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Abstract: In this work a mechanical vibrational analysis of an ultrasonic atomizer is carried out to
control its atomization mass transfer rate. An ultrasonic atomizer is a device constructed with a
piezoelectric ring coupled to a metallic circular thin plate with micro-apertures. The mechanism of
mass transfer by atomization is a complex phenomenon to model because of the coupling effect
between fluid transfer and dynamic mechanics controlled by a piezoelectric vibrating ring element.
Here, the effect of the micro-apertures shape of the meshed thin plate coupled to a piezoelectric ring
during vibration, as well as the resonance frequency modes, are numerically studied using finite
element analysis and compared with theoretical and experimental results. Good correlations be-
tween predicted and experimental results of resonant frequencies and atomization rates were found.

Keywords: ultrasonic atomizer; piezoelectric; micro-apertures; resonant frequency; atomization
rate; finite element analysis

1. Introduction

Piezoelectric materials (such as lead zirconate titanate (PZT) transducers) have found
broad applications in areas such as elastic vibration sensing [1], force sensing in robotics
[2], ultrasonic measurements of airflow in ducts [3], ultrasonic cleaning in energy harvest-
ing technologies, among others. Piezoelectric materials are still being studied to achieve
better performance with lower cost and low energy requirements [4]. Important uses of
piezoelectric devices include an ultrasonic atomizer for medical inhalation therapy, com-
bustion with liquid fluid, and printed circuits, among others, where the actuator converts
a liquid to atomized particles [5].

In particular, an ultrasonic atomization device is composed of a piezoelectric ce-
ramic and a metal cover plate. It uses the piezoelectric effect and converts electrical energy
into mechanical energy at a high-frequency resonance causing the breakup of the liquid
structure [6, 7, 8].

More recently, ultrasonic atomizers are being considered as replacements for pneu-
matic pumps for soft robotics actuation through atomization and vaporization [9]. Soft
robots have recently received attention due to its flexible adaptability and the low risk of
damaging the work environment and the objects they handle. Many soft robots require
small external compressors or pumps for driving the actuator. Actuator miniaturization
could be achieved with the use of an ultrasonic atomizer. For example, Lee and Loh [10]
proposed a soft inflatable 1-DOF (degree of freedom) robot. It has a soft bellows structure
that includes a lower chamber with an embedded ultrasonic atomizer of only 15 mm in
diameter and a heater to evaporate the atomized liquid and to control the vertical

Appl. Sci. 2021, 11, x. https://doi.org/10.3390/xxxxx

www.mdpi.com/journal/applsci

13
14
15
16
17
18
19
20
21

22
23
24

25

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46


mailto:esteban.guerra@cinvestav.mx
mailto:hal257@eng.ucsd.edu

Appl. Sci. 2021, 11, x FOR PEER REVIEW 2 of 18

displacement of the soft robot. In this system, the modes of vibration and resonance fre-
quencies have a direct effect on the displacement and actuation speed. Thus, there is a
need to develop a more comprehensive vibration analysis and mesh properties to have an
optimum control of the soft robot compliance control.

Tunning of the frequency and vibration parameters is a main objective in the design
and optimization of an ultrasonic transducer. There are conventional methods to calculate
the modes in free vibration of a plate, but they are limited to plates that have a continuous
homogenous structure without changes in cross-section. Also, there are methods to nu-
merically approximate the modes of vibration, for example, using the plane wave expan-
sion method [11]; however, it can be computationally complex for inhomogeneous mod-
els. In addition, the coupling effect of piezoelectric energy with mechanical energy needs
to be considered, making the theoretical analysis and its general solution difficult to ob-
tain. With the increase in computational capacity, numerical approximations of the piezo-
electric phenomena can be studied using finite element (FE) methods.

A typical structure of an ultrasonic atomizer is described in Figure 1. A main compo-
nent of the system is the mesh (i.e., light gray section), which is formed by a thin plate
with a thickness of 50 um and micro-perforations. The holes are distributed within a cir-
cular area with a diameter D,. The ring is the piezoelectric actuator (e.g., PZT) with a
thickness of about 0.6 mm. A potential difference (voltage) is applied to the piezoelectric
ring across the thickness using a signal generator. D;;, and D,,, are the inner and outer
diameter of the piezoelectric ring, respectively, and D, is the diameter of the disperser or
mesh.

Mesh

Electric wires

/Micro apertures
o

Figure 1. Schematic diagram of a typical ultrasonic atomizer device
indicating the location mesh and its micro-apertures distribution.

The objectives of this work are to first characterize the dynamic behavior of the com-
plete piezoelectric ring and meshed thin plate using FE modeling. Second, the effect of the
shape of the micro-apertures on the resonant frequency spectra of the vibrating thin plate
is investigated. Last, numerical simulation results of atomization rate as a function of fre-
quency response and voltage are verified using experimental tests. The proposed para-
metric results could allow to predict and control the atomization rate that can be used to
improve the performance of a soft actuation robot.

2. Ultrasonic Atomizer Fundamentals

An ultrasonic atomizer features a thin plate with micro-apertures (mesh) that is cou-
pled to a vibrating PZT at the interface between two media. The first is the external me-
dium, where the plate is in contact with the atmosphere, while the second is internal and
is the chamber in which the liquid is contained. When the device is in operation, the mesh
experiences small and periodic mechanical deformations. This periodic movement
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releases energy into the liquid in contact, which breaks the surface tension of the liquid 83
and produces droplets that are ejected, thereby producing atomization. A pumping effect 84
is achieved when the liquid ejects through the apertures to produce a homogeneous size 85
of droplets and making the atomization process more controllable [12]. A mechanical 86
model to explain atomization should consider the dynamic deformation of the structure 87
(i.e., PZT ring and mesh) as a function of applied voltage and frequency. Here, we first 88
analyze the piezoelectric mechanical phenomena before coupling them to a meshed thin 89
plate. 90

2.1. Piezoelectricity theory 91

Piezoelectric materials are a type of dielectric materials that can be polarized, and 92
they respond in the presence of an electric field or mechanical stress. The piezoelectric 93
effect is the generation of an electric charge due to an external force. Initially, the mole- 94
cules of negative and positive charges are positioned so that the overall material is elec- 95
trically neutral. However, when an external mechanical stress is applied, the internal 9
structure can be deformed, thus causing displacement of the positive and negative centers 97
of the molecule. As a result, small electrical dipoles are generated. 98

According to the linear theory of piezoelectricity [13], the linear constitutive relation- 99
ship to identify the coupling between mechanical stress, mechanical strain, electric field, 100

and electric displacement are given as: 101
o=[C*]-&—[e]E, )
D=[e]" £+ [&] E (2)

where the superscript S indicates that the values are measured at constant strain, and the 102
superscript E means that they are measured at constant electric field. In addition, ¢ is 103
the stress tensor, D is the electric displacement vector, € is the strain tensor, E is the 104
electric field, [CE] is the elastic constant at constant electric field, [e] is the piezoelectric 105
stress coefficients, and [£5] is the dielectric tensor at constant mechanical strain. The con- 106
ventional polarized ferroelectric ceramics used in ultrasonic transducers are governed by 107
the constitutive expressions given in Equation (1) and (2) and by the equations of mechan- 108

ical and electrical balance, respectively, as such: 109
pu="V-o, 3)
V-D=0 4)

To complete the description of the problem, the equations mentioned above are com- 110
plemented by appropriate boundary conditions. The behavior of the PZT controls the vi- 111
bration modes of the thin plate, and these deformations give rise to the atomization pro- 112
cess [14]. There are three different vibration modes in a piezoelectric hollow-disc (ring) 113
polarized in the thickness direction, which are thickness where the displacements of the 114
upper and lower surfaces are in opposite phase, radial where the inner and outer walls of 115
the ring vibrate in phase and wall thickness direction where the inner and outer walls of 116
the ring vibrate in opposite phase. Since the outer radius is larger than the thicknessina 117
thin ring, radial motion is induced due to Poisson’s ratio. Therefore, the first modes are 118
radial modes governed by radial boundary conditions. In this vibration mode, the inner 119
and outer surfaces of the ring vibrate in phase, and this movement is transmitted to the 120
thin plate [15, 16]. 121

2.2. Approximate plate theory 122

It has been demonstrated that the mechanical vibrating characteristics of the meshed 123
circular thin plate in an ultrasonic atomizer controls rate atomization [17]. There are two 124
kind of vibrations that can be used to study the mechanical behavior of a homogeneous 125
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circular thin plate, namely, free and forced vibration. In case of the atomizer, the theoret- 126
ical study is focused on a circular thin plate clamped on its edge. The analytical solution 127
using plate theory gives the natural frequencies [18]: 128

ah E ©®)

fom = 20R2 [12p(1 = 0%y’

where R is the radius of a circular plate with thickness h, p is the density, E is the 129
Young’s modulus, v is the Poisson’s ratio, and a is a constant that depends on the num- 130
ber of nodal diameters (diameter lines that remain without displacement (n)) and the 131
number of nodal circles (concentric circumferences without displacement (m)). 132

Figure 2 shows the behavior of the natural frequencies as a function of thickness of 133
the plate as well as the elasticity modulus, respectively, for these modes. The frequency 134
dependence on thickness is linear while a nonlinear behavior is observed as a function of 135
the elastic modulus. It is expected that the addition of the micro-apertures to a homoge- 136
neous plate can have an inverse effect on the elastic modulus according to the rule of mix- 137
tures [19]. Using the volume fraction of the openings, the results show a decrease in the 138
effective elastic modulus as function of the size of the micro-openings and affecting the 139
dynamic response of the system. Therefore, a more complete dynamic and mechanical 140
model of the atomizer should include the aperture shape and distribution of micro-holes 141

on the meshed thin plate. 142
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Figure 2. Frequencies calculated as a function of (a) plate thickness and (b) Young’s modulus for
the first three axisymmetric modes.

However, including these variables makes the system too complex to be easily calcu- 143
lated through analytical methods. Thus, an FE model might provide a better approxima- 144
tion to understand the mechanical behavior of the atomizer and its effect on the atomiza- 145
tion rate. 146

3. Finite Element Analysis 147

The dynamic performance of the piezoelectric atomizer and its vibration optimiza- 148
tion were studied using FE analysis. The device was considered as a multi-degree-of-free- 149
dom continuum system, which can be represented in matrix notation as [15]: 150

[M]ii + [Clit + [K]lu = F (6)

where u,u, and ii represent the vector of displacement, velocity, and acceleration, 151
respectively, for every node, [M] is the mass matrix, [C] is the damping matrix, [K] is the 152
stiffness matrix, and F is the external excitation force. Two types of analysis were 153



Appl. Sci. 2021, 11, x FOR PEER REVIEW 5 of 18

performed, namely, free and forced vibration. The modal (free) analysis is an eigenvalue 154
problem assuming no external forces F = 0. A forced harmonic analysis can also be car- 155
ried out by applying a frequency sweep for different applied input voltages to the piezo- 156
electric ring. 157

As a first example, a numerical modal analysis on a stainless-steel circular thin plate 158
was carried out. The mechanical properties of the plate are given in Table 1. In these cal- 159
culations, 16,746 elements (SOLID186 with 20-nodes that exhibit quadratic displacement 160
in ANSYS) were used. The boundary conditions of the thin plate are clamped at the edge 161
to the piezoelectric ring, as is shown in Figure 3. Thus, the displacements in the circum- 162
ferential area were assumed to be zero (u, = u, = u, = 0 at r = 8 mm). The simulation 163
was carried out using an FE model implemented in ANSYS; the pseudocode for the anal- 164
ysis is given in the appendix Al. Figure 4 shows the results for the lowest axisymmetric 165
modes when the largest displacement is at the center of the plate. To check the validity of 166
the calculations, Figure 5 shows the first nine resonant frequencies using the modal anal- 167
ysis of a single, clamped, circular, and homogeneous thin plate. These results are com- 168
pared with the theoretical approximation given by Equation (5). The results shows that 169
the FE analysis only deviates by ~ 0.12% in average from the theoretical predictions. 170

Table 1. Mechanical and geometric parameters of the piezoceramic vibrating mesh atomizer 171

reported in references [6, 20]. 172
Young's , . , Inner/Outer  Thick-
. Density Poisson’s .
Material modulus kg /m?] ratio Diameter ness
[GPa] g [mm] [mm]
PZT 7500 0.32 8/16 0.63
Stainless steel 186.8 7980 0.31 16 0.05
173
z ' .Y
Thin circular plate
Clamped edge h x

]

‘4—2r—*‘

Figure 3. Clamped circular plate used for the FEM study.
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Figure 4. (a) Geometry used for the FEM modal analysis; (b), (c) and (d) are contour plots of the first
three axisymmetric vibrational mode estimated for the homogeneous thin plate.

The mechanical behavior of the thin plate is expected to be affected by the loading 175
from the liquid that will be atomized. However, the theoretical and experimental results 176
show that the shape of the vibration modes is not modified; that is, the presence of liquid 177
loading only shifts the values of the resonant frequencies with invariant shape of the vi- 178
bration modes [21]. 179

In a preliminary numerical harmonic analysis (see description of the pseudocode in 180
the appendix A), a stainless-steel circular thin plate coupled to a piezoelectric ring was 181
modeled. The mechanical, piezoelectric, and physical properties of the materials are given 182
in Tables 1 and 2. The thin plate was modeled as a deformable plate using fully integrated 183
elements with 20 nodes. Due to the symmetry of the model, only a one-quarter model was 184
needed, thus, reducing the number of grids and the overall computational demand (see 185

Figure 6) [22]. 186
18 ‘ ‘ : : : ‘ ;
16 | Analytical result 4
t FEM result .¢.
= 14
g
- 4
10 ¢.
. 8 ¢.
et
B 4
4
Cﬂé 2
(JT

Vibration mode

Figure 5. Comparison between analytical and FEM results of resonant frequency
of vibration modes from a clamped circular plate.

187
Table 2. Piezoelectrical properties of PZT ring [6]. 188
Dielectric constants Piezoelectric constant Elastic constant
[10_9C/Vm] [C/mz] [GPa]
611 = 622 = 6.4’5 613 = 623 = _5.2 Cll = C22 = 139
633 = 5.61 633 = 15.1 C12 = C21 = 77.8
652 = 661 = 12.7 C13 = C31 = 74.3
C33 = 115

C44 = 655 = C66 = 30.6

189
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Symmetry

(a) (b)

Figure 6. FEM Model showing (a) sectional view of the atomizer and boundary conditions, (b) mesh of the system.

190

Next, micro-apertures with three different geometrical shapes: cylindrical, pyrami- 191
dal, and conical were added to the model of the circular thin plate to form a meshed thin 192
plate (thin plated with micro-apertures), which was then coupled to the piezoelectricring. 193
The meshed plate contained 551 micro-apertures with the dimensions shown in Figure 7 194
where d= 10 ym and D = 80 um. These were distributed over the thin plate following a 195
rectangular array. 196

d +*

Apertures

D
Tout |

(@) (b) © ()

Figure 7. Geometrical shape of the micro-apertures of (a) conical, (b) cylindrical, and (c) pyramidal holes.
(d) Section view of a solid model of the atomizer disc with micro-apertures on the meshed thin plate.

197

A forced harmonic analysis with a sinusoidal variation of the voltage was performed 198
on this system as described in Figure 6. The resonant frequencies of the device and the 199
maximum out-of-plane displacements of the mesh were recorded for the three micro-ap- 200
erture shape geometries. Figure 8 shows a summary of results of the estimated out-of- 201
plane displacement measured at the center of the thin plate against the voltage amplitude 202
applied to the piezoelectric ring when the device was driven at their resonant frequency. 203
The results indicate that the displacement increased linearly with applied voltage for all 204
three types of aperture shapes. The results show only a small change in the resonance 205
frequency which seem to be correlated to loss of density due to the volume removed by 206
micro-apertures in the thin plate as predicted by the plate theory (Equation (5)). Thus, 207
cylindrical openings with a constant diameter have the largest volume and also resonance 208
frequency followed by the conical and pyramidal. However, in this work, our focus will = 209
be on the conical aperture because of the valveless pumping effect reported in the litera- 210
ture and its better atomization performance [23]. 211
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Figure 8. Displacement against voltage amplitude.

212

Table 3 shows the result of FEM analysis with a frequency sweep while applying 80V 213

to the PZT ring. A cross section view of the vibration mode shape at resonance frequency 214
is also shown. These results are obtained using the model of meshed thin plate with con- 215
ical shape apertures. The results give the first five vibration modes. The subscript “s” in- 216
dicates that the mode was identified as axisymmetric. In all cases the largest out-of-plane 217
displacements were identified in the center of the meshed thin plate with a maximum 218
found of 110 kHz mode, the value is close to those reported for an ultrasonic atomizer 219
with similar materials reported in reference [11]. 220

Table 3. Summary of the first five vibration modes, shapes and amplitudes calculated with FEA.

Symmetric Frequency Max. Positive Max. Negative

Modes [kHz] Shape dispEz:z?ent displ{zﬁ:}ment
1 fis=s 1.18 -0.67
2 fo=20 S~ 2.09 4.62
3 fis=28 — ~N_ T 6.71 -17.1
4 fis =62 s i 7.76 -185

5 fos=110 —— A~ N~———— 24 -10.7

221

Figure 9 provides details of the distribution of displacement through the disk for the 222
axisymmetric vibration mode f;; obtained at a frequency at 110 kHz and using an ap- 223
plied voltage in the range of [5 — 80 V]. The location of the largest displacement is around 224
the center of the thin plate where the micro-apertures are located. This value of displace- 225
ment corresponds to the frequency tunning value with the best performance of the atom- 226
izer found in our experimental results (discussed in the experimental section). The mod- 227
elling methodology for the atomizer dynamic performance will then be used to study the 228
control of the atomization rate by correlating it to the maximum displacements as a func- 229
tion of frequency and voltage amplitudes. 230
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Figure 9. Distribution of displacements along the cross section of the thin plate for a 110 kHz
(axisymmetric mode) resonance frequency as a function of voltage.

231

4. Model of Atomization Volume Flow 232

233

In mesh atomization, the atomizer releases energy into the liquid to break the surface 234
tension and to allow the liquid droplets to escape from the surface. To control the droplet 235
size distribution and to make the atomization process more controllable, micro-apertures 236
are added to form a meshed thin plate driven by a piezoelectric ring. In Maehara et al. [14], 237
the atomizer performance as a function of the number of micro-apertures was studied. A 238
rough approximation of the deformation for the lowest symmetric modes can be found 239
following the thin plate theory [24]. The coordinate system assumes that the neutral sur- 240
face is in the plane xy, perpendicular to the the z axis. The flow in the micro-tapered 241
aperture is closely connected with the chamber volume change given by the deformation 242
of the thin plate [25]. 243

Upward Downward
direction dircction

Without deformation

Neutral plane

a) b) ¢)
Figure 10. Dynamic deformation of micro aperture with a conical shape.

244

In Cai et al. [12], the atomization rate is studied focusing on the effect of the volume 245
change at the liquid chamber (container) due to the deformation of the thin plate during 246
vibration at the lowest vibration mode. Also, the contribution by the small deformation of 247
the micro-apertures of the mesh during vibration to the mass flow is studied for that 248
mode. This idea is illustrated in Figure 10, where the conical micro-aperture deforms by 249
the global deformation of the thin plate. During the periodic vibration, any point on the 250
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non-neutral surface moves in two possible conditions. First, the point is bent in the up- 251
ward direction and then is released back to equilibrium, followed by a compressed state 252
to its lower limit and back to equilibrium. This mechanism acts as a micro-pump, promot- 253
ing the generation of atomized drops [26]. 254

Thus, the total flow could have two contributions, namely, one from the global vol- 255
ume change of the thin plate (q,,) and another possible from the micro-aperture volume 256
change (q,,c), which could then be expressed as: 257

Q = qya + Gvc = (nAVD + AVS) ff (7)

where AV}, is the change in the volume in the micro-aperture during vibration, that can 258
be obtained by considering the deformation of the neutral surface and the estimation of a 259
triple integral to calculate the change of volume of the micro cone aperture. AV is the 260
corresponding change in volume in the chamber created by the thin plate vibration, f is 261
the oscillation frequency of the plate, and ¢ is a pressure loss coefficient described below. 262
The volume of the atomized liquid displaced by the mechanical oscillation of the plate for 263

the lowest vibration mode is given by ( [12]): 264
AT Gt (8)
AVg = 2
265

where 7,,; is the radius of the plate and h is the thickness of the thin plate. However, 266
since the vibrational modes studied in this work are of higher order, there is a non-homo- 267
geneous displacement distribution across the radius. In this case, numerical integration 268
techniques were used to approximate the displaced volume as will be described later. The 269

effective pressure loss coefficient, £, is expressed as: 270
$pd ~ $p
§= - ©)
2+ $pnt $pa

where ¢p, is the pressure loss coefficient related to the diffuser effect, and ¢p,, isrelated 271
to the nozzle effect. To relate volume changes to mass flow, it is necessary to consider the 272
resistance of the flow through the conical aperture. In a dynamic cycle, the cone aperture 273
acts as nozzle or as diffuser, and the difference between the two flow resistances deter- 274
mines the flow rate. In Zhang et al. [23], empirical curves of cone angle against diffuser 275
and nozzle pressure loss coefficients on a macroscopic level are given. Pressure loss coef- 276
ficient is a dimensionless number to characterize the pressure loss in a hydraulic system, 277
which involves pressure loss by friction and by changes in the aperture geometry. In our 278
case, the micro-apertures have a half angle of 35°, which, from tables reported in Q. Yan 279
et al. [27], give a loss factor of &py = 0.62 and &p,, = 0.49 when the cone acts as diffuser 280
and as nozzle, respectively. An equation for the net volume flow rate when the throat of 281
the tapered aperture is exposed to the air and the flared side is in contact with the liquid 282
was also reported by Q. Yan et al. [27]. The equation involves the change in volume of the 283
apertures and the change in volume of the liquid chamber, where n is the number of 284
apertures and f is the vibration frequency of the PZT. 285

5. Experimental Setup 286

A commercial vibrating mesh atomizer was used for the experiments. The physical 287
properties of the atomizer device are described in Table 4. The mesh atomizer consists of =~ 288
a piezoelectric ring and a thin metal plate meshed with conical holes. The atomizer was 289
positioned so that the bottom layer of the mesh was in contact with the liquid stored ina 290
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small container. As the ring vibrates, small droplets were ejected into the air through the 291

meshed thin plate. 292
293
Table 4. Atomizer physical properties. 294
Physical property Value
Outer diameter of PZT ring Doy = 16 mm
Inner diameter of PZT ring D, =8mm
Diameter of stainless-steel disk Dyye = 16 mm
Diameter of apertures zone D, =3.6mm
Thickness of thin plate h = 0.05mm
Thickness of PZT ring hpzr = 0.63 mm
Resonant frequency fr =110 kHz
Number of apertures n =551
Large / Small diameter of cone aperture D, =80 um/Dg = 10 um
295

The experimental setup to measure the atomization rate is shown in Figure 11. The 296
AC voltage was produced with a power amplifier (Electronics & Innovation 500506), 297
which was used to modulate the amplitude of the atomizer vibrations. To find the reso- 298
nant frequency, a signal generator (Keysight 33210A) with a frequency sweep modulation 299
in the range from 1 to 150 kHz was used. The atomizer was placed on the surface of water 300
inside a plastic petri dish. This petri dish was placed above a scale (Mettler Toledo 301
ME204E) to measure the weight loss over time. The weight was measured every 5s for 60 302
s to calculate the average of atomization rate. 303

304

Timekeeper

Petridish ) Atomizer

I

Power Amplifier Signal Generator

Analytical scale

Figure 11. Scheme of the atomization rate measurements.

305

6. Results and Discussion 306

Numerical FEM simulations of the atomizer were performed, the vibration modes 307
and the resonant frequencies were determined using forced harmonic analysis (as de- 308
scribed in appendix A2). In particular, a numerical frequency sweep of the system using 309
the physical properties described in Table 5 was carried out, and the mesh atomizer sur- 310
face displacements with conical apertures corresponding to different frequencies were es- 311
timated and plotted in Figure 12. The first five resonant frequencies were estimated and 312
after further analysis, the vibrational modes with the largest out-of-plane displacement 313
were located two resonance frequencies at about 110 kHz (f,s) and 140 kHz (f5). 314
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In Figure 13, The numerical simulation findings (line plots) at various voltage levels 315
(20 to 80 V) are compared with experimental results of atomization rate obtained by a 316
frequency sweep over the range from 100 kHz to 150 kHz. The small discrepancies were 317
expected, as the PZT ring was bonded to the metal mesh using epoxy, and wires were 318
soldered to the system. Overall, the peak atomization rates match closely with the reso- 319
nant frequencies from the numerical simulations, with the maxima occurring at frequen- 320
cies around 110 kHz and 141 kHz. From these results, it is possible to observe that the 321
resonance frequency is not altered with the voltage change, only the amplitude of the cen- 322

tral displacement is affected. 323
324
P )V m—
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Figure 12. Numerical results of frequency sweep for 20 V obtained by FEM. A schematic of the
frequency mode cross-section is shown above every detected frequency.
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Figure 13. Comparison between frequency sweep FEM results for different voltages and
the experimental results of atomization rate.
326

The volume generated by the global deformation of the thin plate (AV;), as well as 327
the additional contribution of the micro-aperture deformations (AVj), were also numeri- 328
cally estimated. The maximum deformation of the micro-aperture located near the center 329
of the thin plate was measured directly from FEM at 110 kHz for values of voltage in the 330
range [-80, 80] V as shown in Figure 14. A symmetric cyclic behavior of the small (D;;) and 331
large (D;;) diameters was found; however, these changes are very small (about 0.025 yum) 332
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with respect to their initial value at rest. Thus, its contribution to the total value change
(AVp) was not found to be significant.

10.03

10.02

10.01

=4

Small diameter [pem]

b
hd
=

-m-Small diameter

-e-Large diameter

) I =

o«
S

Large diameter [ﬂm]

-~
N
hd
v

~
o
=

79.85

0 20 40 60 80 60 40 20 0 -20 -40 -60 -80 -60 -40 -20 0

Voltage [V]

Figure 14. FEM estimation of the maximum micro-aperture variation as a function of cycling
change in applied voltage.

Also, the global liquid volume displaced by the thin plate was calculated based on
the FEM results (Figure 15). The distribution of the particle displacement at the surface of
the thin plate as given by FEM was calculated by using the shell method of integration
[28]. An illustration of the integration method considering the limits (a,,, b,) is described
in Figure 16. This method allows obtaining volumes generated by rotating an area be-
tween any two functions f(r) and g(r), where f(r) is the displacement curve and
g(r) is a threshold.
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Figure 15: Approximation of the volume caused by the out of plane displacement distribu-
tion. On the left, the shell method for integration of the solid of revolution about the z-axis
is described. The function f(r) is integrated along r with its value subtracted by the
threshold function g(r).

According to our experimental findings, atomization was not detected below 20
V. Therefore, the displacement amplitude (or volume variation) at that value was used as
a threshold (AV{™). Thus, the effective volume used for numerical results was given as
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AV;.ef I = AV, — AV, The changes in volume due to deformation of the apertures (AVp) 345
was neglected for the calculations of the atomization rate, since it was very small com- 346
pared to the total volume change AV;ef ’. On the other hand, the pressure loss coefficient 347
(&) is difficult to accurately assess its value, since the actual micro-apertures are manu- 348
factured by micro-abrasion electroforming and drilling techniques, which in practice 349
gives irregular conical shapes and edges [7]. Thus, in order to obtain an estimate of the 350
approximate value of loss coefficient (§,), correlated to the experimental atomization rate 351
(413 mg / min ) obtained at 80 V and 110 kHz, the following procedure was implemented. 352
Figure 16 shows the linear relation (solid line) between the atomization rate and the pres- 353
sure loss coefficient ¢ as given in Equation (7). By using this linear estimate, an approxi- 354
mate value of &, = 6.11x1073 corresponding to the experimentally determined atomiza- 355
tion rate (Q = 413 mg/min) was estimated. The value was found to be smaller than the 356
theoretical one (¢ = 4.18x107%) for an ideal conical shape micro-aperture, but this canbe 357
a consequence of the actual conditions found in the micro-apertures of the experimental 358
ultrasonic atomizer. 359
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Figure 16. Approximation of an effective pressure loss coefficient using experimental results.

Using the found loss coefficient (§,), an approximation of the atomization rate asa 360
function of voltage can be obtained using Equation (7). The variations of volume 361
(AVDef 7 AVg) were calculated for every displacement distribution of the thin plate as given 362
by the FEM at the resonance frequency of 110 kHz. For these calculations the loss coeffi- 363
cient was kept constant. 364

Using these estimations, the results of atomization rate measurements at the resonant 365
frequency of 110 kHz were compared with numerical calculations. As it was shown, at 366
this frequency the displacement amplitude distribution of the vibrational mode is rather 367
complex with a harmonic decreasing spatial distribution as a function of the thin plate 368
radius. Thus, it is reasonable to assume that the total deformation between compression 369
and tension cycles is expected to contribute to the atomization rate. In Figure 17, the ob- 370
tained results show a good correlation between the experimental (scatter points) and nu- 371
merical predictions (solid line) by FEM. The predicted atomization rate is nearly linear 372
with a minimum at 20 V, which is the preset threshold. A small rate is observed below 373
40V which we attribute to the set constant threshold, thus indicating that the shape of the 374
mode is not affect by the voltage only its amplitude. 375

The proposed approach assumes that the coefficient ¢, is constant for all voltage 376
values and that the distribution of aperture openings during the dynamic cycles is ho- 377
mogenous over all area whilst in reality it depends on the vibrational mode behavior. 378
Despite of these considerations, it is interesting to notice that that the predictions predict 379
well the experimental results. The predicted behavior appears to follow the experimental 380
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results with a roughly linear behavior indicating a directly proportional relationship be- 381

tween the voltage and the out-of-plane displacements through the center of the thin plate 382

which controls the atomization rate and can be used to optimize it. 383
384
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3l%%ure 17. Total atomization rate vs voltage using ¢,, result using as
reference a threshold in the calculation of the displaced volume.

394

7. Conclusions 395

The purpose of this article is based on three main aspects; First, a comparison is de- 396
veloped between numerical results (FEM) and analytical results. Second, the effect of ap- 397
erture shape on vibration was investigated. Third, a numerical approximation to the at- 398
omization rate based on the combination of experimental and numerical results. The finite =~ 399
element analysis provided a method to determine the vibration modes of the complete 400
system (meshed thin plate coupled to a PZT) in response to an applied harmonic voltage, 401
which is a complex problem to solve analytically. The behavior of the atomizer system for 402
three types of apertures was analyzed. The results show that the resonant frequency is 403
only slightly affected by the shape of the aperture with a larger response for the conical 404
aperture when compared with pyramidal. In all cases, the maximum out of plane dis- 405
placement shows a linear behavior with applied voltage. Numerical simulations of out- 406
of-plane displacement distribution were used to obtain an approximation of the volume 407
change generated by the dynamic oscillations at resonant frequency. The experimental 408
results also demonstrated that a minimum threshold voltage was required to achieve at- 409
omization. A prediction of the atomization rate was determined considering the effect of 410
mass transfer, vibration analysis and geometry of the aperture. The results were compared 411
with experimental results and a good correlation was found. The study indicate that FEM 412
provides correct information of the mechanical behavior occurring during the ultrasonic 413
atomizing process. The results could allow to optimize the atomization parameters by 414
finding the optimum driving frequency and voltage for a specific design of the meshed 415
thin-plate coupled to a PZT. The next step in our research could be to implement the re- 416
sults for soft actuation optimization of a soft robotic system. 417
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Appendix A

Pseudocode for the modal and harmonic analysis implemented in ANSYS to solve the single
thein-plate and the meshed thin-plate coupled to a PZT ring systems problems.

Define initial material and geometry parameter
Define Engineering data Young’'s modulus (E), Poisson’s ratio (v), density (p) and element

type (Solid-186).

Attach geometry (circular plate described before).

Apply mesh controls (discretize the domain).

1

w

A1: Modal analysis:
. Analysis settings: Set Analysis Type > New Anal-

ysis > Modal.

. Define mode extraction method: Reduce method

(eigen-solver on ([K]— w?[M]) =0 to find
the frequency roots w?) and specify the num-
ber (N > 0) of modes to find.

. Apply loads and support conditions, u, =u, =

u, = 0 in the edge of the plate.

. Solve the system.

A2: Harmonic analysis:

1. Define the contact regions between the PZT ring
and the plate (contact type = Bonded always).

2.Apply loads and supports conditions, u, =
u, = u, = 0 in the edge of the plate and a har-
monic voltage V = {V,..e?}e!¥, where ¢ is
the phase shift, Q is the frequency of excita-
tion. The voltage is applied as is shown in Fig-
ure 7.

3.Define the frequency range AQ = (fax — finin)/
n, where n is the number of intervals.

4.Define solution method: Superposition method
and solve the harmonic equation (—Q?*[M]+
iQ[C] + [KD{u; + iu,} = {V; +iV,}. For a linear
system one can express the displacements u as

a linear combination of mode shapes.
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