a   2 π   period of    I  D C     is equal to zero for a half-wave rectifier, Equation (2) can be rewritten as


   I  D C   =  1  2 π     ∫  0 π   I  m a x   s i n   ω t   d   ω t    



(3)







Similarly, the root mean square value (   I  R M S    ) is defined as


   I  R M S   =    1  2 π     ∫  0 π       I  m a x   sin   ω t      2  d   ω t      



(4)







The ripple factor (  R F  ) is used to measure the ripple content in the rectified signal. The ripple factor is defined as the ratio of the root mean square (  R M S  ) value of the   A C   component present in the rectified output to the average   D C   component of the rectified output signal when the load is purely resistive [39]:


  R F =      I  R M S  2  −  I  D C  2       I  D C     =          I  R M S      I  D C        2  − 1    



(5)







With the analogy of electrical current ( I ) in the electrical domain-to-flow rate ( Q ) in the fluidic domain, the following equation can be written for the flow rate in microfluidic rectifiers (with flow discharge only for  0  to  π  cycle of a   2 π   period in a single pump or the equivalent half-wave rectifier):


   Q  D C   =  1  2 π     ∫  0 π   Q  S t r o k e   s i n   ω t   d   ω t    



(6)






   Q  R M S   =    1  2 π     ∫  0 π       Q  S t r o k e   s i n   ω t      2  d   ω t      



(7)






  R  F  f l .   =          Q  R M S      Q  D C        2  − 1    



(8)




where    Q  S t r o k e     is the peak flow rate generated by one stroke of the actuator in the piezoelectric diaphragm pump. Here, valves and actuators are considered to be ideal for the sake of simplicity, i.e., valves have zero forward pressure drop, actuators have zero resistance, and no reverse flow or leakage occurs in the pumping system.




2.2. Multi-Phase Rectification


In multi-phase rectification, n micropumps are connected in parallel, as shown in Figure 2. Each individual pump is considered similar to the others in terms of the chamber, valve, and channel parameters, resulting in the same performance. The phase difference of actuation for each pump is   2 π / n  . A pictorial representation of the same is given in Table 1 with examples of up to five phase rectification.



For a period of   T = 2 π   and an n-phase rectifier configuration, there will be n-pumps, with each pump being actuated at a phase difference (   φ i   ). Note that each pump discharges flow only in one half-cycle ( 00  to  π ) of the actuating full-cycle waveform:


   φ i  =   i − 1   × 2 π / n ,         i = 1 , 2 , 3 , … , n  



(9)






   Q  D C  n    =   ∑   i = 1   i = n      1  2 π     ∫    φ i     φ i  + π    Q  S t r o k e   s i n   ω t +  φ i    d   ω t      



(10)






   Q  R M S  n    =     ∑   i = 1   i = n      1  2 π     ∫    φ i     φ i  + π        Q  S t r o k e   s i n   ω t +  φ i       2  d   ω t        



(11)






  R  F  f l .   =          Q  r m s  n       Q  D C  n         2  − 1    



(12)







The theoretically calculated values for    Q  D C    ,    Q  R M S    , and   R  F  f l .     for up to nine-phase rectification with the pumps connected in parallel are shown in Figure 3. The    Q  D C     and    Q  R M S     values increase linearly with increasing numbers of phase-pump rectifiers because, with an increasing number of pumps, the number of pumps contributing to the effective output flow at a given phase also increases (see Table 1). The    Q  D C − m a x     to    Q  D C − m i n     values increase after every odd number of phase-pump rectifiers because an additional phase adds to the    Q  D C − m i n     minimum value. The   R  F  f l .     value already drastically decreases by 96.6% for the three-phase rectifier, and the subsequent improvement is asymptotically low. For a nine-phase rectifier, the   R  F  f l .     value is 99.6% lower than that of the one-phase rectifier. Note that with the increase in the pumps, the amount of power needed adds up. A MATLAB code for calculating n pumps in parallel and a case study of up to three-phase rectification are given in Appendix C and Appendix D, respectively.



The theoretically calculated flow rates and ripple factors for up to 100-phase rectifiers (using 100 pumps connected in parallel) are given in Table 2. It is important to highlight that the ripple factor of a rectifier having an odd number of pumps (after three pumps) is less than the rectifier with a neighboring even number of pumps, and it is the same as that of the rectifier with double the number of pumps. For example, the three-phase rectifier (n = 3) has a smaller ripple factor than the four-phase rectifier (n = 4), and it has the same ripple factor as the six-phase rectifier (n = 6). This relationship can be seen for each odd number of phases in multi-phase rectifiers. This is because of the way the fluid discharge profiles of each individual pump overlap with respect to the applied phase difference, as shown in Table 1 and Appendix B. The effective discharge profiles of each even-numbered phase rectifier (n = 2,4,6,…) have cycloidal repetitions equal to the applied phase difference. For odd-numbered rectifiers (n = 3,5,7,…), the cycloidal repetitions are equal to half of the applied phase differences. It is advantageous to operate odd numbers of micropumps in parallel while realizing multi-phase rectification.





3. Materials and Methods


The following components were used for testing: micropumps (mp6, Bartels Mikrotechnik GmbH, Dortmund, Germany), an arbitrary waveform generator in one-phase rectification case (RS PRO, RSDG 805, Northants, UK), and a microcontroller in a multi-phase rectification case to control the driving frequencies and phases (Nano Every, Arduino), with amplifiers having   100 ×   gain (BD300, PiezoDrive, Shortland, Australia), a flow sensor for monitoring the flow rate data (MFS3, Elveflow, Paris, France), a microfluidic chip as a resistive load (Fluidic 155, microfluidic ChipShop GmbH, Jena, Germany), and a flow restrictor to test the low flow rates (1/4–28 Micro-Metering Valve, IDEX, Sulzberg, Germany). The mp6 micropumps have two piezoelectric chambers connected in series with the appropriate check valves typically operated 180° out of phase. For our experiments, we used only one piezoelectric chamber and left the other chamber unconnected. The hydraulic resistance of the tubing and the flow rate sensor (≈1 × 103 Pa·s/m3 and ≈3.4 × 1010 Pa·s/m3, respectively) are considered negligible when compared to the microfluidic chip’s hydraulic resistance (≈4.3 × 1011 Pa·s/m3). The data on flow rate over time was collected using the Elveflow Smart Interface (ESI) in a computer. The different tubings used in the experiments are (1) PTFE (Teflon) tubing (1 mm inner diameter and 100 cm long for general connections). (2) Silicone tubing (1.3 mm inner diameter and 10 cm long for microfluidic chip connections). (3) Silicone tubing (1.3 mm inner diameter and 10 cm long for each micropump).



An experimental setup was prepared to test the multi-phase rectification schemes, as shown in Figure 4. The electrical control of the micropumps was realized by writing a sinusoidal signal generation code (with phase shifts) in Arduino IDE to create a frequency range of 0.25 to 10 Hz. In the one-phase rectification experiments, a frequency range of 0.1 Hz to 2 kHz was obtained by using the arbitrary waveform generator. The driving voltage was controlled by external potentiometers. Portable voltage amplifiers having two outputs were used for realizing high amplitudes for the piezoelectric micropump actuation.




4. Results and Discussion


4.1. Performance of a One-Phase Rectifier


A one-phase rectifier was investigated by pumping deionized water. The study was carried out by activating only one pump with only one of the piezo chambers of an mp6 Bartels pump activated and leaving the other pump chamber unconnected, effectively using the pump as a one-phase rectifier. The one-phase rectifier was tested for flow over time at various frequencies and three different amplitudes (Figure 5a). Notably, the flow rate ripples are very high at low frequencies, with an increasing trend in the range of 0.1–5 Hz, followed by a decreasing trend between 5 Hz and 100 Hz. Beyond 100 Hz, low ripples were observed in the flow. Although an increase in the driving voltage increases the flow ripples, high-driving voltages are able to cover wider OoC flow rate ranges when compared to low-driving voltages. Hence, the driving amplitude was fixed to 100 V to compare single- and multi-phase rectification by covering the 2–60 µL/min flow rate range when conducting the other experiments in this study.



The average liquid flow rate derived from Figure 5a is plotted with frequency in Figure 5b, with the standard deviation shown as the error bars. The amount of power consumed for different frequencies is also plotted in the same graph. The average flow showed an asymmetrical top hat-like distribution with frequency. This means that low flow rates can also be obtained by increasing the frequency beyond (in this case) 100 Hz. However, the power consumption steeply increases with increasing frequency.



In dynamic applications of piezo actuators, the power consumption of the actuator increases linearly with the actuator’s capacitance, driving voltage, and driving frequency. The following equations are used to calculate the power consumption of the piezo actuator [40,41]:


   I  a v g   =   C ∗  V  p p   ∗ f  



(13)






   P  p u m p   =   π ∗ C ∗  V  p p     2  ∗ f  



(14)




where  C  is the capacitance of the actuator,    V  p p     is the peak–peak driving voltage, and  f  is the driving frequency. The total current and total power consumption of the system can be calculated by using


   I  t o t a l   =    I  a m p l i f i e r   +  I  p u m p   =  I  a m p l i f i e r   +   C ∗  V  p p   ∗ f  



(15)






   P  t o t a l   =    P  a m p l i f i e r   +  P  p u m p    



(16)







The individual pump’s piezo actuator capacitance is defined by the manufacturer as 16 nF [42]. At 100 Vpp and 1 Hz for driving voltage and frequency, an individual pump needs a 1.6 µA average current (≈3.6 µA IRMS) for continuous operation with a sine wave. Increasing the driving frequency of the pump results in an increase in the flowing current (see Equation 13). For example, for a driving frequency of 100 Hz with the same driving voltage, the average current flow is 0.16 mA (≈0.36 mA IRMS), and for 1 kHz, it is 1.6 mA (≈3.6 mA IRMS). The calculated IRMS values are added to the 50 mA of current flowing through the amplifier, and then the Itotal values are obtained. The system power consumption is calculated from the voltage (24 V) and current (50 mA) values of the amplifier, resulting in 1.2 W until 300 Hz, with the increase in the pump’s power consumption (with frequency) being negligible. However, the power consumption increased exponentially above 300 Hz (Figure 5b).



As seen in Figure 5, a lower frequency range (0.1–75 Hz) has high fluidic ripples when compared to a higher frequency range. Therefore, working at higher driving frequencies is advantageous to achieve low ripple factors, but at the cost of increased system power consumption [43] and decreased efficiency in terms of the check valves [44]. As a result, the flow rate starts to drop significantly.




4.2. Performances of Multi-Phase Rectifiers


4.2.1. Improvement in Ripple Factor


We show here that multi-phase rectification will allow low-power, ripple-free low flow rates. The results of the one-phase, two-phase, and three-phase rectifiers tested at an amplitude of 100 V and varying frequencies from 0.25 to 10 Hz are shown in Figure 6. The fluidic ripple factors and the percentage improvement of the ripples from one-phase rectifier are shown in Figure 7. The experimental results of the RFfl. values are plotted along with the theoretical values in Figure 8. An increase in the average flow rate can be seen with an increase in the number of phase rectifications, as predicted by the theory (Figure 3). By using three-phase rectification, i.e., three micropumps in parallel with 120° phase shifts, an average improvement of 90.5% in ripple reduction was obtained for 0.25 to 10 Hz. This improvement is nearly independent of the driving frequency in the tested frequency range. When compared to the theoretical improvement of 96.6% in Figure 3 and Table 2, there is a ~6% difference. The possible reason for this difference could be due to not having exactly identical pumps from the manufacturer. Each micropump has its own tolerance for the pumping membrane and valve thicknesses, thus affecting the stiffness of the pumps. In the theoretical study, the flow profiles are ideal sinusoids since the transfer function (H(s) = pressure/flow rate) is assumed as 1 when the flow profiles are obtained. On the other hand, we observe that the flow profiles are more like distorted sinusoids in the experiments. Flow profiles are affected by at least three parameters that are neglected in the theoretical study: the threshold pressure needed to open the check valves (Figure 1), fluid inertia, and the compliance of the silicone tubings. These parameters influence the shape of the flow profiles so as to create distorted sinusoidal waveforms when compared to the theoretically described sinusoidal waveform (Table 3 and Table A3 in Appendix E). The threshold pressure required for opening the valves and fluid inertia effects are observed at the accelerating part of the flow profile, creating a delay when compared to the theoretically obtained flow profiles. Threshold pressure depends on the valve design [45,46], and it has a similar effect on a conducting fluid as threshold voltage does on diodes [47]. Fluid inertia influences the motion of the valves by adding mass to the system [48,49] and creates a delay at the accelerating part of the flow profile. The capacitive behavior of flexible tubing creates compliance in the microfluidic system, which has already been studied in microfluidics [24,50,51]. Although the capacitive effect has a major influence on flow profiles and flow ripple values, we observed that its influence on flow ripple improvements is limited to an average of ~6% in the frequency range of 0.25 to 10 Hz. The delay in the descending part of the flow profile can be up to 1 s, affecting the time constant of the output flow profile (Table 3). Due to the capacitive effect, flow rates do not reach a zero level in multi-phase rectifiers, even at very low frequencies.



Figure 5a and Figure 6 show that the flow profiles of the one-phase rectifier return to zero below 1 Hz. This indicates a fluidic time constant of approximately 1 s in our experimental setup. The flow profiles reach zero for excitation frequencies lower than 1 Hz (1 s fluidic time constant). The flow profiles do not reach zero for excitation frequencies higher than 1 Hz. For very high excitation frequencies, the flow profiles do not reach zero; the fluidic system is too slow to catch up, and, hence, the flow rate is smoothed out. Therefore, we expect the phase rectification method to be very effective below 1 Hz (above the fluidic time constant of the system). Figure 6 and Figure 7a,b clearly show that rectification is effective at least up to 10 Hz. This indicates rectification is effective until it matches the smoothness obtained by high excitation frequencies. The fluidic time constant of the system is due to compliant elements like pump membrane capacitance and silicone tubings. If non-compliant tubes are used, e.g., stainless steel tubes, the fluidic time constant will be shorter. The close-up flow profiles, the calculated fluidic ripple factors, and the flow oscillations are shown and compared with the theoretical flow profiles for 0.25 Hz in Table 3. These profiles are also merged and compared in Appendix E to analyze the deviations for each rectifier. Similar results for the 0.5 and 1 Hz frequencies are also shown in Appendix F and Appendix G.




4.2.2. Influence of Multi-Phase Rectification on Back Pressure


There will be a back pressure exerted on the micropumps due to the flow resistance in the microfluidic circuit, thus influencing the pumping flow rate. Therefore, we studied the influence of back pressure on the micropump. In order to generate back pressure in the micropumps, the height of the outlet reservoir was raised above the inlet reservoir level (see Figure 4), thus increasing the hydrostatic back pressure. The average flow rate, Q, was measured as a function of the back pressure, P, for three types of rectifiers at 1 Hz, as per Figure 9. During the experiment, the microfluidic flow resistance was kept constant, and the height of the outlet reservoir (along with the microfluidic chip used as fluidic load resistance) was increased in steps of 100 mm to observe the effect of increasing hydrostatic back pressure on the average flow rate. The average flow rate linearly decreased with increasing back pressure, as expected. The one-phase and two-phase rectifiers showed similar behavior and could withstand a back pressure of about 40 mbar when the flow rate became zero. In contrast, the three-phase rectifier could withstand higher back pressure: up to 60 mbar. For a given flow rate, three-phase rectification can handle higher back pressure (P3 >> P1 & P2), as shown in Figure 9. This is due to the distributed pumping load among three parallel pumps, as shown by the overlapping phases (Table 1). As the rectification level increases, the phase overlapping also increases, indicating the back pressure distributed over the pumps connected in parallel. Therefore, the back-pressure capability of the system increases with increasing fluidic rectification. The influence of increasing frequency on back pressure for rectification is shown in Appendix H. As the average flow rate of the micropump increases with frequency (Figure 6), the higher the micropump frequency, the greater the amount of back pressure the given rectifier can withstand.




4.2.3. Obtaining Very Low Flow Rates


Changing the height of the reservoirs to obtain very low flow rates (Figure 9) is not a practical solution; therefore, a micro-metering valve (a flow restrictor) was used after the micropumps. The micro-metering valve limits the cross-sectional area of the flow channel, leading to an increase in the back pressure and a decrease in the flow rate. The height of the inlet reservoir, micropumps, micro-metering valve, and outlet reservoir were kept at the same level. The micropump actuation was fixed at a driving voltage of 100 V and a frequency of 1 Hz. The flow rates (2, 5, and 15 µL/min) obtained by adjusting the micro-metering valve are shown in Figure 10a, and their corresponding ripple factors are shown in Figure 10b. At a flow rate of 15 µL/min, the ripple factor improvement for the three-phase rectifier is about 93% when compared to the one-phase rectifier. Although this improvement decreases to 82% and 50% at 5 and 2 µL/min flow rates, respectively, the reduction in flow ripples by the three-phase rectification is still significant. However, at very low flow rates, the micropump parts, such as the passive check valves, might become damaged due to increased back pressure. A bypass channel after the micropump connected to the inlet reservoir could minimize the damage to micropumps.






5. Conclusions


The ripples in a flowing fluid generated by active reciprocating pumps, like piezoelectric micropumps, can be eliminated by multi-phase rectification. More than 90% of flow ripples are eliminated by connecting three pumps in parallel and operating them at a 120° phase difference. Connecting n pumps in parallel and actuating them at a phase difference of 360°/n will asymptotically minimize the ripple factors in the fluid flow. Experiments were performed using off-the-shelf commercial piezoelectric micropumps operating in one-phase, two-phase (180°), and three-phase (120°), and between an average flow rate of 2 µL/min and 60 µL/min. A single reciprocating pump actuated at higher frequencies could also eliminate ripples in the flow, but this results in a higher flow rate or higher power consumption. Ripples can be eliminated at a lower flow rate with a single pump by actuating at a low voltage and a high frequency. But this results in less control over the back pressure. Connecting pumps in parallel and operating them at a phase difference eliminates ripples independent of the pump actuating frequency, increases the effective flow rate, and enables the pump system to withstand higher back pressure. An odd number of pumps is more effective at eliminating ripples than an even number of parallel pumps. Every additional pump used consumes an extra voltage amplifier power. Therefore, a choice has to be made on how many micropumps to use based on the allowed flow ripple factor and the power consumption. If performance, cost, and complexity are to be balanced, then a three-phase rectifier is recommended. To conclude, multi-phase fluid rectification opens an opportunity of using reciprocating pumps for a ripple-free fluid flow, independent of actuating frequency, especially for the low flow rates (<50 µL/min) needed for many organs-on-chip applications.
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Figure A1. A circuit representation of a micropump. (a) A fluidic circuit representation of a single micropump with a pumping chamber and two check valves on either side. (b) An electrical circuit equivalent representation of the micropump, with all capacitances and inductances neglected. 
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Table A1. The effect of rectification on the output flow rate for multi-phase rectification for pumps connected in parallel, from six to nine phases (continuation of Table 1).
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	Rectified Output Flow Profiles
	Description
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The system consists of six parallel pumps with a 60° phase difference.



	
Discharge flow has a cycloidal shape, repeating itself for each 60° phase.
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The system consists of seven parallel pumps with a 51.4° phase difference.



	
Discharge flow has a cycloidal shape, repeating itself for each 25.7° phase.
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The system consists of eight parallel pumps with a 45° phase difference.



	
Discharge flow has a cycloidal shape, repeating itself for each 45° phase.
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The system consists of nine parallel pumps with a 40° phase difference.



	
Discharge flow has a cycloidal shape, repeating itself for each 20° phase.
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Table A2. The effect of rectification on the output flow rate for multi-phase rectification for pumps connected in parallel, from one to nine phases next to each other (for ease of comparison).
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Appendix C


For a one-phase rectifier pump, i = 1; φ1 = 0


   Q  D C  1    =  1  2 π     ∫  0 π   Q  S t r o k e   s i n   ω t   d   ω t    



(A1)






   Q  R M S  1    =      1  2 π     ∫  0 π       Q  S t r o k e   s i n   ω t      2  d   ω t        



(A2)







For a two-phase rectifier pump, i = 2; φ1 = 0, φ2 = π


   Q  D C  2    =  Q  D C   i = 1     +  Q  D C   i = 2      



(A3)






   Q  D C  2    =    1  2 π     ∫  0 π   Q  S t r o k e   s i n   ω t   d   ω t     +    1  2 π     ∫  π  2 π    Q  S t r o k e   s i n   ω t + π   d   ω t      



(A4)






   Q  R M S  2    =    Q  R M S   i = 1       2  +  Q  R M S   i = 2       2     



(A5)






   Q  R M S  2    =            1  2 π     ∫  0 π       Q  S t r o k e   s i n   ω t      2  d   ω t          2  +          1  2 π     ∫  π  2 π        Q  S t r o k e   s i n   ω t + π      2  d   ω t          2     



(A6)







For a three-phase rectifier pump, i = 3; φ1 = 0, φ2 = 2π/3, φ3 = 2 × 2π/3


       Q  D C  3    =            1  2 π     ∫  0 π   Q  S t r o k e   s i n   ω t   d   ω t     +    1  2 π     ∫     2 π  3      2 π  3  + π    Q  S t r o k e   s i n   ω t +   2 π  3    d   ω t     +    1  2 π     ∫     4 π  3      4 π  3  + π    Q  S t r o k e   s i n   ω t +   4 π  3    d   ω t          



(A7)






   Q  R M S  3    =            1  2 π     ∫  0 π       Q  S t r o k e   s i n   ω t      2  d   ω t          2  +          1  2 π     ∫     2 π  3      2 π  3  + π        Q  S t r o k e   s i n   ω t +   2 π  3       2  d   ω t          2  +          1  2 π     ∫     4 π  3      4 π  3  + π        Q  S t r o k e   s i n   ω t +   4 π  3       2  d   ω t          2     



(A8)
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Figure A2. The complete experimental setup used for testing the single- and multi-phase rectifications. The microfluidic setup consists of an inlet reservoir, micropumps, a flow restrictor, a flow sensor (connected to a monitor), a microfluidic chip, and a waste reservoir. The electrical setup consists of power sources, amplifiers, RC circuits, a microcontroller, a function generator, and oscilloscopes. A function generator was used to generate a wide range of frequencies for one-phase rectification. The Arduino microcontroller was used for the low-frequency tests for single- and multi-phase rectification. The computer was used to generate sine waves in Arduino software and adjust the frequency. A scissor jack and stage were used in the back-pressure experiments. A flow restrictor was used to check the performance of multi-phase rectification at very low flow rates. 
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Table A3. Comparison of the flow profiles obtained from experiments (with theory) for 0.25 Hz actuation. The first column shows the flow profiles from the theory, assuming a sinusoidal flow profile for individual pumps. The second column shows the flow profiles from the experiments with the actual flow response of the pumps for sinusoidal actuation. The experimental behavior deviates from the expected theory due to the threshold pressure needed for opening the valves, fluid inertia, and the capacitance of the flexible tubing, which were not considered by the theory. The third column shows both the theoretical and experimental waveforms together for a better comparison. For the three-phase rectifier, there is half the number of ripples in the experiment (compared to the theory) over the same time period due to the deviation in the experimental flow profile from the theoretical values.
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Table A4. Comparison of the theoretical and experimental flow profiles and fluidic ripple factors of the rectifiers obtained for 0.5 Hz of actuation.
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Table A5. Comparison of the theoretical and experimental flow profiles and fluidic ripple factors of the rectifiers obtained for 1 Hz of actuation.
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Figure A3. Average flow rate (depending on back pressure) graph for the three rectifier mechanisms with varying frequencies. By increasing the frequency, the capacity of the rectifiers to resist back pressure increased. 






Figure A3. Average flow rate (depending on back pressure) graph for the three rectifier mechanisms with varying frequencies. By increasing the frequency, the capacity of the rectifiers to resist back pressure increased.



[image: Sensors 23 06967 g0a3]







References


	



Ghaemi, S. Passive and Active Control of Turbulent Flows. Phys. Fluids 2020, 32, 10–12. [Google Scholar] [CrossRef]

	



Cattafesta, L.N.; Sheplak, M. Actuators for Active Flow Control. Annu. Rev. Fluid Mech. 2011, 43, 247–272. [Google Scholar] [CrossRef]

	



Sivaramakrishnan, M.; Kothandan, R.; Govindarajan, D.K.; Meganathan, Y.; Kandaswamy, K. Active Microfluidic Systems for Cell Sorting and Separation. Curr. Opin. Biomed. Eng. 2020, 13, 60–68. [Google Scholar] [CrossRef]

	



Skurtys, O.; Aguilera, J.M. Applications of Microfluidic Devices in Food Engineering. Food Biophys. 2008, 3, 1–15. [Google Scholar] [CrossRef]

	



Lohse, D. Fundamental Fluid Dynamics Challenges in Inkjet Printing. Annu. Rev. Fluid Mech. 2021, 54, 349–382. [Google Scholar] [CrossRef]

	



Kim, B.H.; Kim, I.C.; Kang, Y.J.; Ryu, J.; Lee, S.J. Effect of Phase Shift on Optimal Operation of Serial-Connected Valveless Micropumps. Sens. Actuators A Phys. 2014, 209, 133–139. [Google Scholar] [CrossRef]

	



McDonald, K.; Ranzani, T. Hardware Methods for Onboard Control of Fluidically Actuated Soft Robots. Front. Robot. AI 2021, 8, 720702. [Google Scholar] [CrossRef]

	



Byun, C.K.; Abi-Samra, K.; Cho, Y.K.; Takayama, S. Pumps for Microfluidic Cell Culture. Electrophoresis 2014, 35, 245–257. [Google Scholar] [CrossRef]

	



Hébert, M.; Huissoon, J.; Ren, C.L. A Perspective of Active Microfluidic Platforms as an Enabling Tool for Applications in Other Fields. J. Micromech. Microeng. 2022, 32, 043001. [Google Scholar] [CrossRef]

	



Shi, N.; Mohibullah, M.; Easley, C.J. Active Flow Control and Dynamic Analysis in Droplet Microfluidics. Annu. Rev. Anal. Chem. 2021, 14, 133–153. [Google Scholar] [CrossRef]

	



Botermans, R.; Smith, P. Pumps 2.1. In Advanced Piping Design; Gulf Publishing Company: Houston, TX, USA, 2008; pp. 23–55. [Google Scholar]

	



De Lima, C.R.; Vatanabe, S.L.; Choi, A.; Nakasone, P.H.; Pires, R.F.; Nelli Silva, E.C. A Biomimetic Piezoelectric Pump: Computational and Experimental Characterization. Sens. Actuators A Phys. 2009, 152, 110–118. [Google Scholar] [CrossRef]

	



Chen, J.; Gao, W.; Liu, C.; He, L.; Zeng, Y. Improving Output Performance of a Resonant Piezoelectric Pump by Adding Proof Masses to a U-Shaped Piezoelectric Resonator. Micromachines 2021, 12, 500. [Google Scholar] [CrossRef]

	



Yan, Q.; Yin, Y.; Sun, W.; Fu, J. Advances in Valveless Piezoelectric Pumps. Appl. Sci. 2021, 11, 7061. [Google Scholar] [CrossRef]

	



Zhao, Y.; Kankala, R.K.; Wang, S.B.; Chen, A.Z. Multi-Organs-on-Chips: Towards Long-Term Biomedical Investigations. Molecules 2019, 24, 675. [Google Scholar] [CrossRef]

	



Mitchell, M.J.; King, M.R. Computational and Experimental Models of Cancer Cell Response to Fluid Shear Stress. Front. Oncol. 2013, 3, 44736. [Google Scholar] [CrossRef]

	



Leung, C.M.; de Haan, P.; Ronaldson-Bouchard, K.; Kim, G.A.; Ko, J.; Rho, H.S.; Chen, Z.; Habibovic, P.; Jeon, N.L.; Takayama, S.; et al. A Guide to the Organ-on-a-Chip. Nat. Rev. Methods Prim. 2022, 2, 33. [Google Scholar] [CrossRef]

	



Özkayar, G.; Lötters, J.C.; Tichem, M.; Ghatkesar, M.K. Toward a Modular, Integrated, Miniaturized, and Portable Microfluidic Flow Control Architecture for Organs-on-Chips Applications. Biomicrofluidics 2022, 16, 021302. [Google Scholar] [CrossRef]

	



Beonchip Peristaltic Pump vs. Pressure-Based Microfluidic Flow Control Sytems for Organ on Chip Applications. Available online: https://beonchip.com/peristaltic-vs-pressure-based/ (accessed on 9 September 2022).

	



White, C.R.; Frangos, J.A. The Shear Stress of It All: The Cell Membrane and Mechanochemical Transduction. Philos. Trans. R. Soc. B Biol. Sci. 2007, 362, 1459–1467. [Google Scholar] [CrossRef]

	



Wang, Y.; Shen, T.; Tan, C.; Fu, J.; Guo, S. Research Status, Critical Technologies, and Development Trends of Hydraulic Pressure Pulsation Attenuator. Chin. J. Mech. Eng. 2021, 34, 14. [Google Scholar] [CrossRef]

	



Zanetti-Rocha, L.; Gerges, S.N.Y.; Johnston, D.N.; Arenas, J.P. Rotating Group Design for Vane Pump Flow Ripple Reduction. Int. J. Acoust. Vib. 2013, 18, 192–200. [Google Scholar] [CrossRef]

	



Hong, H.; Zhao, C.; Zhang, B.; Bai, D.; Yang, H. Flow Ripple Reduction of Axial-Piston Pump by Structure Optimizing of Outlet Triangular Damping Groove. Processes 2020, 8, 1664. [Google Scholar] [CrossRef]

	



Kalantarifard, A.; Alizadeh Haghighi, E.; Elbuken, C. Damping Hydrodynamic Fluctuations in Microfluidic Systems. Chem. Eng. Sci. 2018, 178, 238–247. [Google Scholar] [CrossRef]

	



Wang, B.; Xu, N.; Yang, R. Flow Pulsation Reduction of a Single-Piston Piezoelectric Pump Based on Elastic Cavity Group and Unloading Valve. Adv. Mech. Eng. 2021, 13, 16878140211031023. [Google Scholar] [CrossRef]

	



Kim, J.; Yoon, G.H.; Noh, J.; Lee, J.; Kim, K.; Park, H.; Hwangc, J.; Lee, Y. Development of Optimal Diaphragm-Based Pulsation Damper Structure for High-Pressure GDI Pump Systems through Design of Experiments. Mechatronics 2013, 23, 369–380. [Google Scholar] [CrossRef]

	



Tweten, D.; Nored, M.; Brun, K. The Physics of Pulsations. Gas Mach. Conf. 2008, 2008, 1–16. [Google Scholar]

	



Hendriks, T.; Jansen, R. Pulsation Reduction System for Positive Displacement Pumps. In Proceedings of the Paste 2021: 24th International Conference on Paste, Thickened and Filtered Tailings, Perth, Australia, 21–23 September 2021; pp. 273–286. [Google Scholar] [CrossRef]

	



Minav, T.; Laurilia, L.I.; Pyrhonen, J. Axial Piston Pump Flow Ripple Compensation by Adjusting the Pump Speed with an Electric Drive. In Proceedings of the 12th Scandinavian International Conference on Fluid Power, Tampere, Finland, 18–20 May 2011. [Google Scholar]

	



Vlot, E.; Keijers, R. Pulsation-Free Hydraulic-Driven Swing Tube Piston Pump. In Proceedings of the Paste 2018: 21st International Seminar on Paste and Thickened Tailings, Perth, Australia, 11–13 April 2018; pp. 195–204. [Google Scholar] [CrossRef]

	



O’Shea, C. Hydraulic Flow Ripple Cancellation Using the Primary Flow Source. In Proceedings of the BATH/ASME 2016 Symposium on Fluid Power and Motion Control, Bath, UK, 7–9 September 2016; pp. 1–9. [Google Scholar] [CrossRef]

	



ChromTech How Does a Pulse Dampener Work in an HPLC Pump? Available online: https://www.chromtech.com/how-does-a-pulse-dampener-work-in-an-hplc-pump (accessed on 5 December 2022).

	



Zhang, X.; Zhu, Z.; Xiang, N.; Ni, Z. A Microfluidic Gas Damper for Stabilizing Gas Pressure in Portable Microfluidic Systems. Biomicrofluidics 2016, 10, 054123. [Google Scholar] [CrossRef]

	



Özkayar, G.; Lötters, J.C.; Tichem, M.; Ghatkesar, M.K. Ripple reduction in piezoelectric micropumps by phased actuation in parallel and damping. In Proceedings of the 26th International Conference on MiniaturizedSystems for Chemistry and Life Sciences, CBMS, Hangzhou, China, 23–27 October 2022; pp. 955–956. [Google Scholar]

	



Dhananchezhiyan, P.; Hiremath, S.S. Optimization of Multiple Micro Pumps to Maximize the Flow Rate and Minimize the Flow Pulsation. Procedia Technol. 2016, 25, 1226–1233. [Google Scholar] [CrossRef]

	



Hsu, C.J.; Sheen, H.J. A Microfluidic Flow-Converter Based on a Double-Chamber Planar Micropump. Microfluid. Nanofluidics 2009, 6, 669–678. [Google Scholar] [CrossRef]

	



Oh, K.W.; Lee, K.; Ahn, B.; Furlani, E.P. Design of Pressure-Driven Microfluidic Networks Using Electric Circuit Analogy. Lab Chip 2012, 12, 515–545. [Google Scholar] [CrossRef]

	



Lee, Y.-S.; Chow, M.H.L. Diode Rectifiers. In Power Electronics Handbook; Elsevier Inc.: Amsterdam, The Netherlands, 2018; pp. 177–208. ISBN 9780128114070. [Google Scholar]

	



Masoum, M.A.S.; Fuchs, E.F. Introduction to Power Quality. In Power Quality in Power Systems and Electrical Machines; Academic Press: Cambridge, MA, USA, 2015; pp. 1–104. ISBN 9780128007822. [Google Scholar]

	



PI Ceramic GmbH Electrical Operation of Piezo Actuators. Consumption of the Piezo Actuator&text=100 N Requires Less than, W under the Same Conditions. Available online: https://www.piceramic.com/en/expertise/piezo-technology/properties-piezo-actuators/electrical-operation#:~:text=Power (accessed on 8 November 2022).

	



Wise, S.A.; Hooker, M.W. Characterization of Multilayer Piezoelectric Actuators for Use in Active Isolation Mounts. Nasa Tech. Memo. 1997, 15, 4742. [Google Scholar]

	



Mikrotechnik, B. Pump Efficiency of Mp6. Available online: https://www.bartels-mikrotechnik.de/ufaq/pump-efficiency-for-mp6/ (accessed on 8 November 2022).

	



Biancuzzi, G.; Lemke, T.; Woias, P.; Ruthmann, O.; Schrag, H.J.; Vodermayer, B.; Schmid, T.; Goldschmidtboeing, F. Performance of Piezoelectric Micropumps Actuated by Charge Recovery. Procedia Chem. 2009, 1, 698–701. [Google Scholar] [CrossRef]

	



Zhang, J.; Huang, J.; Hu, X.; Xi, Q. Novel Piezoelectric Pump with “E”-Shaped Valve Found from Sub-Experiments. Front. Mech. Eng. China 2010, 5, 212–218. [Google Scholar] [CrossRef]

	



Lin, J.C.H.; Yu, F.; Tai, Y.C. Integration of Slanted Tether Check-Valves for High Pressure Applications. In Proceedings of the NEMS 2011-6th IEEE International Conference on Nano/Micro Engineered and Molecular Systems, Kaohsiung, Taiwan, 20–23 February 2011; pp. 715–718. [Google Scholar] [CrossRef]

	



Hickerson, A.I.; Lu, H.W.; Roskos, K.; Carey, T.; Niemz, A. Disposable Miniature Check Valve Design Suitable for Scalable Manufacturing. Sens. Actuators A Phys. 2013, 203, 76–81. [Google Scholar] [CrossRef]

	



Vavra, J.; Biolek, D. A Full-Wave Rectifier Based on Memristive Systems. In Proceedings of the 2nd International Conference on Modelling, Identification and Control, Paris, France, 9–10 August 2015; pp. 91–94. [Google Scholar] [CrossRef]

	



Gonzalez, I.; Lehmkuhl, O.; Naseri, A.; Rigola, J.; Assensi, O. Fluid-Structure Interaction of a Reed Type Valve Subjected to Piston Displacement. Int. Compress. Eng. Conf. 2016, 3, 1–10. [Google Scholar]

	



Bark, D.L.; Dasi, L.P. The Impact of Fluid Inertia on In Vivo Estimation of Mitral Valve Leaflet Constitutive Properties and Mechanics. Ann. Biomed. Eng. 2016, 44, 1425–1435. [Google Scholar] [CrossRef]

	



Yang, B.; Lin, Q. A Compliance-Based Microflow Stabilizer. J. Microelectromech. Syst. 2009, 18, 539–546. [Google Scholar] [CrossRef]

	



Goh, J.-K. Effects of Wall Compliance on Pulsatile Flow Attenuation in Microchannels. Master’s Thesis, San Jose State University, San Jose, CA, USA, 2009. [Google Scholar]








[image: Sensors 23 06967 g001 550] 





Figure 1. Working principle of a piezoelectric diaphragm pump. (a) Reciprocating motion of a piezoelectric diaphragm pump (suction and discharge modes) having two passive check valves at the inlet and outlet. (b) Fluidic circuit symbol representation of the micropump (as a one-phase rectifier; the electrical equivalent is shown in Appendix A), and (c) output flow rate characteristics with phase. 
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Figure 2. Schematic representation of a multi-phase rectifier (n micropumps in parallel with a phase shift), having check valves at the inlets and outlets. 
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Figure 3. The theoretically calculated values of    Q  D C    ,    Q  R M S    , and fluidic ripple factor (  R  F  f l .    ) for up to nine-phase rectifiers are shown for a chosen    Q  S t r o k e     = 1 for every pump. The    Q  D C     and    Q  R M S     values increase as the phase rectification increases. For a three-phase rectifier, the ripple factor value,   R  F  f l .    , dramatically decreases to 3.4% of that of the one-phase rectifier. The   R  F  f l .     value goes to 0.38% for a nine-phase rectifier. The   R  F  f l .     values for higher-phase rectifiers are given in Table 2 or can be calculated for any chosen number of phase rectifiers using the MATLAB code given in the Supplementary Information. 
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Figure 4. Schematic of an experimental setup for multi-phase flow rectification. The inlet and outlet reservoirs were maintained at the same height for conducting the experiments. All pumps were kept at the same height as the inlet reservoir. The height of the outlet reservoir was raised only for the back-pressure experiments (the test setup is given in Appendix D). The sinusoidal signals and their phase shifts (PS) were generated in Arduino, shaped by a resistor-capacitor (RC) circuit, and amplified (Amp) 100× before connecting them to the micropumps. The setup was tested for one-phase, two-phase, three-phase, and four-phase rectifiers, respectively. The electrical connections of the components are shown in red, and the fluidic connections are shown in blue. 
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Figure 5. The performance of a one-phase rectifier with increasing driving frequency for three different driving voltages is shown. (a) The flow rate values measured over time with increasing driving frequency for three different driving actuation amplitudes of a single-chamber mp6 micropump are plotted. The ripples are large at low frequencies when compared to high frequencies. Moreover, the acquired flow rates were also reduced by increasing the frequency. (b) The average flow rates and the corresponding electrical power consumption with the driving frequency of the pump for three operating voltages from the data of Figure 5a are plotted. The error bars represent the standard deviation from the average flow rate. Low ripple factor flow rates can also be obtained by increasing the frequency of the micropump, but electrical power consumption increases exponentially above 300 Hz for 100 V of driving amplitude. Note that frequency (x-axis) is shown on a logarithmic scale. 
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Figure 6. The influence of rectification on ripple reduction from one-phase to three-phases at a lower frequency range (0.25 to 10 Hz) is shown. The measurement durations are 20 s for each frequency. A one-phase rectifier uses one chamber of the mp6 pump, the two-phase rectifier uses a single chamber from two mp6 pumps connected in parallel, and similarly, a three-phase rectifier uses three mp6 pumps. Note that the flow rate also increases with the rectification level, as predicted and shown in Figure 3. 
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Figure 7. The fluidic ripple factors and ripple factor improvement with increasing phase rectification are calculated from the data in Figure 6 and were analyzed. (a) Fluidic ripple factors of one-, two-, three-, and four-phase rectifiers, respectively, are shown. (b) The percentage improvement of the fluidic ripple factors (  R  F  f l    .) of the two-phase and three-phase rectifiers compared to the one-phase rectifier is shown. Three-phase rectification has the lowest ripples and an average improvement of 90.5% when compared to one-phase rectification in the frequency range 0.25–10 Hz. 
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Figure 8. Comparison of the theoretical fluidic ripple factor and experimental average fluidic ripple factor measurements for up to a three-phase rectifier, with configurations of 100 V and 0.25 Hz. The error bars are the standard deviation obtained from five repeated experiments. It should be noted that the theoretical model does not include parameters, such as fluidic resistance, fluidic capacitance, pump membrane compliance, piezo hysteresis, and valve behavior, in the pump. 
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Figure 9. The average flow rate with back pressure for one-phase, two-phase, and three-phase rectifier mechanisms with micropump(s) actuated at 100 V and 1 Hz operating conditions. The dotted line indicates that for a given average flow rate, the three-phase rectifier can withstand higher back pressure (P3) compared to two-phase (P2) and one-phase (P1) rectifiers. The values of P1 and P2 are lower than P3 and are close together because there is no phase overlap for one-phase or two-phase rectifiers, whereas, for three-phase rectifiers, there is either a phase overlap indicating a back-pressure load distribution between pumps or a higher piezo stroke (see Table 1). 
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Figure 10. The effect of the micro-metering valve for different rectifiers at very low flow rates. (a) A comparison of flow rate ripples for one-phase, two-phase, and three-phase rectifiers at low flow rates. (b) The fluidic ripple factor values of one-, two-, and three-phase rectifiers compared to the one-phase rectifier. 
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Table 1. The effect of rectification on the output flow rate for multi-phase rectification for pumps connected in parallel for up to  n  = 5, five-phase rectification (flow profiles and descriptions from  n  = 6 (six-phase) to  n  = 9 (nine-phase) rectification are given in Appendix B). Each sinusoidal peak is the result of a piezoelectric stroke of each micropump (Figure 1). The different colors represent the flow profiles of different pumps. With an increase in the phase rectification (number of pumps), the strokes produced by pumps overlap, thus effectively increasing the    Q  D C     with the number of pumps. The amount of overlap of the strokes also influences the    Q  D C − m a x   −  Q  D C − m i n     value: lower for an odd-phase rectifier between two adjacent, even-phase rectifiers.
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	Rectified Output Flow Profiles
	Description
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One pump.



	
Output flow is generated by the discharge cycle of the pump, which is from 0 to 180°. The suction cycle is from 180° to 360° and does not contribute to the output flow.



	
Because of having ideal check valves, the system has no backflow.
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Two pumps in parallel actuating at a 180° phase difference.



	
In addition to the first pump’s suction and discharge cycle, the second pump creates a suction and discharge cycle with a 180° phase difference, thus obtaining an effective cycloidal shape (dashed waveform) discharge flow rate, repeating itself at every 180° phase difference.
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Three pumps in parallel actuating at a 120° phase difference.



	
Effective discharge flow rate has a cycloidal shape (dashed waveform), repeating itself at every 60° phase difference, depending on the overlap of the individual fluid discharge profiles.
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Four pumps in parallel actuating at a 90° phase difference.



	
Effective discharge flow rate has a cycloidal shape (dashed waveform), repeating itself at every 90° phase difference.
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Five pumps in parallel actuating at a 72° phase difference.



	
Effective discharge flow rate has a cycloidal shape (dashed waveform), repeating itself at every 36° phase difference.
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Table 2. The theoretically calculated flow rate and flow ripple estimations for different multi-phase rectifiers (   Q  s t r o k e     = 1 µL/min). The values are calculated using equations 10, 11, and 12 by using the MATLAB code given in the Supplementary Information.
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Input Parameters (Phase Rectifier)

	
Output Parameters

(Flow)




	
n

(# of Pumps)

	
QDC

(µL/min)

	
QRMS

(µL/min)

	
RFfl.

	
Ratio of RFfl. to the One-Phase Rectifier






	
1

	
0.318

	
0.499

	
1.213

	
100%




	
2

	
0.636

	
0.707

	
0.485

	
40%




	
3

	
0.955

	
0.956

	
0.042

	
3.4%




	
4

	
1.273

	
1.279

	
0.098

	
8%




	
5

	
1.591

	
1.592

	
0.015

	
1.2%




	
6

	
1.910

	
1.911

	
0.042

	
3.4%




	
7

	
2.228

	
2.228

	
0.008

	
0.6%




	
8

	
2.546

	
2.547

	
0.024

	
1.9%




	
9

	
2.865

	
2.865

	
0.005

	
0.4%




	
10

	
3.183

	
3.183

	
0.015

	
1.2%




	
⁞

	
⁞

	
⁞

	
⁞

	
⁞




	
18

	
5.729

	
5.729

	
0.005

	
0.4%




	
19

	
6.048

	
6.048

	
0.001

	
0.08%




	
20

	
6.366

	
6.366

	
0.004

	
0.3%




	
⁞

	
⁞

	
⁞

	
⁞

	
⁞




	
98

	
31.19

	
31.19

	
1.537 × 10−4

	
0.01%




	
99

	
31.51

	
31.51

	
3.810 × 10−5

	
0.001%




	
100

	
31.83

	
31.83

	
1.50 × 10−4

	
0.008%
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Table 3. Comparison of the theoretical and experimental flow profiles and fluidic ripple factors obtained for 0.25 Hz of actuation. The experimentally obtained flow profile shapes deviate from the theoretical sinusoidal waveform because of the threshold pressure needed for opening the valves, fluid inertia, and the capacitance of the flexible tubing, which were not considered in the theory. Therefore, the improvement in the experimental fluidic ripple factor also deviates from the expected theoretical improvement. See Table A3 in Appendix E for further analysis.
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Flow Profile Graphs

	
    Fluidic   Ripple   Factor   (          Q  R M S      Q  D C        2  − 1      




	

	
Estimated Flow Profiles by Theoretical Study

	
Obtained Flow Profiles in the Experiments

	
Initial Model

	
Expected Improv.

	
Experimental

	
Obtained Improv.






	
One-phase
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1.213

	
−

	
1.200

	
−




	
Two-phase
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0.485

	
60%

	
0.542

	
55%




	
Three-phase
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0.042

	
96.6%

	
0.126

	
90.5%
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