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Abstract

:

Piezoelectric pump design is regarded as a hot research topic in the microfluidic field, and has been applied in liquid cooling, precision machinery and other relevant domains. The valveless piezoelectric pump becomes an important branch of the piezoelectric pump, because it successfully avoids the problem of “pump-lagging of valve” during the valve piezoelectric pump processing. This paper summarizes the development of valveless piezoelectric pumps, and introduces some different configurations of valveless piezoelectric pumps. The structure and material of all kinds of valveless piezoelectric pumps are elaborated in detail, and also the output performance of the pump is evaluated and analyzed with the variations in flow rate and output pressure as reference. By comparing the flow of different types of valveless piezoelectric pumps, the application of valveless piezoelectric pumps is also illustrated. The development tendency of the valveless piezoelectric pump is prospected from the perspective of structure design and machining methods, which is expected to provide novel ideas and guidance for future research.
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1. Introduction


Since Narasaki [1] designed the first piezoelectric pump in 1987, this started the research and expanded the application field of pumps. The converse piezoelectric effects are utilized to drive the fluid in the piezoelectric pump. With the advantages of such a simple structure [2], low power consumption [3], and no electromagnetic interference [4], the piezoelectric pump has been widely used in the fields of medical drug delivery [5,6,7], fuel cells [8,9,10], microfluidics [11,12,13], liquid cooling [14,15,16] and precision machinery [17,18,19] etc. According to the structural characteristics, the piezoelectric pump can be divided into two different types, i.e., valve piezoelectric pump and valveless piezoelectric pump. The valve piezoelectric pumps have the weakness of “pump-lagging of valve” due to the removable valve body. When the frequency rises to a certain value, the piezoelectric pump will be dynamically balanced and the flow rate will be rapidly dropped to zero in a macro level [20]. In addition, the valve piezoelectric pump also has the disadvantages of large pressure loss, low transmission accuracy, and non-easy miniaturization, which seriously restricts its further promotion and application.



In 1993, Stemme et al. [21] proposed the concept of a valveless piezoelectric pump with a conical flow tube for the first time, and it brings about the research boom of the piezoelectric pump into the valveless era. It should be noted that one-way flow of fluid can be achieved in the valveless piezoelectric pump to achieve using the positive and reverse flow resistance difference to perform the function of the valve. Meanwhile, the valveless piezoelectric pump can effectively solve the problems existing in the valve piezoelectric pump, which is of great concern for researchers. In the past 30 years, some researchers have designed various types of valveless piezoelectric pump. However, up to now, there is no unified classification of valveless piezoelectric pump, which is not conducive for development in the fierce market competition.



Figure 1 shows the classifications of valveless piezoelectric pumps. According to different structural characteristics, it can be divided into external flow pipe type, built-in structure type as well as a bionic valveless type. The external tube type of the valveless piezoelectric pump realizes the one-way flow of fluid by using a piezoelectric vibrator and special pipe; for instance, the nozzle/diffuser tubes [22], Y-shape tubes [23], spiral tubes [24] and special flow tubes [25], etc. Built-in structural valveless piezoelectric pump is the flow resistance structure placed inside the pump chamber, common examples include unsymmetrical slope elements [26], hemisphere-segments [27], and conical spiral cavities [28], etc. On the basis of the biological reality of the special structure, the bionic valveless piezoelectric pump is designed to achieve a one-way flow of fluid. Common structures include fishtail Bimorph [29], and built-in compliant structures [30], etc.



There are already many review articles summarizing the piezoelectric pump [31,32,33]. However, there is no research review on valveless piezoelectric pumps, in order to allow people to better grasp the development of valveless piezoelectric pumps. In this paper, based on the application of valveless piezoelectric pumps in various fields, this paper reviews the research progress. According to the description of different types of valveless piezoelectric pumps reported in the literature, the development history is introduced as follows. The influences of material properties and structure on pump performance are introduced, and the valveless piezoelectric pump is systematically summarized. Based on current research status, the future development is analyzed. The future development direction of valveless piezoelectric pump technology is predicted, and the foundation is laid for further promotion.




2. Configuration of the Valveless Piezoelectric Pump


2.1. Valveless Piezoelectric Pump with External Flow Tubes


The external flow tube type of the valveless piezoelectric pump realizes the flow resistance difference through the positive and reverse shape of the flow tube structure, and then realizes the one-way fluid pumping. With the development of modern micro-machining technology, a variety of nozzle type valveless piezoelectric pumps have emerged. Typical external flow tubes are nozzle/diffuser tubes [22], Y-shape tubes [23], spiral tubes [24], and special flow tubes [25].



2.1.1. Valveless Piezoelectric Pump with Diffuser/Nozzle Tubes


In 1993, Stemme et al. [21] proposed the first valveless piezoelectric pump using piezoelectric oscillators and conical flow tubes, which is shown in Figure 2. On this basis, Gerlach et al. [34] developed a valveless piezoelectric pump with micro-conical flow tubes based on silicon using MEMS technology. Olsson et al. [35] optimized the structure of valveless piezoelectric pumps with cone-shaped tubes for efficiency increase. They proposed a parallel structure composed of two valveless piezoelectric pumps with cone-shaped tubes fixed in the same plane, where the connection of cone-shaped tubes were modified from solid structures to plane structures. Nguyen et al. [36] designed and manufactured a valveless piezoelectric pump with a conical flow tube based on a printed circuit board. At the driving frequency of 100 Hz, the maximum pump flow is 3 mL/min. Chandika et al. [37] used the state space approach to predict the dynamic characteristics of the pump. The performance of the pump can be predicted by this method, which is helpful to the design of the piezoelectric pump. In order to reduce the size of the piezoelectric pump, Tseng et al. [38] used MEMS, lithography and etching processes to manufacture a valveless piezoelectric pump with a micro-conical flow tube suitable for the medical field. The pump has a maximum differential pressure of 2.9 kPa and a maximum flow rate of 0.4 mL/min. Singh et al. [39] proposed a valveless piezoelectric pump with a micro-conical flow tube of a 10 degrees cone angle, which can achieve a low flow rate. Aggarwal et al. [40] made a miniature valveless piezoelectric pump using silicon etching technology. When the driving voltage is 80 V and the driving frequency is 2.5 kHz, the output flow rate is 225.35 mL/min. Guan et al. [17] proposed a new combined driving method based on piezoelectric effect and liquid crystal reflux effect, and the maximum flow rate could reach 0.0049 mL/min.



In order to improve the output performance of conical flow, many scholars have studied the series and parallel pump cavities. Kim et al. [41] developed a valveless piezoelectric pump with parallel micro-tapered flow tubes using polydimethylsiloxane. Yang et al. [42] also found a valveless piezoelectric pump with a micro-conical flow tube based on series assembly using lithography, molding and bonding processes. Ullmann et al. [43] discussed the serial and parallel problems of valveless piezoelectric pumps with conical flow tubes from the aspects of hydrodynamics and circuit theory, systematically. In addition, other researchers including Azarbadegan et al. [44], Lee et al. [45], and Yang et al. [46] investigated the series and parallel connection problems of valveless piezoelectric pump cavities. Table 1 gives the summary of properties for the valveless piezoelectric pump with a diffuser/nozzle.




2.1.2. Valveless Piezoelectric Pump with Y-Shape Tubes


Table 2 shows the summary of properties for the valveless piezoelectric pump with Y-shaped tubes. The details are as follows: Jang et al. [47] presented a design of a non-valve piezoelectric pump with a supervisor and two tubes. The pump cavity is located in the main channel close to the intersection of the three channels, and this study found that there were two complex flow phenomena inside the pump cavity. By comparison, Zhang et al. [48] further proposed a valveless piezoelectric pump with Y-shape tubes; the working principle of valveless piezoelectric pumps with Y-shape tubes is shown in Figure 3. This pump can reduce the vortex in the traditional conical flow tube, and it can be used for the transportation of living cells or long-chain polymer cells In order to further optimize the structure of the valveless piezoelectric pump with Y-shape tubes and promote its application, Huang et al. revealed that the valveless piezoelectric pump with Y-shaped flow tube, and also some other different types of valveless piezoelectric pumps, were proposed, such as multistage Y-shape treelike bifurcate tubes [49], and asymmetric channels [50]. In addition, He et al. proposed a V-shaped valveless piezoelectric pump based on the Y-shaped flow tube [51].




2.1.3. Valveless Piezoelectric Pump with Spiral Tubes


It was found that in the northern hemisphere, the Coriolis force generated by the rotation of the Earth has an inhibiting effect on the fluid moving clockwise and a promoting effect on the fluid moving counterclockwise [52]. Dean et al. [53] obtained the existence of secondary flow channels in the curved pipe through theoretical derivation, which could enhance the mass transfer function of the fluid. Figure 4 shows the working principle of valveless piezoelectric pumps with spiral tubes. With the help of Coriolis force on the fluid in the curved pipe, Zhang et al. [24] proposed the helical tubular valveless piezoelectric pump. Through experiments, it was found that the solenoid valveless piezoelectric pump was sensitive to the angular velocity and its location, and could be used in navigation devices. However, it is difficult to process the spiral tube, which limits the further promotion of the pump. In the future, spiral tubes can be replaced by simple similar tubes, such as arc-shaped tubes.




2.1.4. Valveless Piezoelectric Pump with Special Flow Tubes


In addition to the conventional valveless piezoelectric pump with external flow tubes, scholars have also designed some valveless piezoelectric pumps with special flow tubes. Forster et al. [54] optimized the “Tesla” valve structure, made a special-shaped pipeline valveless piezoelectric pump on this basis, and studied its internal dynamic loss and pumping performance. Izzo et al. [55] developed a valveless piezoelectric pump with an anisotropic flow tube and analyzed its structure theory, providing theoretical support for the design of an anisotropic flow tube valveless piezoelectric pump. Based on the research of valveless piezoelectric pumps with diffuser/nozzle tubes, Guan et al. [56] explored a kind of valveless piezoelectric pump with the saw-tooth flow tube, with the maximum output pressure and flow rate reaching 21.3 kPa and 0.01142 mL/min, respectively. Ehrlich et al. [57] arranged the “V” and “X” shaped bulges processed by 3D printing inside the traditional conical flow pipe, and a novel type of flow blocking valveless piezoelectric pump together with the closed pump cavity was formed. He et al. [58] designed a new type of valveless piezoelectric pump by using a Canada effect, and the Canada effect can be enhanced with a streamline structure to improve the pump flow rate. When the voltage and the frequency reached 300 V and 50 Hz respectively, the optimal output pressure and flow rate of the pump were obtained, i.e., 1.75 kPa and 4.84 mL/min respectively. Table 3 shows the summary of properties for the valveless piezoelectric pump with special flow tubes.



In summary, the valveless piezoelectric pump with external flow tubes is mainly designed to realize the one-way flow of liquid, which is not limited by the driving structure, and is widely used in the field of cooling systems [59], biomedicine [60], and energy applications [61]. However, due to the influence of external flow tubes, the piezoelectric pump is difficult to further miniaturize. Moreover, the flow rate of this piezoelectric pump is usually low, which cannot be used in high flow occasions.





2.2. Valveless Piezoelectric Pump with Built-in Structures


Figure 5 shows the working principle of valveless piezoelectric pumps with built-in structures. The working principle is as follows: because α1 is not equal to α2, fluid flows into or out of the chamber from the left and right conduits of the pump is different. Therefore, net flow will be generated.



In 2011, Zhang et al. [62] proposed a valveless piezoelectric pump with rotatable unsymmetrical slopes, which can realize the fusion of different fluids. This structure can control the proportion of different fluids flowing into the pump chamber by rotating the rotatable unsymmetrical slopes. Ji et al. [27] proposed a valveless piezoelectric pump with hemisphere-segment bluff-body by the principle of bluff body flow, and the flowrate of 16.4 mL/min was obtained under the voltage and frequency of 110 V and 6 Hz. He et al. [63] designed a valveless piezoelectric pump with rotatable unsymmetrical slopes by the principle of Carmen Vortex Street, which could achieve the flowrate of 220.6 mL/min and pressure of 670 Pa. In order to improve the flow rate of the pump, Zhao et al. [64] optimized the structure of hemisphere-segment bluff-body; he fabricated a valveless piezoelectric pump with a crescent-shaped structure by 3D printing, and the maximum flow rate of 286 mL/min was achieved when the voltage was 220 V at 82 Hz. Table 4 shows the summary of properties for the valveless piezoelectric pump with built-in structures.



In summary, the flow resistance difference structure of the valveless piezoelectric pump with built-in structures is located in the pump chamber, and the regular flow tubes are used in the inlet and outlet, which improves the utilization of the pump chamber. This piezoelectric pump has higher integration, and it is not affected by the complex flow channel, which is easier to use in practice. Compared with the valveless piezoelectric pump with external flow tubes, the pump flow rate of this piezoelectric pump is significantly improved.




2.3. Bionic Valveless Piezoelectric Pump


Inspired by the swimming of fish, Pires et al. [29,65] employed the bending vibration of piezoelectric bimorph to simulate the swing of a fish, and then the unidirectional flow of liquid was promoted to realize the function of a pump. However, Pires et al. only imitated the structure of a fish tail, and did not conduct in-depth research on this structure. On this basis, Hu et al. [66] proposed a valveless piezoelectric pump imitating caudal-fin, where the flow rate is as much as 560% of that of experiment results carried out by Pires et al., and its working principle is shown in Figure 6. Huang et al. [67] studied the solid–liquid coupling vibration characteristics of piezoelectric bimorphs in piezoelectric underwater acoustic devices. Dong et al. [4] studied piezoelectric materials, and he designed a piezoelectric pump based on macro fiber composite, which could achieve the flow rate of 28.7 mL/min under the frequency of 15 Hz. In 2019, Bao et al. [30] proposed a piezoelectric pump with built-in compliant structures. This pump can achieve the integration of “valve-based” and “valveless” in one body. These research results provide a new idea for the research of valveless piezoelectric pumps. Table 5 shows the summary of properties for the bionic valveless piezoelectric pump.



In summary, a bionic valveless piezoelectric pump mainly realizes one-way flow of fluid by imitating part of the structure of a biological body. Bionic valveless piezoelectric pumps have the advantages of simple structure, easy miniaturization, low cost, and can also solve the backflow problem of valveless piezoelectric pumps. Moreover, the pump flow of this kind of pump is usually relatively large.




2.4. Other Valveless Piezoelectric Pump


Besides, the following types of valveless piezoelectric pumps are worthy of attention. For example, Afrasiab et al. [68] designed a new valveless piezoelectric pump through a combination of the characteristics of traveling wave and barrier type valveless pumps, and the corresponding flow rate was increased by a factor of 700%. Ma et al. [69] designed a new separable valveless piezoelectric pump, and the flow rate of 9.1 mL/min was achieved under the frequency of 70 Hz. Munas et al. [70] designed a valveless piezoelectric pump with 十-shape tubes, which can be used for drug delivery and micro medical devices. Huang et al. [71] proposed a valveless piezoelectric pump with vortex diodes, and the maximum flow rate of 9.86 mL/min and pressure of 340 Pa were obtained at the voltage and frequency of 200 V and 49 Hz. Table 6 shows the summary of properties for other valveless piezoelectric pumps.





3. Comparison of Various Valveless Piezoelectric Pumps


In the past 30 years, the valveless piezoelectric pump has developed rapidly. In particular, the valveless piezoelectric pump with an external flow tube of great concern to many scholars. In regard to the structure features, both the valveless piezoelectric pump with external flow tube and valveless piezoelectric pump with built-in structures can realize the unidirectional flow of liquid through the volume change of the pump chamber and the flow resistance structure. The output performance of the valveless piezoelectric pump can be controlled and regulated by optimizing the flow tube structure. In the development process of valveless piezoelectric pumps, many types of valveless piezoelectric pumps with external flow tubes have appeared, such as, valveless piezoelectric pumps with diffuser/nozzle tubes, valveless piezoelectric pumps with Y-shape tubes, valveless piezoelectric pumps with spiral tubes, and valveless piezoelectric pumps with special flow tubes. As shown in Figure 7 and Figure 8, the flow rate of valveless piezoelectric pumps with external flow tubes usually exhibit a relative value, i.e., 35 mL/min, and sometimes can be realized at a μL/min level.



The flow resistance structure of valveless piezoelectric pumps with built-in structures is installed in the pump chamber, which can reduce the overall size of the valveless piezoelectric pump. The internal structure of the pump chamber was built to improve the output behavior of these pumps. It consists of valveless piezoelectric pumps with hemisphere-segment bluff-bodies, and valveless piezoelectric pumps with a crescent-shaped structure. As compared with the valveless piezoelectric pump with an external flow tube, the pump flow of a valveless piezoelectric pump with built-in structures is dramatically enhanced, and the maximum pump flow reaches 286 mL/min.



In addition, the bionic valveless piezoelectric pump is also considered to be one of the main research hotspots. The valveless piezoelectric pump imitating caudal-fin and semi-flexible valve piezoelectric pumps are the two most common bionic valveless piezoelectric pumps. The valveless piezoelectric pump imitating a caudal-fin is used to simulate a fish swimming, and make the fish static to obtain the one-way flow of liquid from front to back. The semi-flexible valve piezoelectric pump is a new breakthrough in the field of piezoelectric pumps. We can adjust the driving voltage to realize the integration of “valve-based” and “valveless” in one body.




4. Future Perspectives for the Valveless Piezoelectric Pump


Valveless piezoelectric pumps are used more and more widely, especially in the biomedical field. This demands that piezoelectric pump materials have biocompatibility. In the future, valveless piezoelectric pumps can be used for artificial heart and living cell delivery. However, most of the valveless piezoelectric pumps have sharp protrusions in their interior, which would have a great impact on living sells. Therefore, the optimized design of structure is important. Further, it can also be helpful to boost the performance of piezoelectric pumps.



Three-dimensional printing will be an important processing method for valveless piezoelectric pumps. The flow channel can be integrated into the pump body by using 3D printing technology, which can avoid liquid leakage. By 3D printing, the accuracy of piezoelectric pumps can further improve.



In the future, the performance of the pump can be improved by combining different flow tubes or flow resistance structures. For example, the diffuser/nozzle tube and arc-shaped tube are combined to form the variable cross section arc-shaped tube, and the diffuser/nozzle tube and the Y-shape tube are combined to form the variable cross section Y-shape tube.



Flow rate is the most important performance index of piezoelectric pumps. In order to further popularize the valveless piezoelectric pump, it is required that the piezoelectric pump has a stable flow rate. Driving voltage and driving frequency are the key factors affecting pump flow. We should provide a stable power supply to drive the piezoelectric pump. Simultaneously, the flow channel is another important factor affecting the pump flow. We should choose ultra-precision machining methods to process the flow channel. Moreover, the valveless piezoelectric pump realizes liquid flow by volume change, and cannot avoid flow fluctuation. Especially in the low-frequency valveless piezoelectric pumps, the flow fluctuation is more obvious. We can reduce this volatility by adding buffer mechanisms.




5. Conclusions


Since the valveless piezoelectric pump was firstly introduced by Stemme et al., the development of the valveless piezoelectric pump has become extraordinary rapid. According to the current research status, the valveless piezoelectric pumps are divided into three different groups, including valveless piezoelectric pump with external flow tubes, valveless piezoelectric pump with built-in structures, as well as the bionic valveless piezoelectric pump. The development course of each type of valveless piezoelectric pumps is also reviewed and summarized. Besides, the flow rate and output pressure acting as comparison parameters, the output characteristics of each valveless piezoelectric pump is analyzed. The flow rate of the valveless piezoelectric pump with external flow tubes is relatively low, usually under a value of 35mL/min, and sometimes it can even achieve the flow rate of μL/min, which is suitable for the usage in the micro flow field. The valveless piezoelectric pump with built-in structures, and the bionic valveless piezoelectric pump, exhibit a relative high flow rate, which is suitable for the application in large flow rate fields. The development prospects of valveless piezoelectric pumps is prospected from the structure design and manufacturing method. The main trend of the design of valveless piezoelectric pumps is the optimization design of structure and the combination of flow resistance structure. It is expected that the 3D printing technology would become the main processing technique for the flexible fabrication of valveless piezoelectric pumps in the future.
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Figure 1. Classification of valveless piezoelectric pumps. 
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Figure 2. The working processes of valveless piezoelectric pumps with diffuser/nozzle tubes. (a) Suction process. (b) Discharge process. 
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Figure 3. The working processes of valveless piezoelectric pumps with Y-shape tubes. (a) Suction process. (b) Discharge process. 






Figure 3. The working processes of valveless piezoelectric pumps with Y-shape tubes. (a) Suction process. (b) Discharge process.



[image: Applsci 11 07061 g003]







[image: Applsci 11 07061 g004 550] 





Figure 4. The working processes of valveless piezoelectric pumps with spiral tubes. (a) Suction process. (b) Discharge process. 
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Figure 5. Working principle of a valveless piezoelectric pump with built-in structures. 
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Figure 6. Working principle of a valveless piezoelectric pump imitating a caudal-fin. 
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Figure 7. Maximum flow rates for valveless piezoelectric pump: flow rates versus voltages. 
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Figure 8. Maximum flow rates for valveless piezoelectric pump: flow rates versus frequencies. 
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Table 1. Summary of properties for the valveless piezoelectric pump with external flow tubes.
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	First Author

and Year
	Type of

Valveless
	Structure

Material
	Up

(Vp-p)
	fp

(Hz)
	Pmax

(kPa)
	Qmax

(mL/min)





	1997 [35] Olsson
	Diffuser/nozzle
	Si-wafer
	200
	3000–4000
	74
	2.3



	2001 [36] Nguyen
	Diffuser/nozzle
	PCB
	100
	100
	7
	3



	2013 [38] Tseng
	Diffuser/nozzle
	PMMA
	160
	400
	2.9
	0.4



	2017 [40] Aggarwal
	Diffuser/nozzle
	Si-wafer
	80
	2520
	N/A
	0.2254



	2019 [17] Guan
	Diffuser/nozzle
	PDMS
	70
	100
	N/A
	0.0049



	2016 [46] Yang
	Coanda effect
	PMMA
	300
	10
	3.18
	0.408
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Table 2. Summary of properties for the valveless piezoelectric pump with Y-shape tubes.
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	First Author

and Year
	Type of

Valveless
	Structure

Material
	Up

(Vp-p)
	fp

(Hz)
	Pmax

(kPa)
	Qmax

(mL/min)





	2013 [49] Huang
	multistage Y-shape
	N/A
	100
	9/10.3
	0.55
	35.6



	2020 [50] Huang
	asymmetrical channels
	N/A
	200
	33/31
	0.38
	3.6
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Table 3. Summary of properties for the valveless piezoelectric pump with special flow tubes.
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	Figure
	Type of

Valveless
	Structure

Material
	Up

(Vp-p)
	fp

(Hz)
	Pmax

(kPa)
	Qmax

(mL/min)





	1995 [54] Forster
	Tesla
	N/A
	150
	114
	N/A
	0.038



	2007 [55] Izzo
	Tesla
	N/A
	100
	2250/3000
	1.73
	0.64



	2008 [56] Guan
	Saw-tooth
	PMMA
	30
	7500/8000
	21.3
	0.01142



	2014 [57] Ehrlich
	Microdiffuser elements
	N/A
	170
	30
	0.658
	0.56



	2019 [58] He
	Canada effect
	N/A
	300
	50
	1.75
	4.84
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Table 4. Summary of properties for the valveless piezoelectric pump with built-in structures.
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	First Author

and Year
	Type of

Valveless
	Structure

Material
	Up

(Vp-p)
	fp

(Hz)
	Pmax

(kPa)
	Qmax

(mL/min)





	2011 [62] Zhang
	Unsymmetrical slopes
	N/A
	220
	50
	N/A
	32.32



	2014 [27] Ji
	Hemisphere-segment
	PMMA
	110/160
	6
	0.262
	30



	2019 [63] He
	Dome composite structures
	N/A
	190
	130/45
	0.67
	220.6



	2019 [64] Zhao
	Crescent-shaped structure
	N/A
	220
	82
	N/A
	286
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Table 5. Summary of properties for the bionic valveless piezoelectric pump.
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	First Author

and Year
	Type of

Valveless
	Structure

Material
	Up

(Vp-p)
	fp

(Hz)
	Pmax

(kPa)
	Qmax

(mL/min)



	2009 [29] Pires
	Bimorph
	N/A
	60
	320
	0.12
	103



	2020 [4] Dong
	MFC
	PMMA
	N/A
	15
	N/A
	28.7



	2019 [30] Bao
	Compliant structure
	UV epoxy
	210
	80
	1.99
	3.6
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Table 6. Summary of properties for other valveless piezoelectric pumps.
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	First Author

and Year
	Type of

Valveless
	Structure

Material
	Up

(Vp-p)
	fp

(Hz)
	Pmax

(kPa)
	Qmax

(mL/min)





	2016 [69] Ma
	Diffuser/nozzle
	PMMA
	N/A
	70
	N/A
	9.1



	2018 [70] Munas
	十-shape
	PMMA
	N/A
	100
	0.24
	31.15



	2019 [71] Huang
	Vortex diodes
	PA
	200
	49
	0.34
	9.86
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
40

w
8
3

Flow rate (mL/min)

5}
8
3

3
S

@ External flow tubes ol
= Built-in structures
[ 4 Bionic
e
Pies 29]
Done 4]

el i
0 Zhang [62]

| Guagiso GumgizgNesien 3] Tong (RIEMIEH () Humg 50] e 5l

asgarvarpaof ), OB Rverisa Ol
Abuo o) d . )
0 50 100 150 200 250 300

Voltage (Vy.p)






media/file4.png
Downward piezoelectric
actuator

Upward piezoelectric
actuator

Fluid flow
Outlet direction

Fluid flow
direction [plet

Fluid flow
Outlet direction

Fluid flow
direction [plet






nav.xhtml


  applsci-11-07061


  
    		
      applsci-11-07061
    


  




  





media/file16.png
400

- ® External flow tubes
300 - ® Built-in structures

N [~ y4 . .
= mheolodl A Bionic
£ |
—] g He [63]
Eo00 F
9
o
S A
% Pires [29]
— 100 A
= Huang [49]

R —

) }EI%UYen[[SO] Ji 7] Iseng [38] Aggirwal [40] azzo [55] gﬂson [35]
—Huang
Vans [467/ | \ o 34
| Bao[30] { He[58]
Ehrlich [57]
| L | 1 | L | L
0 1000 2000 3000 4000

Frequency (Hz)





media/file2.png





media/file5.jpg
Dowward pczociecic

Upward pieoeletric

G —
Oulet Fiid flow idflow It | Ol Flid flw It
dircion disstion diection






media/file3.jpg
Flid fow
Outerdiecion

Upward iezosecrc

Flid fow

diestion 1ot | Ouer

Flid o
direstion

Donivard pesoelctic

Flid fow
dection ey






media/file1.jpg
DHIID)

Conical spiral

cavity





media/file7.jpg
Flud flow
dirccton

Flid low
directon

et

Flid flow
dirction

Flid low
dirction






media/file10.png
Piezoelectric vibrator

Piezoelectric vibrator

(a) Suction process (b) Discharge process






media/file12.png
Piezoelectric vibrator

(a) Piezoelectric vibrator

REE § R BISIIREAZEGRELE

(b) Working mode





media/file9.jpg
Piezoelectric vibrator
Piezoelectric

qf’ump chamber - Pump chamber
~ {5 &£ V- 2 V. ) Gy

(a) Suction process (b) Discharge process






media/file0.png





media/file14.png
400

300F

(@
-
-

Flow rate (mL/min)
-
-

® External flow tubes g Zhao [64]
B Built-in structures
A Bionic
.He [63]
Pires [29]
A
Dong [4]
Hugng [49] Ji[27] Zhang [62]

O IZZO [55] Olsson [35]
Aggarvx;al [40] ABo |[30] TOTStef [54] | | |
0 50 100 150 200 250 300

Voltage (V)






media/file8.png
Downward piezoelectric
actuator

Upward piezoelectric
Inlet actuator

Outlet Outlet

Fluid flow
direction

Fluid flow
direction

Fluid flow
direction

Fluid flow
direction






media/file11.jpg
Mer Piezoelgctric vibrator

(a) Piczoelectric vibrator

M

(b) Working mode





media/file6.png
Downward piezoelectric
actuator

Upward piezoelectric
actuator

d
Outlet Fluid flow Inlet

direction

Fluid flow Inlet
direction

ﬁ
Outlet Fluid flow
direction





media/file15.jpg
400

s

Flow rate (mL/min)
8 8

e

el

o

Hang 49)
Deng 4,

g o 017
Vit N
Bao[3 e

ezt )

Al otss)

© External flow tubes

A Bionic

ety

0

1000

2000
Frequency (Hz)

4000





