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Abstract 
 

Ultrasonic vibrations, used to atomize liquids into a fine mist, are a promising solution for 

the future of efficient clothes drying technology. The world’s first ultrasonic dryer—demonstrated 

by researchers at Oak Ridge National Laboratory—successfully applies the scientific principles 

behind ultrasonic drying, and several working prototypes have been demonstrated. This 

technology is based on direct mechanical coupling between mesh piezoelectric transducers and 

wet fabric. During the atomization process, vertical oscillations of a contained liquid, called 

Faraday excitations, result in the formation of standing waves on the liquid surface. At increasing 

amplitudes and frequencies of oscillation, wave peaks become extended and form “necks” 

connecting small secondary droplets to the bulk liquid. When the oscillation reaches an 

acceleration threshold, the droplet momentum is sufficient to break the surface tension of the neck 

and enable the droplets to travel away from the liquid. In this work, we investigate the atomization 

process using an ultrasonic transducer as it pertains to moisture retained within a fabric. An 

experimentally validated electromechanical analytical-numerical model is proposed. This model 

bridges the vibrations of a piezoelectric mesh transducer to the critical acceleration needed for 

fabric drying to occur. Then, the drying rate model is developed, consisting of an initial nonlinear 

region due to atomization, followed by a linear thermal evaporation region. The models developed 

identify the influence of key parameters on ultrasonic drying and will aid in improving atomizer 

design for efficient, timely fabric drying. This study is the first proposed model for the ultrasonic 

atomization of fabrics saturated with water, applicable to any type of transducer. The results 

present a non-dimensional equation for the ultrasonic dewatering of fabrics, dependent only on 

transducer acceleration and the surface area of the cloth. The development of this technology using 

the proposed physical models will allow for global reductions in electrical demand related to 

clothes drying. 
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1. Introduction 
 

As climate change and sustainability concerns push the energy market toward renewable 

electrical production, the energy efficiency of common products is often overlooked. As important 

as it is to efficiently produce energy, it is just as necessary to efficiently consume it. One innovation 

tackling this very challenge is the ultrasonic clothes dryer. Modern drying technology is heavily 

reliant on electrical resistance heat generation to thermally evaporate moisture. In the United 

States, this process can account for 10–15% of annual residential electricity use; and in European 

countries it may be as much as 20–25% (the European percentage is higher only because the data 

source is more recent) [1]. Although improvements in electric resistance dryer design such as 

control systems and heat exchangers can increase efficiency by upwards of 10%, the high latent 

heat of the vaporization of water is the limiting factor of this technology [2, 3]. The next generation 

of drying technology must turn to new principles of moisture extraction for substantial 

improvements to be made. This manuscript introduces a novel solution for characterizing the key 

parameters in the ultrasonic drying process that will contribute to advancements in the 

development of energy efficient direct contact ultrasonic dryers.  

 Researchers at Oak Ridge National Laboratory turned to mechanical vibrations for 

extracting moisture from clothes and, in 2016, produced the world’s first benchtop ultrasonic dryer 

[4, 5]. The dryer’s novelty came from the use of a piezoelectric compound (PZT, lead zirconate 

titanate) to apply direct vibrations to an article of fabric for moisture removal, bypassing the latent 

heat of vaporization. Through mechanical removal, water leaves the fabric as a cold mist of water 

droplets. The lack of heating or evaporation involved makes this process extremely energy 

efficient. Performance evaluations of this technology have shown an order of magnitude decrease 

in energy consumption compared with a typical electric resistance dryer, and five times lower than 

the latent heat of vaporization at water contents greater than 20% [6]. This performance gain using 

ultrasonic technology is immense, especially when considering a 2013 study concluding that heat-

pump dryer technology was, at the time, the most energy efficient as it consumed 40% less energy 

than standard dryers [7]. Comparisons of various drying technology affirms the need for 

development of direct contact ultrasonic drying. This paper contributes an in-depth analysis of 

fabric drying trends when exposed to ultrasonic vibrations that will further improve upon the 

already drastic increase in clothes drying energy efficiency for this new technology. Although the 

invention of the direct-contact ultrasonic dryer is historic, the concept of using non-contact 

ultrasonic pressure waves for drying is not.  

The first observations of ultrasonic atomization came in 1927 by W. R. Wood and A. L. 

Loomis [8]. The pair reported a dense fog forming when drops of oil were placed on a vibrating 

piezoelectric transducer. Söllner made several accurate predictions regarding this process, most 

notably hypothesizing the importance of cavitation [9, 10]. Further experiments by Söllner 

revealed the non-contact drying capabilities of ultrasonic transducers. While studying the effects 

of ultrasonics on dilatancy, he discovered that moisture is removed from wet sand when it is 

exposed to non-contact vibrations for a long period of time [11]. This was the first, albeit 

inadvertent, observation of non-contact ultrasonic drying. 

Decades later, this technology was revitalized after experiments revealed the relationship 

between driving frequency and capillary waves for contained liquids exposed to Faraday 

excitations. Lang concluded that capillary waves oscillate at half the driving frequency and, 

through the use of the Kelvin equation for the wavelengths of capillary waves, the length scale can 

be accurately calculated [12]. Moreover, Lang found that droplets produced during atomization 
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were approximately one-third of this wave length. This result proved to be valuable for many 

industries for which creating a spray with consistent particle dimensions is beneficial, such as ink-

jet printing, spray coating, and nebulizers. The method of predicting atomization characteristics 

due to the presence of capillary waves became known as capillary wave theory [6, 13, 14].  

Because of industry interest in atomization technology for sprays, capillary wave theory 

was favored in many studies following Lang’s experiments [15-21]. Consequently, the 

mechanisms of free surface breakup of a liquid drop excited by ultrasonic vibrations were studied 

in depth. Capillary wave theory predicts atomization on the basis of several types of liquid 

instability, such as Rayleigh, Taylor, and Faraday [14-16, 18-24]. The theory is commonly defined 

as follows: Faraday excitation, or the vertical oscillation of a liquid, produces standing waves that 

form on the liquid surface. At sufficient intensities, the wave peaks extend, forming a jet of water. 

At critical lengths of the jet, a bulbous tip is formed as a result of necking of the liquid column 

[18, 19, 21, 23, 24]. Instability of the jet may eject this bulbous tip away from the bulk liquid, if 

its momentum is able to overcome capillary forces [18]. It is also possible for the drop to be ejected, 

but with a velocity toward the bulk liquid, or even for several drops to be emitted from the jet at 

once [18]. The conditions necessary for free surface atomization are dependent on excitation 

frequency and surface tension for low-viscosity fluids, and on frequency and viscosity for high-

viscosity fluids [15]. Several studies concluded the critical acceleration, 
ca , needed for atomization 

of low-viscosity fluids can be defined as  

 4/3 1/3( / )c fa c     ,  (1) 

where   is the surface tension, f  is the fluid density,   is the radial excitation frequency given 

in rad·s-1, and c is a constant coefficient. The constant c had been found experimentally to be 0.261 

or 4, depending on the definition of the atomization event, either when it first occurs or ceases [15, 

18]. While this result proved useful for industry, capillary wave theory could not fully explain the 

atomization process. 

 Advancements in technology allowed for Söllner’s observations of cavitation to be tested 

[14, 25]. Commonly known as cavitation theory, the conjecture was that shocks propagating from 

the source of excitation form cavitation bubbles within the liquid. The implosion of these bubbles 

releases relatively massive amounts of energy capable of ejecting droplets. The observation of 

ejected droplets—either small in mass with high velocity, or large with low velocity—was well 

explained by the presence of cavitation, as capillary wave theory suggests a narrow distribution 

around a single drop diameter [9, 14]. Possibly the soundest evidence of cavitation was found 

when an aqueous solution of potassium iodide was atomized. The rapid temperature and pressure 

changes associated with cavitation are a catalyst for chemical reactions. It was found that the 

solution decomposed when placed on the active atomizer, suggesting that the energy produced 

from cavitation is present and actively liberating the iodine from the compound [14].  

 Because of strong evidence of cavitation occurring, coupled with the accuracy of droplet 

prediction via capillary wave theory, the explanation of atomization is commonly a combination 

of both theories. One study attempted to analytically model capillary waves as a result of cavitation 

and found threshold relationships similar to those in Goodridge et al. (1996) [16, 26]. However, to 

the authors’ knowledge, no model coupling the two has successfully predicted the atomization 

process.  

The instabilities leading to droplet atomization have been used for the purpose of de-

wetting fabrics. Pores of void space between threads are occupied by liquid droplets. The 
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application of ultrasonic vibrations oscillates the entire fabric, resulting in the atomization of these 

retained droplets, according to the mechanics of capillary wave theory and cavitation theory. The 

resulting smaller ejected droplets are able to escape the large pores, and momentum carries them 

away from the fabric. This process continues until the remaining moisture occupies the smallest 

pores available, within which the increased surface tension due to the decrease in drop diameter is 

larger than the excitation force. From this point, fabric vibrations create friction, which imparts 

thermal energy to the moisture, eventually leading to evaporation.  

Preliminary studies of ultrasonic drying have identified several important design 

considerations, the most important of which is the selection of a particular type of atomizer. When 

a solid piezoelectric transducer is used, the atomized mist is ejected upward, and some moisture 

falls back into the fabric. Similarly, a layer of mist may form between the fabric and transducer 

surface, temporarily eliminating the contact that is necessary for optimal drying [4, 6]. It was found 

that atomizers typically used in nebulizers perform the best. The key characteristic of these devices 

is micrometer-scale holes laser-cut into the mesh-like transducer. When vibrating, these holes 

produce a pressure difference that actively transports moisture through the vibrating mesh and 

ejects mist away from the transducer. The ability to transport moisture far away from the fabric 

decreases the time it takes to dry. Furthermore, the drying trends for fabrics exposed to ultrasonic 

drying have been shown to exhibit an initial nonlinear region followed by a linear drying region 

[4]. This finding is the basis of the model proposed in this research. The initial nonlinear region is 

where the immense performance gain in ultrasonic fabric drying occurs.  

The knowledge gap in current ultrasonic drying technologies centers on a lack of modeling 

techniques. While modern electric resistance dryers and even newly demonstrated thermoelectric 

dryers have well developed thermal-coupled models [27-30], the lack of attention towards the 

mechanics of atomization limits the ability to predict direct contact ultrasonic drying performance. 

Specifically, the dewatering phenomenon as a result of direct contact ultrasonic vibrations with 

wet textiles has received little attention prior to its first investigation in 2016 [4, 6]. These studies 

identified the rate of water loss and temperature changes in a wet fabric due to ultrasonic 

vibrations, but did not attempt to model the trends discovered. Consequently, there are no accurate 

methods for predicting the magnitude of energy savings using this technology. It is for this reason 

the development of an experimentally-validated drying rate model coupling the piezoelectric 

atomizer performance with moisture removal is necessary. The originality of the proposed 

techniques for ultrasonic drying rate analysis will provide a foundation for accurate energy 

consumption predictions. 

 In this study, for the first time, we investigate the atomization process of water suspended 

in a fabric for the development of the ultrasonic clothes dryer. Specifically, we investigate 

electroelastic dynamic actuation of a piezoelectric transducer and the drying rate of fabrics 

actuated by the mesh atomizer in the ultrasonic fabric dewatering process (i.e the elastic response 

due to an applied electrical stimuli, and its influence on drying). Section 2 begins with the 

derivation of an analytical model for vibration analysis of a fully clamped piezoelectric atomizer, 

used in combination with electroelastic numerical models. A multiphysics axisymmetric finite 

element model (FEM) created for predicting acceleration is compared against the analytical model 

and experimental data. Finally in this section, observations of the ultrasonic fabric drying process 

are discussed and the first drying rate model for wet fabrics exposed to ultrasonic vibrations is 

proposed. Section 3 discusses the detailed experimental methods used for data collection and the 

obtained experimentally validated modeling results. A 3-dimensional (3D) FEM is used for 

simulating complex boundary conditions. Next, the results of experiments and simulations of the 
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models, as well as the process for identifying values of the coefficients used in a proposed drying-

rate model, are discussed. These coefficients are related to the average transducer acceleration, 

creating a truly global relationship for predicting the drying rate of fabrics exposed to ultrasonic 

vibrations. Conclusions are summarized in Section 4.  

 

2. Theory 
 

2.1. Vibration analysis of a fully clamped piezoelectric atomizer; combined electroelastic 

analytical and numerical modeling 

 

Schematics of the symmetric piezoelectric atomizer used in experiments are shown in 

Figure 1. The coordinate directions r ,  , and z  are coincident with the 1, 2, and 3 piezoelectric 

directions, respectively. The atomizer was composed of annular piezoelectric rings adhered to the 

top and bottom of a stainless steel plate and oppositely poled in the thickness direction (operating 

in the 33-mode of piezoelectricity). An electrode was bonded to the exposed surface of each PZT 

layer and was connected in series. The PZT rings had thickness 
ph  and spans distance 

pr , while 

the stainless steel plate thickness was 
sh  and spanned across both 

sr  and 
pr .  

 

 
Figure 1. Schematic representation of an atomizer with annular piezoelectric rings adhered to the 

top and bottom of a stainless steel plate. 

 

The PZT layers were actuated by a harmonic voltage input, resulting in thickness direction 

displacements. The stainless steel substrate then experienced harmonic excitation from those 

displacements over the range 
pr , where it was effectively constrained on the upper and lower 

surfaces. Because of these constraints, the forcing on the substrate was assumed to be uniform over 

pr ; this allowed a base excitation term to be applied at 
sr r . The constraints on the substrate at 

sr r  were approximated by clamped boundary conditions. The vibration of this clamped circular 

plate under axial base excitation was analyzed based on Kirchhoff’s plate theory, as the 

radius/thickness ratio was large, deformations were assumed to be small, and the structure was 

assumed to show linear material behavior [31]. 

The governing distributed  parameter partial differential equation for a damped circular plate 

is given as [31, 32]: 

 

4 3 2  

4 3 2 2 3

4 2 2

2 2

( , ) ( , ) ( , ) ( , ) ( , )2 1 1

( , ) ( , ) ( )

rel rel rel rel rel
a

rel rel b
s s s s s

w r t w r t w r t w r t w r t
D c

r r r r r r r t

w r t w r t w t
c h h

t t t
 

     
     

     

  
  

  

   (2)    
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where relw  is the relative displacement of the plate due to the base excitation, defined as 

( ) j t

b ow t W e  , with oW  being the amplitude of excitation. The plate flexural rigidity is given as 
3 2/12(1 )sD Eh  , where its Young’s modulus and Poisson’s ratio are E  and  , respectively. 

The mass density is denoted by  , thickness by h, and the subscripts s and p denote the steel and 

piezoelectric layers, respectively. Viscous and structural damping coefficients are represented by 

ac , and sc  in Eq. (2).  

Therefore, Eq. (2) represents the distributed parameter elastic model of the circular plate in 

the transducer, and these equations can be solved using modal analysis.  

To find characteristics of the transducer such as eigenvalues, mode shapes, and modal 

frequencies, we solved the partial differential equation governing the undamped free vibration 

EOM for a circular plate clamped about its circumference, given as [31] 

 
2

4

2

( , )
( , ) 0rel

rel s s

w r t
D w r t h

t



  


 . (3) 

Based on standard modal analysis, the relative transverse displacement can be represented as  

 
1

( )( , ) ( )rel n n

n

w t tr r 




  , (4) 

where ( )n r  is the mass-normalized eigenfunction, and ( )n t  is the time response in a modal 

coordinate for the 𝑛th vibration mode [31]. The spatial EOM became 

 4 4( ) ( ) 0n n nr r      , (5) 

with 
n  representing the system’s eigenvalue in the nth vibration mode. 

The solution to Eq. (5) is a general shape function given as [31] 

 
1 0 2 0 3 0 4 0( ) ( ) ( ) ( ) ( )n n n n n n n n nr C J r C Y r C I r C K r         , (6) 

where 
0J  and 

0Y  are the Bessel functions of the first and second kind, respectively, and 
0I  

0K  are 

the modified Bessel functions of the first and second kind, respectively. Here the constants 

1 4,.....,n nC C and 
n  depend on boundary conditions. For a clamped-edge plate, the boundary 

conditions are given as 

 
( , )

( , ) 0 and    0
s

s

rel
rel r r

r r

w r t
w r t

r



 


 . (7) 

To avoid infinite values for 
0 , Y  and 

0K , the constants 
2nC  and 

4nC  must be zero because 

the Bessel functions of the second kind become infinite at 0r  . Then, applying the boundary 

conditions into Eq. (6) and using the known relations of Bessel functions [31], the mode shapes 

were found to be  

  0 0 0 0( ) ( ) ( ) ( )( )n n n n s n s nIr E J r I r J r r       , (8) 

and we found the characteristic equation to be [31] 

 
0 1 0 1( ) ( ) ( ) ( ) 0s s s sI r J r J r I r       . (9) 
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The roots of Eq. (9) provided the eigenvalues, which in turn yielded the natural frequencies 

of the system as 2 1/2( / )n n s shD   . 

The characteristics given by the previous undamped free vibration analysis were then used 

for the case of the damped forced vibration of the plate. The modal amplitude constant 
nE  in 

Eq. (8) must be evaluated for analysis of the damped EOM. This was done by normalizing the 

eigenfunction according to the orthogonality conditions, given as 

 2 4 2 2

0 0

2 ( ) 1,    2 ( )
s sr r

s s n n nr h r dr rD r dr          . (10) 

The resulting modal amplitude constant was found to be [32-34] 

  0 0 0 0 0 0 0 0

0

2 ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
s

mn
n r

s s m m s m s m n n s n s n

E

h r J r I r J r I r J r I r J r I r dr



        



 

 . (11) 

By following the modal analysis procedure [34], the damped partial differential EOM can 

be reduced to an infinite set of partial differential equations, given as [34] 

 
2

2

2

( ) ( )
2 ( ) ( )n n

n n n n n

t t
t f t

t t

 
   

 
  

 
 . (12) 

The damping ratio, 
n , was found for each modal frequency by analyzing empirical data 

with the half power method [34]. The modal forcing, ( )nf t is given as     

 
2

2

0

( )
( ) 2 ( )

sr

b
n s s n

d w t
f t h r r dr

dt
  

 
    

 
  . (13) 

The distributed parameter equation for a thin-plate transducer is given in physical 

coordinates in Eq. (2) and in modal coordinates in Eq. (12). If the base excitation of the plate is 

assumed to be harmonic in the form 
0( ) j t

bw W et  (where the amplitude of the excitation is 
0W  

and 1j    is the unit imaginary number), and assuming linear oscillations, the steady-state 

expression for the modal response, ( )n t , is expressed as 

 ( ) j t

n nt A e    , (14) 

Substituting Eq. (14) and (13) into Eq. (12) and cancelling terms, we find the expression 

for the complex amplitude, nA . This information can then be used with Eq. (4) to derive the 

function for displacement at any point on the plate surface. Hence the closed-form steady-state 

expression for the transverse deflection of the plate is given as 

 

2

0

2 2
1

2 ( )

( , ) ( )
2

sr

s s o n

j t

rel n

n n n n

h W r r dr

w r t r e
j



  


    






 


  . (15) 
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Taking the derivative of Eq. (15) twice with respect to time, the transverse acceleration of 

the plate at the geometric center, being the location of maximum acceleration for this axisymmetric 

system, was found to be 

 

4

0

2 2
1

2 ( )

(0, ) (0)
2

sr

s s o n

j t

n

n n n n

h W r r dr

a t e
j



  


    





 
 


  . (16) 

Equation (16) can be used for a circular plate, clamped and harmonically excited about its 

circumference for which classical plate theory is applicable.  

The final step of the model was to choose an appropriate value for 
oW , the magnitude of 

base excitation, and for 
n , the modal damping. Both the base excitation and damping terms were 

found through experimental data. The magnitude of base excitation velocity, for a harmonic 

voltage input to the transducer, was measured with a laser vibrometer; and the damping was found 

via the half-power method [35, 36]. Both were applied to Eq. (16) for each modal frequency range 

of    1 1/ 2 / 2n n n n n         . 

To verify the analytical expression, we turned to the finite element software COMSOL 

Multiphysics, using the combined Structural Mechanics and AC/DC modules. This 

electromechanically coupled numerical model is an equivalent representation of Figure 1 in which 

an AC voltage actuates the piezoelectric rings. Similar to the analytical model, it imposes an 

axisymmetric response by solving a 2D model of the atomizer cross section with the bottom 

surface of the lower PZT fixed from displacement, denoting adhesion to a fixture. 

For a thin, thickness-poled piezoceramic plate, the linear piezoelectric constitutive 

equations are [37-41] 

 
3 33 3 33 3

ES s T d E   , (17) 

 
3 33 3 33 3

TD d T E   , (18) 

where 
3S  is the strain, 

3T  is the stress, 
3D  is the electric displacement, and 

3E  is the electric field. 

The elastic compliance at constant electric field is denoted by 
33

Es  (inverse of Young’s Modulus), 

the strain constant by 
33d , and the permittivity at constant stress by 

33

T . These parameters are 

known for many piezoelectric materials, and the corresponding values are input into the material 

properties of the COMSOL simulation. 

To ensure the FEM is accurate, an appropriate choice of element is vital. The default 

element shape is a tetrahedral, which will be used throughout the modeling process. Parameters of 

the elements that we are interested in testing are the order of the solution used to analyze the 

elements and the number of nodal points solved for each. Two orders of solution were tested, a 

quadratic and cubic solution; and two types of nodal configurations were examined, Lagrange and 

Serendipity. A Lagrange element has nodes along its exterior as well as its interior, whereas 

Serendipity elements have nodes only on their surfaces. Thus, Serendipity elements require less 

computation time than Lagrange elements. Four combinations of these parameter considerations 

were simulated and evaluated by the convergence of the predicted acceleration output. It was found 

that there were no deviations in response between Lagrange and Serendipity elements; therefore, 
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Serendipity was chosen as the default nodal structure to decrease the computation time. Moreover, 

an assumed cubic solution achieved convergence with a much coarser mesh than did the quadratic 

elements. Although the computation time for a cubic solution was longer per element, the drastic 

decrease in the total number of elements allowed for a more efficient simulation. Therefore, the 

element type chosen was a cubic Serendipity element ~1/8 mm in length. The resulting transverse 

acceleration of the transducer, as well as mode shapes and modal frequencies, were in strong 

agreement between both analytical and numerical models, as will be shown in Section 3.  
  

2.2. Ultrasonic fabric drying model 

 

 Figure 2 shows several key moments in the ultrasonic fabric drying process. Figure 2a 

reveals the fixture that provides a boundary condition exhibiting the highest measured output 

acceleration (Appendix A). At this time step (t=0), 100 μL of water is being added to the fabric 

via a micro pipette. Immediately after actuation, the excess liquid that is not retained by the fabric 

coalesces with neighboring drops and is vigorously excited (Figure 2b). Following quickly is the 

rapid atomization of these groups of water, evident by the decrease in size of the coalesced drops 

from Figure 2b to 2c, as well as by mist being projected upward from the fabric. Moments later, 

the only liquid remaining on the atomizer is trapped within the fabric, and the drying process 

resembles Figure 2d until all moisture is removed. 

 It can also be seen between Figure 2b and 2c that the location of the cloth shifts slightly to 

the left. This shift is due to a layer of mist created by the sudden atomization, and it helps to 

temporarily separate the cloth from contact with the atomizer. The reduction in friction from loss 

of contact can shift the fabric by several millimeters. This movement is important, as the region 

containing the laser-cut liquid transport holes covers less than 20% of the total surface area; 

therefore, any displacement can move the fabric away from the locations of increased moisture 

removal, causing the drying process to increase in duration. This is thought to be the main reason 

for differences in measured fabric weights between trials. 

 

 
Figure 2. Snapshots of the ultrasonic fabric drying experiment process. 

 

From this process, we can make two observations: (1) ultrasonic atomization begins with 

a rapid loss of the water not retained by the fabric, and (2) drying is more gradual following rapid 

atomization, as the availability of moisture decreases. These observations can also be well 

explained by relating the ratio between the surface tension forces and the excitation force. The 

threshold for atomization depends on the oscillating force that overcomes the surface tension. 

When this threshold is met, the liquid vapor boundary of the drop is broken and a mist is ejected. 

This can be quantified as a ratio, R, of the two forces, expressed as [6] 
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2

12 cos

fo

s

d aF
R

F



 
  (19) 

where 
oF  and 

sF  are the magnitudes of the oscillation force and surface tension force, 

respectively; d  is the drop diameter; a  is the applied acceleration (given in Eq. [16] for fully 

clamped boundary conditions); and   is the contact angle formed between the drop and a solid 

support [6]. The minimum value of applied acceleration needed for atomization to occur is 

provided by Eq. (1). The surface tension decreases for larger drops; therefore, the coalesced liquid 

is first overcome by the oscillation, and atomization is realized almost instantly. Subsequently, 

moisture trapped in the larger pores is atomized until the remaining droplets are small enough that 

their surface tensions are stronger than the excitation force. When this point is reached, thermal 

effects dominate, and the oscillation energy transferred through friction raises the temperature of 

the remaining moisture until evaporation occurs. 

These two regions of drying—an initial rapid atomization of water followed by a gradual 

loss—have been denoted as nonlinear and linear regions, respectively. Moreover, studies have 

shown that there is a sharp transition between these two regions [4, 6]. The effects of changing 

acceleration while the atomization threshold is met are of the upmost interest in considering power 

efficiency; therefore, a model that relates changes in applied acceleration to changes in drying time 

is necessary to improve atomizer design.  

The proposed fabric drying model consists of an exponential loss of water representing the 

nonlinear region, followed by a linear decrease in moisture content, expressed as 
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where ( )M t  is the instantaneous mass of the fabric and any moisture it retains; dryM  is the bone-

dry mass of the fabric; satM  is the amount of water required to saturate the fabric; C  is the limit 

of moisture content following the nonlinear region;   is the nonlinear drying rate; k  is the linear 

drying rate; t, NLt , Lt , and 
dryt  are the current time, duration of the nonlinear region, duration of 

the linear region, and total time to dry, respectively.  

 The model itself expresses important characteristics of the ultrasonic fabric drying process. 

The limit of moisture removal in the nonlinear region, denoted as C, is necessary, as atomization 

occurs only for drops for which the forcing ratio R is greater than unity. The fabric pores vary in 

size, but it can be assumed there is some Gaussian distribution of pore sizes. The limit C then 

pertains to the water trapped in the smallest pore sizes where the surface tension is higher; thus, 

drop bursting does not occur. 

Another characteristic is the sharp transition between the two regions. The model implies 

that the duration of the nonlinear region is constant at a given input acceleration, which has been 

observed to be true for the ultrasonic drying of various fabric types at constant acceleration [2, 10]. 

This hypothesis is tested by changing the actuation voltage and cloth size as described in Section 

3. All further discussion of actuation voltage will be in reference to the peak-to-peak value. 

 For each magnitude of applied voltage tested, the empirical data are non-dimensionalized 

by dividing the measured mass by the bone-dry mass of the fabric, and dividing the time by the 
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total time it takes to dry said fabric. Next, the non-dimensional version of Eq. (20) is fitted to the 

empirical data. The value of each parameter for the fitted curve will then be plotted against its 

corresponding applied acceleration for the trial, as each voltage input has a particular output 

acceleration. The regressions of these plots yield a relationship for each of the model parameters 

with the applied acceleration, from which the regressions are substituted into Eq. (21) and a global 

model for the drying rate of fabrics exposed to a given acceleration is found. 

 

 

3. Results and Discussion 

 
3.1. Electromechanical analysis of a piezoelectric atomizer 

 

Experiments were conducted for the investigation of two concepts: (1) identifying 

characteristics of the vibration of an ultrasonic atomizer for modal analysis and verification against 

electroelastic modeling, and (2) analyzing drying rate trends of wet fabrics exposed to ultrasonic 

vibrations. Bridging the results from these two concepts will provide a global electroelastic-drying 

model for predicting the applied acceleration and the corresponding drying rate, which will be 

shown to be the only non-material parameters of the drying process. In this way, any boundary 

conditions of the atomizer or changes in dimensions can be simulated and an accurate estimate for 

drying time can be found. 

 To begin, the detailed geometry of the atomizer must be found before modeling. 

Microscopic images, using a Nikon Eclipse MA100 inverted microscope, were taken of the 

transducer cross section, as well as a top and bottom view of a central location (Figure 3 c–d2). 

Figure 3c shows the annular PZT-5A rings adhered to the top and bottom of the stainless steel 

plate. Figures 3 d1 and d2 show the array of laser-cut holes from a top and bottom view, 

respectively. These holes are conical in shape, in that the hole tapers in diameter from 

approximately 80 to 10 μm. The taper creates a pressure difference between regions above and 

below the plate, actively forcing moisture through the plate thickness and away from the fabric, 

where it can diffuse in the air. This design consideration greatly improves the moisture removal 

capabilities of the atomizer compared with a solid state transducer with no such permeability [6].  

The atomizer is vacuum bonded to the fixture shown to ensure uniform adhesion; this 

bonding process is described in Anton et al. (2010) [42]. The fixture is a rectangular aluminum 

plate with a central hole of 21 mm, and 7 mm screw holes located at the corners of a 55 cm 

square. The central hole allows for the atomizer to be supported about the bottom PZT ring surface, 

whereas the stainless steel plate is able to vibrate freely. A notch is created where the terminal 

leads would contact the fixture in order to isolate the flow of current.  

To characterize fundamental properties of the transducer, an understanding of its response 

to electrical stimuli was needed. For this, the frequency-response function (FRF) of the atomizer 

to an AC voltage input was found to identify modal frequencies. A sine wave was generated with 

NI Signal Express and amplified with a Krohn-Hite model 7500 amplifier before the transducer 

was actuated. The frequency of the sine wave was increased from 0 to 200 kHz, covering the 

manufacturer-reported resonance of 100 ± 8 kHz. Reflective tape was placed at the center of the 

transducer where a single-point laser doppler vibrometer (LDV; Polytec OFV 5000/505) measured 

the velocity of oscillation, from which the acceleration was calculated for the harmonic response 

of the plate (Figure 3 a, b). Also measured was the FRF at various voltage amplitudes for the same 

frequency sweep.  
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Next, a scanning LDV (Polytec PSV 2000) was used to measure mode shapes, as well as 

the acceleration at multiple points. Reflective tape was placed over the entire stainless steel plate 

surface area, a necessity to capture the increased density of sampling points over the area. An AC 

input at fixed frequency and amplitude actuated the atomizer, and the LDV measured the response 

at multiple points consecutively. This process was repeated for several voltage amplitudes; in this 

way, we were able to relate an input voltage to an output acceleration, effectively decoupling the 

electromechanical nature of the atomizer and providing a global parameter that can relate 

dissimilar atomizers. The mode shapes were used to verify the analytical model and FEMs, and 

the acceleration data will be vital for predicting the drying rates of fabrics. 

An impedance curve was created using an HP4192a impedance analyzer. Those curves 

were used as a secondary verification for the modal frequencies found using LDVs. They also 

provided the resistance of the transducer for a particular operating condition and will be used for 

future comparisons of power efficiencies. 

 

 
Figure 3. (a) Single-point laser vibrometer for measuring vibration response of the piezoelectric 

transducer (atomizer); (b) atomizer adhered to fixture; (c) cross section of the atomizer’s outer 

radius; (d1) top view of laser-cut holes at center of atomizer; and (d2) bottom view of laser-cut 

holes. 

  

 For all the measurements discussed, seven different boundary conditions (in Figure A1) 

were tested; the results are shown in Figure A2. This allowed us to choose the arrangement and 

operating conditions that provide an acceleration that meets the atomization threshold and thus 

gives the fastest drying rate. The influence of various boundary conditions can be viewed in 

Appendix A.  

Figure 4 shows the calculated acceleration at the center of the transducer for both the 

analytical model and FEMs, along with the experimental measurements. Also shown is the curve 

described by Eq. (1), which is the threshold needed for atomization. It can be seen that the modal 

frequencies match nearly exactly, with only slight variations in amplitude and frequency between 

the solutions. These results also prove that axisymmetric boundary conditions and forcing yields 

an axisymmetric response. The results are accurate for frequencies up to 100 kHz, after which the 

response of the transducer is suspected to be nonlinear and thus cannot be captured by the 

analytical model or FEMs, which assume linearity. Comparing the experimental and analytical 

higher modes resonance frequencies shows less than 3% error. The major source of inaccuracy is 
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unmolded effects (such as shear effects in the bonding layer) which can be manifested and 

pronounced in a mode shape-dependent way.  

 

 
Figure 4. Experiment, analytical, and finite element simulation showing the acceleration at the 

geometric center of the transducer. 

 

Note where the FRFs intersect the threshold for atomization, at approximately 105 kHz. 

This not only is within the manufacturer-reported range for operating frequencies that produce 

atomization, but also matches observations of when atomization occurs for drops of water excited 

at various frequencies. The agreement of the two models with experiment as well as observations 

proves the accuracy of the modeling techniques described.  

Considering the breakdown in accuracy after 100 kHz, a new method of evaluating the 

output acceleration was needed. Since we had proved the models accurately captured the response 

of the atomizer, changes in the evaluation method pertained only to which parameters we were 

measuring and did not represent any intrinsic changes to the model. To resolve the issue, we 

compared the average acceleration over the stainless steel plate found experimentally and with the 

FEM. Appendix B provides a more detailed analysis of this change in method. 

A 3D FEM was used for the boundary conditions seen in the fabric drying experiment 

(Figure 2a). Since the atomizer was no longer adhered to the fixture in an axisymmetric way, it 

was not appropriate to assume the same response would exist. We use the symmetry of the 

mounting condition to simplify the model. It can be seen that each quadrant of the fixture is 

identical; furthermore, we could divide the quadrant in half and still use symmetry to maintain the 

overall system properties. In this way, the model was reduced to 1/8 of its original size. A visual 

representation of the model and boundary conditions is provided by Figure 5a. For each segment, 

symmetric boundary conditions are set at the edges. The boundary conditions in z direction (inward 

direction) are set as a combination of fixed, where the transducer is bonded to the base plate 

( , ) 0relw r t  , and free as shown in Figure 5a.   

The simulation results were obtained for the transverse acceleration of the stainless steel 

plate area that makes contact with the fabric. The average acceleration was calculated from all the 

nodal points laying on this surface and integrated over the whole surface area. 

 As previously described, a scanning LDV measured the velocity at many sample points 

over the plate area. The average acceleration was calculated from these measurements, as the 

excitation was harmonic. Figure 5b compares the experimental results with the 3D FEM. It can be 
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seen that the results match well; the two trends had a maximum difference of less than 6%. This 

information is used in the next section to globalize the input variable for the system. Input voltage 

to the transducer was originally the sole input to the models; however, this paper presents a model 

that relates the applied voltage and output acceleration. Thus, we can relate the drying parameters 

of the system to the acceleration, following the description in the next section. 

 

  
Figure 5. (a) COMSOL 1/8th transducer model, bottom view, displaying complex boundary 

conditions, and (b) experiment and finite element simulation showing average acceleration over 

the region bounded by sr  of the plate at a 107 kHz operating frequency. 

 

3.2. Ultrasonic drying rate analysis 

  

 Samples were cut from a Department of Energy standard test fabric, consisting of 50% 

cotton and 50% polyester [43]. The fabric was 0.40 mm thick and had an areal density of 

190.9 g/m2. Two different sizes of samples were tested, cut roughly into circles weighing 10 and 

25 mg. Of these two sizes, four samples of each weight were cut and used during the experiment. 

The use of multiple fabrics reduced the number of cycles of wetting and drying each one 

experienced, helping to minimize fatigue and maintain fabric properties over the course of testing. 

This was found to be useful, as threads loosen with wear, affecting the absorbency of the fabric.  

Fabrics were dried in the same manner as described in previous publications [4, 6]. Using 

a micropipette, 100 μL of water was added to the fabric resting on the atomizer. The atomizer was 

activated for a given time interval. At the end of the run time, the sample was moved to a 

microbalance with tweezers and the total mass of the sample was weighed. Each time interval was 

tested three times, from which the average weight of the sample was calculated. Following the 

three tests, the time interval was increased and the process repeated. The intervals tested were 1, 

2, 5, 20, 60, 120, 180, 240, and 300 seconds. After each test, the fabric was dried on a hot plate at 

80°C to its dry mass.  

Following the testing at all time intervals, a curve was assembled from the averages 

calculated. Then, the actuation voltage was changed and the entire process repeated. Peak-to-peak 

voltages tested ranged from 30 to 60 V in increments of 5 V. As previously mentioned, the 

acceleration output has been measured at various voltages. This allowed for the comparison of 

drying rate curves as a function of acceleration—a global variable, rather than of voltage—the 

influence of which is subjective, depending on the transducer. Note also that the 100 μL of added 



15 

 

water was more than the fabric could retain; thus, some water remained on the atomizer outside 

the confines of the fabric pores. The initial oversaturation of the fabric was addressed in the 

proposed fabric model. 

 

 
Figure 6. Experimental and model drying rates at 30, 45, and 60 V input voltage for (a) 10 mg, 

and (b) 25 mg cloth size. 

 

The dimensional drying curves measured are shown in Figure 6. The profound influence 

of applied acceleration (applied voltage is used as a proxy for acceleration) on fabric drying can 

immediately be seen. Furthermore, the accuracy of the proposed fabric drying model, Eq. (20), is 

easily seen. The saturation limit of each cloth is roughly four times its bone-dry weight. Most 

often, clothes being dried are not fully saturated; therefore, the starting mass would be lower than 

shown in Figure 6 at t=0. However, since the time it takes to remove moisture from the saturation 

limit to approximately 20% of the limit is merely seconds, the model would still be accurate, as 

the total time scale for drying clothes is much larger. The parameters of the model were chosen 

with empirical evidence; it is necessary to do so, as no such model for the drying of fabrics with 

ultrasonic vibrations has been proposed previously.   

It was earlier hypothesized that ultrasonic fabric drying would be dependent only on the 

applied acceleration and material properties. To test this, we non-dimensionalized the fabric drying 

model by dividing all terms expressing weight by the bone-dry weight of the fabric, and by 

dividing the current time by the total time it takes to dry the fabric. Thus, the model evolved so 

that the bar over the variables in Eq. (21) represents a parameter for the non-dimensional drying 

curve. 
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 Figure 7 compares these non-dimensionalized curves; it plots together drying curves for 

two different-size fabrics exposed to the same average acceleration magnitudes. It can be seen that 

similar drying trends occur irrespective of the cloth size. The duration of the nonlinear region 

occurs for a constant percentage of the total drying time, given a constant acceleration. Also, for a 
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given excitation, the limit of nonlinear moisture removal is a constant multiple of the bone-dry 

fabric weight.  

 
Figure 7. Normalized drying curves for (a) 60 V, (b) 45 V, and (c) 30 V actuation input voltage. 

 

Moving forward, we expressed the non-dimensional fabric drying model coefficients as a 

function of the applied acceleration. Figure 8 compares these parameters against the average 

excitation acceleration. It can be seen that the nonlinear drying rate and total drying time are 

exponentially proportional to the applied acceleration, while the remaining parameters are linearly 

related. A previous study also came to the same conclusion that the atomization rate of water is 

exponentially proportional to the applied voltage [22]. 

Moreover, it was found that the total drying time was dependent on the fabric area. This 

result follows findings from studies investigating the thermal drying effects of fabrics of various 

materials and sizes, which have found that the drying time is dependent only on the initial mass of 

water. Since a larger piece of cloth can retain more water, and the thickness of the fabric remained 

constant between testing periods, the changes in drying time can be related to the changes in area 

[44, 45].  

The nonlinear drying parameters are also believed to be dependent on the area of the fabric. 

Evidence suggests each parameter is linearly related to area, however this study aimed to model 

the influence of acceleration only, where the testing of two fabric sizes was to ensure the accuracy 

of both data collected and the resulting models. The equations proposed in this study will be 

modified during future investigations to account for changes in area relative to the dimensions of 

the piezoelectric transducer. 
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Figure 8. Non-dimensional drying rate model parameters as a function of average acceleration    (

avga ) for (a) nonlinear drying rate, 
1 2.65  , (b) nonlinear drying limit, 

1 1.4C  , 

6 2

2 2.1 10 [s /m]C    , (c) nonlinear duration percentage, 1 0.11NLt  , 7 2

2 3.5 10 [s /m]NLt    , 

(d) time to dry per unit of surface area, 2

1 21 [s / mm ]t  . 

 

From the relationships shown by Figure 8, key parameters of the process, such as nonlinear 

drying limit and duration, can be expressed mathematically and related to observations made 

during drying experiments. The resulting relationships are applied to Eq. (22), yielding the first 

ever non-dimensional equation for the ultrasonic drying of wet fabrics, dependent only on applied 

acceleration and the surface area of the cloth, given as 

 
5 6(1.58 10 ) ( 5 10 )

1 2 1 2 1 1( ) (1 ) ( ) exp e / (Area)avg avga a

avg sat avgM t C C a M C C a t t e
           

 
. (22) 

This equation represents the nonlinear region of drying. Note that calculating the linear 

region is trivial, as the non-dimensional drying curve must reach unity for both non-dimensional 

time and normalized weight of the fabric. Because of differences in empirical data and the 

regressions, the model has a maximum error of 20% at low voltages; but as acceleration increases, 

the error decreases to less than 5%. The expression shows the dominance of acceleration over this 

process and is thought to hold true regardless of the device applying the acceleration. 

The type of fabric being dried will also be a factor when developing Eq. (22). The 

acceleration needed to atomize water is related to the size of the droplet being excited. Since 
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various fabrics have different distribution of pore sizes (the volume between threads) the amount 

of water lost in the nonlinear region will also be affected. It is believed that a correction factor 

accounting for the limit of atomization in the nonlinear region will be sufficient for applying this 

model to any type of fabric. 

Eq. (22) will serve to predict the mass of water loss from the fabric and the time it takes to 

shed this quantity. Used in conjuncture with the known electrical actuation signal, the drying 

efficiency is able to be calculated as a mass of water loss per watt of electrical input. Moreover 

this equation will allow for the instantaneous flow rate of water out of the fabric to be calculated 

by simply taking the time derivative. Analyzing Eq. (22) also allows for identifying parameters 

which control the shedding of water in the non-linear region of drying. By maximizing the water 

lost in this phase, the duration of drying will be greatly decreased due to the exponential 

relationship of water loss with output acceleration shown by Figure 8a.  

 

 

Conclusion 
 

Although the feasibility of ultrasonic drying has been realized, the intricacies of the process 

are still of great interest. This paper aims to analyze the physics of ultrasonic drying and proposes 

a global model that bridges the ultrasound transducer acceleration with the drying rates of wet 

fabrics. An electroelastic numerical model was created for predicting output acceleration and was 

verified against an experimentally validated analytical expression for an axisymmetric boundary 

condition. The numerical model was then modified to incorporate the complex boundary 

conditions used in benchtop drying tests and was shown to accurately predict average output 

acceleration. The average acceleration was then shown to govern all aspects of direct contact 

ultrasonic drying, allowing for the first-ever unified expression of drying rate dependent only on 

the transducer acceleration and contact area of the fabric. The development of ultrasonic drying 

technology can be built on these results through design changes in the device supplying the input 

acceleration. 

The resulting relationships between parameters of the drying rate model and acceleration—

i.e., the exponential relationship between applied acceleration and nonlinear drying rate (analogous 

to flow rate)—yield interesting characteristics of direct contact ultrasonic drying. This result, as 

well as the accuracy of predicting atomization using the critical acceleration threshold developed 

for free surface atomization, helps to explain the influence that a woven fabric has on dewatering 

phenomena.  

From the known electrical input and its induced vibration response of the atomizer, and 

using the calculated drying time duration for which it is applied via the proposed drying rate model, 

will allow for the total energy consumption as well as the mass of water removed to be predicted. 

These two quantities allow for calculation of dryer performance as a metric of mass of water 

removed per unit energy consumed, being the industry standard for calculating efficiency. This 

aspect of the study is novel, as no such global model capable of predicting ultrasonic drying 

efficiency has been proposed in literature. 

This paper provides a foundation for improving the direct-contact dewatering process of 

textiles. From this study, improvements in transducer design may greatly advance ultrasonic 

drying technology and allow for the application of this novel concept to a wide range of industries.  
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Appendix A: Influence of Boundary Conditions 

 

 The influence of mounting techniques on the atomizer’s output acceleration is an important 

consideration, as they can improve performance without substantial design changes. These 

techniques are essentially a measure of the constraints imposed on the PZT rings’ deformation. It 

was initially hypothesized that more constraints imposed on the PZT would lead to larger 

amplitudes of plate vibration. This is shown by fixture B in Figure A1, which has a mounting plate 

on the upper and lower PZT rings. The inability of the upper PZT to be displaced in the thickness 

direction because of the extra fixture is thought to increase the forcing on the stainless steel plate 

and, in turn, increase the displacement of the resonant modes. To test this hypothesis, two methods 

were used: (1) measuring the FRF of a central point on the atomizer and (2) performing an 

impedance analysis for each boundary condition.  

 The boundary conditions in Figure A1 are all adhered at locations on the PZT where contact 

is made with the fixture, with slight variations as follows: (A) adhesion on lower PZT, (B) adhesion 

on upper and lower PZT, (C) one notch removed, (D) four notches removed, (E) supported at four 

locations (inverse of D), (F) no fixture. 

 

 
Figure A1. Six different boundary conditions investigated in the study. 
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 The results of an FRF for each boundary condition at constant voltage are shown in Figure 

A2. Previously, it was discovered that measuring the FRF at the center was an inaccurate way of 

predicting performance (see Appendix B for details). However, the differences in the amplitudes 

of the responses for frequencies less than 100 kHz accurately indicate performance differences 

when nonlinear influences are substantial. From Figure A2, it can be seen that fixtures with the 

least constraints are generally able to achieve higher output acceleration, with fixture “E” 

performing the best. 

 

 
Figure A2. Frequency-response curves of the investigated boundary conditions. 

 

 Impedance analysis is another measure of the performance, similar to the FRFs shown in 

Figure A2. Figure A3 shows these experimentally measured impedance curves. The difference in 

resonance and anti-resonance peaks of the curves is related to the magnitude of damping, where a 

large difference indicates relatively low damping. It can be seen that for fixtures with the least 

constraints, the damping is substantially lower than for those imposing more constraints. This 

follows the conclusions drawn from the FRFs. The curves are also useful for verifying the modal 

frequencies found with the analytical models and FEMs. 

 Although the fixtureless atomizer, denoted “F” in Figure A1, performed very well, it is an 

impossible boundary condition to achieve in practice. Therefore all ultrasonic drying was 

performed using boundary condition “E.” 
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Figure A3. Impedance curves of the investigated boundary conditions. 

 

 

 

 

 

Appendix B: Average Acceleration 

 

Initially, the acceleration of the transducer was measured at the center of the stainless steel 

plate, as axisymmetric mode shapes have a maximum displacement, velocity, and acceleration at 

the center. A plot of the FRF at this location to different voltage inputs is shown in Figure B1. 

 

 
Figure B1. FRF of the transducers center to various voltages. 

 

It can be seen that for frequencies less than approximately 60 kHz, there is very little 

deviation in response, other than in amplitude, when the voltage is changed. Also, for voltages of 

less than 25 V, there is very little change in response other than an amplitude changes for the entire 

range of frequencies tested. However, for frequencies above 60 kHz, as the voltage increases, there 

is a nonlinear softening that shifts the modal frequencies to a lower value. This softening is most 

easily seen at 85 kHz. When the excitation is increased past 100 kHz, the response of the system 
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at the center becomes chaotic. The data from Figure B1 suggest the maximum acceleration occurs 

at an input of 25 V and 107 kHz; however, this does not align with observations.   

Experimental observations have shown that the atomization rate will always increase with 

larger magnitudes of input voltage so long as the atomization threshold is met, a finding supported 

by previous research [22]. To test the hypothesis that nonlinearities of the system influence the 

response at the transducer center, we measured the response of a point off-center. Measurements 

of a non-central point on the atomizer followed our observations of the atomization process: that 

increasing the voltage at 107 kHz yields a larger acceleration. From this data, we concluded that 

the mode shapes are no longer axisymmetric in this operating range. 

Based on these results, we change the method of measuring performance to be more 

consistent in accounting for nonlinearities. To do so, we followed the method described in Section 

3 of taking the average acceleration of many sample points measured with a scanning laser 

vibrometer. The resulting accuracy of this method between experiments and FEM simulations 

proved it to be valid solution (Figure 5). Furthermore, the clear relationships between the proposed 

drying model parameters and the average acceleration over the plate surface further justify this 

decision (Figure 8). 

 

 


