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Abstract

:

In recent years, the piezoelectric jet and atomization devices have exhibited tremendous advantages including their simple construction, and the fact that they are discreet and portable as well as low cost. They have been widely used in cell printing, spray cooling, drug delivery, and other industry fields. First, in this paper, two different concepts of jet and atomization are defined, respectively. Secondly, based on these two concepts, the piezoelectric jet and atomization devices can be divided into two different categories: piezoelectric micro jet device and piezoelectric atomization device. According to the organizational structure, piezoelectric micro jet devices can be classified into four different models: bend mode, push mode, squeeze mode, and shear mode. In addition, their development history and structural characteristics are summarized, respectively. According to the location of applied energy, there are two kinds of piezoelectric atomization devices, i.e., the static mesh atomization device and the vibration mesh atomization device, and both their advantages and drawbacks are discussed. The research achievements are summarized in three aspects of cell printing, spray cooling, and drug delivery. Finally, the future development trends of piezoelectric jet and atomization devices are prospected and forecasted.
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1. Introduction


Atomization is defined as a process of transforming continuous liquid or solid–liquid mixtures into discrete droplets or solid particles by various approaches. The research on atomization can be traced back to Leonardo da Vinci in the 16th century [1]. The introduction of atomization can dramatically increase the specific surface area of the fluid, and significantly improve the efficiency of fluid utilization. It is widely used in the fields of air humidification [2], agricultural irrigation [3], spray combustion [4], and many other industries. Since the piezoelectric effect was discovered in 1880, many scholars began to devote investigating to the piezoelectric driving. It was found that the piezoelectric actuator belongs to a kind of inverse piezoelectric effect based on piezoelectric ceramic material, which can produce rotation or linear motion by controlling its mechanical deformation. Uchino et al. [5,6] summarized the construction, working principle, structural material, and energy recovery of piezoelectric actuators, which laid the foundation for the research on piezoelectric actuators. Due to the advantages of piezoelectric actuators, their research results have been widely applied in ultrasonic motor [7,8,9], piezoelectric pump [10,11,12], and piezoelectric atomization [13,14,15].



The procedure of piezoelectric jet and atomization is the most important branch of the piezoelectric drive during such processing, where the liquid is dispersed into tiny droplets by piezoelectric drive technology, and its corresponding devices are the piezoelectric jet and atomization devices. The piezoelectric jet and atomization devices have numerous advantages such as being easy to carry, and having a high energy utilization rate, and low manufacturing cost, which have drawn public attention in various fields. In recent decades, such piezoelectric jet and atomization devices have been extensively promoted and applied in inhalation drug delivery [16], metal printing [17], biomedical [18], and other aspects. The piezoelectric micro jet device and the piezoelectric atomization device have been proposed for many years, but due to the limitations of the technical level, there is no literature to distinguish such concepts of jet and atomization, especially for what collectively refers to the two concepts of jet and atomization as the process of dispersing liquid into tiny droplets. In order to better understand and distinguish clearly, we give two different definitions for jet and atomization, respectively. When the liquid is occupied with an absolute higher proportion of ejected material than the gas, it is regard as jet; otherwise, it will be defined as atomization.



In this paper, the work on the evolution and progress trend of the constructions of piezoelectric micro jet and atomization devices in the past three decades are reviewed and summarized. The development history of the structure of the piezoelectric micro jet and atomization device is also reviewed. The functions and applications of piezoelectric micro jet and atomization devices are classified and thoroughly analyzed, and their future development is prospected.




2. Advances in Piezoelectric Micro Jet Devices


The working principles of the piezoelectric micro jet device can be divided into three stages: (i) the driving signal is employed as the piezoelectric vibrator; (ii) the inverse piezoelectric effect of piezoelectric ceramics is used to make the piezoelectric vibrator deform; and (iii) the pressure wave is subsequently generated and acted on the liquid to extrude the liquid from the micropore. The earliest application of piezoelectric micro jet technology is the piezoelectric inkjet printer, in which the conversion of electrical energy to mechanical energy is achieved under the action of the AC signal, leading to the piezoelectric device deformation, extruding the ink to spray it on the paper (or other media) and finally the printing of text and figure [19]. Figure 1 shows the structure diagram of the piezoelectric micro jet device [20]. According to the deformation mode of the piezoelectric vibrator, the piezoelectric micro jet devices can be roughly divided into four types, including bend mode [21], push mode [22], squeeze mode [23], and shear mode [20].



2.1. Bend Mode


In 2008, Fan et al. [25] proposed a type of piezoelectric inkjet nozzle and fabricated the piezoelectric ceramic into the shape of a buzzer. The surrounding of the piezoelectric ceramic was fixed, and the middle part was deformed to drive the formation of droplets. In this research, a high-speed camera (CCD) was employed to record the formation and separation process of the droplets. In a previous study, Yang et al. [26] carried out numerical simulation on the droplet injection process of a representative piezoelectric film nozzle, and the related findings revealed that the injection characteristics were strongly affected by many factors including the nozzle outlet diameter, injection time interval, and surface tension as well as fluid viscosity. Since then, with the development of MEMS technology, some scholars have begun to use MEMS technology to design piezoelectric micro jet devices. In 2010, Yoo et al. [27] designed a piezoelectric nozzle using MEMS technology, and found that the nozzle structure, driving voltage, ink viscosity, and meniscus vibration mode all affected the spray performance of the nozzle. In 2014, Kim et al. [28] fabricated a piezoelectricity driven inkjet printhead on silicon wafer by MEMS technology, and carried out a numerical simulation on this course. It was found that the Helmholtz mode was the main resonance mode to influence the flow oscillation at the nozzle. As one of the core components of the piezoelectric nozzle, the piezoelectric vibration plate directly affects the jet performance of the print head. In 2018, the amplitude of the piezoelectric vibration plate was enhanced by releasing the long side of lead zirconate titanate film, and thereby a so-called spring structure was conducted, demonstrating that such a structure can significantly increase the amplitude and average deformation rate of a piezoelectric vibration plate in air throughout the experimental progress [29].



All of the above-mentioned piezoelectric jet devices are assigned to curved piezoelectric micro jet devices as shown in Figure 1a. For the apparatus structure, the piezoelectric ceramic is stuck onto the substrate. The substrate can vibrate up and down with the piezoelectric ceramic under the excitation of the AC signal, which causes the volume change of the ink storage chamber, and then the fluid suction and injection are completed. Accordingly, both the jet velocity and droplet size are influenced by the parameters of piezoelectric ceramic, driving voltage, driving frequency, and nozzle size.




2.2. Push Mode


In 2011, a push-type piezoelectric micro jet device was invented [30], in which laminated ceramics were used to provide the driving force, thus reducing the driving voltage of the inkjet printing head. Subsequently, the evolution of the inkjet process was simulated, and the relative experimental verification was also carried out, showing a good consistency with each other [31]. In 2013, Zhou et al. [32] proposed a piezoelectric-driven thin-film micro jet technology. Meanwhile, Park et al. [33] designed and developed a piezoelectric micro-spray device with high output performance. The mode of resonant braking of the piezoelectric vibrator unit was adopted, and the micro-displacement was dramatically amplified using additional mass block. It indicated that the high efficiency injection of the liquid can be realized by using the fluid inertia effect of liquid in cavity at high frequency.



The above-mentioned piezoelectric jet devices are all push-type piezoelectric micro jet devices as shown in Figure 1b. The working principle of the device can be summarized as follows: the telescopic deformation of cylindrical piezoelectric ceramics is used to produce the driving force, the volume of the ink cavity is changed via such driving force, and finally the ink inhalation and injection process is completed. The structure is characterized by the use of laminated ceramics to push the film, leading to change in the volume of the ink cavity. A push rod is needed to provide the driving force to transfer the film. The relative low energy utilization rate will seriously restrict its popularization and application. Therefore, there are few works focusing on this type of piezoelectric injection device.




2.3. Squeeze Mode


In 1984, Bogy et al. [34] invented the first squeeze piezoelectric jet device. They designed the extrusion jet device utilizing the pressure wave conduction theory in the ink storage cavity. In order to improve the deformability and corrosion resistance of the ink storage cavity, PET/PTFE was chosen to make ink tubes, where the squeeze ink spray head could spray ink with a maximum viscosity of 100 m Pa.s [35]. In 2013, Rone et al. [36] used the Comsol software to analyze the squeeze inkjet head, and the volume of jet ink droplets was obtained by simulation calculation. In 2017, Chang et al. [37] established a mathematical model of sound propagation considering liquid viscosity based on a piezoelectric inverse effect, and the sound pressure response at the nozzle was investigated. In view of the complicated structure, there were some shortages including the high assembly process and high price of the extruded piezoelectric nozzle. In 2020, Xiao et al. [38] further designed a simple ring piezoelectric ceramic direct drive injection material micro-drop injection device, and the feasibility of the design was also verified by experiments.



All of the above-mentioned piezoelectric jet devices are assigned to the type of squeeze piezoelectric micro jet devices as shown in Figure 1c. The major components of these devices mainly consist of a circular tube, piezoelectric ceramic tube, and glass tube. The piezoelectric ceramic tube is used as a brake, and the glass tube is used as a liquid storage cavity. Simultaneously, the top part of the glass tube is drawn into micropore, acting as a nozzle. In the fabrication, the most critical step is the polarization direction of the piezoelectric ceramic tube, which must be polarized along the radial direction, and the power supply is connected to the inner and outer walls of the piezoelectric ceramic tube, respectively.




2.4. Shear Mode


In 1987, Bartky et al. [39] proposed the concept of the “shared wall” shear mode for a piezoelectric nozzle brake, as presented in Figure 1(d1). When the pulse signal was applied on the piezoelectric brake wall, the volume of the brake container was changed synchronously, and then the fluid was squeezed out. By contrast, Brünah et al. [20] conducted a more in-depth study on the “shared wall” shear type piezoelectric nozzle brake, and elaborated the working principle, structural characteristics, and manufacturing process of the brake. As shown in Figure 1(d3), Cheng et al. [40] proposed a new type of shear type piezoelectric inkjet head in 2006. In 2010, Wijshoff et al. [41] proposed a shear type piezoelectric nozzle as shown in Figure 1(d2). The ink storage chamber of the nozzle is similar to the curved type, but it should be noted that the shear deformation was performed on the piezoelectric ceramic. At present, this type of nozzle has been used in Nova and Galaxy printers by Spectrum Company.



The above-mentioned piezoelectric jet devices belong to shear type piezoelectric micro jet devices, and their main common feature is that the polarization direction of piezoelectric ceramics is perpendicular to the electric field direction. Under the excitation of the driving signal, the lateral deformation is produced by the role of the piezoelectric ceramic system, resulting in the fluid being squeezed in the reservoir cavity and produce jet.





3. Advances in Piezoelectric Atomizers


According to the different structures, the piezoelectric atomizer can be divided into static mesh atomizer and dynamic mesh atomizer. Table 1 shows the working principle, characteristics, and application of different types of piezoelectric atomizers.



3.1. Static Mesh Atomizer


In 2000, Heij et al. [42] proposed a static microporous atomizer, as shown in Figure 2a. The atomizer was composed of a piezoelectric ceramic (PZT), a liquid inlet, and a metallic plate with micro apertures. These holes were obtained by deep reactive ion etching. The properties of the atomizer were tested using a high-speed camera and a Doppler laser vibrometer. In 2001, Liu et al. [43] designed an atomizer with a structure similar to that shown in Figure 2a. The atomizer exhibited a stable working performance and atomization rate. Subsequently, Wang et al. [44] and Wei et al. [45] provided a further study on this type of atomizer. In 2006, Vecellio [46] took advantage of electroplating technology to prepare 6000 small holes with a diameter of 3 μm on the mesh plate, and atomized the drug solution into aerosol through the high-frequency vibration of the high-frequency transducer. Finally, the drug directly reached to the lesion through the human respiratory system, and thus the targeted and quantitative administration could be realized to reduce the side effects of systemic administration (as shown in Figure 2b). As shown in Figure 2c, a new type of static mesh atomization device was proposed to achieve high-quality atomization, and the particle size of the generated droplets was finer and more uniform than that of industrial aerosolization [47]. Simultaneously, Jeng et al. [48,49] proposed a dual-piezo-driven high-frequency resonance atomizer, the working principle of which is shown in Figure 2d. The experimental results showed that the atomization rate could be enhanced to a value of 8 mL/min at a driving frequency of 7 kHz. Table 2 shows the summary of properties for the static mesh atomizer.



All the static mesh atomization devices mentioned above are composed of a liquid cavity, piezoelectric vibrator, and micro spray hole. The working principle of this kind of atomizer is to use the vibration of the piezoelectric vibrator to change the pressure inside the liquid cavity to realize atomization. The atomization process can be effectively controlled, and the device has the advantages of being easy to carry, with a low manufacturing cost and easy to realize miniaturization. However, the energy of this type of device is applied to the whole liquid system, resulting in low energy utilization efficiency. Due to the existence of micropores, when atomizing a macromolecular solution, the occurrence of clogging becomes a tough issue.




3.2. Dynamic Mesh Atomizer


In 1986, Maehara et al. [50,51] proposed a new atomizer structure with a piezoelectric vibrator. It was composed of the piezoelectric element, liquid chamber, pinhole, pinhole plate, water tank, and pipe. In the course of the work, one side of the atomizer was in direct contact with liquid, whereas the other side was in contact with air. The variable volume of the liquid cavity simplified the structure of the atomizer, and thereby the atomization process could be controlled effectively. In 1994, Tode et al. [52] proposed a type of piezoelectric atomizer containing micro holes. Each micro hole on the atomizing plate was a tapered hole driven by the vibration of a piezoelectric vibrator. Under the action of the vibration plate, the liquid atomized as it flowed through the plate. Toda et al. [53,54] also conducted the related experiments, and the corresponding results showed that the atomization rate reached 0.6 mL/min when the driving voltage was 70 V. In 1997, Perçin et al. [55,56,57] designed a piezoelectric atomizer as shown in Figure 3a. The shaft excited on a circular film by a flexural transducer and was stacked into a resonant film to generate atomization [58,59]. In 2008, Shen et al. [60] studied an atomizer with a cymbal-type high-power drive as shown in Figure 3b. This atomizer was composed of a piezoelectric disk, aperture, cylindrical housing, and thin shim. For the cymbal-type nozzle, the energy could be accumulated at the center of the nozzle plate, and a large driving force was generated to provide a high-power driver of the cymbal shape, atomizing the high-viscosity liquid into fine particles, and increasing the atomization rate. In 2016, Cai et al. [61] designed an atomization device as shown in Figure 3c and investigated the effects of the dynamic cone angle pump on the atomization performance. Lu et al. [62] explained the mechanism of the dynamic mesh atomizer as follows: the liquid is pinched off as droplets pass through the cone nozzle during forward vibration and then adheres to the orifice by capillary force during backward vibration. At this point, the micro-cone hole is in the nozzle mode, and the liquid flows from the flared (the larger diameter of the micro-cone hole) side to the tapered side (the smaller diameter of the micro-cone hole). However, Cai et al. [61] proved that the viewpoints from Lu et al. [62] were not correct in explaining the atomization mechanism (as shown in Figure 3c). In 2018, Yan et al. [63,64,65] conducted an in-depth study on the mechanism of the micro pump with a dynamic cone angle, as shown in Figure 3d. Simultaneously, Yan et al. explored the effects of the dynamic cone angle on the atomization process. Table 3 shows the summary of properties for the dynamic mesh atomizer.



At present, the dynamic mesh atomizer has been widely used in household medical atomizers for children. Many companies have produced this type of medical atomizer. Famous brands of medical atomizers are as follows: Oranger, Pari, and Andon.



Compared with the static mesh atomization device mentioned above, it seems that the dynamic mesh atomizer is relatively simple in construction, and the energy is directly applied to the liquid at the cone hole, which greatly improves the energy utilization rate. Huang et al. [66] mentioned that the energy consumption of this type of device is only 8.244 W. However, there are numerous micro holes prepared in the device for atomization, and it is difficult to ensure the precision and accuracy of micro holes in the processing. Simultaneously, there is still a problem of the occurrence of clogging remaining when atomizing the macromolecular solution. It notably affects the stability of the atomization system.





4. Advances in the Application of Piezoelectric Jets and Atomizers


4.1. Cell Printing


In order to satisfy the demands in the biomedical field for high-precision control of cell culture and experiments, the researchers have made considerable efforts to achieve micro fluid control of piezoelectric micro jet technology. It is expected to improve the accuracy of experimental research by the application of such technology. Tse et al. [67] printed porcine Schwann cells and neuron cells by a piezoelectric micro jet mechanism, and proved that the activity of cells printed into the culture dish is similar to cells cultured by the standard method. Lorber et al. [68] established the printing of rat retinal ganglion cells and glial cells by piezoelectric micro jet mechanism. It was found that there was no significant difference in cell activity obtained by piezoelectric micro jet printing. In addition, Lorber et al. [69] successfully printed human retinal ganglion cells and glial cells using the piezoelectric micro jet mechanism.



In 2013, Gross et al. [70] completed the printing of a single cell using a high-pressure micro jet mechanism, and analyzed the cell activity after printing. In 2015, Stumpf et al. [71] printed a single human B cell into a microtubule by a piezoelectric micro jet mechanism, and the cell activity using corresponding equipment was observed. Fujita et al. [72] established the printing of ultra-high density transfected cell microarray. In 2016, Koo et al. [73] proposed the usage of a piezoelectric micro jet mechanism for three-dimensional cell printing, and proved that the cell survival rate produced by this method is quite high In 2017, Lee et al. [74] proposed a method of non-contact production of epithelial cell micro population using a piezoelectric micro jet mechanism, and verified that this method is universal in its printing application.




4.2. Spray Cooling


The spray cooling technology involves: (1) mixing a liquid into a pressurized air stream to form a mist-like gas–liquid two-phase fluid, and (2) using a spray to form a jet for spraying atomized droplets onto an object to be cooled [75]. The piezoelectric jet and atomization devices can be used for the spray cooling process, and can realize small flow spray cooling and improve its efficiency. Heffington et al. [76] applied a microporous piezoelectric atomizer to the cooling system of an integrated circui and a heat dissipation density of 420 W/cm2 was obtained. In 2014, Soriano et al. [77] proposed a microporous piezoelectric atomizer with a droplet diameter, spacing, and generation rate that could be adjusted according to the demand, as shown in Figure 4a. Furthermore, they studied the manner of the atomization rate by experiments. It should be stated that both the initial atomization temperature and droplet generation frequency affected the SC heat transfer performance. They used the HFE7100 as the refrigerant during the experiment, and the experimental results showed that a heat dissipation density of 25 W/cm2 was produced when the atomization rate reached 4.2 mL/min. As shown in Figure 4b, Chen et al. [78,79,80] proposed a piezoelectric nozzle atomizer that possessed structural simplicity, low power consumption, and controllable atomization parameters in 2016. By comparison, the introduction of the piezoelectric nozzle atomizer could induce the cooling temperature distribution of the wall surface more uniformly, and achieve a higher heat transfer density with less atomizing flow. In 2019, Cai et al. [81] studied the cooling performance of the piezoelectric micro hole atomizer. The experimental results showed that the micro hole atomizer possessed a positive cooling effect, and the effect of the atomization rate on the cooling performance exhibited a basically linear trend.




4.3. Drug Delivery


In using microneedles for drug delivery, the main working principle is to destroy the skin layer, generate micron level channels, and direct the drug to the upper layer of the epidermis or dermis, so that the drug can be directly taken into the microcirculation without passing through the cutin barrier. This is so that the drug can pass through the skin efficiently [82], which has been widely used in the fields of vaccine injection [83,84,85], insulin delivery [86,87,88], skin beauty [89,90,91], and other aspects. Piezoelectric micro spray technology has the advantages of high precision and small amounts of droplets in a single injection, which can be used to spray drugs or macromolecules onto the microneedles. O’mahony et al. [92,93] fabricated drug microneedles based on piezoelectric micro jet technology, which can realize transdermal drug delivery, and analyzed the influence of composition ratio and pulse excitation parameters on the jet performance, as shown in Figure 5a. Boehm et al. [94,95,96] proposed to spray miconazole on the degradable microneedles by piezoelectric micro spray technology to achieve micro drug delivery for the treatment of Candida albicans infection. As shown in Figure 5b, Scutaris et al. [97] used piezoelectric micro spray technology to realize drug spraying of the intravascular stent and proved the feasibility of this technology. Addin et al. [98] used piezoelectric micro spray technology to spray three different kinds of anti-cancer drugs on metal microneedles, and realized the transdermal drug delivery method to transport micro amounts of anti-cancer drugs as shown in Figure 5c.




4.4. Other Applications


In addition to the above three applications, piezoelectric atomization devices are also widely used in other fields. Beck-Broichsitter et al. [99] proposed a vibrating-mesh-type nebulizer to atomize the prepared nanoparticle drugs. Wen et al. [100] developed a piezoelectric-based odor reproduction system by using a piezoelectric microporous atomizer. Ullmann et al. [101] used a mesh atomization device in the treatment of childhood asthma. Xiang et al. [102] used an ultrasonic atomizer to produce photoresist polymer film.





5. Summary and Outlook


5.1. Summary


	(1)

	
According to the constituents and status of spray material, the spray can be mainly classified into two types. When the spray material accounts for an absolute high proportion of liquid, it is defined as a spray processing, otherwise it is regard as an atomization processing.




	(2)

	
The development history of four types of piezoelectric micro jet devices were summarized, and their working principles, advantages, and disadvantages were also analyzed.




	(3)

	
Both the development history and structural characteristics of static mesh atomizer and dynamic mesh atomizer were scientifically reviewed. Additionally, their working mechanisms, advantages, and shortages were revealed.




	(4)

	
The application of piezoelectric jet and atomization devices can be generalized from three different aspects including cell printing, spray cooling, and drug delivery.








5.2. Outlook


With the development of finite element technology, MEMS technology, and measurement technology, various kinds of piezoelectric jets and atomizers have appeared successively. Scholars have paid much attention to the piezoelectric jets and atomizers, because of their advantages of a simple structure, and being portable, and low cost. Both the piezoelectric micro jet and atomization devices are dependent on their core structure micropore. When water or another low viscosity fluid is selected as the liquid medium, the device can work normally. However, when the working medium is a macromolecular solution or some high viscosity liquid, the micropore will be more or less blocked after long-term work, which causes the instability of the device. Therefore, in future work, we should focus on the research of non-porous piezoelectric jet and atomization devices to effectively solve the problem of micropore clogging.
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Figure 1. Structure diagram of the piezoelectric micro jet device [24]: (a) Bend mode, (b) Push mode, (c) Squeeze mode, (d1,d2,d3) Shear mode. Reprinted with permission from Ref. [24]. Copyright 1991 IOP Publishing, Ltd. 
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Figure 2. Static mesh atomizer: (a) a SMA by Heij et al. [42], reprinted with permission from Ref. [42]. Copyright 2000 Elsevier, (b) an innovative SMA adapted from Pan et al. [47], (c) a SMA adapted from Vecellio [46], and (d) a new structure SMA by Jeng et al. [48,49], reprinted with permission from Ref [48,49]. Copyright 2007 Elsevier. 
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Figure 3. Dynamic mesh atomizer: (a) a DMA adapted from Perçin et al. [55,56,57], (b) a new structure DMA by Shen et al. [60], reprinted with permission from Ref. [60]. Copyright 2010 Elsevier, (c) a DMA adapted from Cai et al. [61], and (d) a diagram of the atomization mechanism adapted from Yan et al. [63,64,65]. 
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Figure 4. Spray cooling: (a) a zoomed view of heater assembly by Soriano et al. [77], reprinted with permission from Ref. [77]. Copyright 2014 Elsevier. (b) schematic diagram of experimental system by Chen et al. [79], reprinted with permission from Ref. [79]. Copyright 2017 Elsevier. 
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Figure 5. Drug delivery: (a) the drug microneedle made by O’Mahony et al., reprinted with permission from Ref. [92]. Copyright 2016 Elsevier. (b) the drug microneedle made by Scoutaris et al., reprinted from Ref. [97]. Copyright 2016 American Chemical Society. (c) the drug microneedles made by Uddin et al., reprinted with permission from Ref. [98]. Copyright 2015 Elsevier. 
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Table 1. Working principle, characteristics, and application of different types of piezoelectric atomizers.
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	Type
	Working Principle
	Advantage/Disadvantage
	Application





	Static mesh atomizer
	The vibration of the piezoelectric vibrator is adopted to change the pressure inside the liquid cavity. When the pressure in the cavity is sufficiently large, the liquid is ejected from the micro-jetting hole, resulting in atomization.
	Atomization process is controllable, and the droplets are uniformly distributed,

exhibiting a complex structure.
	Spray cooling, inkjet printing, inhalation therapy.



	Dynamic mesh atomizer
	Under the vibration of the piezoelectric vibrator, the droplet is broken and refined repeatedly by adjusting the balance of inertia force and capillary force, to thereby obtain atomization.
	Atomization process is controllable, and the structure is relatively simple, with high energy utilization.
	Spray cooling, cell printing drug delivery, produce photoresist polymer film.
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Table 2. Summary of properties for the static mesh atomizer.
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	First Author and Year
	Working Frequency

(kHz)
	Working Voltage

(V)
	Atomization Rate

(mL/min)
	Particle Size

(W)
	Atomization Medium





	2000 [42] Heij
	250.0
	N/A
	1.2
	4.7
	Water



	2001 [43] Liu
	200.0
	N/A
	0.6
	5.0
	Water



	2002 [44] Wang
	36.0
	80.0
	N/A
	9.94
	Deionized water



	2004 [45] Wei
	0.4–1.0
	N/A
	N/A
	N/A
	Water



	2006 [46] Vecellio
	180.0
	220.0
	7.0
	N/A
	Water



	2007 [47] Pan
	16.0
	N/A
	1.8
	6.13
	Water



	2007 [48] Jeng
	18.0
	20.0
	1.6
	N/A
	Water
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Table 3. Summary of properties for the dynamic mesh atomizer.






Table 3. Summary of properties for the dynamic mesh atomizer.





	First Author and Year
	Working Frequency

(kHz)
	Working Voltage

(V)
	Atomization Rate

(mL/min)
	Power Dissipation

(W)
	Atomization Medium





	1987 [51] Maehara
	42.0
	50.0
	28.0
	N/A
	Water



	1994 [52] Tode
	N/A
	70.0
	0.6
	72.0
	Water



	1997 [56] Perçin
	1.2
	N/A
	0.228
	120.0
	Water



	2006 [62] Lu
	50.0
	60.0
	27.0
	2.75
	Water



	2008 [60] Shen
	120.0
	3.0
	0.5
	1.2
	Water



	2010 [66] Huang
	31.0
	50.0
	64.3
	8.24
	Water



	2016 [61] Cai
	113.6
	50.0
	0.70
	N/A
	Water



	2018 [63] Yan
	121.1
	80.0
	0.56
	N/A
	Water
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