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ABSTRACT 
Driving airborne ultrasound plate transducers at high intensity levels is an important point in 
many industrial applications, that meets with unavoidable limits due to nonlinear modal 
interactions. Subharmonic and fractional-harmonic frequency pairs generation, internal 
modulation and chaotic behaviour are all effects that greatly compromise the transducers 
efficiency and their use. In the present paper, similarities are put in evidence between a 
complex plate transducer used for ultrasound generation in air and a simple piezoelectric 
structure. The latter case, however, could be experimented through a very wide input power 
range, such that a drop over of the above mentioned effects is set in evidence above a given 
power level. This suggests that a similar behaviour could be met in the former case, that would 
greatly advantage the use of such kind of transducers. 
 
 
INTRODUCTION  
The excitation of high intensity ultrasound waves in air is a valuable means employed in many 
industrial applications, spanning from food drying procedures [1] to smoke and foam abatement 
[2], and is usually performed through large aperture plates set into vibration by the coupling with 
piezoelectric structures, properly designed. High vibration amplitudes is a must for good 
performance of the transducers, due to the low impedance of air where  waves are generated, 
that meets with the requirement that vibration be confined to one and single mode and not be 
flowing to other modes, particularly to subharmonic ones. In that case, indeed, lost of coherence 
in the radiated field is produced and the efficiency of any industrial procedure is drastically 
reduced. In addition, since coupling of modes is caused by inhomogeneities in the transducer, 
local heating of the transducer may be easily achieved and damage to the transducer will follow. 
At high amplitudes of vibration, indeed, any region of the transducer where frictional movements 
of single parts may be present is a risky source of heat production and anharmonicity, that may 
easily drive the vibration out of its fundamental frequency. Subharmonic generation, as it is well 
known, could be the road through which chaotic behaviour may develop, that spoils the 
performance of the transducer.   
 
In the present paper, the experimental evidence is given of the production of harmonic and 
subharmonic vibrations in high power plate transducers, commonly used in industrial 
applications, as they are driven by piezoelectric elements properly fixed to the plates. Evolution 
in the spectral response of the transducers vs. input power is compared with the behaviour of 
cylindrical piezoelectric structures, driven separately, and analogies in the genesis of 
suharmonic vibrations is set in evidence as a possible common road to the chaotic behaviour of 
both structures. That may suggests the existence of linearity regions alternating with chaotic 
ones, as the input power to the elements is smoothly increased towards high levels. 
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GENERAL PROBLEM 
The response of a nonlinear oscillator to a harmonic force excitation in time has been 
extensively studied [3,4,5] and general features have been pursued amidst the plethoric amount 
of different data, which are due to the intrinsic individual behaviour that each single system 
presents when driven in a nonlinear regime. Nonlinearity, indeed, causes the system to develop 
for different initial conditions in unpredictable manner one from the other, thus giving an infinite 
set of time evolution functions, mutually uncorrelated.  
 
Linearization of the equation of motion supplies a fairly good approximation to the solution of the 
problem, it reduces the original equation to an amenable form and supplies one with an 
analytical solution to it, but it may only be used when the assumption can be made that the 
nonlinear term in the state equation of the system is much lower than the linear term.  
This is a good way to study the generation of harmonic motion in a faintly nonlinear oscillator at 
its developing stage: the amplitudes of the successively generated harmonic oscillations at 
multiple frequencies of the driving force may be straightly obtained, with the direct n growing 
power law of the n-th harmonic motion. Successive coupling of the harmonic oscillations can 
still be followed through the method of the harmonic balance, requiring, however, increasingly 
lengthier computation, the stronger the coupling results amongst the harmonic oscillations, i.e. 
the larger is the nonlinear term. 
 
An additional effect may also rise when treating a nonlinear oscillator, which is the generation of 
subharmonic frequency oscillations. This is an intrinsically threshold phenomenon, which makes 
the behaviour of the system to depend – though in a deterministic manner – upon instabilities of 
the process, set on in macroscopically unpredictable way by the presence of microscopic 
perturbations. Successive generation of subharmonic oscillations and their coupling with other 
frequencies make the behaviour of a nonlinear oscillator absolutely unpredictable from a 
macroscopic stand point, such that any general statement about it is a valuable step in 
projecting devices in high power ultrasonics. 
 
When driving an acoustic/ultrasonic transducer at a given frequency, one has really to face with 
the problem of a finite structure. In a loudspeaker, pipe, plate or else, the perturbation produced 
at a given region of the system by the driving source propagates through the entire structure 
setting on a standing wave vibration, whose local amplitude is defined by the quality factor of 
the system and the forcing term amplitude, in addition to the geometry of the system. The 
nonlinear generation of multiple/submultiple oscillations has, then, also to meet with the 
boundary conditions of the structure, so that mode amplitude distribution is a still more complex 
problem than the nonlinear behaviour of a simple spring/mass oscillator. In this case, any 
general statement about the behaviour of nonlinear structure is a highly welcome contribution to 
the understanding of the system and a valid hint to the planning of technical devices. 
 
 
EXPERIMENTAL GENERATION OF SUBHARMONIC MODES 
Motivation of the present experiments is the realization of high power airborne ultrasonic 
transducer, used in various applications of food industry. The accomplishment of high power 
ultrasound generation in air is done through the employment of properly shaped metal plates, 
driven at their central point through the coupling with a resonant transducer, made of two half-
wave elements: a piezoelectric sandwich and a stepped horn [6]. The coupling region between 
the plate and the transducer is a most critical region, where heat production is experimentally 
observed, due to the nonlinear local response of the structure that drives the plate into chaotic 
behaviour, when the voltage driving amplitude exceeds a definite value. Analogy in the 
behaviour of an extended vibrating structure with that of the simple oscillator, where regions of 
chaotic behaviour alternate with regions of single modes oscillations, suggests that the plate 
may recover an ordered mode of vibration if the voltage driving amplitude is carried beyond the 
values of chaotic regime. 
 
The above mentioned alternating regimes of chaotic and ordered behaviour is a well known 
phenomenon in many simple physical systems, as well as in algebraic equations, such as an 
electric circuit for the former case [7] or the logistic parabola for the latter [8]. In the algebraic 
case, the asymptotic values of the series 
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Figure 1. Spectrum of vibration of the piezoelectric cylinder at its central point, with evidence of 
subharmonic ½, ¼, 1/8 of the fundamental at f= 602kHz, and their multiple frequencies. 
 
 
for any initial value of 0<xo<1 is single valued for any µ <2.801204, after which it becomes 
double valued, then 2n valued above successive values of µ, and then up to infinite valued for µ 
>0.892486418. Analogously, a nonlinear oscillator driven at a given frequency runs into 
subharmonic oscillations for driving amplitude greater than a definite value, and subsequent 
period doubling occurs for increasing driving amplitudes, up to the point where it becomes 
chaotic. Beyond that point, however, both the algebraic equation and the physical oscillator 
present newly ordered regimes, with a limited number of asymptotic values or frequencies. 
 
We firstly experimented with a piezoelectric structure, which is a hollow cylinder with inner 
radius 16 mm, outer radius 19 mm and length 76 mm, whose fundamental mode frequency is 
17.7kHz, that corresponds to half wavelength equal to the length of the cylinder. The generation 
of subharmonic vibrations, however, is set in evidence by exciting it at a thickness mode, equal 
to 602kHz. Detection of the surface vibration was performed with an acoustooptical probe at a 
given point of the outer surface, namely at half the length of the cylinder, and the spectrum of 
the detected signal was performed at different amplitudes of the driving voltage.  
 
Figure 1 reports the spectrum of the detected signal, when driving the sample at a modal 
frequency f=602 kHz with a signal generator voltage amplitude value V=80mV (properly 
amplified), such that period doubling appears up to the third power. Corresponding subharmonic 
frequencies are evident at  f/2=301 kHz, f/4=149.2 kHz, 3f/4=451.6 kHz, f/8=74 kHz, 3 f/8=224.4 
kHz, 5 f/4=376.4 kHz, 7 f/8=525.2 kHz. 
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Figure 2. Spectrum of vibration of the piezoelectric cylinder at its central point at different and 
increasing values of the driving voltage V=136mV (a), V=182mV (b), V=200mV (c), V=220mV 
(d). 
 
At slightly different fundamental frequency f=634kHz the sample was driven at different values 
of the feeding voltage V, corresponding to 136, 182, 200 and 220mV, and results are reported 
in Fig.2. A clear evidence is visible that at increasing values of the feeding voltage the first 
subharmonic oscillation at half the fundamental frequency f/2=317 kHz firstly appear together 
with subharmonic pairs (see, for instance, f1=280.6 kHz and f2=351.8 kHz such that f1+ f2=f at 
V=136mV), then the low frequency spectrum enriches by additional components as the driving 
voltage is increased, up to the value of V=182mV, where after a drastic reduction is visible of 
the subharmonic components. That corresponds to gaining back to a more ordered state at 
higher levels of excitation, after the production of rich subharmonic frequency components at 
lower amplitudes. 
 
Similar behaviour was found in high power airborne transducers, as previously mentioned. 
Figure 3 reports the spectral distribution of harmonics for an airborne  power ultrasonic 
transducer with a rectangular stepped-plate radiator of 0.3x0.6 m2 driven at four different power 
levels, equal to 175, 200, 225 and 250W for Fig.3a, b, c and d, respectively.  
 
The transducer, driven at its fundamental frequency f=20.9 kHz, presents, in addition to its 
second harmonic vibration, a subharmonic one at f /2=10.45kHz, which is modulated at 
∆f=2kHz: this very same modulation occurs at the fundamental frequency, as well, for driving 
powers up to 225W, and it completely disappears at higher levels. This behaviour parallels the 
one reported in the previously presented case of the piezoelectric cylinder, where side bands 
produced by subharmonic pairs disappear at the intermediate reported value of 200mV feeding 
voltage, and do appear afterwards at higher levels. This latter event has not been really 
reported in the case of the airborne plate transducer, which has not been tested at sufficiently 
high power levels, because of the risk of irreversible damaging. 
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Figure 3. Spectrum of vibration of the stepped-plate airborne power transducer at different             
and increasing values of the driving power W=175W(a), W=200W(b), W=225W(c), 
W=250W(d) 
 
 
CONCLUSIONS 
Experimental evidence has been given of similar behaviour presented by piezoelectric 
ultrasonic transducers and airborne ultrasound plates driven at high power levels, in the 
nonlinear regime: low frequency generation, such as subharmonic vibrations or modulation 
inducing subharmonic pairs, has been found to rise in both cases at given driving levels and 
to disappear at even higher ones, such as it follows in the well known period doubling 
phenomenon presented by simple algebraic equations. The evidence may be of valuable 
use in the case of high power airborne transducers, where any spurious effects above 
subharmonic threshold could drive the transducer into a damaging regime: the existence of 
regions of pure fundamental mode excitation at levels above those of subharmonic, or even 
chaotic regime, generation is a precious hint for overcoming practical limitations of the 
transducer use. 
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