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Piezoelectric atomization has been applied in the field of respiratory medicine delivery and chemistry. However,
the wider application of this technique is limited by the viscosity of the liquid. High-viscosity liquid atomization
has great potential for applications in aerospace, medicine, solid-state batteries and engines, but the actual
development of atomization is behind expectations. In this study, instead of the traditional model of single-
dimensional vibration as a power supply, we propose a novel atomization mechanism that uses two coupled
vibrations to induce micro-amplitude elliptical motion of the particles on the surface of the liquid carrier, which
produces a similar effect as localized traveling waves to push the liquid forward and induce cavitation to achieve
atomization. To achieve this, a flow tube internal cavitation atomizer (FTICA) consisting of a vibration source, a
connecting block and a liquid carrier is designed. The prototype can atomize liquids with dynamic viscosities up
to 175 cP at room temperature with a driving frequency of 507 kHz and a voltage of 85 V. The maximum at-
omization rate in the experiment is 56.35 mg/min, and the average atomized particle diameter is 10 pm. Vi-
bration models for the three parts of the proposed FTICA are established, and the vibration characteristics and
atomization mechanism of the prototype were verified using the vibration displacement measurement experi-
ment and the spectroscopic experiment. This study offers new possibilities for transpulmonary inhalation ther-
apy, engine fuel supply, solid-state battery processing and other areas where high-viscosity microparticle
atomization is needed.

1. Introduction

Atomization is the process by which a continuous liquid is dispersed
into a two-phase flow of small particle droplets. Ultrasonic atomization
refers to an atomization process where an ultrasonic atomizer applies a
driving frequency higher than 20 kHz. In general, the higher the driving
frequency is, the smaller the atomized particles [1]. Most of ultrasonic
atomizers operate in the piezoelectric driving mode, as this mode yields
low energy consumption, high efficiency, simple structure, small
atomized particles and low cost [2-5]. Therefore, ultrasonic atomizers
are widely used in the aerospace and medical fields, engines, solid-state
batteries, food, and environmental improvement and quality of life
improvement applications [6-8].

The first study on ultrasonic atomization was carried out by Wood
and Loomis [9]. Afterward, the ultrasonic atomization industry devel-
oped at a high speed. Currently, there are three main types of ultrasonic
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atomizers, namely, surface acoustic wave (SAW) atomizers [10-12],
static mesh atomizers [13-15] and dynamic mesh atomizers [16-18],
which are widely used for the conventional atomization of water, liquid
fuels and detergents [16,19-22].

In recent years, various milestones have been reached due to the
rapid development of research on ultrasonic atomization. Particularly in
the fields of pharmaceutical inhalation therapy, fuel injection and solid-
state batteries, ultrasonic atomizers have great potential for application.
For upper respiratory tract and pulmonary diseases, inhalation therapy
allows direct access to the affected area, significantly reduces medicine
dosage required, and reduces side effects and adherence compared to
those of traditional oral and intravenous medicine administration
[23,24]. For fuel injection atomization, ultrasonic atomization not only
consumes less energy than conventional pressure atomization but also
yields smaller atomized particles, thereby allowing the fuel to burn more
fully and reducing the harm to the environment from combustion
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products. For solid-state batteries, binders are used to bond the electrode
material to the current collector and are usually present in less than 10%
of electrodes [25]. The current commonly used process is mixing the
binder with various electrode materials, enabling the electrode mate-
rials to be bonded together [26,27]. A few processes use pressure to
atomize the binder and to spray it onto the electrode material.
Compared to the method of mixing the binder and the electrode mate-
rial, this atomization combination method yields smaller liquid binder
particles, which allows a more uniform combination of the two, ulti-
mately increasing the conductivity of the electrodes and improving the
performance of the battery.

All three of the atomizer structures are used in the field of inhalation
therapy. However, the viscosity of the liquid must be less than 7 cP [28],
significantly limiting the variety of inhaled medicines and hindering the
development of inhalation therapy with high-viscosity medicines,
including herbs. Therefore, the study of high-viscosity liquid atomiza-
tion for medical inhalation therapy has important significance and
broad development prospects.

The viscosity of the fuel used in an engine is generally approximately
4 cP [29,30], and the current approach is to use ultrahigh pressure, up to
1500 bar, for atomization of high-viscosity liquids [31,32]. However,
achieving high injection pressures requires very large amounts of en-
ergy, which is contrary to the original reason for atomizing fuel,
reducing particle size and increasing combustion efficiency. Therefore,
studying the atomization of high-viscosity liquids is important for
improving engine combustion efficiency, reducing energy consumption
and reducing carbon emissions.

The pressure atomization method used in solid-state batteries allows
the bonding of the binder with the active material. Although this method
of bonding allows more uniform bonding, the binder has a very high
viscosity, of several thousand or even tens of thousands of centipoises
[33], so pressure atomization requires very high energy consumption,
and the atomization particle size is not sufficiently small, which affects
the bonding uniformity. Therefore, the study of the atomization of high-
viscosity liquids by ultrasonic atomization will provide important
alternative ideas in the field of solid-state batteries processing.

Researchers have explored the piezoelectric atomization of highly
viscous liquids. In 2010, A. Lozano et al. used a piezoelectric ceramic
disc structure to achieve ultrasonic atomization of liquids with a kine-
matic viscosity of 28 ¢St [34]. In 2017, Junhui Law et al. implanted a
microheater into an atomization device to achieve atomization of liquids
with viscosities of 1 cP — 200 cP, using heating to generate large
amounts of gas nuclei [35]. However, heat could destroy or degrade
medicines, and the design is too complex to be used in the pharma-
ceutical field. In 2021, Axel Lefebure et al. designed an apparatus with a
fibrous liquid delivery column at the lower end of a grid atomizer to
atomize a high-viscosity biodegradable oil with a kinematic viscosity of
37 ¢St (dynamic viscosity of approximately 30 cP), representing the
highest viscosity liquid atomized at room temperature to date [36].

With the current ultrasonic atomizers, when liquid viscosity in-
creases from 1 cP to 100 cP, the unit atomization energy increases tens
or even hundreds of times, posing an extreme challenge of the tradi-
tional atomization mechanism and structure. This study does not
employ the idea of increasing energy density in the traditional structure
to achieve atomization of high-viscosity liquids but rather overcomes
the limitation of using one single-dimensional vibration as the atomi-
zation actuation power source in the traditional structure. Based on the
above principle, we propose a novel FTICA with two dimensions of vi-
bration synthesis for actuation and use cavitation caused by vibration to
achieve liquid atomization.

The novel FTICA proposed in this study was inspired by the ultra-
sonic motor principle [37]. An ultrasonic motor uses two vibrations of
the same frequency and different phases perpendicular to each other, so
the surface particles of the stator of the ultrasonic motor form an ellip-
tical trajectory, thus driving an object to move by friction [38]. Due to its
simple structure, small size, light weight, fast response time, low noise
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level, large torque at low speed, good control characteristics, self-
locking characteristic under power failure, freedom from magnetic
field interference, and accurate motion [39,40], ultrasonic motors are
widely used in the automotive, aerospace, precision manufacturing,
optical scanning, biotechnology and medicine [41-47], and energy
harvesting fields [48-51].

By working principle, ultrasonic motors can be divided into three
main categories [52,53]: traveling wave type [54,55], standing wave
type [56,57] and composite type [58,59]. However, all these studies
address the movement of only solids and are rarely used in the field of
liquid atomization.

In this study, the use of coupled longitudinal vibration and bending
vibration as the actuation force is proposed as an alternative to the use of
traditional one-dimensional vibration, and this idea is combined with
cavitation theory to design a novel FTICA structure that can atomize
liquids with viscosities up to 175 cP at room temperature. The proposed
design uses a single piezoelectric driving source to generate longitudinal
vibration and bending vibration at the same time. The two couple to
form micro-amplitude elliptical motion, on the one hand, to drive the
liquid forward, and on the other hand, to cavitate the liquid to achieve
atomization. In this study, the vibration model of each part was estab-
lished for the proposed coupled FTICA structure, and a set of theoretical
solutions were obtained at a frequency of 507 kHz. A prototype was
designed and built, and atomization experiments were conducted using
liquids with viscosities of 50-175 cP to verify the feasibility of the FTICA
design. The vibration displacements of each component of the FTICA
were measured using a three-dimensional Doppler vibrometer to verify
the correctness of the theoretical model. Full-spectrum experiments and
Raman spectroscopy experiments were designed to verify the feasibility
of the cavitation theory. This study provides a new atomization mech-
anism and atomization structure to address the problem of the ultrasonic
atomization of high-viscosity liquids, providing a new direction for
inhalation therapy, engine fuel atomization, solid-state batteries, aro-
matic essential oils and other applications that depend on high-viscosity
liquids.

2. Material and methods
2.1. The structure of FTICA

Fig. 1 shows the structure of the FTICA in this study, which was
composed of a vibration source, a connecting block and a liquid carrier,
and the vibration source consists of a piezoelectric ceramic and a metal
base. The piezoelectric ceramic was made of PZT, and the other struc-
tures were made of 304 stainless steel. The piezoelectric ceramic was
under the vibration source, and the upper and lower ends of the con-
necting block were connected to the vibration source and the liquid
carrier by welding. The main parameters of the FTICA are shown in
Fig. 1(b) and Table 1, and a photograph of the prototype is shown in
Fig. 1(c).

2.2. Ratio of liquid viscosity and analysis of impedance

In this experiment, propylene glycol liquid (with a dynamic viscosity
of approximately 50 cP at room temperature) and vegetable glycerin
liquid (with a dynamic viscosity of approximately 700 cP at room
temperature) were used as the base liquids and were mixed according to
the ratios shown in Table 2. The actual viscosities were measured using a
rotary viscometer (NDJ-1, LICHEN, Shanghai, China) and are shown in
Fig. 2(a).

To initially determine the resonance points for subsequent atomi-
zation experiments, an impedance analyzer (LCR Meter 6630,
MICROTEST, Taiwan, China) was used to analyze the impedance of the
whole FTICA. The experimental setup is shown in Fig. 2(b).
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Fig. 1. Structure of the FTICA: (a) Three-dimensional structure; (b) Two-dimensional cross-section; (c) Photograph of the prototype.

Table 1

Main dimensional values of the FTICA.
Parameters Values
Diameter/dy (mm) 18.00
Thickness/hy (mm) 1.00
Diameter/d; (mm) 24.00
Thickness/h; (mm) 4.00
Height/b, (mm) 36.00
Thickness/h; (mm) 1.00
Height/bs (mm) 46.00
Diameter/D3 (mm) 1.00
Diameter/d3 (mm) 0.80
Distance/l3 (mm) 45.00
Distance/l3; (mm) 10.00

Table 2
Mixing ratio of liquid for atomization.

Propylene Glycol Vegetable Glycerin

Actual measured viscosity

share share (cP)
100% 0% 50

88.2% 11.8% 75

76.1% 23.9% 100
69.2% 30.8% 125
62.3% 37.7% 150
56.5% 43.5% 175

Viscometer

2.3. Measurement of atomization rate and atomized particle sizes

To verify the atomization effect of the FTICA proposed in this study,
measurements of the atomization rate were carried out; the experi-
mental system is shown in Fig. 3(a). The atomization rate was obtained
using a precision analytical balance (FA2204, LICHEN, Shanghai, China)
to measure the mass of the liquid reservoir bottle before and after at-
omization and a peristaltic pump to deliver of the liquid.

The atomized particle diameters and their distributions were
measured using a spray laser particle size analyzer (Winner311XP,
Winner Particle, Jinan, China); the experimental setup is shown in Fig. 3

(b).

2.4. Experiments of vibration measurement

Vibration displacement measurements of the three-part structure of
the FTICA were carried out using two types of laser Doppler measuring
vibration instruments. Due to the large vibration area of the vibration
source and the Connecting Body, a three-dimensional scanning laser
(LV-SC400, SOPTOP, Zhejiang, China) was used to measure the dis-
placements. Fig. 4(a) - Fig. 4(b) shows the displacement measurement
setup.

Due to the small diameter of the liquid carrier, a single-point laser
vibrometer (LV-S01, SOPTOP, Zhejiang, China) was selected, coordi-
nating with a precision displacement stage. The displacement of the
bending vibration in the liquid carrier diameter direction and longitu-
dinal vibration in the axis direction were measured; the experimental

@ Peristaltic pump

|
7

Fig. 2. Preliminary experiment: (a) Configuration diagram for different viscosity liquids; (b) Diagram of the experimental setup for impedance analysis.
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Fig. 3. Diagram of atomization experimental setup: (a) Diagram of atomization rate experimental setup; (b) Diagram of the experimental setup for particle

size testing.
setup is shown in Fig. 4(c).
2.5. Experiments of spectral measurement

Raman spectroscopy was used to verify whether the molecular
structure of the liquid changes from before to after atomization. The
experimental setup for the microscopic Raman spectroscopy (ATR8300,
OPTOSKY, Fujian, China) is shown in Fig. 5(a).

A high-power light source transmitter and receiver (ATG1100,
OPTOSKY, Fujian, China) was used to analyze the absorbance and light
intensity of the liquid before and after atomization. The experimental
setup for the absorption spectroscopy measurements is shown in Fig. 5

(b).
3. Theory and calculation
3.1. Theory of liquid movement

According to the theory of dynamics, if a particle vibrates with the
same frequency and different phases in two mutually perpendicular
directions, the trajectory of the particle is an ellipse. Currently, this
motion is known as elliptical motion. For the liquid carrier, if all the
particles on the tube wall undergo micro-amplitude elliptical motion,
the liquid inside the liquid carrier moves due to contact with the moving
particles. Therefore, the analysis of liquid movement theory translates
into the analysis of the micro-amplitude elliptical motion of a particle on
the tube wall.

We designed a vibration source consisting of a piezoelectric ceramic
and a metal base, and we used an eccentrically mounted connecting
block to achieve orthogonal vibrations of the same frequency and
different phases and to ultimately achieve propulsion and atomization of
the liquid in the liquid carrier. Carrying out a vibration transfer analysis
of the whole FTICA would be very complex and impractical, so we split
the whole FTICA into three parts for vibration transfer analysis ac-
cording to the different parts of the structure: vibration source vibration
analysis, connecting block vibration analysis and liquid carrier vibration
analysis.

For clear and unambiguous vibration analysis of the three parts, it is
necessary to establish separate coordinate systems for each part. Fig. 6
shows the establishment of the coordinate systems for each part. To keep
the established coordinates clear, we use subscripts to represent the

parameters in the coordinate system. X;; denotes the X coordinate of the
j-th variable in the i-th structure, wherei = 1, 2, 3. For example, we
refer to X3¢ in section 3.1.3 of the paper meaning a variable in the third
structure (liquid carrier). The structure of the FTICA is shown in Fig. 6
(a). The simplified circular thin plate coordinate system of the vibration
source is set too; —r; —6; —21, and the eccentricity of the circular thin
plate coordinate origin and the connecting block coordinate origin ise;2,
as shown in Fig. 6(b). The connecting block coordinate system is set
asoy —X —Y2 —22, as shown in Fig. 6(c). We set the liquid carrier coor-
dinate system as 03 —x3 —y3 —23 and the eccentricity between the con-
necting block coordinate origin and the liquid carrier coordinate origin
aseps, as shown in Fig. 6(d). Moreover, the magnitude and direction of
the force in the forced vibration are indicated for each part in the upper
right corners of Fig. 6(b), Fig. 6(c) and Fig. 6(d), respectively. Note that
the component forces along the y, direction are not represented for the
connecting block, as only bending vibrations are considered and not
vibrations along the y; direction.

3.1.1. Vibration analysis of the vibration source

The vibration source model can be simplified to a circular thin plate
with fixed supports all around, where the radius isa;, the thickness ish;,
the material density isp,, the modulus of elasticity is E; and the Poisson
ratio isy;, as shown in Fig. 6(b). Using the relationship between the polar
coordinates r; and#,, and the Cartesian coordinates x; andz;, the partial
differential equation for the displacement of a circular thin plate can be
expressed as [60-63]:

Pw, D, @ 19 13
() ezt 5+ 5=) mi =0 1
a2 " Gm) Ga T nar T W
where D; = % is the bending stiffness of the plate, and w, is the
1

vibrational displacement.
Due to the symmetry of the circular thin plate, the above equation
can be solved as [63]:

Wi (7‘1 s 0, 1 ) = R(Vl)(S,,l sinn, 0, + E, cosn,0, )Cim”tl (2)

where @, is the natural frequency of the circular thin plate,
R(r1)Sn1sinny 61 and R(r1)Ep;sinng 01 are the basis functions that form the
function space.

For a circular thin plate with fixed perimeter support, the boundary
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Fig. 4. Diagram of the displacement measurement setup: (a) Diagram of the vibration experimental setup for the vibration source; (b) Diagram of the vibration
experimental setup for the Connecting Body; (c) Diagram of the vibration experimental setup for the liquid carrier; (c’) Overall experimental setup; (c’’) FTICA fluid

295

supply system; (c’’’) Displacement stage partial enlargement.

conditions can be expressed as [60]:
R(a)) =0,R (a)) =0 (3)

Using boundary conditions, the natural frequency of the circular thin
plate can be found, which is expressed as:

j'mlnl D]
Dy = Wpinl = — @
1nl o “ﬂlhl

where m; denotes the number of nodal circles; n; indicates the number
of nodal diameters; and A,;1, indicates the natural frequency constant.

Thereby, the mode function of the circular thin plate can be ob-
tained, which is expressed as:

It (Amin .
D11 (11,601) = Anl{]nl(kli’l) - %Inl(klrl) }(Snlslnﬂ191
nl\/Aminl

+ E,,ICOSIIIQI) (5)

2
wherek] = %.

At this point, the forced vibration of the circular thin plate can be
analyzed in terms of the mode function and the natural frequency. As
shown in Fig. 6(b), the distributed excitation force of the piezoelectric
ceramic acting on a uniform thin plate with frequency o
isfa(r1,601,t1) = Fo(r1,61)et. This distributed excitation force can be
derived from the piezoelectric equation [60].

The following is a method for determining the forced vibration
response of the circular thin plate using distributed excitation force. The
displacement response of a thin plate to forced vibration with small
deflection is expressed using the normalized displacement modes of
each order of the plate as [60-62]:

wa(r, 01, 1) = Z Zd)num (r1,61)Gmyn, (1) (6)

m=0 nj=0

where @, pn, (11, 61) is the normalized displacement mode of each order
of the thin plate and satisfies the orthogonality condition for the thin
plate vibration mode. gm,n, (t2) corresponds to the generalized co-
ordinates of®p,,,, (r1,61).
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Using excitation force, we can obtain the displacement deflection
forcing response of a uniformly thin plate:

) Fopn @ .0 e[(wofl ~Pmyny )
walr,0y0) = 30 30 O (101 @
m=0 =0 _ N
l l Kml"l\/<1 7wm|n|> + (zgmlnlwmlnl) :|
where @, ,, = ;2 is the ratio of the excitation frequency to the natural
myny

C

W oy 1 the relative

frequency of the system vibration, &, , =

damping factor of the system, C is the damping, and ¢, =

1-,

28m 0y Omyng \ -

tan~! (%) is the phase of the system.
myny

Whenwy = @m,n,, the circular thin plate is in resonance of

orderm;n;, and the displacement deflection forcing response is mainly

of orderm;n;. Therefore, the displacement deflection forcing response

can be expressed as:

Fonin @y, (11, 00)¢ ("~ 0o10)

_ 2 _ 2
Kml”l \/(1 - winn,) + (25,”]”]((),"'"]) :|

After finding the forced response of displacement deflection at
resonance, we use the displacement deflection forcing response function
Wwy(r1,601,t) to find the second order partial derivative for timet;.
Thereby, the acceleration of the vibration source at any point in the
vibration mode can be obtained:

wa(r,01,0) = ®

a21/1)2("1701at1) _ 2 Fm,m(pmlnl (rl7al)ei(mntli%”'“')
o =~ 9
1

_ 2 _ 2
Km\/ (1=@, ) + (0@ }

After finding the acceleration from Eq. (9), assuming that the mass of
the point ismg, then we can express the force as:

F [0} 01 )ei(wnn ~Pmyny )

fo(r,01,1) = *mowé A m'n'(

_ 2 _ 2
|:KW11"| \/(1 - wlzrlllH) + (25"11"160”“”1) :|

3.1.2. Vibration analysis of the connecting block

The deflection of a connecting block under free bending vibration
can be expressed as a characteristic orthogonal polynomial in the x and
y directions [64,65], expressed as:

=D Arns O3

my  ny

(10)

m( Ymy,ny = 1,2,3, -, 00 1

where x and y are dimensionless coordinates,x = xz/az,y = Y2/bz, X2
and y, are the coordinates of the sides of the connecting block, ®,, (x)
and ¥, (y) are the bending deflection of the connection block in the x
and y directions, the length isaz, the width isbs, the thickness ishy, the
material density isp,, the modulus of elasticity is E; and the Poisson ratio
isp,, as shown in Fig. 6(c).

The characteristic polynomial is solved by using the trial function to
solve the first polynomial; then, a set of polynomials for a certain in-
terval is generated using the Gram-Schmidt process [64].

By substituting the deflection function into the kinetic and strain
energy expressions and minimizing the Rayleigh quotient with respect
to the coefficient A [61], we can express the resulting characteristic
equation as [64]:

S5 [Coumis = AESSFS [ A, =0 12)

my  np

Ultrasonics Sonochemistry 94 (2023) 106331

4 1-(0,0) 0,2 2,0
sz"zizj3 Emztz)Fl(zy ) +a Er(nzlz ng +/‘l [ p(miz)Fr(lz/’z)
(2,0) 1-(0.2) (1,1) =(1.1)
+ Emz” F’(izl* } +2(1 - ) 2Emztz)Frlz/a (13)

Lrgn dey,
(r2.2) _ Y, J
P = /0 (dy'z > (dy“'l )dy a

e zhzm P20} i the

i Ldre,\ (d o,
$2) m i dx
myia /0 ( dxn > ( dx» > ’

where a = b2 is the side ratio; mz,nz,lz,JZ =1,2,3,-++,00; 4 =

natural frequency parameter; Dy = o) is the bending stlffness of the

12(1
connecting block; 12,5, = 0,1, 2 is the order of derivation.

The solution of the characteristic equation produces the natural
frequency and vibration mode of the connecting block, and the char-
acteristics of the bending vibrations of the connecting block can be
analyzed with these parameters.

As shown in Fig. 6(c), an exciting force f, = F.el2cosf, acts at point
(xo7 yo) of the connecting block, where angle 6, is the angle between the
excitation force f. and the steady-state response force f; in the upper
phase. The size of this angle is determined by the eccentricity e;, of the
connecting block coordinate origin to the circular plate coordinate
origin and the forced response of the circular plate vibration displace-
ment. Since the excitation force is provided by the steady-state response
of the upper stage force, it is assumed that point (xo,yo) on the con-
necting block corresponds to point (r10,610) on the circular thin plate,
and the expression for the excitation force f, can be rewritten as:

fo = Fe(®012mn) cos6, as)

where wy is the excitation frequency, the same as in the previous stage,
and F, is the amplitude of the excitation force.

Thus, the steady-state response of forced vibrations can be derived
and expressed as:

i: i: Fc‘/mez X0, yO)Wm;nz (.X, y)el(motl TOmny =Py )00502

2
—2 — 2
Mmznz a)lznzuz \/(1 - wmﬂq) + (zgmznz w'"z’lz) :|

wi(x, ¥, 1)

my=0 ny=0

16

where Wp,n, (x,y) is a mode function of the connecting block; Mi,n, is
the modal quality; &,,,,, is the relative damping factor; @pm,n, = -2 is

Omyny
the ratio of the excitation frequency to the natural frequency of the

2y, Omyny
1-w2

many

system vibration; 7 :tan’l( ) is the system vibration

phase.

Whenwy = ®m,n,, the connecting block is in resonance, and the
displacement deflection forcing response is dominated by the mgny
mode. Therefore, the displacement deflection forcing response is
expressed as:

Fc sznz (XO , yo) sznz (X, y)el(wofl T Pmyny ~Pmyny ) 00592
2 — 0\’ = 2
M”lz n wmg n ( 1- a)mzug ) + (251712113 a)mznz )

After finding the forced response of the displacement deflection at
resonance, we obtain the second order partial derivative for time t; using
the displacement deflection forcing response functionws(x,y,t;). The
acceleration of the connecting block at any point under the B,,,,, vi-
bration mode can be obtained:

WS(x7y7tl) = (17)

02W3 (x7 v, ) _ wch Wnsns (x(h yO)sz"z (x, y)ei(wun ~Pmyny *%zznz)cosﬁz
05 0 2 N
Mmznz (0312”2 (1 - wmznz) + (251712)12 a)mzng)

After finding the acceleration from Eq. (18), assuming the mass of the
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point ism;, we can express the force on the point as:
FL‘ sznz ()C(), yﬂ)sznz (‘x‘, y)ei(m(m T Pmm = Pmyny ) COSQZ

2
2 =2 = 2
Mmz n (Um2 ny \/(1 - a)mzn: ) + (25”12'12 wmznz ) :|

(19

fd(x>y7tl) = 7wéml

3.1.3. Vibration analysis of the liquid carrier

For the liquid carrier, the model is a cylindrical shell of a finite
length. Shell vibration is complex, with displacements in all three di-
rections at the same time, and there is no universally accepted, unified
theory for shell vibration [60]. To study the micro-amplitude elliptical
motion of particles on the inner surface of the liquid carrier, only two
mutually perpendicular vibrations at the same frequency with different
phases are considered, the bending vibration and longitudinal vibration
of the shell. The surface motion of the shell is ignored, so the cylindrical
shell model is simplified to a beam.

In Fig. 6(d), the total length of the liquid carrier isl3, the outer
diameter isD3, the material density isp5, the modulus of elasticity is Es
and the Poisson ratio isus. According to the force analysis in Fig. 6(d),
the steady-state response of the longitudinal vibration of a liquid carrier
with free boundary conditions at both ends needs to be solved.

First, we assume that f, = F.e*3cosé3 is the longitudinal excitation
force at this stage and that the liquid carrier contact point (xs0,y30)
corresponds to point (xo,Yo) on the connecting block. Then, the longi-
tudinal excitation force f, can be rewritten as:

f.= F(,e[("'o“ ~®mymy *f/'mz,zz)cosg3 (20)

where ¢, + @mpn, = Po-
It is possible to obtain:

fo = Fel@1=%)cos0; 21)

where @y is the excitation frequency, the same as in the previous stage,
and F, is the amplitude of the excitation force.

The displacement steady-state response to the longitudinal vibration
of a liquid carrier can be expressed according to the principle of the
superposition of the vibration mode as:

® ©_ F cosfye (90n =m0 ) W, (%30) Wi, (x3)
= Wi w)an(n) = —

{K,U \/ (1 - aﬁ}) + (2¢,,@,,)" }

(22)

ul()C}J])

=1 n3=1

where Wy, (x3) is a function of the longitudinal vibration mode;p,, =

2ny On
tan~! (%) wp, is the natural frequency of the longitudinal vibra-
n3

tion; @,, = 2 is the ratio of the excitation frequency to the natural
n3

frequency of the longitudinal vibration of the system; &, is the relative

damping factor of the system; K, = w2 fo P3S3WZ (x3)d(x3) is the

modal stiffness of the system; Ss is the cross- sectlonal area of the beam

corresponding to the outer diameter of the liquid carrier.

Whenw,, = wo, the longitudinal vibration of the liquid carrier is
resonant in orderns, and the displacement steady-state response is
dominated by the vibration mode of orderns. Therefore, the displace-
ment steady-state response can be simplified as:

FCCOSeg Ci(mU“ P00y ) ‘/V,,3 (x;O)Wm (X})

[K,Iz \/ (1-a2) + (25,@)° ]

Similarly, the steady-state response of the liquid carrier under the
action of a transversely concentrated excitation force can be solved:

uy(x3,11) = Wy (03) g, (1) = (23)
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- = Fe(”"”1 200 ) sin0y W, ' (30) W, (x
“2(x37[1) _ Z Wm(xS)qm(tl) _ Z 3 4( 30) 4( 3)

ng=1 m=1 | _ — — \2
‘ T lonf(1-0) s

(24

where Wp,(x3) is a function of the bending vibration mode;p,, =
20 @y \ . — . . -
tan~! (4—(7{;;4)’ @n, = 22 is the ratio of the excitation frequency to the
~Ony n4
natural frequency of the bending vibration of the system.

Whenw,, = wo, the bending vibration of the liquid carrier is resonant
in orderny, and the displacement steady-state response is dominated by
order ny4 vibration mode. Therefore, the displacement steady-state
response can be simplified as:

Feei(”"”' ~00=01,) sin@; W, (x30) Wa, (x3)

{wi\/(l - wi)z + (2&,@,,)° }

When studying the actual vibration at a fixed position, we can
rewrite equations (23) and (25) as:

y(x3,11) = Wy, (X3)qu, (1) = (25)

u(t) = azel(@n-00=0) (26)
Mz(t]) — b3ei(07n!|*<ﬂo*0’u4)
where both a3 and bs are constants, andas # bs,
B F,cos03 W, (x30) Wy, (x3)
azy =
{ \/( 2+ (2¢,@.,) }
27
b — F sin@s W, (x30) W, (x3) @7
3

B {a}i\/o - ai)z + (28, @) }

From Eq. (23) and Eq. (25), the phases of the longitudinal vibration
and bending vibration are ¢,, = tan™! (f“—w:> andg,, = tan™ (ff‘—;;‘) :
respectively. For the liquid carrier, the damping of the longitudinal vi-
bration and bending vibration is not the same, i.e.,&,, # ¢,,; bringing in
the phase equation givesg, # ¢,,. Thus, there is a phase difference
between the longitudinal vibration and bending vibration with a phase
difference of}(pr13 - (/Jn4|. Two mutual perpendicular vibrations at the
same excitation frequency with different phases meet the three condi-
tions of micro-amplitude elliptical motion. Therefore, the particles on
the tube wall undergo micro-amplitude elliptical motion, which causes
the liquid in the tube to move forward. And Eq. (26) is the parametric
equation of the micro-amplitude elliptical motion trajectory.

As shown in Fig. 7, when there is a phase difference between lon-
gitudinal vibration and bending vibration, the trajectory of a point on
the liquid carrier wall in one cycle is elliptical. The bending and longi-
tudinal vibrations at a point on the tube wall during one cycle are shown
in Fig. 7(a), where the red line indicates the longitudinal vibration and
the green line the bending vibration. The points at different moments in
the motion of the elliptical trajectory are shown in Fig. 7(b). The
different postures of the liquid carrier at different moments during the
cycle are shown in Fig. 7(c)-Fig. 7(f).

When all the microscopic particles on the liquid carrier carry out the
micro-amplitude elliptical motion as in Fig. 7, the macroscopic mani-
festation is that the liquid moves forward because of the frictional force
from the tube wall.

3.2. Theory of liquid cavitation

The above analysis shows that the superimposition of longitudinal
vibration and bending vibration in the liquid carrier causes the wall of
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Fig.
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the liquid carrier to form a micro-amplitude elliptical motion, which
drives the liquid to move. The longitudinal vibration and bending vi-
bration are analyzed separately to allow a clear analysis of liquid
cavitation.

Cavitation theory suggests that a threshold value of sound intensity is
required to produce cavitation [66,67], and the formula for calculating
the cavitation threshold can be expressed as follows:

(28)

where Py is the static pressure in the liquid; Py is the vapor pressure
inside the bubble; ¢ is the surface tension coefficient; and Ry is the radius
of the cavitation nucleus (radius of the bubble).

The above equation is complex, and an empirical formula can be
used instead of the formula for the cavitation threshold:

Py = 0.8(lgn + 5) 29)
where 7 is viscosity of the liquid.

As seen from Eq. (29), the cavitation threshold is higher for high-
viscosity liquids. This is because the viscous liquid layer inhibits cavi-
tation events more significantly at higher liquid viscosities. However, as
energy continues to be supplied, eventually the viscosity liquid layer is
unable to suppress cavitation, and the powerful impact created by the
collapse of the cavitation nucleus releases a large amount of energy in a
very short time, prompting the liquid on the surface of the atomized end
to overcome surface tension and form droplets that escape into the air.

From the above vibration analysis, the acceleration can be found by

taking the second derivative of the displacement steady-state response
with respect to time. Supposing that the mass of a point ismy, its ac-
celeration in the longitudinal vibration displacement steady-state
response can be denoted:

,Fcosf; /(w0 =00-01,) Wy (x30) Wiy (x3)

" {Km\/ (1-a2) + 2&,@)° ]

Then, the force at this point under the steady-state response of the
longitudinal vibration displacement can be expressed as follows:

621,41 (.X3, tl)

= (30
on

— o

n3

— a)(2)m2 Fe 00893 ei(mm] s ) W"! (x30 ) Wﬂz (XB )
— — 2
%¢¢Q_¢J+@%mg}

Its acceleration in the bending vibration displacement steady-state
response can be expressed as follows:

S = (31)

2Fesint93e’v(“"”' ~00=on,) W, (%30) Wy, (x3)
0
— — — 2
P&¢O—dﬂ+@%m0]

Then, the force at this point in the bending vibration displacement
steady-state response can be expressed as follows:

62142 (X3 s tl) _
o

(32)

, F.sinf; el(oon=ro—0s,) W, (x30) W, (x3)

Wy
[wi\/(l - w;) +(28,@.)° }

Eq. (31) and Eq. (33) are the forces at any point of the liquid carrier.
Knowing the force on the wall of the tube, the force on the liquid inside

Ju = — (33)
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the liquid carrier can be analyzed, and when the force on the liquid
reaches the cavitation threshold, the liquid produces cavitation, and
atomization is achieved.

4. Results and discussion
4.1. Analysis of impedance

The frequency range for the impedance analysis was 300-800 kHz.
Impedance measurements were performed on the FTICA under six
conditions, no load and loaded liquid viscosities of 50 cP, 75 cP, 100 cP,
125 cP and 150 cP. The results are shown in Fig. 8(a) - Fig. 8(f).

The minimum impedance value at no load occurs at 694 kHz, as
shown in Fig. 8(a). The impedance minimum occurs at 696 kHz when
the liquid passes through. The difference between the two cases is 2 kHz.
As the fluid viscosity changes, the minimum impedance value remains
the same, which indicates that the resonant frequency of the FTICA does
not change with the viscosity of the liquid. Therefore, the data presented
in Fig. 8(b) - Fig. 8(f) basically overlap. In this study, eight resonant
frequency points were selected as possible target frequencies for atom-
ization based on the results of impedance analysis; these frequencies
were 326 kHz, 392 kHz, 420 kHz, 507 kHz, 567 kHz, 606 kHz, 648 kHz,
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viscosity of 50 cP for the eight resonant frequencies selected from the
impedance analysis results. The atomization results are shown in
Table 3.

The best atomization effect is obtained at 507 kHz. Thus, this fre-
quency was selected as the driving frequency for the subsequent atom-
ization measurement experiments. In the experiments, liquids with six
different viscosities were used for atomization. For each viscosity, the
driving voltage was increased from 65 V to 85 V, and 11 sets of atomi-
zation measurements were taken at 2 V intervals. The experimental
results are shown in Fig. 9(a).

It is showed that the proposed FTICA can atomize liquids with vis-
cosities up to 175 cP. When the driving voltage is constant, the atomi-
zation rate decreases with increasing viscosity. When the viscosity is
constant, the atomization rate increases with increasing driving voltage.
To express the atomization effect of this FTICA more visually, selected
atomization photos for each viscosity at 85 V drive voltage are shown in

Table 3
Atomization at different resonance frequencies.

Resonant Frequency Atomization Atomization flow rate (mg/min)

326 kHz No 0
696 kHz and 714 kHz. 392 kHz No o
420 kHz No 0
4.2. Atomization rate and atomized particle sizes 507 kHz Yes 56.35
567 kHz No 0
. . . 606 kHz No 0
Note: The center of the. com?ectmg block is .e?cent.rlc .to .the center of 648 kHz Yes 16.22
the metal substrate; the viscosity of the atomizing liquid is 50 cP; the 696 kHz No 0
atomizer is driven at 85 V. 714 kHz No 0
Atomization experiments were performed with a fluid with a
(a) (b) (c)
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Fig. 8. Impedance measurements for liquids with different viscosities: (a) No load; (b) 50 cP; (c) 75 cP; (d) 100 cP; (e) 125 cP; (f) 150 cP.
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Fig. 9. Atomization experimental data: (a) Relationship between the atomization rate and driving voltage for liquids with different viscosities at a driving frequency
of 507 kHz; (b) Distribution of atomized particle diameter for a liquid with a dynamic viscosity of 1 cP; (c) Distribution of atomized particle diameter for a liquid with
a dynamic viscosity of 50 cP; (d) Distribution of atomized particle diameter for a liquid with a dynamic viscosity of 100 cP; (e) Distribution of atomized particle
diameter for a liquid with a dynamic viscosity of 150 cP; (f) The atomization effect of a liquid with a dynamic viscosity of 50 cP; (g) The atomization effect of a liquid
with a dynamic viscosity of 75 cP; (h) The atomization effect of a liquid with a dynamic viscosity of 100 cP; (i) The atomization effect of a liquid with a dynamic
viscosity of 125 cP; (j) The atomization effect of a liquid with a dynamic viscosity of 150 cP; (k) The atomization effect of a liquid with a dynamic viscosity of 175 cP.

Fig. 9(f) - Fig. 9(k).

The atomized particle diameters of the four liquids with viscosities of
1 cP, 50 cP, 100 cP and 150 cP are normally distributed, the mean values
of the atomized particles are 9.668 pm, 10.263 pm, 10.683 pm and
10.985 pm, and 50% of the particles are smaller than 9.690 pm, 9.840
pm, 9.907 pm and 10.710 pm, respectively, as shown in Fig. 9(b) - Fig. 9
(e). There is a small increase in the average particle size with increasing
viscosity, but the increase in diameter is only approximately 10% for a
liquid with a viscosity of 150 cP compared to that of distilled water with
a viscosity of 1 cP. The experiments show that the FTICA can effectively
atomize liquids with viscosities up to 150 cP, with particle sizes of
approximately 10 pm under 507 kHz, 85 V driving conditions.
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4.3. Vibration displacement measurement of the FTICA

A spectral analysis of the displacement measurements of the vibra-
tion source was carried out, where the three resonant frequencies of 507
kHz, 605 kHz and 718 kHz are identified, and the displacement distri-
bution corresponding to these frequencies at the time of maximum
displacement is shown in Fig. 10(a) - Fig. 10(c). The results show that in
the atomization experiment, the FTICA can achieve atomization when
the driving frequency is 507 kHz, but the FTICA cannot achieve atom-
ization when the driving frequency is 605 kHz or 718 kHz. Therefore,
when the connecting block is at the maximum vibration displacement
position, the vibration can be better transmitted, and atomization occurs
in the liquid carrier, as shown in Fig. 10(a). If the connecting block is in a
position where there is no vibration or the amplitude is small, as shown
in Fig. 10(b) and Fig. 10(c), then the connecting block does not transmit
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Fig. 10. Vibration experimental data: (a) Displacement distribution of the vibration source at the moment of maximum displacement at 507 kHz resonance fre-
quency; (b) Displacement distribution of the vibration source at the moment of maximum displacement at 605 kHz resonance frequency; (c) Displacement distri-
bution of the vibration source at the moment of maximum displacement at 718 kHz resonance frequency; (d) Displacement distribution of the connecting block at the
moment of maximum displacement; (d’) Displacement distribution of the connecting block at the moment T/4; (d’’) Displacement distribution of the connecting
block at the moment 3 T/4; (e) Displacement distribution of the liquid carrier at the moment of maximum displacement; (e’) At the moment of T/4, distribution of
bending vibration displacement of the liquid carrier synthesized from 101 measurements; (e’’) At the moment of 3 T/4, distribution of bending vibration
displacement of the liquid carrier synthesized from 101 measurements; (f) Schematic diagram of the longitudinal vibration displacement of the liquid carrier; (g)
Longitudinal vibration displacement of the end face of the inlet end of the liquid carrier; (h) Longitudinal vibration displacement of the end face of the atomization
end of the liquid carrier; (i) Distribution of liquid carrier bending vibration displacement measurement points; (j) Vibration displacement of point I's; (k) Vibration
displacement of point I'yy; (1) Vibration displacement of point I'g; (m) Vibration displacement of point I'46; (n) Vibration displacement of point I'sg; (0) Vibration

displacement of point I'tgo.

vibration, and subsequent atomization in the liquid carrier is not
possible. Therefore, it is necessary to design the structure so that the
connecting block is located at the maximum displacement position of
the vibration source to achieve atomization.

As the vibrations transmitted from the vibration source to the con-
necting block at 606 kHz and 718 kHz are too small to form resonance,
the connecting block is analyzed in terms of vibrational displacements
only at 507 kHz, and the distribution of displacements at the time of
maximum displacement is shown in Fig. 10(d). The Figure represents the
displacement distribution at the time of maximum displacement in the
forward and backward directions within one cycle, where Fig. 10(d’)
shows the moment of maximum displacement in the forward direction
and Fig. 10(d”’) shows the moment of maximum displacement in the
backward direction. For a clearer representation, the front and side
views are shown in both Figures. When the connecting block is mounted
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eccentrically on a vibration source, the connecting block is subjected to
a tilting force that drives it to vibrate out-of-plane, thus, when a single
signal is input, it causes longitudinal and bending vibrations of the liquid
carrier.

Due to the limitations of the measurement tool, only the displace-
ments at the inlet and outlet ends of the liquid carrier in the direction of
the axis were measured in this study to demonstrate the presence of
longitudinal displacements. As shown in Fig. 10(g) - Fig. 10(h), the peak
displacement at the inlet end is 0.117 pm, and the peak displacement at
the atomization end is 0.094 pm.

Fig. 10(e) - Fig. 10(f) shows the vibration displacement of the liquid
carrier. Fig. 10(e) shows the distribution of the bending vibration
displacement of the liquid carrier synthesized from 101 measurements,
which shows that the liquid carrier bending vibration mode is the 30th
order vibration at 507 kHz excitation. Fig. 10(f) shows a schematic
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diagram of the longitudinal vibration displacement of the liquid carrier
obtained on the basis of the above experiments, where the orange part
indicates the shape of the liquid carrier without vibration and the red
part and blue part indicate the tensile shape and compressive shape of
the longitudinal vibration of the liquid carrier.

In the bending vibration experiment, a precision displacement stage
was used to adjust the vibration measurement position in steps of 0.5
mm. The vibration displacements at a 507 kHz driving frequency were
measured uniformly in the direction of the liquid carrier axis at 101

()

Ultrasonics Sonochemistry 94 (2023) 106331

points, denoted by I'1, ', s, ...... , 101, as shown in Fig. 10(i). Fig. 10(j)
- Fig. 10(0) show the experimental data at points I's I'11, I'1g, I'46, I'so and
I'100- The maximum displacement of the liquid carrier is approximately
0.27 pm, and the minimum displacement is approximately 0.018 pm,
which can be considered to be near the node. The fact that the peak
displacement of the liquid carrier bending vibration is higher than that
of the liquid carrier longitudinal vibration further demonstrates that
longitudinal vibration is more difficult to excite than bending vibration.

The above experiment proved that the vibration of the vibration
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Fig. 11. Spectroscopic experimental data: (a) Raman spectra of the liquid before and after atomization; (b) Light intensity before atomization; (c) Absorbance before
atomization; (d) Absorbance after atomization; (e) Light intensity after atomization.
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source is transmitted to the liquid carrier by the connecting block, which
causes longitudinal vibration and bending vibration in the liquid carrier.
The synthesis of the vibrations in both directions causes the particles on
the inside of the liquid carrier to move elliptically, thus prompting the
liquid inside the liquid carrier to move toward the atomization end
under micro-amplitude elliptical motion conditions. Meanwhile, due to
the longitudinal vibration and bending vibration constantly pulling and
pressing the liquid, liquid cavitation occurs due to the dissolved fraction
of air. When the liquid reaches the atomization end, due to the instan-
taneous explosive force of cavitation breaking the continuity of the
liquid, the liquid at the end escapes into the air at high speed as tiny
particle droplets, thus achieving atomization. This is also consistent with
the theoretical derivation of the micro-amplitude elliptical motion, and
the actual elliptical motion trajectory can be finally obtained according
to the experimental measured data.

4.4. Spectral analysis of atomized liquids

The phenomenon of cavitation is an important mechanism for
achieving atomization with the proposed FTICA. Therefore, this section
presents our investigation of the changes that occur in the atomized
liquid inside the liquid carrier by Raman spectroscopy and absorbance
experiments with full wavelength light.

First, Raman spectroscopy was used to verify whether the molecular
structure of the liquid changes from before to after atomization. Pro-
pylene glycol liquid with a viscosity of 50 cP was used for the experi-
ments. The original propylene glycol liquid before atomization and
liquid obtained by collecting droplets after atomization were placed on
slides. The results of Raman spectroscopy analysis of both are shown in
Fig. 11(a).

The spectral peaks at different positions in the diagram represent
different functional groups, and the intensities of the peaks represent the
concentrations of functional groups. The Raman spectral peaks of the
liquids before and after atomization were identical, indicating that the
two were the same substance and that the FTICA achieved atomization
through a physical mechanism. In addition, the spectral intensity of the
liquid before atomization is slightly higher than that after atomization,
as shown by the black and red curves in Fig. 11(a), respectively, indi-
cating that the concentration of functional groups in the liquid before
atomization is higher than the concentration of functional groups after
atomization, which is the result of a small number of droplets drifting
into the air when the droplets are collected after atomization. This
experiment shows that the degree of cavitation of the liquid after vi-
bration, although intense, does not reach the molecular level, and
therefore, no new substances are produced by the atomization. The
FTICA can achieve atomization in the physical sense and meets the basic
requirements of an ultrasonic atomizer.

In the second experiment, a high-power light source transmitter and
receiver was used to analyze the absorbance and light intensity of the
liquid before and after atomization. The experiment was carried out
using propylene glycol liquid with a viscosity of 50 cP.

We assume that the light intensities at the receiving end of the light
source before and after atomization are I, and I, respectively, and define
the absorbance coefficient after atomization as:

A, =1g—

I (34)

Due to the constant light intensity at the receiving end before at-
lg% = 0.
The experimental results are shown in Fig. 11(b) - Fig. 11(e). Fig. 11(b)
shows the light intensity I, distribution at the receiving end after passing
through the liquid before the FTICA is turned on. Fig. 11(c) shows the
absorbance before atomization Ay, the fluctuations of which demon-
strate the systematic errors introduced into the instrument by environ-
mental factors. The absorbance after atomization A, is shown in Fig. 11

omization, the absorbance before atomization should beA;, =

14

Ultrasonics Sonochemistry 94 (2023) 106331

(d). The Raman spectroscopy experiments show that the atomization
does not produce new material, so the difference in absorbance in Fig. 11
(c) and Fig. 11(d) is due to the cavitation of the gas originally dissolved
in the liquid caused by the high pressure generated during the vibration
of the FTICA. Using Eq. (34) and the light intensity before and absor-
bance after atomization, I, and A,, measured in the experiment, the light
intensity after atomization I, can be calculated, and the distribution is
shown in Fig. 11(e). The occurrence of cavitation in the FTICA leads to
the creation of a large amount of tiny bubbles. During the creation and
collapse of these small bubbles, the liquid is atomized, and more light is
absorbed and reflected, so the light intensity at the receiving end is
reduced and the absorption in the atomization is increased. This
experiment demonstrates the presence of liquid cavitation during the
atomization process.

4.5. Comparison with conventional ultrasonic atomizers

To discuss and demonstrate the advantages and disadvantages of the
FTICA in this study, we compared it with a variety of conventional ul-
trasonic atomizers and show in Table 4.

Analyzing Table 4, we can know that compared to the conventional
ultrasonic atomizer, the FTICA in this study is able to atomize high-
viscosity liquids without parameter optimization and control the size
of atomized particle diameter. This is its most obvious advantage.

At present, because the parameters of the FTICA in this study have
not been optimized, it has a smaller atomization rate than other ultra-
sonic atomizers. However, we believe that the deficiency can be over-
come in the subsequent optimization experiments.

5. Conclusion

In this study, we propose a novel atomization mechanism that uses
two coupled vibrations to induce micro-amplitude elliptical motion of
the particles on the surface of the liquid carrier, which produces a
similar effect as localized traveling waves to push the liquid forward and
induce cavitation to achieve atomization. A prototype was designed and
built to atomize liquids with a maximum viscosity of 175 cP at room
temperature, with a maximum atomization rate of 56.35 mg/min and an
average particle diameter of approximately 10 pm. A vibration model
based on a three-part structure with a circular base, a rectangular plate
and a needle-shaped through-tube for coupled atomization modes was
developed. The vibration displacements of the components of the

Table 4
Comparison with conventional ultrasonic atomizers.

Type Advantage Disadvantage Maximum
atomizing
viscosity

SAW Large atomizing Energy utilization rate About 30 cP

atomizer volume. Simple is low. The droplet size
structure. can- not be controlled.
The particle size
distribution of the
droplets is not
concentrated.
Static mesh ~ Atomization process is Complex structure
atomizer controllable. The
droplets are evenly
distributed.
Dynamic Simple structure. High Low viscosity of
mesh energy utilization. atomized liquid
atomizer
FTICA High viscosity of Low atomizing rate 175 cP

atomized liquid. Simple
structure. The droplet
size can be controlled.
The droplets are evenly
distributed.
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atomized prototype were measured using a 3D Doppler vibrometer at a
frequency of 507 kHz, which showed that the vibration mode of the
atomized structure was of order 30 and that the theoretical solution was
of order 26, where the error was approximately 15%.

It was postulated that the longitudinal and bending vibrations of the
needle-through-tube led to the cavitation effect of the liquid inside it and
thus to atomization. Based on cavitation theory, a force-based model of
the inner wall of the needle-type tube and its cavitation threshold were
developed. A Raman spectroscopy experiment was used to verify that
there were no changes in the chemical properties of the liquid before and
after atomization, and an absorption spectroscopy experiment was used
to demonstrate the occurrence of cavitation, verifying the conjecture
that cavitation causes atomization.

This study proposes a new mechanism for high-viscosity physical
atomization, offering new possibilities for transpulmonary inhalation
therapy, engine fuel supply, solid-state battery processing and other
areas requiring high-viscosity microparticles. In subsequent studies, the
current structural parameters will be further optimized, and the atom-
ization performance at driving frequencies above 800 kHz will be
further investigated.
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