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Abstract. 
This paper reviews the evolution of focused ultrasonic transducers of various kinds for fluid atomization and vaporization. Ultrasonic transducers used for atomization purposes in biomedical, pharmaceutical, or industrial applications, such as surface acoustic wave (SAW) transducers, array of micromachined nozzles, and Fourier horn micromachined nozzles with or without a central channel, are all presented and compared. For simplicity of manufacturing and low cost, we focus on plates and curved and corrugated structures for biomedical humidification.



1. Introduction
Ultrasonic transducers have been receiving a great deal of attention during the past few decades because of their wide variety of applications as sensors or actuators in flaw detection, thickness gaging, materials research and medical diagnostics, and sonar. In many biomedical, pharmaceutical, and industrial applications, ultrasonic transducers can be used as atomizers. Humidifiers, micro/nanoelectronics, nanoparticles synthesis, spray coating, drug delivery, drug preparation for inhalation, and others are among the most common applications of atomization for which ultrasonic transducers can play an important role and can be extremely beneficial. Droplets <10 μm in diameter are highly desirable for various medical purposes. For pulmonary microcirculation-related applications, the droplets must be smaller than 7 μm in diameter to safely pass through the microvessels of the lung without causing obstruction [1]. For delivering drugs to the respiratory system, droplets of 3 to 5 μm are ideal depending on the disease and its site [2]. For delivery of medications to the alveolar capillary bed, 1–3 μm droplets (optimal at 2 μm) are ideal [2, 3]. However, delivery for humidification, such as in lung therapy, requires humidified air where water particles are much smaller than 1 μm.
Inhalation is an attractive route for noninvasive delivery of drugs [4–7] especially peptides and proteins that are easily broken down by enzymes in the stomach when taken orally [4, 6]. The wide variety of potential applications of ultrasonic transducers justifies their in-depth analysis and investigation. The shape and geometry of the transducer as well as its modes of vibration play the most significant roles in its performance. Various types of transducer geometries and shapes such as flat, curved and corrugated plates, and cylindrical and spherical shells have been implemented for ultrasound generation. The driving mechanism for this generation is the vibration characteristics of the transducer. To quantify the power and strength of the signal, it is essential to understand those characteristics. Analytical, numerical, and experimental investigations have been conducted on various transducers and their vibration characteristics were examined in the existing literature. Different approaches were followed by authors and various designs were devised for the transducers making them applicable to suit specific requirements.
Atomization is an important application of ultrasonic transducers, in particular in biomedical applications. Therefore, some researchers have focused on the mechanism of the atomization itself which is definitely of great help and importance to further improve the performance of the transducers. Two mechanisms were considered by various researchers for atomization, breaking up of capillary waves at the liquid surface and cavitation. However, further research showed that a combination of these two mechanisms is the source of atomization [8, 9]. Most of these studies focus on the performance of such devices for atomization rather than evaporation. However, some investigations have dealt with methods to evaporate water droplets. These methods include resonant excitation and disintegration in air, acoustic squeezing and disintegration, and finally solid surface excitation. Droplets of water can be acoustically levitated by means of an acoustic levitator resulting in the oscillation and disintegration of the water droplets [10, 11]. A similar approach was attempted to acoustically squeeze a droplet to the point where it flattens out and self-disintegrates [12, 13]. The interaction of water droplets with solid surfaces vibrating at ultrasonic frequencies was also investigated [14–16]. Current commercial biomedical devices (Misty-Neb, Aero Eclipse, Omron, Pari eFlow, and Philips I-neb) producing droplets or aerosols by compressed air, a vibrating piezoelectric plate together with a metallic mesh or a vibrating mesh, suffer from broad droplet size distributions and low throughput, which makes it difficult to deliver sufficient dosages of drugs precisely and rapidly to the targeted sites [17, 18]. Furthermore, the eFlow and I-neb which utilize vibrating mesh technology [19] and are considered the most advanced commercial devices suffer from clogging of the mesh orifices [20]. Heating can also be used to atomize and produce droplets. However, ultrasonic atomization provides significant energy and space savings compared to conventional heated humidifiers [21]. Therefore, further improvement of available devices or devising new compact atomizers capable of producing water vapor rather than water droplets is of practical importance, in particular in medical therapy devices such as those used for lung therapy. It is worth noting that an inseparable part to further improve existing vaporizing devices and technologies for atomization is to thoroughly investigate and flourish the vibration characteristics of the transducers. Consequently, an important brief but essential review will also be presented in Section 2 regarding flat plate and shell type transducers followed by another section on atomization methods.
Since the information on the area is widespread and the research field is of great significance, the authors decided to merge many of such topics into a single document which will serve as a helpful resource and guideline for many of those working in the field.
2. Ultrasound Generation
2.1. Vibrating Plate Radiators
Achieving ultrasonic frequencies for gases utilizing conventional ultrasonic transducers has been difficult with low efficiency. Further, electromagnetic, magnetostrictive, and piezoelectric ultrasound sources seem incapable of generating high power ultrasounds with good efficiency and directivity as they cannot undergo large longitudinal vibration amplitude. The problems lying behind ultrasound generation in gases are attributed to low specific acoustic impedance and high absorption of the medium. Therefore, in order to have an efficient energy transmission, good impedance matching between the transducer and gas medium, large amplitudes of vibration and highly directional radiation are needed [22]. Vibrating plates can be used as ultrasonic radiators in fluids; however, the directivity of the generated acoustic waves is a matter of great importance. The radiations from different parts of a simple flat plate with constant thickness are in counter phase leading to phase cancellation and, therefore, poor directivity. On the contrary, if one considers a plate with some steps on the surface raised half a wavelength of the radiated sound, the radiations become in-phase and directivity increases. Several experimental and analytical approaches have been attempted to determine the improvements achieved in delivering stronger ultrasound using various plate geometries and shapes. Circular aluminum plate transducers with steps were designed and their vibration characteristics were investigated experimentally and analytically. Using uniform plate solution and the energy method, an analytical solution was obtained for the frequency equation by matching boundary conditions at the step interface and free edge condition at the external boundaries [23, 24]. Good agreement was reported between the experimental and the analytical approaches and better directivity. The structure of the transducer and the radiating plate consists of three concentric copper rings with small holes to spray water jets to the nodal circles to cool them. High intensity ultrasound was reported to have been generated in gases with high efficiency (approx. 80%) and directivity. Analytical vibration analysis of stepped plates without any restriction on the number of steps or on the order of the vibration mode, unlike the earlier works in the literature which were restricted to one step and/or first vibration mode, was conducted by San Emeterio et al. [25]. The analytical results agreed well with those of experiments in thick areas of the plate, while discrepancies were observed in thin regions. Therefore, in their analytical model for the deformation function, they proposed a correction factor taking the effect of the base plate and step thicknesses ratio into account and obtained good agreement between their analytical and experimental results. The influence of Poisson’s ratio on the natural frequencies of stepped-thickness circular plate has been also dealt with [26]. In that paper, Al-Jumaily and Jameel determined the natural frequencies of the simply supported and clamped stepped plates using classical plate solutions with exact continuity conditions at the step. They concluded that larger Poisson’s ratio indicates stiffer plates and larger natural frequencies. Also as the step size increases, the natural frequencies are expected to be larger. They also stated that Poisson’s ratio should not be disregarded in the continuity equation in particular for the fundamental frequency.
To have directional underwater radiation, two design methods were introduced by Montero de Espinosa and Gallego-Juárez [27]. In one method, they implemented helical waveguides and in the other one, a delaying liquid was used with the same acoustic impedance as water, but half of the sound velocity as in water. This way, they made in-phase the regions of the plate which had been previously radiating in counter phase resulting in good directivity for the frequency range of 20–27 kHz.
High power generators are needed to make use of sonic and ultrasonic energy in industrial applications. However, their use has been restricted by the inadequacy of such generators. To this aim, Gallego-Juárez et al. worked on the design and development of macrosonic generators for industrial applications taking into account good impedance matching between the transducer and the medium for efficient transmission of energy, high directional or focused radiation for energy concentration and high amplitude of the operating mode for intense acoustic radiation, fatigue failure of the material, the distribution and location of the stresses, and the isolation of the operating vibration mode from other close nontuned modes [28]. Finally, double-stepped rectangular titanium plates were devised achieving high power and good performance in air (7.6 kHz with the applied power of around 2 kW had the efficiency of 67% and dimensions of 1.8 × 0.9 m2). Gallego-Juárez et al. have conducted further research to come up with a solution for large industrial applications of high intensity transducers for air where numerous practical problems are encountered due to the required high-order vibration modes [29]. Another solution was proposed for low sonic applications where stepped-plate transducers seem unsuitable as the height of the steps, which has to be half a wavelength of the radiation, becomes too high and it makes the transducer construction impractical. For the industrial case, they used an array of five circular stepped-plate transducers (each plate 48 cm diameter, 21 kHz, applied power 350 W and 75% efficiency). For the case of low frequency applications in air, a plate transducer with reflectors was used making the radiation in-phase leading to high directivity.
The above literature reveals that for many applications from low sonic transducers to ultrasonic radiation in gas or fluid medium including underwater sonar, manipulations on the geometry of flat plates of different kinds, that is, rectangular or circular, led into a solution suited for that specific application. The common theme for all the cases is that the radiation was made focused and in-phase by geometrical manipulations. Therefore, similar ideas can be employed for smaller biomedical humidifier applications.
2.2. Shell Transducers
In order to gain a better understanding of an ultrasonic transducer, it is essential to investigate its vibration characteristics for various design configurations. In order to increase the focus and directivity, curved structures can be a suitable candidate. Therefore, for airborne ultrasonic ranging measurement, a partially cylindrical (curved) PVDF transducer with silver electrode on both sides was reported to effectively couple ultrasound into the air and generate strong sound pressure [30]. The transducer was observed to have two resonances as length extensional mode and flexural bending mode. Transient surface displacement measurements revealed that vibration peaks were in-phase for the length extensional mode and out of phase for the flexural bending mode generating a stronger ultrasound wave for the length extensional mode. The resonance frequencies and vibration amplitudes of the two modes strongly depend on the structure parameters as well as the material properties. Controlling the thickness of electrode is important as well since it affects the resonance characteristic of the transducer. The resonance frequencies of the two modes should be separated as far as possible from each other to minimize the influence of bending vibration. The effect of variable curvature on the transducer performance was not known. Therefore, Toda and Tosima investigated the vibration modes of a curved, clamped, piezoelectric multilayer film with uniform and nonuniform film curvature and it was concluded that the nonuniform curvature generates much higher output pressure in air than a uniform one [31]. They did not mention the highest achievable sound pressure level in decibel using their proposed piezoelectric multilayer film. However, according to Figures  9 and 10 in their work where the output acoustic pressure is depicted for various frequencies, the highest sound pressure is approximately 33 Pa which corresponds to 124 dB using the unanimous formula of sound pressure level (dB) = , where  is the sound pressure in Pascal.
Since the curvature proved to be influential in increasing the focus and improving the directivity, the next attempt was to implement a row of curvatures placed next to each other forming a corrugated structure. A corrugated PVDF film air transducer was scrutinized to achieve a high power output and a sharp beam angle [32]. The vibration phase of convex section is shifted 180 degrees from the concave section. These waves add constructively to form a strong acoustic beam when the corrugation height is a little larger than one-half of the wavelength since the vibration is distributed over all of the points on the film. The vibration characteristics of axially symmetrical annular corrugated shell piezoelectric transducers were also analyzed [33–35]; however, the motion for such a transducer with fixed edges was reported to be complicated and therefore a global analysis was necessary in order to increase the efficiency of such transducers in operating modes. Blum et al. devised and investigated a two-dimensional, air-coupled array for the noncontact generation of ultrasound [36]. The overall design objective was to position 20 electrostatic transducers in such a way that the signal amplitude at the focal line of the array gets maximized. Then, to identify the most critical parameters affecting the predicted behavior of the array, a sensitivity study was performed and it was concluded that changes in the spatial position of the transmitting transducers have a noticeable effect on the signal at the focal line. The sound pressure level of 142.70 dB SPL was achieved in air. Measurements showed that the amplitude of the ultrasonic waves generated with the air-coupled array is in the order of five times lower than that of a piezoelectric contact transducer.
In therapy devices, in particular those used for lungs, we always look for pure water vapor, not droplets, in the air. In spite of the fact that all of the above devices have shown some ultrasound improvement in directivity and power generation, nevertheless none of them are suited to deliver this objective. However, with the aim of producing an ultrasonic field for drying foodstuff, an aluminum cylindrical chamber was designed which was driven by a piezoelectric transducer [37]. A high intensity acoustic field was obtained inside the tube (155 dB of SPL) with relatively low industrial power applied (75 W). Although this is the only paper which shows a complete water evaporation process, nonetheless it requires very high power; it is large in size and not suited for biomedical humidification such as in lung therapy. In fact, for therapy humidification in particular for the lung, a smaller size transducer with less power and a shape which fits in the air delivery line would be impeccable.
This section clarifies the effect of various shell type geometries on the directivity and intensity of the acoustic field generated. Although none of the references dealt with the atomization or direct biomedical application, the results seem promising since geometrical manipulations on shell type structures created focused radiation. Thus, such an idea can be converted and well suited to the specific requirements of any biomedical application as atomization, humidification, drug delivery, and others.
3. Ultrasonic Transducers as Atomizers
Ultrasonic transducers have been extensively used for droplet generation and atomization and, as already mentioned, their application varies from ultrasonic humidification, micro/nanoelectronics, nanoparticles synthesis, spray coating to drug delivery and drug preparation for inhalation. In this section, their application for atomization purposes is summarized. In the end, a comparison among the available existing methods will be performed in the form of a table to discuss and illustrate the advantages and disadvantages of each method.
Lass et al. presented a paper on the current vibrating membrane nebulizer technology for drug delivery and dealt with current devices in the market which can be of interest [19]. Compressed air and vibrating piezoelectric plates together with a metallic mesh or a vibrating mesh are common technologies for producing aerosols or droplets in commercial devices (Misty-Neb, AeroEclipse, Omron, Pari eFlow, and Philips I-neb). A disadvantage is their broad droplet size distributions and low throughput making it difficult to deliver sufficient dosages of drugs precisely and rapidly to the targeted sites [17, 18]. In addition, blockage of mesh orifices in the vibrating mesh membrane of eFlow and I-neb which are considered to be the most advanced commercial devices is a pitfall [20]. Recent in vivo studies have indicated that in both adults and children, when inhaling typical aerosols from current commercial devices, the upper airways [48], ventilator, and endotracheal tubes are significant barriers to lung deposition [49]. As a direct result of poly disperse droplet size distributions, drugs are delivered to nontargeted sites, resulting in harmful side effects in the pharynx and losses in the ventilator/endotracheal tubes. Therefore, investigation and development of ultrasonic transducers as atomizers in order to improve their performance are a matter of great importance.
In 1988, Elrod et al. worked on droplet formation using tone bursts of focused acoustic energy [50]. In order to generate a spherically converging acoustic beam, a focusing element (acoustic microscope lens) was used without any nozzle. The liquid surface was adjusted to be at the focal plane, where the beam was concentrated. Droplets of 300 to 5 μm were generated within the frequency range of 5 to 300 MHz.
3.1. Vibrating Plate Atomizers
Vibrating plate transducers are commonly being used for humidifiers and other applications since they possess the best combination of performing specifications compared to other types of devices. In these atomizers, an electrical signal is converted to mechanical oscillation using a piezoelectric material immersed in a reservoir of water. The ultrasonic waves created by the mechanical vibration of the plate are directed towards the water surface creating a mist of water droplets. These atomizers are normally available in a high frequency range of 1.65–3 MHz which are capable of producing droplets within the range of 1–5 μm in diameter using 2 up to 30 W of power. The flow rate varies within the range of 5–400 mL/h. They are in contact with water and the water level on their top affects their performance and should be taken into account for the optimum performance of the device. They are available in various plate area dimensions and thicknesses. Examples of such atomizers can be referred to in references [44–47]. Their flow rate also depends on many external factors such as input power, droplet size, frequency and liquid quality, temperature, and level (depth). The good point about them is that they can produce various sizes of droplets and flow rates which makes them suitable for some applications. As already mentioned, flat plates do not produce focused ultrasonic waves. Therefore, curved transducers have been used in some of the aforementioned atomizers providing a little bit of better focus and performance compared to the flat ones as evident in [44–47]. However, depending on the application, a combination of high flow rate, small droplet size, and low power demand may be required which has not been achieved yet. Therefore, seeking alternative ways to create more focused ultrasonic waves seems essential and can lead to the better performance of the device. Going to higher frequencies to obtain more focused waves resulting in better performance of the device can lead to overheating and depolarization of the material [51] and also fatigue failure [28]. Therefore, it is a restricting factor and alternative ways should be sought. One alternative is using stepped-thickness plates. Although, they have been investigated and proven to be useful and practical as discussed elaborately in Section 2.1, to the authors’ knowledge they have not been implemented in the current vibrating plate atomizers available in the market. To overcome overheating, Lozano et al. designed an electronic system to excite piezo-ceramic disks for ultrasonic atomization [51]. It was designed based on a DC-AC converter with H-bridge topology switching ZVS (zero voltage switching) mode optimized for R-L-C type loads. In order to reduce ceramic overheating, the system operated in burst mode sending a predetermined number of pulses. There was no sign of atomization for voltages below 10 V. Excitation bursts of 80,000 pulses at a repetition rate of 1 kHz were applied to the transducers. No atomization was initiated at bursts formed by less than 10,000 pulses and only a small proportion of the power consumption led to mechanical vibration, while a large part was dissipated as heat. The resulting droplet size distribution showed two main peaks at 3.5 and 5.5 μm. Droplet diameter was observed to be independent of the excitation amplitude (voltage), while the atomization rate increased with voltage.
3.2. Surface Acoustic Wave Atomizers
Kurosawa et al. proposed a novel way to produce dry fog using a surface acoustic wave (SAW) transducer of LiNbO3 piezoelectric substrate as in Figure 1 [38, 39]. The atomizer consists of a vibrator which has an interdigital aluminum transducer (IDT) consisting of 20 pairs of electrodes supplied with RF (radio frequency) power amplifier at 48 MHz frequency. The surface wave called capillary wave generated by the radiation of acoustic wave from the SAW device surface was capable of atomization when the liquid layer on the surface was half a millimeter or less. The atomizing mechanism was reported not to be vapor but spray from crests of the surface wave in a fluid. The mean diameter of the mist was about 5 μm. The atomizing rate was 170 μL/min at 2.3 W input power (36 V). Applying 100 MHz was reported to be capable of reducing the size of the device to an extent suiting it for medical applications such as spraying a liquid medicine to the diseased target directly with the atomizer on an endoscope.




	
	
		
			
		
		
		
		
		
		
		
			
		
			
		
		
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
	


Figure 1: Surface acoustic wave atomizer.


A low driving power SAW atomizer was developed consisting of a unidirectional interdigital transducer, a horn, and a waveguide fabricated on a LiNbO3 substrate to increase the focus [40]. For continuous atomization of water to get droplets of 1.5 μm and 40 μL/min flow rate, 1 W of driving power was required at a frequency of about 78 MHz. Low driving power and small droplets make the atomizer attractive for practical applications in chemistry, biology, and medicine.
Ju et al. constructed and tested high frequency SAW atomizers, with resonance frequencies in the range 50–95 MHz [52]. A liquid sample was charged by a high-voltage (about 5 kV) conductive wire located just above the SAW device. Mean diameters of original droplets formed by atomization were estimated to be 5.7 (50 MHz), 4.4 (75 MHz), and 2.7 μm (95 MHz), respectively. Based on the test, the minimum power required for atomization was approximately 4 W (50 MHz), 11 W (75 MHz), and 24 W (95 MHz) and atomization speed was 0.06 μL/s (50 MHz), 0.04 μL/s (75 MHz), and 0.01 μL/s (95 MHz). The high-voltage needed made the use of such atomizer restricted.
3.3. Ultrasonic Horns
High ultimate particle velocity, low acoustic loss, and high thermal conductivity make silicon ideal for high amplitude ultrasonic applications superior to titanium alloys [53]. Therefore, high amplitude ultrasound was generated by a micromachined silicon resonant transducer to atomize liquids. Lead-zirconate-titanate (PZT) plates were used to drive the needle-shaped device which was made by bonding two silicon horns. Water was atomized continuously at a flow rate of 2.4 mL/min into a mist with mean drop size of 25 μm at 72 kHz resonance frequency.
In order to develop a portable device for internal body therapeutic applications, Li et al. devised a 421 kHz miniaturized piezoelectric ultrasonic transducer of one-wavelength design based on the longitudinal vibration mode with a stepped horn to focus the energy [54]. The horn effect was to magnify the vibration amplitude noticeably. The PZT material selected was PZT8 which is widely used for high power applications and brass electrodes were used. Finite element analysis and equivalent circuit models were applied for theoretical analysis. The device was immersed by a quarter of the wavelength and the directivity pattern was omnidirectional within the range from 30 to 150 degrees. The potential applications of the transducers are sonodynamic therapy, drug delivery, and microfluidic pumping. It was also noted that the efficiency decreases as the voltage increases (input power increases more rapidly compared to output power; however, the intensity increases monotonically with increasing voltage). The possible reason was mentioned to be increasing losses at the high-voltage range.
Tsai and others investigated, built, and tested micro-electro-mechanical system- (MEMS-) based miniaturized silicon ultrasonic droplet generators of a new and simple nozzle architecture with multiple-Fourier horns in resonance with and without a central channel [17, 18, 43, 55, 56]. A Schematic is depicted in Figure 2. The silicon resonator is made of a multiple-Fourier horn section where each horn is half-wavelength long with a longitudinal vibration amplitude magnification of 2. The drive section includes a piezoelectric plate transducer bonded to the rectangular silicon base using silver paste. When PZT transducer plates are excited at the nozzle resonance frequency, a standing acoustic wave is created through the nozzle with maximum longitudinal vibration (displacement) at the nozzle tip. As a result of the vibration, standing capillary waves are formed on the free surface of the liquid as it issues from the nozzle tip. Atomization occurs by the breakup of these standing capillary waves. It is worth noting that when the ultrasonic drive frequency deviated from the nozzle resonance frequency by more than 1.5 kHz, a large liquid drop with a diameter greater than the tip width was reported to be formed at the nozzle tip without any atomization taking place.




	
	
		
		
		
		
		
			
		
			
		
			
		
		
			
		
		
			
		
			
				
			
				
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
				
					
				
			
		
	


Figure 2: Schematic of a multiple-Fourier horn ultrasonic nozzle.


Tsai et al. produced monodisperse ethanol droplets of 2.4 μm and water droplets of 4.5 μm in diameter in ultrasonic atomization using 1.5 and 1.0 MHz MEMS-based silicon nozzles, respectively, each consisting of 3 Fourier horns in resonance (with a central channel), required electrical drive power as low as 0.25 W and supply flow rates as high as 350 μL/min (21 mL/h) [43]. At the resonance frequency, the measured longitudinal vibration amplitude at the nozzle tip increases as the number of Fourier horns () increases in good agreement with the theoretical values of . Using this design allows for very high vibration amplitude gain at the nozzle tip resulting in no reduction in the tip cross-sectional area for contact of liquid to be atomized. This leads to a noticeable reduction in the electric drive power which in turn decreases the possibility of transducer failure during atomization. They also extended their work to externally liquid fed ultrasonic nozzles without a central channel [17]. Droplets with a diameter range 2.2–4.6 μm for alcohol (2.9–4.6 for water) were produced at high throughput of 420 μL/min and very low electrical drive power of 80 mW. The electrical loss for the lossy PZT transducer was reported to increase with its thickness. Moreover, the nozzles with a central channel require higher drive power for atomization which is due to the fact that they need a pair of PZT transducers. The range of drive power measured was extremely lower than that required in conventional ultrasonic atomization using MHz disk transducers which was attributable to the new nozzle architecture requiring only a single basic nozzle without a central channel and, thus, a single PZT transducer for activation. The optimum number of Fourier horns was found to be 3 or 4 with electrical drive power significantly below 0.1 W at throughput of 100 μL/min, while the 2-Fourier horn nozzle required a drive power of 0.6 W to initiate atomization. In contrast, no atomization could be initiated with the 1-Fourier horn nozzle even at a drive power as high as 0.8 W. Batch fabrication of nozzles with similar or different design specifications on a common silicon wafer reduces the costs according to the authors. Utilizing the same approach as above, Tsai et al. designed and built a small nozzle requiring low drive power with a pocket-size ultrasonic nebulizer [18]. Various pulmonary drugs were nebulized utilizing the pocket-size unit with different aerosol sizes and output rates. The obtained results demonstrated the capability of the silicon-based MHz MFHUNs (multiple-Fourier horn ultrasonic nozzle) for production of monodisperse droplets of desirable size (2 to 5 μm) and moderate output (up to 0.2 mL/min) at low electrical drive power (sub-Watt). At the typical output rate of 0.15 mL/min with 3.5 μm diameter droplets, the required electrical drive power was 0.27 W. It was reported that a higher output rate can be accomplished readily by using an array of identical ultrasonic nozzles. With 2 MHz of frequency, droplets of 3.1 μm were produced and the output was 350 μL/min.
3.4. Active and Passive Mesh Membranes
Mesh membranes have also been used for atomization purposes. In some of the cases, the mesh membrane vibrates itself and expels the liquid out of the mesh orifices, whereas in some other cases the liquid is between the mesh membrane and another membrane which is vibrating [19]. The first is called active and the latter is called passive mesh membrane. A new type of piezoelectric array microjet was introduced for drug delivery consisting of a fluid chamber, which was formed by a piezoelectric actuator bonded to a silicon chip with nozzles (passive mesh membrane) [41, 42]. Droplets of 5 to 10 μm diameter resulted using piezoelectric transducers operating at around 36 kHz to actuate arrays of 5 μm diameter micromachined nozzles. Following the same approach as in Figure 3, Meacham focused on a piezoelectrically driven, micromachined atomizer concept that utilizes fluid cavity resonances in the 0.5–5 MHz range combined with acoustic wave focusing for droplet generation or jet ejection [57]. This simple technique capable of producing droplets of sub-5 μm diameter (D50 was 4.9 μm) had low-temperature and low power operation. It also had low cost fabrication with the capacity to scale throughput up or down by using an array. It was reported that when the piezoelectric transducer is driven at the fundamental cavity (fluid reservoir) resonance frequency or any of the higher cavity modes, a standing acoustic wave develops and constructive interference in the pyramidal nozzle focuses the wave so that the peak pressure gradient occurs near the tip of the nozzle and causes the liquid to be ejected through the nozzles as droplets. The geometry of the chamber can be readily modified to increase or decrease the driving frequency of operation (for example by increasing or decreasing the height of the cavity) according to the desired specifications. Results were presented for various affecting parameters with various orifice diameters at various AC voltages (10, 30, and 36 V) having different input power. Experiments performed at different resonance frequencies revealed that the diameter of the ejected droplets decreases with increasing frequency. Doubling the thickness of the piezoelectric transducer reduces the longitudinal resonance of the transducer to half of the original frequency. The power transfer from the piezoelectric transducer to the fluid was more efficient at lower frequencies near the fundamental cavity resonant mode.




	
	
		
			
			
		
		
		
			
		
			
		
		
		
		
			
		
			
		
			
		
		
		
		
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
				
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
	


Figure 3: Schematic of a piezoelectrically driven, micromachined atomizer with passive mesh membrane.


Jeng et al. devised a PZT-driven atomizer consisting of a flexible membrane and a micromachined trumpet-shaped nozzle array [58]. The atomizer employed a PZT bimorph plate attached to a liquid-proof HDPE (high density polyethylene) membrane with a low Young’s modulus to generate a pressure wave in the liquid reservoir. The experimental results showed that the atomizer can generate droplets of alcohol with a Sauter mean diameter (SMD) of 4.6 μm at a flow rate of 2.5 g/min. The PZT-driven atomizer was tested under an operating voltage of 22 V and current of 180 mA, the frequency was from 12 to 24 kHz, and the power needed to start up was 2 W. During operation, a voltage was applied to the PZT bimorph plate causing the HDPE diaphragm to deflect continuously backward and forward. The volume change in the reservoir due to the diaphragm deflection in the forward direction caused an acoustic pressure wave to propagate towards the nozzles located at the front of the microatomizer expelling the droplets through the nozzle plate. Rearward deflection of the diaphragm drew liquid into the reservoir through the replenishment channel. By adjusting the driving waveform, voltage amplitude and frequency, different flow rates, and particle size distributions could be obtained.
4. Discussion
After going through various geometries and design methods, it can be easily understood that the geometry and the vibration mode play important roles in the ultrasound generation and power demands. Whereas uniform thickness plates are not capable of producing in-phase and focused waves, the stepped-thickness plates proved to be useful [22–24, 27]. Directivity patterns were compared in [23] for uniform and stepped-thickness plates and raising the steps to half a wave length of the radiated sound in the medium affected the directivity and strength of the ultrasound generation. However, using stepped-thickness plates for low frequencies is not practical due to the large height of the steps which in specific applications (i.e., small and thin transducers) may be a restriction specially for radiation in liquids and, therefore, not feasible. The operating frequency, size, and shape of the structure and the intended application clarify whether the steps are practically possible or not. Further, the acoustic medium is extremely influential to decide on the applicability of introducing steps in the thickness. Assuming water to be the acoustic medium with the sound velocity of approximately four times that of air, the thickness of the steps at the same frequency will be much higher than that of air and, as a consequence, it may not be viable to have steps. For many types of liquid medicine, the same problem exists. Going to higher frequencies in order to reduce the height of the steps may not be possible since higher frequencies have some barriers as overheating of the transducer as reported by Lozano et al. [51]. Therefore, alternatives should be sought to achieve highly directional and focused ultrasonic waves. One alternative can be implementing curved transducers which have shown to be good at generating strong ultrasound in air [30, 31]. However, they have not been thoroughly investigated when in contact with liquids suiting them for drug delivery or atomization. Another alternative can be using cylindrical shells to increase the directivity and focus of the generated ultrasonic waves. García-Pérez et al. employed a shell vibrating at one of its resonance frequencies to produce a high level of focused acoustic intensity in the air inside the tube to dry the fruits [37]. They also noted that considering the air flow rate inside the chamber is an important factor affecting the acoustic field extensively. The high level of acoustic intensity achieved in this paper acknowledged the influence of geometry and vibration mode on the ultrasound generation. However, the power consumption of 75 W and electric drives needed may be suitable for industrial purposes, while they are not suitable for biomedical applications. According to this reference and their achievement, cylindrical shells seem a promising alternative to be scrutinized.
In conclusion, improving current devices for biomedical applications such as atomization, drug delivery, humidification, and lung therapy seems crucial considering the drawbacks of the current commercial devices as already mentioned. Broad droplet size distributions, low throughput, clogging of the mesh orifices for drug delivery equipment, and high power consumption and large size of the lung supportive devices should be eliminated. According to the literature and discussions made in this paper, the future investigations on such biomedical devices which could have industrial applications as well should be concentrated and targeted on the geometrical manipulation of the transducer to increase the acoustic intensity and its directivity which could in turn reduce the size of the transducer itself as well as corresponding electrical drives. The corresponding mode of vibration should also be carefully taken into account since it extensively affects the acoustic radiation. Therefore, extensive investigation on the proper mode of vibration for the considered geometry is essential. Such manipulation is anticipated to decrease the power demands since Gallego-Juárez et al. reported 147 dB of acoustic intensity with 350 W of power using five circular stepped-plate transducers covering a radiating area of about 1.64 × 1.64 m2 [29]. Gallego-Juárez et al. managed to get approximately 140 dB with just 1 W and over 160 dB with 200 W (around 160 dB with 100 W) for aluminum and titanium stepped plates of 200 mm diameter which were excited by means of a prestressed composite half-wavelength cylindrical transducer consisting of two piezoelectric ceramic rings [22]. García-Pérez et al. reported 154 dB with only 75 W employing an aluminum cylindrical shell of 100 mm diameter and 310 mm length which was driven by a piezoelectric composite transducer consisting of an extensional piezoelectric sandwich element together with a mechanical amplifier [37]. Although the size and/or power consumption of the abovementioned examples may not suit biomedical applications, the intensity and directivity of the generated ultrasonic field achieved by the geometrical manipulations can verify the great role of the geometry. Moreover, the focused transducer with high intensity may result in the elimination of mesh orifices in the new design approaches solving the blockage problem. All these should encourage the future investigations to be concentrated on the transducer geometry, its suitable vibration mode, and the strength and directivity of the generated acoustic field.
5. Conclusion
Due to a great deal of research on ultrasonic transducers and their widespread use in many different applications, they have been reviewed in this paper. Moreover, focus has been on reviewing the ultrasonic transducers as atomizers, which have a lot of biomedical and industrial applications. Various methods for generating focused ultrasound by means of flat plate transducers and shell configurations were presented. In the end, transducers for atomization were introduced. Table 1 summarizes the available approaches for atomization together with the positive and negative points of each method. As evident in the Table, vibrating plate atomizers possess the best combination of performing specifications, so that they are very common atomizers. None of the above methods with the exception of reference [37] produce complete ultrasound humidification such as that used for lung supportive devices. Biomedical humidification in lung therapies requires complete water vapor in the air rather than water droplets. For this humidification, it is preferable to have an in-line humidifier which can fit in a breathing tube of about 2 cm diameter such as those used in continuous positive airway pressure (CPAP) devices [59]. This paper can serve as a compact reference and guideline for various investigations on focused ultrasound generation as well as atomization using ultrasonic transducers.
Table 1: Summary of the available methods for atomization.
	

	Method	Schematic and properties	Droplet size and Flow rate	Advantages	Disadvantages
	

	SAW [38, 39]	2.3 W; 48 MHz, 36 V	5 μm
10.2 mL/h	Small size & low power	IDT fabrication process & very high frequency & big droplets
	

	SAW driving structure consisting of a unidirectional interdigital transducer, a horn, and a waveguide [40]	1 W; 78 MHz	1.5 μm
2.4 mL/h	Small size & smaller droplets & low power	Very low flow rate & IDT fabrication & high frequency
	

	Arrays of 5 μm diameter micromachined nozzles [41, 42]	36 kHz; 70, 80 V	5–10 μm,
According to [19] for typical frequencies of around 100 kHz, it is 4 μm	Small size & low frequency	Fabrication & big droplets
	

	MEM Fourier-horn ultrasonic nozzle with central channel [43]	0.25 W; 971 kHz	4.5 μm
21 mL/h	Small size & excellent low power	Fabrication & big droplets & average flow rate
	

	MEM Fourier-horn ultrasonic nozzle without central channel (externally fed) [17]	80 mW; 2 MHz	2.9–4.6 μm
25 mL/h	Small size & excellent low power	Fabrication & average droplets & average flow rate
	

	MEM Fourier-horn ultrasonic nozzle without central channel (externally fed) [18]	0.27 W; 2 MHz	2–5 μm & Typically = 3.5 μm
Max 21 mL/h & Typically = 9 mL/h	Pocket Size & battery operated & excellent low power	Fabrication & average droplets & average or low flow rate
	

	Current vibrating plate transducers [44–47]	2–30 W; 1.65–3 MHz	1–5 μm
5–400 mL/h	Various droplet size and flow rate	Low-power devices with small droplets have low flow rate
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