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Abstract  

 Spray drying derived for the synthesis of nano or submicron-sized powders with distinct functionalization and 

structure. Even after decades of development, producing fine droplets with a uniform size distribution and high production 

rate in an atomizer is still a challenge. The purpose of this study is to review the significance of the latest advances in 

ultrasonic atomization and how they have affected spray drying technology, which is essential to the improvement of 

powder synthesis and processing. Furthermore, ultrasonic atomization can be used to evaluate the usefulness of developed 

in powder engineering for a variety of applications. These observations offer important insights into the behavior of the 

droplets generated by the ultrasonic atomizer inside the particular spray dryer reactors that are being used. Numerous 

researchers have reported their innovations in spray dryer equipped with either Ultrasonic Vibrating Mesh Atomizers 

(UVM-As) and Surface Acoustic Wave Atomizer (SAW-As) which is known as Ultrasonic Atomizer. Understanding the 

fundamentals of ultrasonic atomization enables the advancement of spray dryer innovations and technology. Therefore, 

recent advances in spray drying technology indicate that more compact system designs can be achieved without 

compromising energy efficiency, thereby contributing to improved overall process performance. In this context, 

systematic evaluation of atomizer performance is essential at the early stages of atomizer development, particularly in 

terms of droplet size distribution, energy consumption, and operational stability. Based on the collective findings reported 

in the literature, vibrating mesh atomizer-assisted spray drying has demonstrated significant potential for producing finer 

particles with narrower size distributions, making it a promising atomization approach for advanced spray drying 

applications. 
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Introduction 

 Researcher’s interest in controlling particle size 

and morphology has grown for several decades, driven 

by the increasing need to optimize the functionality of 

powders derived from natural resources and others 

sources of materials. In spray drying, particle size and 

morphology directly influence critical performance 

attributes such as solubility, dispersibility, flowability, 

stability, and the controlled release of bioactive 

compounds. These are for plant-based extracts, spices, 

essential oils, and other natural ingredients, precise 

control over droplet formation, drying kinetics, and 

solidification mechanisms of organic compound. This 

technique also enables the production of powders with 

tailored characteristics that will be suited for food, 

pharmaceutical, nutraceutical, and cosmetic 

applications. Numerous studies have demonstrated that 

manipulating operating parameters, including feed 
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viscosity, atomization energy, solvent composition, 

inlet/outlet temperature, and drying gas flow. Those are 

allowing researchers to engineer spherical, hollow, 

porous, or dense particles that enhance the stability and 

functionality of natural-resource-derived products. As 

the demand for high-quality natural ingredients 

continues to rise, spray-drying research increasingly 

focuses on achieving reproducible well-defined particle 

structures that maximize the value, performance, and 

downstream applicability of materials sourced from 

nature [1-11].  

 Atomizers represent the core functional 

component of any spray drying system, as they 

determine the initial droplet size distribution, spray 

pattern, and dispersion behavior that ultimately define 

the morphology and size of the resulting powder 

particles. The performance, efficiency, and scalability of 

spray drying are strongly dependent on the atomization 

mechanism chosen. Across different of these 

technologies, atomizers serve the essential purpose of 

breaking a continuous liquid feed into fine droplets, 

maximizing the interfacial area for heat and mass 

transfer, and ensuring consistent particle formation 

during the drying process. The selection of atomizer 

type therefore plays a critical role in controlling particle 

size, achieving uniformity, and enabling the production 

of powders ranging from the micron scale down to the 

nanoscale. Because droplet formation is the primary step 

that dictates the final particle size, the choice of atomizer 

directly influences the achievable scale of micron or 

nano-structuring. Each atomizer produces droplets 

through different physical mechanisms, including: 

hydraulic breakup, aerodynamic shear, centrifugal 

forces, ultrasonic vibration, or piezoelectric-driven 

capillary wave formation and also resulting in 

characteristic droplet size distributions and structural 

outcomes. Fine droplet generation is essential for 

maximizing surface area, accelerating solvent 

evaporation, and enabling the formation of smaller, 

more uniform particles [12-14] 

 Different atomization technologies offer varying 

capabilities for particle-size reduction. Pressure nozzles 

can produce relatively fine droplets by increasing feed 

pressure, yet they are limited by nozzle erosion, feed 

viscosity thresholds, and the risk of shear-induced 

degradation. Two-fluid nozzles generate finer droplets 

by using high-velocity gas to atomize the liquid, making 

them popular in laboratories for producing microscale 

powders. Rotary atomizers, while robust and suitable for 

high throughput, generally produce larger droplets and 

are less effective for achieving fine particles unless 

operated at very high disk speeds. In contrast, ultrasonic 

and vibrating-mesh atomizers excel in producing 

monodisperse microdroplets through controlled 

vibrational energy, enabling the formation of submicron 

or nanoscale powders when combined with optimized 

formulations. These advanced atomizers are therefore 

particularly relevant for high-value natural products, 

nanoparticle encapsulation, and sensitive bio-actives 

compound. 

 The primary objective of this review is to critically 

examine the role of UVM-As in advancing spray drying 

technology toward the controlled production of 

nanoparticles. While the conventional model has been 

established as a robust and scalable method for powder 

manufacturing, its capability to produce nanoscale 

particles traditionally has been constrained by 

limitations in droplet size control, shear-induced 

degradation, and broad particle size distributions. 

Recent developments in ultrasonic and vibrating mesh 

atomization have introduced new opportunities to 

overcome these limitations by enabling the generation 

of highly uniform micro- and submicron droplets, which 

serve as a prerequisite for nanoparticle formation during 

solvent evaporation. 

 This review aims to consolidate and analyse 

existing research on the fundamental atomization 

mechanisms of UVM-As, emphasizing how high-

frequency vibration and mesh-based droplet ejection 

contribute to precise droplet engineering with minimal 

thermal and mechanical stress. By synthesizing findings 

from laboratory, pilot, and emerging industrial studies, 

the review seeks to clarify the relationships between 

atomizer design, operating frequency, mesh geometry, 

and feed formulation on nanoparticle size, morphology, 

and functional performance. Particular attention is given 

to applications involving heat-sensitive and high-value 

materials, such as natural bioactive compounds, 

pharmaceuticals, nutraceuticals, and functional 

biomaterials, where nanoscale powders offer enhanced 

solubility, bioavailability, and controlled release 

characteristics. Furthermore, the review intends to 

identify current challenges and knowledge gaps related 

to throughput limitations, scalability, fouling behaviour, 
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and process integration of UVM-As within spray-drying 

systems. By comparing UVM-As with conventional 

pressure, rotary, and pneumatic atomizers, this review 

highlights both the advantages and practical constraints 

of UVM-As technologies in nanoparticle 

manufacturing. Ultimately, the purpose of this review is 

to provide a comprehensive scientific framework that 

supports the rational selection, optimization, and future 

development of UVM-As as enabling tools for next-

generation nano spray drying and precision powder 

engineering. 

 

Materials and methods 

 The literature selection process for this review was 

conducted following the general principles of the 

PRISMA (Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses) guidelines to ensure 

transparency, reproducibility, and methodological rigor. 

A systematic literature search was conducted to identify 

and selection peer-reviewed articles related to ultrasonic 

atomizers and their application in spray drying for 

nanoparticle production. Major scientific databases, 

including Scopus, Web of Science, ScienceDirect, and 

Google Scholar, were explored to obtain relevant 

publications. Keywords and combinations of keywords 

used in the search included “ultrasonic vibrating mesh 

atomizer”, “vibrating mesh spray drying”, “ultrasonic 

atomization”, “nano spray drying”, “piezoelectric 

atomizer”, and “particle size control in spray drying”. 

The search was limited to articles published in English 

to ensure consistency and accuracy in technical 

interpretation. 550 papers were identified through 

keyword-based searches related to this review topic. 

This selection was firstly identified in their abstract and 

title. 

 After the initial identification stage, duplicate 

records retrieved from multiple databases were 

removed. The remaining records were subjected to a 

screening process based on titles and abstracts to assess 

their relevance to the scope of this review. Articles that 

did not involve spray drying, atomization mechanisms, 

or particle size reduction were excluded at this stage. 

Studies focusing solely on non-ultrasonic drying 

techniques or unrelated nanoparticle synthesis methods 

were also excluded. 

 The full texts of the remaining articles were then 

assessed for eligibility. During this stage, studies were 

excluded if they lacked sufficient technical detail on 

UVM-As design, operating principles, droplet or 

particle size characterization, or if the spray drying 

process was not clearly described. Papers that did not 

report experimental outcomes relevant to particle size, 

morphology, or functional performance were also 

excluded. This review focuses on spray-drying-based 

nanoparticle production using UVM-As and does not 

cover alternative nanoparticle fabrication techniques, 

such as freeze-drying-assisted nano structuring or 

bottom-up chemical synthesis. Variations in reported 

experimental conditions and measurement techniques 

across studies may introduce discrepancies in direct 

comparisons. However, these differences were 

addressed through qualitative and trend-based analysis 

rather than absolute numerical comparison. 

 Finally, the studies that met all inclusion criteria 

were included in the qualitative synthesis of this review. 

These selected publications (123 papers) were 

systematically analysed to extract information on 

atomization mechanisms, operating parameters, scale of 

operation (laboratory, pilot, or industrial), and their 

influence on nanoparticle formation through spray 

drying. This structured selection process ensured that 

the review captured both foundational studies and recent 

advancements, while maintaining a focused and 

coherent analysis of UVM-As in nano spray drying 

applications. A comparative framework was adopted to 

evaluate UVM-As against conventional pressure, rotary, 

and pneumatic atomizers used in spray drying. Key 

performance indicators included droplet size uniformity, 

achievable particle size range, energy efficiency, shear 

stress effects, scalability, and industrial applicability. 

This approach enabled a systematic assessment of the 

strengths and challenges associated with UVM-As for 

nanoparticle production.
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Figure 1 Flow diagram of systematic review. 

 

 

An overview of liquid atomizer in spray drying 

 An atomizer is a crucial component in the spray 

drying process, responsible for breaking down a liquid 

feed into droplets that can be easily evaporated to 

produce powder particles. Figure 2 shows that spray 

zone generated from atomizer by their schematic, i.e., 2 

fluids atomizer (Figure 2(a)) and rotary atomizer 

(Figure 2(b)). The fundamental principles underlying 

the operation of an ultrasonic atomizer involve 

achieving efficient and controlled atomization to ensure 

optimal drying and particle formation. It provides a 

flexible, controllable, and scalable approach for particle 

engineering. The fundamental principle of an atomizer 

process revolves around breaking down a liquid feed 

into droplets with controlled size and distribution. This 

atomization process enhances the surface area for rapid 

evaporation, leading to the formation of powder 

particles with desired characteristics. Thus, atomizer 

type, design, and operation are critical in achieving 

efficient and consistent atomization for optimalization 

of outcomes.
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Figure 2 Schematic of 2-fluids atomizer (a) and Rotary Atomizer (b). 

 

 

 Over decades of development, several atomizer 

types have been established for spray drying 

applications, including pressure atomizers, 2-fluid 

atomizers, centrifugal (rotary) atomizers, and ultrasonic 

atomizers. Each atomizer operates based on distinct 

physical mechanisms and exhibits specific advantages 

and limitations depending on scale, feed properties, and 

product requirements [15, 16]. Below are several types 

of atomizers which is commonly used in spray dryer: 

 Pressure atomizers 

 Pressure atomizers also known as hydraulic 

nozzles that generate droplets by forcing a liquid 

through a small orifice at high pressure, where 

atomization occurs due to inertial forces overcoming 

surface tension. Droplet breakup in pressure atomizers 

is primarily governed by Reynolds and Weber numbers, 

reflecting the balance between inertia, viscosity, and 

surface tension. These atomizers are widely used in 
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industrial spray dryers due to their simple design, high 

reliability, and ability to operate at high throughput. 

Pressure atomizers can produce relatively fine droplets 

by increasing operating pressure; however, they are 

sensitive to feed viscosity and solid content and are 

prone to nozzle clogging when processing concentrated 

or particulate-laden feeds. In addition, the high shear 

rates involved may lead to degradation of shear-

sensitive materials such as proteins or bioactive 

compounds. Despite these limitations, pressure 

atomizers remain dominant in large-scale food, 

chemical, and pharmaceutical spray drying [17, 18]. 

 

 Two-fluid atomizers 

 Two-fluid atomizers utilize a high-velocity gas 

stream, typically air or nitrogen, to atomize the liquid 

feed via aerodynamic shear. The interaction between the 

liquid jet and the gas phase produces droplets through 

momentum transfer and turbulent breakup, allowing the 

formation of smaller droplets compared to pressure 

atomizers at similar liquid flow rates. Two-fluid 

atomizers offer excellent flexibility and fine droplet 

control by adjusting the gas-to-liquid ratio, making them 

particularly suitable for laboratory and pilot-scale spray 

drying. However, their reliance on compressed gas 

results in high energy consumption and limits scalability 

for industrial applications. Moreover, the broad droplet 

size distribution and potential entrainment losses reduce 

process efficiency at large scales. Consequently, 2-fluid 

atomizers are primarily employed in research 

environments, specialty product manufacturing, and 

applications requiring fine particle sizes at low 

production rates [19-21] 

  

 Centrifugal/rotary atomizers 

 Centrifugal or rotary atomizers generate droplets 

by distributing liquid onto a rapidly rotating disk or 

wheel, where centrifugal forces eject the liquid as 

ligaments that subsequently break into droplets. This 

atomization mechanism is largely independent of feed 

pressure and is highly tolerant of viscous and high-solids 

feeds. Rotary atomizers are therefore well suited for 

large-scale spray drying operations, particularly in the 

dairy, detergent, and chemical industries. Their key 

advantages include extremely high throughput, robust 

operation, and reduced risk of clogging. However, rotary 

atomizers typically produce larger droplets with broader 

size distributions compared to nozzle-based systems, 

making them less suitable for fine particle or 

nanoparticle production. Control over droplet size is 

achieved primarily through disk speed and feed rate, but 

achieving submicron droplets remains challenging [14, 

22, 23]. 

 

 Ultrasonic atomizers  

 Ultrasonic atomizers represent an advanced 

atomization technology that relies on high-frequency 

acoustic excitation rather than hydraulic or aerodynamic 

forces. Droplet formation occurs through the generation 

of capillary waves at the liquid–air interface. Ultrasonic 

vibrating mesh atomizers and surface acoustic wave 

atomizers are capable of producing highly uniform 

micro- and submicron droplets under low-shear and 

low-temperature conditions. These characteristics make 

ultrasonic atomizers particularly attractive for spray 

drying of heat-sensitive materials, nanoencapsulation, 

and high-value pharmaceutical and nutraceutical 

products. Nevertheless, ultrasonic atomizers are limited 

by low throughput, sensitivity to liquid viscosity, and 

challenges in scaling up to industrial production. As a 

result, their use remains largely confined to laboratory 

and pilot-scale nano spray drying, although ongoing 

technological advancements aim to bridge this gap [24-

26] 

 Numerous reports on the mechanism of droplet 

formation due to liquid disintegration on a vibrating 

surface have been published, but a complete 

understanding of the cavitation zone in an atomizer is 

still not possible due to the complexity of theoretical 

analysis of the combined effect of cavitation transient 

bubbles. The phenomenon of liquids atomization was 

reported firstly by Wood and Loomis around 1927 [27]. 

The mechanism of ultrasonic atomization involves the 

interaction between shock waves, vibration amplitude 

wave and surface tension which caused by cavitation 

under the liquid surface. When the amplitude reaches a 

certain value, droplets fly out of the wave crest to form 

mist. Ultrasonic atomizers are devices that use 

ultrasonic waves to atomize liquids into fine mist or 

droplets [28].
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Figure 3 Illustration of ultrasonic droplet generation. 

 

 Existing studies has focused to understanding the 

performance of ultrasonic atomizers which play an 

important role to develop of spray dryer techniques by 

offering a more efficient and effective way of producing 

fine and uniform droplets from a liquid feed. Ultrasonic 

atomization is another common process, which utilizes 

a piezoelectric actuator to generate droplets. Two main 

phenomena have been proposed such as: cavitation and 

capillary waves. The interaction between shocks wave 

which is generated by cavitation and capillary waves is 

quite complex (Figure 3). The formation of droplets in 

ultrasonic atomization begins when a high-frequency 

vibrating surface transmits ultrasonic energy into the 

liquid, generating rapidly oscillating pressure fields that 

create capillary waves on the liquid surface. As the 

vibration intensity increases, these waves grow in 

amplitude and become unstable, while cavitation 

bubbles form within the liquid during low-pressure 

cycles. When these cavitation bubbles violently 

collapse, they release localized shock waves 

characterized by very high pressure over extremely 

short time scales. These shock waves propagate toward 

the liquid surface, intensifying surface disturbances and 

thinning the crests of the capillary waves. The combined 

effect of surface wave instability and the impulsive 

pressure from shock waves causes the wave crests to 

rupture, ejecting small liquid fragments into the air, 

which subsequently break up into fine atomized droplets 

[29-32]. 

 The Reynolds number (Re) denotes the ratio of 

inertial to viscous forces. The Weber number (We) 

expresses the relative relevance of fluid inertia in 

comparison to surface tension. The Ohnesorge number 

(Oh), which contains fluid qualities, is generated by 

merging the 2 dimensionless numbers and eliminating 

the liquid velocity. Thus, correlations based on liquid 

properties involve: density (ρ), dynamic viscosity (μ), 

surface tension (σ), atomizer geometry (orifice size or 

micro hole of the mesh). Others, it also could be 

determined by operational factors, such as: liquid 

velocity (ս), may be used to forecast droplet diameter 

and spray diameter (D). Reynolds and Weber numbers 

also can be described for the liquid phase, using liquid 

properties and liquid velocity, or for the gas phase, using 

the gas properties and gas velocity. 

 

𝑅𝑒 =
𝜌𝑢𝐷

𝜇
          (1) 

 

 Despite a significant amount of study, the process 

of droplet formation when exposed to the range 

ultrasound is still not entirely understood. Prior studies 

proposed the relationship between ultrasonic driven 

frequency and diameters of droplets. When the 

ultrasonic vibration is reached to a liquid surface, a 

capillary wave is generated by the wavelength of 

ultrasounds, which can be calculated by equation [33, 

34]: 

 

𝜆 = 0,34 (
8𝜋𝜎

𝜌𝑓2
)
1
3⁄

        (2) 

 

where λ is the ultrasonic wavelength, σ is the surface 

tension, ρ is the density of liquid and f is the frequency 
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of ultrasonic waves. Lang calculated a constant number 

of 0.34 for the averaged droplet diameter produced by 

ultrasound at frequencies between 10 and 800 kHz. The 

capillary wavelength is consistently divided by the mean 

diameter. Then, the constant was modified to 0.96 for 

averaged droplet diameter of aqueous alcohols solution 

[35]. The average droplet size anticipated by Lang’s 

calculation would fall into multiple micrometer ranges 

when aqueous solutions were atomized using 1 - 2 MHz 

ultrasound. 

 Another study introduced to use dimensionless 

numbers that combined the physic-chemical 

characteristics of the atomizing liquid with the operating 

parameters of the ultrasound to propose a connection 

[36], which is given below: 

 

𝜆 = (
𝜋𝜎

𝜌𝑓2
)
1
3⁄
[1 + 𝐴(𝑊𝑒)0.22(𝑂ℎ)(𝐼)−0.0227]   (3) 

 

 Nwe was defined by weber number and also another 

dimensionless number (NOh) was indicated by 

Ohnesorge number. A novel dimensional number was 

defined by Intensity number (NIn). It was introduced as 

an ultrasonic intensity. The Weber number (We) is a 

dimensionless number in fluid mechanics that is used to 

analyze fluid flows where there is an interface between 

2 different fluids, especially for multiphase flows with 

strongly curved surfaces. It is defined as: 

 

𝑊𝑒 =
𝜌𝑢2𝐷

𝜇
         (4) 

 

 The Ohnesorge number (NOh) is a dimensionless 

number that relates the viscous forces to inertial and 

surface tension forces. This dimensionless number can 

be described as follow:  

𝑂ℎ =
√𝑊𝑒

Re
               (5) 

 

 This is the term that related to free surface fluid 

dynamics such as dispersion of liquids in gases and in 

spray technology. Ohnesurge number is useful in a 

variety of engineering applications, including spray 

drying, atomization, and inkjet printing, where droplets 

or jets of liquid are involved. It helps to assess the 

relative significance of viscous forces (determined by 

the fluid’s viscosity and density) and surface tension 

forces in shaping the behavior of these liquid structures. 

 The Intensity Number (I) is associated with the 

intensity of ultrasonic vibration applied to the liquid 

during the atomization process. It is expressed in an 

equation that depends on ultrasonic intensity 

parameters, and can generally be represented as: 

 

𝐼 =
f2Am

Cρ
          (6) 

 

where f is the ultrasonic frequency, Aₘ is the amplitude 

of ultrasonic vibration, C is the speed of sound, and ρ is 

the density of the liquid. To obtain a comprehensive 

understanding of how ultrasonic atomization operates, 

researchers need to consider and analyze the effects of 

additional gas flow rate and liquid temperature, factors 

that have not been extensively addressed in previous 

studies. Nevertheless, parameters such as 

supplementary gas flow rate and liquid temperature play 

significant roles in determining droplet size distribution 

in practical applications. Therefore, the influence of 

these parameters on the atomization process must be 

discussed to achieve a complete understanding of the 

ultrasonic atomization mechanism [37-40].

 

Table 1 Comparative summary of atomization technologies in spray drying. 

No. 
Atomizer 

type 

Typical 

droplet size 

range 

Key advantages Main limitations 

Dominant 

dimensionless 

parameters 

Typical 

applications/Scale 

1. 

Pressure 

Atomizer 

(Hydraulic 

Nozzle) 

~10 - 200 µm 

Simple design; high 

throughput; good 

scalability; relatively 

energy efficient 

Nozzle clogging; 

limited for viscous 

feeds; high shear 

stress 

Re, We (liquid velocity-

dominated); Oh 

moderates viscosity 

effects 

Pilot–industrial food, 

dairy, chemicals, 

pharmaceuticals 

2. 

Two-Fluid 

Atomizer 

(Pneumatic 

Nozzle) 

~5 - 100 µm 

Fine droplets; flexible 

control; suitable for 

lab and pilot scale 

High energy 

consumption; low 

throughput; broad 

PSD 

Reₗ, Re_g, We_g; Oh 

influences viscous 

damping 

Laboratory, pilot-scale 

spray drying, specialty 

powders 
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No. 
Atomizer 

type 

Typical 

droplet size 

range 

Key advantages Main limitations 

Dominant 

dimensionless 

parameters 

Typical 

applications/Scale 

3. 

Centrifugal / 

Rotary 

Atomizer 

~20 - 300 µm 

Very high throughput; 

handles viscous feeds; 

low clogging risk 

Larger droplets; 

limited fine-particle 

control 

We_rotational, 

Re_rotational; Oh 

secondary 

Large-scale industrial 

spray drying (dairy, 

detergents) 

4. 
Ultrasonic 

Atomizer 

~0.5 - 50 µm 

(submicron 

possible) 

Monodisperse 

droplets; low shear; 

ideal for heat-sensitive 

and nano powders 

Low throughput; 

viscosity-sensitive; 

scale-up challenges 

Frequency (f) dominant; 

Oh critical; We_acoustic 

replaces velocity-based 

We 

Laboratory and pilot-

scale nano spray 

drying, pharma, 

nutraceuticals 

 

 

 The comparative table summarizes the 

fundamental differences among pressure atomizers 

(Table 1), 2-fluid atomizers, centrifugal (rotary) 

atomizers, and ultrasonic atomizers by linking their 

atomization mechanisms to the dominant dimensionless 

parameters governing droplet formation. This 

comparison highlights how each atomizer operates 

under distinct physical regimes, which directly 

influences droplet size, distribution, and suitability for 

specific spray-drying applications. Pressure atomizers 

rely on high liquid velocity through a small orifice, 

where droplet breakup is driven primarily by inertial 

forces overcoming surface tension. Consequently, the 

Reynolds and Weber numbers dominate this 

atomization regime, with the Ohnesorge number 

moderating the effect of liquid viscosity. Increasing of 

the operating pressure raises both Reynolds and Weber 

numbers, leading to finer droplets, although excessive 

viscosity or solids content may limit performance due to 

clogging and shear-induced degradation. In 2-fluid 

atomizers, atomization is governed by the interaction 

between the liquid and a high-velocity gas stream. Here, 

both liquid- and gas-phase Reynolds numbers, as well 

as the gas-phase Weber number, are critical in 

determining droplet breakup. The gas-to-liquid 

momentum ratio plays a central role in achieving fine 

droplets, while the Ohnesorge number remains 

important in damping viscous effects. Although 2-fluid 

atomizers can produce smaller droplets than pressure 

nozzles, their high energy demand and limited 

throughput restrict their use to laboratory and pilot-scale 

operations. Centrifugal or rotary atomizers operate 

under a different mechanism, where droplets are 

generated by centrifugal forces acting on a liquid film 

distributed over a rapidly rotating disk or wheel. In this 

case, modified Reynolds and Weber numbers based on 

rotational speed govern ligament formation and 

breakup. While rotary atomizers excel in handling 

viscous and high-solids feeds at very high throughput, 

they typically produce larger droplets with broader size 

distributions, making them less suitable for applications 

requiring fine or nanoscale particles [41]. 

 Ultrasonic atomizers represent a fundamentally 

distinct atomization regime dominated by 

acoustic/vibration excitation rather than bulk fluid 

velocity. In these systems, droplet formation is 

controlled primarily by ultrasonic frequency through 

capillary wave instability. The excitation frequency 

defines the capillary wavelength, which in turn 

determines droplet size, rendering traditional velocity-

based Reynolds numbers less influential. Instead, the 

Ohnesorge number becomes critical in determining 

whether capillary waves can grow and eject droplets, as 

high viscosity suppresses wave amplification. This 

frequency-dominated mechanism enables ultrasonic 

atomizers to produce highly uniform micro- and 

submicron droplets under low-shear conditions. Overall, 

the table 1 illustrates that atomizer selection must be 

guided by an understanding of the dominant 

dimensionless parameters governing each atomization 

regime. While conventional atomizers are optimized 

through control of velocity-based Reynolds and Weber 

numbers, ultrasonic atomizers require frequency- and 

viscosity-focused optimization. This distinction 

explains both the advantages of ultrasonic atomizers in 

nanoparticle production and the challenges associated 

with their scale-up to industrial systems [42-47] 

 

Research progress of ultrasonic atomizer 

 Research on ultrasonic atomizers has progressed 

significantly over the past several decades, evolving 

from fundamental investigations of acoustic–liquid 
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interactions to advanced engineering systems capable of 

producing highly controlled micro- and nanoscale 

droplets. More recent advances have focused on the 

development of UVM-As and SAW-As, which 

represent major technological milestones in ultrasonic 

atomization. These systems employ piezoelectric 

transducers and micro-engineered structures to 

efficiently transmit acoustic energy to thin liquid films, 

enabling precise control of droplet size distribution and 

significantly improved energy efficiency compared to 

earlier ultrasonic nebulizers. Research in this stage 

emphasizes the influence of mesh geometry, aperture 

size, cone angle, and resonance conditions on 

atomization performance. In parallel, increasing 

attention has been given to the integration of ultrasonic 

atomizers into spray drying processes for the production 

of functional powders and nanoparticles. Experimental 

studies demonstrate that ultrasonic atomization allows 

for lower operating temperatures, narrower particle size 

distributions, and enhanced preservation of heat-

sensitive bioactive compounds. This has stimulated 

research into scaling strategies, process stability, and 

continuous operation. 

 A number of research groups have conducted 

experimental studies to elucidate the influence of mesh-

hole geometry under the dynamic resonance conditions 

of piezoelectric vibrations in UVM-As. These studies 

have systematically evaluated the effects of micro-cone 

hole structures on atomization performance by 

measuring atomization rate and spray height in both the 

forward (flared) and reverse (tapered) directions under 

varying driving voltages at optimal operating 

frequencies. The results consistently demonstrate that 

atomization rate and spray height are significantly 

higher in the forward direction than in the reverse 

direction, highlighting the directional dependence of 

droplet ejection in vibrating mesh systems. Moreover, 

an increase in driving voltage leads to a reduction in 

droplet diameter, accompanied by a simultaneous 

increase in atomization rate and spray height, indicating 

enhanced capillary wave excitation and droplet breakup 

efficiency. In Table 2, we provide a comprehensive 

comparison of recent studies investigating UVM-As, 

highlighting the evolution of atomizer design, droplet 

generation mechanisms, and nanoparticle formation 

strategies across different research groups. Collectively, 

these studies demonstrate that both structural parameters 

(such as: mesh geometry, aperture shape, and cone 

orientation).and operational parameters (including: 

vibration frequency, driving voltage, and liquid 

properties) play critical roles in governing capillary 

wave formation, droplet breakup behaviour, and 

atomization uniformity.

  

 

Table 2 The performances comparison of vibrating mesh atomizers. 

No. References Objective Frequency 
Power/Energy 

source 

Medium/

Liquid 

type 

Droplet/ 

Particle size 
Key findings 

1 Zhang et al. 

[30] 

Relate capillary waves 

and cavitation 

intensity to droplet 

size distribution and 

establish 

dimensionless 

correlations for 

ultrasonic atomization. 

> 20 kHz 

(ultrasonic 

regime) 

Variable input 

power; tested 

effects of flow 

and temperature 

Liquids 

with 

varied 

surface 

tension 

and 

viscosity 

0.5 - 10 µm 

depending on 

flow rate and 

cavitation 

intensity 

Droplet size decreases with 

lower cavitation intensity; 

uniform capillary waves 

produce narrower size 

distributions; new correlation 

using Weber and Ohnesorge 

numbers. 

2 Liu et al. 

[48] 

Characterize droplet 

breakup via Faraday 

instability and link 

vibrational mode 

evolution to 

atomization onset. 

20 - 40 kHz Amplitude and 

frequency swept 

via controlled 

excitation 

Model 

droplets 

(glycerol-

water 

solutions) 

1 - 50 µm; finer 

droplets formed 

at higher 

frequency 

Formation of surface spikes 

and necks precedes droplet 

ejection; Faraday-driven 

breakup mechanism validated 

with Lang’s scaling law. 

3 Yan et al. 

[49] 

Quantify how 

vibration 

characteristics (mode 

≈ 100 kHz 

(device 

resonance) 

AC voltage sweep 

(laser vibrometry 

characterization) 

Drug 

solutions 

for 

3 - 6 µm (D50) 

depending on 

vibration mode 

Developed analytical 

atomization model; higher 

vibration velocity increases 
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No. References Objective Frequency 
Power/Energy 

source 

Medium/

Liquid 

type 

Droplet/ 

Particle size 
Key findings 

shapes, frequency, 

amplitude) affect 

atomization rate and 

particle size in a mesh 

nebulizer. 

inhalatio

n 

rate and reduces particle size; 

validated experimentally with 

mesh deformation analysis. 

4 Guerra-

Bravo et al. 

[50] 

 

Correlate resonant 

modes and mesh 

geometry to 

atomization efficiency 

using FEM simulation 

and experiments. 

80 - 120 kHz 

(device 

dependent) 

Piezoelectric drive 

(PZT actuator) 

Water 

and 

ethanol 

mixtures 

2 - 8 µm Micro-aperture geometry and 

resonant frequency determine 

atomization rate; FEM-

predicted displacement modes 

closely match experiments. 

5 Pan et al. 

[51] 

Develop advanced 

metrics for 

characterizing 

ultrasonic spray 

behavior under varied 

liquid properties and 

flow rates. 

20 - 100 kHz 

(generalized) 

Experimental 

setup (acoustic 

field 

characterization) 

Water, 

ethanol, 

acetone, 

and other 

solvents 

1 - 30 µm, 

multimodal 

distributions 

Proposed gamma/log-normal 

fitting for droplet size data; 

found multimodal behavior 

and flow-rate-dependent 

transitions in spray regimes. 

6 Lu et al. 

[52] 

Examine oscillatory 

flow effects on 

atomization behavior 

and liquid transport 

efficiency in ultrasonic 

systems. 

20 - 50 kHz 

(parametric 

range) 

Driven vibration 

under CFD and 

experimental 

validation 

Air-water 

2-phase 

system 

Submicron-to-

microscale 

transition zone 

observed 

Identified critical resonance 

frequencies enhancing liquid 

transfer; proposed model for 

oscillatory film thinning and 

droplet detachment. 

7 Liang et al. 

[53] 

Enhance atomization 

efficiency via mesh 

hole geometry 

optimization and 

surface finishing using 

electrolytic polishing. 

Not specified 

(ultrasonic 

range) 

Standard PZT-

driven mesh 

vibration 

Water 

and test 

liquids 

1 - 5 µm Optimized mesh angle (~48°) 

yields ~3.9× higher flow rate 

(5.2 mL/min); reduced flow 

resistance and improved hole 

uniformity. 

8 Beck-

Broichsitter 

et al. [54] 

Tailor atomization 

properties through 

polymer coatings that 

modify aperture 

diameter and surface 

energy. 

Device-

dependent 

(~100 kHz 

typical) 

Piezoelectric 

actuation (voltage 

controlled) 

Nebulizer 

membran

es and 

polymer 

solutions 

1 - 8 µm 

(depending on 

coating 

thickness) 

Polymer coatings reduce 

orifice size, smaller droplets 

and narrower distribution; 

supports tailored spray drying 

and inhalation performance. 

9 Heng et al. 

[55] 

Evaluate the Büchi 

Nano Spray Dryer B-

90 and its vibrating 

mesh atomizer for 

nanoparticle 

production and 

recovery. 

≈120 kHz 

(device class) 

Piezoelectric 

actuation; 

electrostatic 

collector 

Model 

pharmace

utical 

solutions 

/ 

polymers 

0.2 - 6 µm B-90 enables narrow 

distributions and high 

recovery for nanoscale 

powders; suited for 

heat‑sensitive actives. 

10 Sharma et 

al. [56] 

Compare droplet 

distributions of 

silicon- vs 

metallic‑mesh VMAs 

and quantify 

span/uniformity. 

Device-

dependent 

(≈100 kHz 

class) 

Piezoelectric RF 

drive (voltage 

controlled) 

Water 

and 

aqueous 

solutions 

5 - 20 µm Silicon meshes yield narrower 

size distributions and lower 

span than metallic meshes. 

11 Kuo et al. 

[57] 

Characterize droplet 

size, output rate, and 

performance metrics 

for mesh nebulizers. 

Device-

dependent 

(~100 kHz) 

Piezoelectric 

mesh drive; 

voltage sweep 

Water 

and 

saline 

Droplet size 

scales with 

aperture 

diameter; 

typical MMAD 

~3 - 6 µm 

Output increases with 

aperture count; droplet size 

linked to orifice; stable, 

efficient aerosol generation. 
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No. References Objective Frequency 
Power/Energy 

source 

Medium/

Liquid 

type 

Droplet/ 

Particle size 
Key findings 

12 Moon et al. 

[58] 

Assess how adaptive 

resonance frequency 

tracking and 

impedance matching 

affect output and 

energy use. 

Resonance‑tra

cked (~100 

kHz) 

30–50 Vpp; 

ARFT with 

impedance 

matching 

Water 

and 

viscous 

solutions 

Maintained 

therapeutic 

range (≈3 - 5 

µm) while 

boosting output 

ARFT + impedance matching 

increased output by ~45% and 

reduced power by ~31% 

versus baseline. 

13 Yan et al. 

[59] 

Model and validate 

how resonance modes 

and structure 

parameters influence 

atomization rate. 

Resonances at 

~23, 84, 122, 

142 kHz 

Voltage‑driven 

PZT; FEM + 

experiment 

Water Order‑of‑micro

ns; decreases 

with higher 

vibration 

velocity 

Atomization rate and droplet 

size tightly coupled to 

resonance mode and 

amplitude; provides design 

guidance. 

 

 The frequency of ultrasonic vibrations generated 

to UVM-As directly affects the size of the atomized 

droplets. Research in UVM-As had been observed that 

higher frequencies result in smaller droplet sizes. The 

droplets have been generated by UVM-As which can be 

tunable by selecting ultrasonic frequency. The 

frequency range for UVM-As is wide, commonly from 

20 to 150 kHz for the metallic meshing. However, there 

is a limit to how high the frequency can be set because 

of the attenuation of sound waves in liquids. Ultrasonic 

wave can be generated from a module ultrasonic 

generator or more complex equipment is a function 

generator. The amplitude or magnitude of ultrasonic 

vibration also impacts droplet size. Experimental 

investigations on UVM-As consistently confirm this 

frequency dependence. Studies conducted across a wide 

range of operating frequencies demonstrate that 

increasing excitation frequency results in a systematic 

reduction in mean droplet diameter and a narrowing of 

droplet size distribution. This effect is particularly 

pronounced in vibrating mesh systems, where the mesh 

acts as a frequency-selective interface that efficiently 

transmits ultrasonic energy to the liquid layer. However, 

the influence of frequency on droplet size is not 

unlimited and is strongly modulated by liquid properties 

and viscous effects. As excitation frequency increases 

and droplet size decreases, the characteristic length scale 

of atomization becomes smaller, leading to an increase 

in viscous damping as described by the Ohnesorge 

number. At sufficiently high frequencies or for highly 

viscous liquids, capillary wave growth may be 

suppressed, resulting in diminishing returns in droplet 

size reduction or even complete inhibition of 

atomization. This explains experimental observations of 

an optimal frequency window for a given liquid 

formulation, beyond which further increases in 

frequency do not yield smaller droplets [60-63]. 

 The atomization rate of ultrasonic atomizer is one 

of parameter which utilized as a part or component of 

spray dryer. This is amount of liquid that atomized per 

unit time. It depends on the frequency, power, and 

impedance of the transducer, the mesh hole size and 

shape, the liquid properties, and the pumping rate [64, 

65]. A study provided a theoretical description that links 

the observed atomization rate with volume changes 

induced by piezoelectric vibrations within the micro-

cone and liquid chamber. Under ultrasonic excitation, 

the piezoceramic actuator drives the disperser sheet to 

undergo high-frequency vibration, which periodically 

alters the volume of both the liquid chamber and the 

micro-cone aperture. These volume variations, 

combined with differences in flow resistance between 

the nozzle and diffuser elements of the micro-cone hole, 

produce one-way flow and effective pumping that leads 

to atomization. The net volumetric flow rate (q) that 

drives atomization is expressed as the sum of 

contributions from both the liquid chamber and micro-

cone hole volume variations [66]. Below is the 

formulation of volumetric flow rate (q): 

 

q = (∆Vs + ∆VD)f
ξ̅Dd−ξ̅Dn

2+ξ̅̅ ̅̅ ̅̅
Dd+ξ̅Dn

        (7) 

 

Here, ΔVS and ΔVD are the volume variations of the 

liquid chamber and micro-cone hole, f is the vibration 

frequency, and 𝜉‾𝐷𝑑and 𝜉‾𝐷𝑛are the average loss 

coefficients for diffuser and nozzle flow resistances, 

respectively. The ratio term captures differences in fluid 

resistance that drive net flow through the cone hole. This 
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expression shows that atomization rate scales with 

vibration frequency and the effective volume changes 

induced by oscillation of the atomizer structure under 

piezoelectric excitation. In their experimental results, 

the atomization rate is observed to increase with driving 

voltage at a fixed resonant frequency. This trend arises 

because a higher driving voltage increases the amplitude 

of piezoelectric-induced deformation, leading to larger 

variations in the micro-cone hole volume and enhanced 

pumping effects. As a result, both the measured 

atomization rate and atomization height increase with 

higher voltages. In addition, the orientation of the micro-

cone hole (forward versus reverse) strongly affects 

atomization rate, with the forward configuration 

producing significantly higher rates due to the combined 

effects of pressure atomization from the chamber and 

dynamic cone-angle pumping. The experimental 

formulation also connects atomization performance to 

underlying fluid-dynamic processes. The dynamic cone 

angle modulates local flow resistance and pressure 

gradients, which in turn influence the atomization rate 

through net volumetric flow. By relating atomization 

rate to volume change per cycle and vibration 

frequency, the paper provides a link between structural 

parameters of the vibrating mesh atomizer (geometry, 

dynamic cone angle) and performance metrics like 

atomization rate and droplet size distribution. This 

approach bridges empirical measurements with 

theoretical understanding of droplet ejection driven by 

piezoelectric vibration. This mechanistic volumetric 

formulation of atomization rate as a cycle-averaged 

volumetric flow has been driven by piezoelectrically 

induced volume oscillations of the liquid chamber and 

the micro-cone aperture. In compact form the authors 

write the net volumetric flow (q) that produces atomized 

droplets as proportional to the vibration frequency 𝑓and 

to the sum of the chamber and cone volume variations 

(Δ𝑉𝑆 + Δ𝑉𝐷), multiplied by a factor that depends on the 

average loss coefficients for diffuser and nozzle flow 

(𝜉‾𝐷𝑑, 𝜉‾𝐷𝑛). This structure explicitly captures (a) the 

kinematic source of flow (volume change per vibration), 

(b) the frequency scaling (more cycles per second will 

be more volume pumped and then will make higher rate 

of atomization), and (c) the directional flow bias created 

by differing hydrodynamic resistances of the cone 

geometry (i.e., a dynamic pump effect). The formulation 

therefore sits between purely empirical rate 

measurements and first-principles fluid dynamics. It is 

mechanistic but still requires measured/estimated loss 

coefficients and ΔV terms from the vibrating structure 

[49, 59, 66-68]. 

 Several authors also report that atomization 

performance (droplet size and atomization rate) scales 

strongly with acoustic intensity, excitation frequency, 

and residence time at the active surface. For example, 

Rajan and Pandit [36]; O’Sullivan et al. [42] reviewed 

how increasing acoustic intensity (higher amplitude) 

and/or increasing frequency tends to (i) decrease droplet 

size and (ii) increase atomization rate, while lower 

liquid feed rates (longer residence time) also favor 

smaller droplets because the liquid is exposed longer to 

acoustic energy. Those previous studies often expressed 

their findings as empirical trends or semi-empirical 

correlations rather than as closed-form expressions 

based on internal geometry and loss coefficients. the 

atomization rate is commonly reported to scale with the 

applied acoustic intensity, the effective vibrating area, 

and the excitation frequency. This relationship can be 

qualitatively expressed as: 

 

Atomization rate ∝ 𝐼 ⋅ 𝐴 ⋅ 𝑓                                        (8) 

 

where 𝐼 is the acoustic intensity delivered to the liquid 

interface, 𝐴 is the effective vibrating or active 

atomization area, and 𝑓 is the ultrasonic excitation 

frequency. Acoustic intensity represents the rate at 

which acoustic energy is transferred to the liquid per unit 

area, and higher intensity results in larger vibration 

amplitudes at the liquid-solid interface. When combined 

with a larger active area and higher excitation frequency, 

the total acoustic energy input per unit time increases, 

leading to enhanced capillary-wave excitation, stronger 

interfacial instabilities, and a higher volumetric rate of 

droplet ejection. As a result, increasing any of these 

parameters (intensity, area, or frequency) generally 

leads to a higher atomization rate, provided that viscous 

damping and liquid supply do not limit wave growth. 

 The relationship between droplet diameter (d) and 

excitation frequency is commonly described by an 

inverse power-law scaling: 

 

𝑑 ∝ 𝑓−𝛼 , 𝛼 > 0                                                          (9) 
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 This scaling arises from the capillary-wave 

mechanism governing ultrasonic atomization. Under 

ultrasonic excitation, the capillary waves form on the 

liquid surface, and droplets are ejected from the crests 

of these waves. The wavelength of the capillary waves 

decreases with increasing excitation frequency, and 

since droplet diameter is proportional to the 

characteristic capillary wavelength, higher frequencies 

produce smaller droplets. The exponent 𝛼 typically lies 

between 0.3 and 0.7 depending on liquid properties such 

as surface tension and viscosity, as well as the specific 

atomizer configuration. This inverse frequency 

dependence explains why UVM-As and SAW-As are 

particularly effective for producing uniform micro- and 

submicron droplets [68-74] 

 The droplet formation is governed by the balance 

between acoustic forcing, surface tension, and viscous 

dissipation. These competing effects are conveniently 

expressed using the acoustic Weber number and the 

Ohnesorge number, which replace the velocity-based 

Reynolds and Weber numbers commonly used in 

conventional atomization. Together, these scaling 

relationships highlight a fundamental advantage of 

ultrasonic atomization over conventional hydraulic or 

pneumatic atomization: droplet size and atomization 

rate can be controlled primarily through acoustic 

parameters rather than high liquid velocities or gas 

shear. By tuning the excitation frequency, acoustic 

intensity, and active atomization area, ultrasonic 

atomizers enable precise control over droplet size 

distribution and production rate, which is especially 

advantageous for nanoparticle formation and spray 

drying of heat- and shear-sensitive materials [56, 74-76]

 

 

Figure 4 The relationship between Weber number (We) and the Ohnesorge number (Oh) regime in ultrasonic atomization. 

 

 The relationship between the acoustic Weber 

number (We) and the Ohnesorge number (Oh) provides 

a unified framework for understanding droplet 

formation mechanisms in ultrasonic atomization 

(Figure 4). Weber number characterizes the ratio of 

acoustic inertial forces to surface tension forces and 

therefore reflects the ability of acoustic excitation to 

destabilize the liquid–air interface. In contrast, the 

Ohnesorge number represents the relative importance of 

viscous dissipation compared to inertial and capillary 

forces, determining the extent to which viscous damping 

suppresses capillary wave growth. At low Weber 

number of acoustic forcing is insufficient to overcome 

surface tension, and the liquid interface undergoes 

oscillatory deformation without droplet ejection. As 

Weber number increases beyond a critical threshold, 

capillary waves become unstable, and droplets are 

emitted from the wave crests, marking the onset of 

effective ultrasonic atomization. In this regime, 

increases in acoustic intensity or excitation frequency 

enhance interfacial acceleration, thereby promoting 

higher atomization rates and smaller droplet sizes. The 

influence of Ohnesorge number becomes increasingly 

significant as droplet size decreases or liquid viscosity 
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increases. Low Ohnesorge number values correspond to 

weak viscous damping, allowing capillary waves to 

grow efficiently and resulting in stable uniform droplet 

generation. Conversely, high Ohnesorge number values 

indicate strong viscous dissipation, which attenuates 

capillary wave amplitude and shifts the critical Weber 

Number required for atomization to higher values. In 

extreme cases, excessive viscosity can suppress 

atomization entirely, even under high acoustic 

excitation. Moreover, Weber and Ohnesorge number 

define distinct atomization regimes and establish a 

practical operating window for ultrasonic vibrating 

mesh atomizers. Efficient nano- and micro-droplet 

generation occurs in a regime characterized by 

sufficiently high Weber number to overcome surface 

tension and moderate-to-low Ohnesorge number to 

minimize viscous damping. This We-Oh framework 

highlights the fundamental trade-offs between acoustic 

forcing, liquid properties, and achievable droplet size, 

and it provides a rational basis for optimizing ultrasonic 

spray drying processes for nanoparticle formation.  

 The atomizer’s mesh design in UVM-As is 

necessary to achieve the desired droplet size and 

distribution, which are valuable tools for precision 

atomization in various industrial and scientific 

applications [77]. As the design improvement, this will 

also influence the spray angle. The angle between the 2 

extreme directions of the spray cone formed by the 

droplets, usually measured in degrees. The frequency, 

power, the mesh hole size and shape, the liquid 

properties, and also the ambient conditions will 

influence the spray angle. Moreover, the degree of 

consistency and uniformity of the spray pattern over 

time and space. The spray stability also influenced by 

the frequency, power, and the transducer impedance, the 

mesh hole size and shape, the liquid properties, and the 

ambient conditions. Mesh geometry and their materials 

have been interested by the researcher to make an 

optimal atomizer for several applications. The 

researchers have refined aperture shape, taper, and 

surface finish (electrolytic polishing, micro-cone holes, 

silicon meshes) to produce narrower droplet 

distributions and to reduce mechanical wear and particle 

build-up on holes. These improvements give more 

reproducible droplet sizes and extend mesh life. 

Moreover, metallic meshes enables very small, uniform 

holes and better control of droplet diameter for high-

precision applications. Fine meshes are sensitive to 

solids deposition and biofouling, then improvements in 

surface finish will give an amelioration into higher 

atomization rate. By the operational conditions, mesh 

cleaning protocols and anti-fouling coatings are also 

under their study [53-66, 78-81].  

 SAW-As have been extensively investigated as a 

high-frequency ultrasonic atomization technique 

capable of generating fine aerosols with controlled 

droplet sizes. Early studies by Kurosawa et al.  

demonstrated the feasibility of SAW-induced 

atomization through capillary wave destabilization at 

the liquid–air interface, establishing SAW-As as a 

promising alternative to conventional ultrasonic 

atomizers [82, 83]. Subsequent works by Friend and 

Yeo, as well as Qi et al., provided fundamental insights 

into the underlying acoustofluidic mechanisms, 

highlighting the roles of acoustic streaming, leaky 

Rayleigh waves, and interfacial instabilities in 

governing droplet breakup and atomization efficiency. 

More recent studies have focused on improving 

atomization stability and scalability, including the use of 

focused or standing SAW configurations and regulated 

liquid supply systems to enable continuous and 

sustainable operation. These advancements have 

expanded the applicability of SAW-As to areas such as 

thin-film deposition, bioaerosol generation, and 

functional material processing, while also indicating 

strong potential for integration into spray drying 

processes that require precise control over droplet size, 

minimal clogging, and gentle handling of heat-sensitive 

materials [84-87] 

 SAW-As is one of ultrasonic atomization 

technology that operates at significantly higher 

frequencies than conventional ultrasonic transducers, 

enabling the generation of micron- to submicron-sized 

droplets with high precision. In SAW-As, high-

frequency acoustic waves propagating along a 

piezoelectric substrate are coupled into a liquid film, 

where acoustic streaming and capillary wave 

instabilities induce droplet breakup at the liquid–air 

interface [61]. This non-orifice-based atomization 

mechanism offers inherent advantages for spray drying 

applications, including reduced clogging, improved 

control over droplet size distribution, and enhanced 

suitability for heat-sensitive or functional materials. 

Although SAW-As systems generally require more 
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complex device fabrication and higher operating 

frequencies, their ability to produce fine and uniform 

droplets presents strong potential for integration into 

next-generation spray drying processes, particularly for 

applications demanding precise particle size control, 

high material utilization efficiency, and advanced 

micro- or nano-structured dried products. In Table 3, we 

can observe several research which applied the SAW-

As into several purposes. This table summarizes the key 

findings from major studies SAW atomization systems 

applied to spray drying and related processes. This 

comparative overview highlights the influence of 

acoustic frequency, substrate type, and atomization 

dynamics on droplet size distribution, evaporation 

behavior, and particle morphology, providing insights 

into the mechanisms governing nanoscale particle 

formation. Then, the objective is to compare their 

operating frequencies, droplet generation 

characteristics, substrates, atomization mechanisms, and 

outcomes relevant to nanoparticle or microdroplet 

production. The data can be categorized into 2 main 

groups: SAW which is operating below 5 MHz (1 - 3), 

primarily used for liquid atomization and ethanol 

separation; and SAW which is operating above 10 MHz 

(4 - 12), typically applied for precision droplet 

manipulation, thin-film formation, and nano spray 

applications. The SAW-based atomization system 

typically operates at much higher frequencies, often in 

the range of tens to hundreds of megahertz, due to the 

propagation of acoustic waves along the surface of a 

piezoelectric substrate.

 

Table 3 The performances comparison of ultrasonic surface acoustic wave atomizer. 

No. Reference Frequency 
Power/Energy 

source 

Medium/Liquid 

type 

Droplet/Particle 

size 

Device 

material/Substrate 
Key findings 

1 Suzuki [88] 2.4 MHz 20 W input 

power 

Aqueous ethanol 

(0 - 84 mol%) 

1 - 10 µm 

droplets 

Titanium ultrasonic 

horn 

Ethanol 

enrichment 

linked to droplet-

vapor ratio and 

cavitation energy 

distribution. 

2 Liu et al.  [89] 2.5 MHz 24 V DC, 

variable power 

setup 

Aqueous ethanol 

mixture 

(bioethanol model 

system) 

Submicron mist 

distribution 

(estimated 0.5 - 2 

µm) 

PZT piezoelectric 

transducer 

Separation 

efficiency 

improves at 

higher bulk 

temperature and 

lower collection 

temperature. 

3 Liu et al. [90]  2.5 MHz 24 V DC, fixed 

ultrasonic input 

Ethanol-water 

mixture 

(azeotropic 

composition) 

1 - 8 µm 

(depending on 

feed rate) 

PZT ceramic 

transducer 

Optimized flow 

rate and 

transducer 

design enhance 

ethanol 

selectivity and 

stability. 

4 Li and Friend 

[91] 

8.611 MHz 120 - 510 mW 

RF power 

Particle suspension 

(1 - 45 µm, 

polystyrene and 

yeast cells) 

Submicron to few 

µm concentrated 

particles 

LiNbO3 (128° Y-

cut) 

SAW 

concentrates 

microparticles 

rapidly with 

minimal thermal 

effect. 

5 Tan et al. [29] 10 - 100 

MHz 

High-frequency 

piezoelectric 

substrate 

excitation 

Thin liquid films 

and droplets 

(water, silicone oil) 

Droplets 1 - 10 

µm, atomized 

mist < 1 µm 

LiNbO3 

piezoelectric 

substrate 

SAW drives 

strong surface 

capillary motion 

leading to 

atomization 

onset. 
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No. Reference Frequency 
Power/Energy 

source 

Medium/Liquid 

type 

Droplet/Particle 

size 

Device 

material/Substrate 
Key findings 

6 Brunet et al. 

[92] 

20 - 100 

MHz 

RF-driven 

interdigital 

transducer 

(LiNbO3 

substrate) 

Microliter droplets 

(water, glycerol, 

ethanol) 

Droplet 

oscillation 

amplitudes up to 

10 µm 

LiNbO3 substrate 

with interdigital 

electrodes 

Quantitative 

model of droplet 

oscillation under 

SAW excitation 

established. 

7 Yang et al.  

[93] 

5 - 20 MHz RF excitation, 

variable power 

Rime ice layer 

(solid-liquid 

interface) 

Atomized 

droplets < 2 µm 

Thin-film SAW 

device (ZnO/Al2O3 

composite) 

SAW effectively 

weakens ice 

adhesion via 

nanoscale 

vibrations and 

heating. 

8 Qi et al. [85] 20 MHz Piezoelectric RF 

excitation 

(LiNbO3) 

Pharmaceutical 

liquid formulations 

(aqueous drugs) 

Submicron 

aerosol droplets 

(300–800 nm) 

LiNbO3 SAW 

transducer 

SAW 

atomization 

enables fine 

droplet 

generation for 

inhalable drug 

delivery. 

9 Ju et al. [61] 50 - 95 MHz RF input 200 - 

500 mW 

Water, alcohol, 

polymer solutions 

Submicron 

particles (dry 

mist < 500 nm) 

LiNbO3, 128° Y-

cut 

High-frequency 

SAW produces 

uniform 

nanosized mist 

and dried 

nanoparticles. 

10 Wang et al. 

[94] 

20 MHz RF power 120 - 

400 mW 

Sessile droplets 

(glycerol-water 

mixtures) 

Droplet 

fragments < 5 µm 

LiNbO3 substrate Droplet 

deformation 

dependent on 

acoustic power 

and viscosity. 

11 Choi et al.  

[95] 

19.8 MHz RF bias + high-

voltage coupling 

(hybrid mode) 

Nanoparticle 

suspensions and 

coating precursors 

Nanoparticle film 

thickness ~200 

nm 

LiNbO3 substrate 

(interdigital 

transducer) 

Hybrid SAW–

EHDA enhances 

uniform film 

deposition and 

nanoparticle 

alignment. 

12 Takeuchi et 

al. [96] 

5 - 20 MHz RF energy-

driven SAW 

propagation 

(Rayleigh 

mode) 

Thin film liquids 

(water, oil) 

Droplets < 5 µm Thin-film 

piezoelectric AlN 

substrate 

Thin-film SAW 

induces 

controlled 

droplet 

streaming and 

nanospray 

behavior. 

 

 The main difference between SAW and UVM-As 

is the way they generate the sound waves into the liquid 

surface. SAW atomization uses a piezoelectric device, 

such as a lithium niobate crystal, with a metal electrode 

pattern on its surface. When an alternating current is 

applied to the electrode, it generates surface acoustic 

waves on the crystal or metallic surface. The liquid is 

placed on the surface, and the sound waves create 

capillary waves on the liquid surface, which grow and 

rupture, releasing droplets into the air. SAW 

atomization can operate at very high frequencies, up to 

several gigahertz, and can produce droplets with sizes 

ranging from nanometers to micrometers. In general, 

SAW-As and UVM-As have some similarities, such as 

both use high-frequency sound waves to convert liquid 

into aerosol, both require voltage source to drive the 

transducer and both can be used for similar applications 

(medical or biotechnology). However, the difference 
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lies in the mechanism, design, and atomization 

characteristics of each method [97-99].  

 The versatility of the SAW-As extends to its 

capability to process liquids with relatively higher 

viscosity or surface tension, which often present 

challenges for UVM-As. By adjusting the frequency and 

power of the acoustic waves, SAW-As enable precise 

control over droplet density and transfer dynamics. This 

tunability has led to practical applications in various 

fields, including pulmonary drug delivery, thin-film 

deposition, and microfluidic systems [37, 60, 100]. In 

contrast, UVM-As perform more effectively with 

liquids of low to moderate viscosity or surface tension, 

particularly in conditions requiring high flow rates or 

large spray angles. These atomizers are widely 

employed in applications such as air humidification, 

spray coating, nanoparticle synthesis, and 

pharmaceutical formulation, owing to their operational 

stability and fine droplet uniformity. However, SAW-As 

operates through acoustic energy propagation along the 

substrate surface, where droplet formation occurs in a 

surface-limited and often intermittent manner. This 

localized droplet generation can result in unstable and 

inconsistent atomization rates, making SAW-As 

systems less suitable for continuous or large-scale 

processes. Furthermore, their atomization efficiency is 

constrained by significant thermal losses, as a 

substantial portion of the input energy dissipates as heat 

through the substrate and the liquid film. These thermal 

effects not only reduce overall energy efficiency but 

may also compromise the integrity of thermosensitive 

food or herbal bioactive. Consequently, despite their 

capacity to produce ultrafine droplets, SAW atomizers 

remain less favorable for industrial-scale spray drying 

compared to the more stable and energy-efficient of 

UVM-As systems.  

 

Basic Component of spray dryer 

 Spray drying is a highly well-established process 

for the generation of micro-particulate powders suitable 

for wide range applications. This technique is used 

widely for converting liquid solutions, suspensions, or 

emulsions into fine dry powders. The choice of spray 

dryer type depends on various factors, including the 

properties of the feed material, the desired product 

characteristics, and the specific application [101]. This 

process consists of 4 fundamental steps: (i) atomization 

of the particle and their solvent, (ii) drying process of 

droplets, (iii) formation of dry particles and (iv) 

separation and collection of the dry product from the 

drying gas. This technique is a well-established and 

commonly used process for producing powders in 

diverse applications.

 

 

Figure 5 Spray drier components. 

 

 Several types of spray drier have been developed 

to meet performance desired under specific application. 

The conventional spray dryer is an open loop spray 

drier. it is the most basic type of spray dryer. It involves 

atomizing a liquid feed into fine droplets using a nozzle 

or rotary atomizer, which are then dried by hot air. The 

dried particles are collected at the bottom of the drying 

chamber. It’s suitable for a wide range of materials and 

is cost-effective. Furthermore, closed-loop spray dryer 

also been developed. In this type, the drying process 
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takes place in a closed-loop system, which is designed 

to minimize the release of fine particles into the 

environment. It is commonly used when dealing with 

toxic or hazardous materials [102, 103]. There are 2 

primary cycle types in spray drying, which comprises 

open cycle type and closed cycle type. These cycles 

determine how air and materials are handled within the 

drying system. In an open cycle co-current flow spray 

dryer, both the atomized liquid feed and the drying air 

flow in the same direction. This means that the hottest 

air comes into direct contact with the freshly atomized 

liquid droplets. This design is typically used for 

materials that are not sensitive to high temperatures and 

can withstand rapid drying. It is energy-efficient but 

may not be suitable for heat-sensitive materials. An 

open cycle counter-current flow spray dryer is more 

commonly used for heat-sensitive materials. It allows 

for a gentler drying process because the hottest air 

comes into contact with the driest particles, reducing the 

risk of overheating or thermal degradation, and also the 

atomized liquid feed and the drying air flow in opposite 

directions Closed cycle spray dryers are designed to 

recycle and reuse the drying air, making them more 

environmentally friendly and suitable for processing 

heat-sensitive or volatile materials. These systems 

typically include air filtration and cleaning components 

to remove contaminants and allow for air recirculation. 

In a semi-closed cycle spray dryer, a portion of the 

drying air is continuously recycled, while fresh air is 

introduced to maintain the desired drying conditions 

This design strikes a balance between closed and open 

cycle systems, offering some energy savings and 

flexibility in controlling the drying process. If all of the 

drying air is continuously recycled, and external air is 

not introduced, it recognizes as a fully closed cycle 

spray dryer. The closed system is particularly useful 

when dealing with materials that are sensitive to oxygen 

or when there is a need to minimize environmental 

emissions. However, it may require more sophisticated 

air treatment and filtering systems to maintain air quality 

and prevent the buildup of contaminants. Some common 

classifications of spray dryers based on the type of 

atomizer had been determined according to the basic 

principles of liquid atomizer. These are 4 types of liquid 

atomizer, such as: pressurized, 2 fluid, centrifugal and 

ultrasonic atomizer. The choice of atomizer type in a 

spray dryer is crucial, as it determines the size, shape, 

and distribution of the dried particles. The specific 

atomizer selected depends on the characteristics of the 

feed material, the desired product specifications, and the 

scale of production. Each atomizer type has its 

advantages and limitations, and the choice should be 

made based on the specific needs of the application [16]. 

 The collection of dried particles in a spray drying 

process can be a critical step in the production of 

nanoparticle powders with the desired characteristics. 

Cyclone separators are often used to collect larger 

particles or fine powders in a spray drying process. In 

this method, the drying air carrying the particles is 

introduced into a cyclone chamber, where centrifugal 

forces cause the larger and heavier particles to separate 

and collect at the bottom of the cyclone, while the lighter 

air is discharged through the top. The collected particles 

can be recovered from the bottom of the cyclone. 

Baghouse filters, which consist of fabric bags or 

cartridges, are effective for collecting fine particles in 

spray drying. The drying air is passed through the filter, 

and the nanoparticles are captured on the filter surface. 

Periodic cleaning or replacement of the filter bags may 

be necessary. Electrostatic precipitators can be used to 

collect nanoparticles with an electric charge. As the 

charged particles pass through an electric field, they are 

attracted to oppositely charged plates or electrodes, 

where they are collected. This method is suitable for 

collecting nanoparticles with a high surface charge. Wet 

scrubbers use a liquid spray to capture nanoparticles as 

they are carried by the drying air. The powder particles 

are absorbed into the liquid, forming a slurry that can be 

further processed to recover the nanoparticles. the others 

type of wet scrubber is venturi scrubbers. These are used 

to collect powder particles by passing the drying air 

through a converging-diverging nozzle (Venturi throat). 

This creates a high-velocity jet of air that forces the 

particles into contact with a liquid, where they are 

captured and collected. Venturi scrubbers are especially 

effective for capturing fine and sticky nanoparticle 

[104]. 

 

 The advancement of spray drying technology 

assisted by UVM-As 

 The UVM-As provides a more practical and 

efficient atomization approach for spray drying 

applications. The technology utilizes a piezoelectrically 

driven mesh with microscale apertures, allowing liquid 
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feed to pass through and form droplets of highly uniform 

size. This mechanism ensures a steady and continuous 

spray with minimal fluctuation in droplet flux, which is 

essential for maintaining consistent drying dynamics. 

Moreover, it can be operated at relatively low ultrasonic 

frequencies and generate minimal thermal stress, 

making them particularly suitable for processing heat-

sensitive bioactive compounds found in food and herbal 

extracts. The atomization rate and droplet size can be 

precisely controlled by adjusting the mesh geometry and 

vibration amplitude, providing excellent reproducibility 

and scalability.  

UVM-As-assisted spray drying is a novel and 

innovative technique that combines traditional spray 

drying with ultrasonic technology to produce fine 

particles with unique characteristics. By replacing or 

complementing conventional pressure or 2-fluid 

atomizers with ultrasonic excitation, this approach 

allows liquid feedstocks to be dispersed into droplets 

primarily through capillary-wave-driven mechanisms 

rather than inertial breakup. As a result, UVM-As-

assisted spray drying offers precise control over droplet 

size and size distribution, which directly translates into 

improved control of dried particle morphology and 

reduced polydispersity. The ultrasonic mechanism also 

enables atomization at lower liquid flow rates and 

reduced thermal stress, making this technique 

particularly suitable for processing heat-sensitive and 

shear-sensitive materials. Consequently, UVM-As-

assisted spray drying has emerged as a promising 

platform for producing micro- and nano-scale powders 

with tailored properties for applications in 

pharmaceuticals, nutraceuticals, food ingredients, and 

functional materials [105-109].  

 Multiple parameters influence the characteristics 

of the resulting dried product in the spray drying 

process. These parameters are generally classified into 

formulation variables, operational (process) conditions, 

and equipment design factors. Numerous studies have 

been conducted to identify and optimize the parameters 

that govern the formation of nanoscale particles in 

spray-dried products. The development of nanoparticle 

systems has advanced significantly since the late 20th 

century, providing targeted, controlled, and sustained 

release of active compounds while improving stability 

and bioavailability. Traditional fabrication methods, 

such as solvent evaporation and coacervation, have 

proven effective for microscale encapsulation but face 

limitations in producing nanoscale materials with 

consistent morphology and well-controlled 

physicochemical properties. In contrast, spray drying 

represents a highly controllable and scalable approach 

to nanoencapsulation. As described by Deshmukh et al. 

(2016), this technique converts liquid feeds containing 

active agents and polymeric carriers into dry powders 

via atomization into a stream of hot gas. The process is 

characterized by its speed, reproducibility, and 

versatility for various biodegradable and biocompatible 

polymers such as PLGA, ethyl cellulose, and chitosan. 

The growing of utilization of this technology arises from 

its dual role as both a drying process and a particle 

formation mechanism, enabling the fabrication of 

nanospheres with narrow size distributions and high 

encapsulation efficiency. During droplet drying, 

simultaneous heat and mass transfer occurs, driven by 

the difference between the vapor pressure of the solvent 

and its partial pressure in the surrounding gas. This 

establishes an evaporation front that propagates inward, 

leading to polymer solidification and the entrapment of 

the active substance within the particle matrix. The 

evaporation rate, diffusional flux, and polymer 

precipitation kinetics collectively determine the final 

nanostructure and distribution of the encapsulated 

material. For instance, Almansour et al. optimized 

process parameters using an UVM-As integrated into 

the Büchi Nano Spray Dryer B-90, demonstrating how 

solvent systems (aqueous and hydroethanolic) 

significantly affect product yield, particle size, and 

morphology. Using lactose and mannitol as model 

excipients, a Quality-by-Design (QbD) approach was 

employed to systematically evaluate the influence of 

inlet temperature, solute concentration, and atomization 

rate. The results revealed that both atomization 

conditions and solvent selection determine the product 

uniformity and quality, offering valuable insights for the 

design of nanostructured powders suitable for inhalable 

drug delivery and other advanced nanoencapsulation 

applications [47, 110-111] 

 The formation, size, and uniformity of 

nanoparticles are governed by a complex interplay 

between formulation composition, process conditions, 

and atomization dynamics. Among these, the feed 

properties, such as solid concentration, viscosity, 

surface tension, and solvent type will determine the 
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droplet formation during atomization. A higher solid 

content or viscosity generally produces larger droplets 

and consequently larger particles, while lower viscosity 

and surface tension facilitate finer atomization and 

smaller, more uniform nanoparticles. The solvent 

system also influences evaporation kinetics, where 

volatile solvents promote rapid shell formation and 

smaller, porous structures, whereas low-volatility 

solvents result in denser particles with broader size 

distributions. On the process side, parameters including 

inlet temperature, drying gas flow rate, mesh or nozzle 

size, and spray rate critically affect the rate of solvent 

evaporation and the resulting particle morphology. 

Elevated inlet temperatures and faster airflow accelerate 

drying and reduce particle size, while excessive feed 

flow or larger mesh apertures yield coarser particles 

with reduced uniformity. Maintaining a laminar airflow 

pattern within the drying chamber minimizes turbulence 

and wall deposition, leading to more consistent heat and 

mass transfer across droplets and improving overall 

particle homogeneity. Furthermore, the inclusion of 

surfactants or stabilizers, such as lecithin, tween, or 

proteins, these can reduce surface tension, prevent 

droplet coalescence, and enhance particle uniformity by 

stabilizing the interfacial layer during drying. 

Collectively, these parameters determine the 

evaporation dynamics, polymer solidification rate, and 

internal distribution of active compounds, which 

ultimately control not only the nanoparticle size but also 

its surface morphology, porosity, and encapsulation 

efficiency. Therefore, a balanced optimization of feed 

formulation, atomization energy, and thermal conditions 

is essential to achieve reproducible and uniform 

nanoscale particles with desirable physicochemical 

characteristics for advanced food, pharmaceutical, and 

herbal delivery systems [7, 44, 112].

 

Table 4 Spray drying for nano and sub micro particle assisted by UVM-As. 

No. Reference Objective Material & Method Key findings/Outcomes Particle size Application 

1 Li et al. [110] To evaluate the 

performance and limits 

of the Büchi B-90 in 

producing polymeric 

nanoparticles and 

nanoemulsions. 

B-90; polymeric wall 

materials (gum arabic, whey 

protein, PVA, maltodextrin); 

lipid nanoemulsions; varied 

mesh size and inlet 

temperature. 

Achieved homogeneous 

submicron particles (300 nm - 1 

µm) with narrow size distribution 

and > 70% yield. Demonstrated 

the feasibility of stable 

nanoparticle formation via nano 

spray drying. 

300 nm - 1 µm Pharmaceutical and 

functional materials 

2 Gu et al.  

[113] 

To optimize key 

process parameters 

(Tin, airflow, feed 

concentration) for 

efficiency and yield. 

B-90; HPMCAS-LF 

polymer; central composite 

design; varied Tin (70 - 120 

°C), airflow, and feed rate. 

Design-of-Experiments 

successfully predicted optimum 

drying conditions; improved yield 

and uniformity; identified solid 

concentration as the most critical 

parameter. 

0.5 - 2 µm Pharmaceutical 

particle design 

optimization 

3 Littringer et 

al. [114] 

To assess process 

parameter effects on 

particle size and 

morphology in a 

pharmaceutical model 

system. 

B-90; aqueous salbutamol 

sulfate; mesh sizes 4 µm & 7 

µm; Tin 60 - 120 °C; varying 

solid concentrations. 

Demonstrated precise control of 

D50 by adjusting mesh size and 

feed concentration; smaller mesh 

(4 µm) yielded smoother, smaller 

particles. 

1 - 5 µm Pharmaceutical 

(inhalable drug 

model) 

4 Almansour et 

al. [47] 

To optimize process 

conditions using 

hydroethanolic vs. 

aqueous systems for 

improved particle 

morphology and yield. 

B-90; lactose and mannitol; 

0% - 50% EtOH; Tin 80 - 

110 °C; spray rate 14 - 60 

g/h; factorial design. 

Hydroethanolic solvent enhanced 

drying efficiency and 

morphology; achieved spherical, 

porous particles and > 85% yield; 

improved dispersibility for 

pulmonary drug delivery. 

1.6 - 5.6 µm Pharmaceutical 

inhalation systems 

5 Kyriakoudi 

and Tsimidou   

[115] 

To produce and 

characterize saffron 

nanoencapsulates and 

evaluate their stability 

and bioaccessibility. 

B-90; saffron extract + 10% 

maltodextrin; core:wall = 1:5 

- 1:20; mesh 4 & 7 µm; Tin 

100 °C; ± caffeic acid. 

Encapsulation efficiency > 80%; 

spherical smooth particles; 

enhanced thermal stability and 

bioaccessibility (~ 20% increase); 

caffeic acid provided additional 

protection. 

1.5 µm (4 µm 

mesh) - 4.2 µm 

(7 µm mesh) 

Functional food / 

natural product 

stabilization 
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 Recent advancements in nano spray drying 

technology have substantially improved the ability to 

produce uniform and reproducible nanosized particles 

compared to conventional spray drying systems (Table 

4). The introduction of instruments such as the Büchi 

Nano Spray Dryer B-90 marked a major technological 

breakthrough by integrating piezoelectrically driven 

vibrating mesh atomization, laminar drying airflow, and 

an electrostatic particle collection system. Unlike 

traditional pressure or 2-fluid nozzles that generate 

broad droplet size distributions due to turbulent flow, 

the vibrating mesh mechanism produces millions of 

monodisperse droplets with precisely controlled 

diameters. These could be typically in the range of 300 

nm to 5 µm. This fine atomization enhances both 

particle uniformity and encapsulation efficiency, while 

reducing material losses. The laminar airflow pattern 

inside the drying chamber ensures a gentle and 

homogeneous drying environment, minimizing 

turbulence-induced agglomeration and wall deposition 

that often compromise product uniformity in 

conventional systems. Additionally, the electrostatic 

particle collector enables the efficient recovery of 

ultrafine powders independent of their mass, 

significantly increasing product yield and reducing 

waste. The system’s flexibility allows researchers to 

manipulate critical parameters to tailor the 

physicochemical properties of nanoparticles for specific 

applications. As demonstrated in studies by Almansour 

et al.; Li et al., the nano spray drying approach allows 

high encapsulation efficiency, narrow particle size 

distributions, and improved dispersibility of bioactive 

compounds [47, 110]. This technology has proven 

especially valuable in producing nanostructured 

powders for pharmaceuticals, nutraceuticals, and 

functional foods, where controlled release, high 

stability, and bioavailability are essential. Overall, nano 

spray drying bridges the gap between laboratory-scale 

nano formulation and industrial-scale production, 

offering a precise, scalable, and energy-efficient 

platform for the fabrication of advanced nano-

encapsulated systems [111, 116]. 

 The UVM-As employs a piezoelectric transducer 

that vibrates a fine metallic mesh (typically 4 - 7 µm 

apertures) at ultrasonic frequencies (≈ 120 kHz). This 

vibration forces the liquid feed through each micro-

aperture, producing uniform droplets ranging from 1 - 

10 µm in diameter that is significantly smaller than those 

from conventional nozzles. Each aperture acts as a 

micro-pump, generating millions of monodisperse 

droplets per second. The droplet size (dD) is primarily 

dictated by the mesh aperture and vibration amplitude, 

while the particle size (dp) after drying follows 

Vehring’s relationship [117, 118] 

 

𝑑𝑃 = 𝑑𝐷(
𝑐𝐹
𝜌𝑝
)
1/3

      (10) 

 

here, 𝑐𝐹 is the solute concentration and 𝜌𝑝 is the particle 

density. This precise droplet formation is the foundation 

for achieving nanoparticles with narrow size distribution 

and high encapsulation efficiency. During spray drying, 

each droplet undergoes simultaneous heat and mass 

transfer between the drying gas and the liquid feed. 

Solvent evaporation induces solute supersaturation, 

precipitation, and polymer solidification. These 

processes highly dependent on evaporation rate, solute 

diffusivity, and solvent volatility. 

 According to Vehring, the Péclet number (Pe) is a 

dimensionless quantity that characterizes the relative 

importance of evaporation-driven convection to solute 

diffusion within a drying droplet. In the context of spray 

drying, it defines how solutes or nanoparticles 

redistribute during solvent evaporation, thus 

determining the final morphology and size of the dried 

particles. The Péclet number (Pe), defined as [12, 119]: 

 

𝑃𝑒 =
𝑘𝑅

𝐷
              (11) 

 

 This equation describes the balance between 

solvent evaporation (𝑘) and solute diffusion (𝐷). When 

𝑃𝑒 < 1, solute diffusion dominates, producing uniform 

dense nanoparticles; when 𝑃𝑒 > 1, rapid surface 

solidification leads to hollow or porous microstructures. 

The UVM-As will supports low Pe conditions by 

generating smaller droplets with faster heat transfer and 

shorter diffusion paths, promoting uniform 

nanostructure formation. This will be improving the 

formation of ultrafine and monodisperse droplets (1 - 10 

µm) substantially influences the Péclet number 

dynamics during drying. Because of that generates 

smaller droplets with shorter evaporation times, the 
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characteristic diffusion time of solutes becomes 

comparable to or faster than solvent removal, yielding 

low Péclet number (Pe < 1) conditions. Under this 

regime, solute diffusion dominates, allowing molecules 

or nanoparticles to remain evenly distributed throughout 

the droplet volume rather than accumulating at the 

surface. Consequently, this promotes the formation of 

dense, homogeneous nanoparticles with high 

encapsulation efficiency and smooth morphology. 

Through conversely, in conventional atomization 

systems (e.g., pressure or 2-fluid nozzles), the larger 

droplet sizes and higher evaporation rates can lead to 

high Péclet number (Pe > 1) conditions. Under these 

circumstances, evaporation outpaces diffusion, causing 

solute accumulation at the droplet surface and the 

formation of hollow or porous particles due to rapid 

shell solidification. Such particles typically exhibit 

lower density and broader size distribution, which are 

undesirable for nanoscale applications [120]. In 

addition, the low flow velocity and laminar drying 

environment in UVM-As systems further stabilize 

droplet drying, minimizing turbulence-induced 

variations in Pe across droplets. The precise control of 

mesh aperture size, vibration frequency, and feed 

concentration allows fine-tuning of droplet size and 

drying kinetics, thereby maintaining a favourable Pe for 

controlled nanoparticle formation. From other 

perspective, the ability of UVM-As to maintain low and 

stable Péclet numbers is fundamental to its success in 

producing nanostructured powders in food, herbal, and 

pharmaceutical formulations. It ensures that the 

evaporation–diffusion balance supports the formation of 

uniform nanospheres rather than irregular 

microstructures, preserving the functional integrity of 

sensitive bio actives and improving the overall 

reproducibility of nano spray drying processes [1, 7, 

121, 122]. 

 Integration of UVM-As into spray drying system 

will enable a laminar drying environment and consistent 

droplet-air interaction, resulting in high-quality powders 

with narrow particle size distribution and excellent 

dispersibility. The laminar airflow pattern, combined 

with the electrostatic particle collection system, 

prevents turbulence and wall deposition, which are 

common challenges in conventional spray drying 

chambers. This integration also improves powder 

recovery efficiency, often reaching up to 90% yield, and 

allows the production of particles as small as 300 nm. 

The synergistic combination of ultrasonic mesh 

atomization, precise temperature control, and 

electrostatic collection creates an optimized platform for 

high-performance nanoencapsulation, reducing process 

variability and enhancing reproducibility across 

experimental batches. The work by Beck-Broichsitter et 

al. represents an early and influential demonstration of 

vibrating mesh assisted nano spray drying, where 

precise droplet generation enabled the formation of 

submicron polymeric particles with controlled 

morphology and drug release behavior. Their study 

presents a comprehensive investigation into the use of 

nano spray drying technology based on a vibrating mesh 

atomizer for the preparation of polymeric particles 

intended for controlled pulmonary drug delivery. The 

work addresses a critical limitation of conventional 

spray drying, namely its inability to reliably produce 

submicron particles with high yield and preserved 

functional properties, which are essential for inhalation 

therapies [54, 73-76, 81]. 

 The innovation represented by UVM-As also 

extends to Quality-by-Design (QbD) approaches in the 

process optimization. Parameters such as mesh pore 

size, vibration amplitude, solvent volatility, feed flow 

rate, and inlet air temperature can be systematically 

tuned to achieve the desired product attributes, including 

particle morphology, encapsulation efficiency, and 

moisture content. Studies such as Almansour et al. have 

demonstrated that solvent system selection between 

aqueous and hydroethanolic mixtures, so that it will 

interacts strongly with atomization dynamics and also 

influencing both drying kinetics and nanoparticle 

morphology. These findings highlight that UVM-As not 

only enhances atomization precision but also enables a 

deeper mechanistic understanding of droplet-to-particle 

transformation under varying physicochemical 

conditions. Consequently, the incorporation of UVM-

As in nano spray dryers marks a transformative step 

toward next-generation encapsulation technologies, 

where the process can be digitally controlled and scaled 

for industrial application without compromising product 

uniformity or bioactivity. In the broader context, the 

adoption of UVM-As is a paradigm shift from 

conventional spray drying toward smart, energy-

efficient, and material-conserving systems. Its ability to 

handle small volumes, preserve bioactivity, and ensure 



Trends Sci. 2026; 23(5): 12551   23 of 29 

structural precision aligns with the growing movement 

toward sustainable and high-value nanomanufacturing 

[47], [123]. 

 

Conclusions 

 Recent advances UVM-As have significantly 

reshaped the mechanistic understanding of spray 

formation and droplet generation in spray drying 

processes. Unlike conventional pressure or rotary 

atomizers, it operates through controlled piezoelectric 

which induced oscillations of a micro-perforated mesh, 

enabling uniform droplet formation governed primarily 

by mesh geometry, vibration frequency, and liquid-

structure interaction. This mechanism promotes 

monodisperse droplet generation under low thermal and 

mechanical stress conditions, which is particularly 

advantageous for heat-sensitive, shear-sensitive, and 

bioactive materials. As a result, UVM-As provides a 

more predictable and tunable spray drying mechanism, 

bridging the gap between atomization physics and 

precise particle engineering.  

 The terms of the acoustic Weber number and the 

Ohnesorge number highlight the existence of a well-

defined stable atomization regime for UVM-As, where 

fine droplets and high atomization rates can be achieved 

under sufficient acoustic intensity and controlled fluid 

properties. The atomization performance is strongly 

constrained by viscous damping at high Ohnesorge 

values and by insufficient acoustic energy below the 

critical Weber number threshold, emphasizing the 

coupled role of fluid viscosity, excitation frequency, and 

acoustic power. To enable the translation of UVM-As 

technology from laboratory to industrial scale of 

applications, future research should focus on expanding 

the stable atomization region through systematic 

optimization of mesh geometry, vibration mode shapes, 

and multi-frequency excitation strategies to overcome 

viscous dissipation effects. In addition, scalable array-

based UVM-As configurations should be investigated to 

maintain uniform acoustic energy distribution and 

consistent droplet size across increased throughput 

levels. Advanced modeling efforts integrating acoustic-

fluid–structure interactions are also required to predict 

atomization boundaries under industrial operating 

conditions. Finally, long-term operational stability, 

fouling resistance, and energy efficiency assessments 

must be conducted using high-viscosity and complex 

industrial feedstocks/precursor to establish UVM-As as 

a robust and viable atomization solution for large-scale 

nano-spray drying and related industrial processes. 
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