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Laboratory of Acoustoelectronics:
- Surface acoustic wave sensors employing Love

and BleusteirGulyaev surface waves
- Mathematical modeling and numerical methods
- Computerized instrumentation
- High pressure characterization of liquids using Love and BG surface waves
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Dlrect Sturm 1 Liouville Problem
A5) New analytical formulas for the mass sensitivity of Love wave

SEeNnsors
A6) Unexpected counter intuitive phenomena in Love wave waveguides

A7) New mathematical tools and Perspectives for Love wave sensors
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= > Lovewavesare traveling waves

h %3 Substrate
z 2 Lovewaveshave only-one SH
i component of the.mechanical
displacement y- along the xaxis
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DeadlyLove waves are generateiringearthquakes
Benign Love wavemre employed inl) sensors and Zjon-destructive testing (NDT).

Love waves spans the frequency range from 0.001 Hz (seismmidQdsHz (sensors).
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ILLC LoVewaVves (SifSuriacewaves

191/ LambwWaVes plate waves

.

1924¢ Stoneleywaves (SollGSsolldinteracewavesy
1927¢ Sezawavaves (platewavey

1947¢ Scholtewaves (liguid-solidinterfacewavey

1968c¢ BleusteinGulyaev waves(SH surface waves in
piezoelectrics)
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1. Raveenly one -snear norzontal (SEk) :Component o1 Vible
(Meenanicavisplacemeny
2. navemathematical model with a moderate complexity
have exact analogsan electromagnetsmandintegratedoptics
(TM modesin planar dielectric waveguides)
havea direct analogy in quantum mechanics (quantum particlgmoiential
wells)
Lovewave can be regardeaisarepresentative of electromagnetic waves among

mechanicalvaves
The relative simplicity of the mathematicanodelof the Love wave
allowsus to achieve aumberof usefulanalytical formulas e.g, the formula

for the masssensitivity'Y of the Love wavesensor



Ve waveras armechanicali(Elastic) Shear
Horizental (SH) surface wave

Lovewave isiie simplesi(SHsurace) meehanicavave
Lovewavehasoenlyone component:of thenechanicatlisplacemen :
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Mathematicaldescription of the Rayleigsurface wave Fig.3.
IS significantlymore difficultthanthat of the Love wave.
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electiemagnetsm (IVifguided Waves IRrcielectics)

H =magnetic field

TM mode

Z ‘

metal
(semi-space)

dielectric

S.S. Attwood, Journal of Applied Physics,
1951: Microwave engineering

Acousticprecededelectromagnetism by 40 yeali

Fig.4.

u_ = mechanical
displacement
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pa S rraey| ~ 41 -;:.-‘_.‘._; -
surface elastic layer

elastic substrate

Fig.5.

A.H.E. Love, Some Problems in Geodynamics,
1911: Seismology
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a—=0atw T a—=0atw T

b) continuity of — and™O at ® Q b) continuity of — anddé at w Q

3. Solutions: 3. Solutions:
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Tofind distributionsof 6 ® andO w
Eqgs 3, 7 =Eigenequation$or eigenvaluesandeigenfunctions

where i /I ‘T

where: 1) \/T —

It ISnecessaryo solveequationsof motion
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OpticalfPlanaf\WaveguItes)

VA Even mode TM mode

e—a(y-h/Z ) air

dielectric ‘

n*(y)

index of
refraction

ThefundamentalTM modein the optical planarwaveguide(seeFig.6)canbe regardedasan opticalanalogueof the
Lovewave

Theoryof this type of planaropticalwaveguidesvasdevelopedin 1960s
Mathematical method®f modernOptics arevery advanced and can be transferredXcoustics
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Viy)

Potential well Y(y)

Fig.7.  Schre dinger equation (1926) Equation of motion (Newton laws)
w(w Wave function 0 (w Mechanical displacement
lw(w)|  Probability density |0 (0|  Energy density
Oh'O Energy levels Bi, Eigenvalues (Propagation constants)
Direct Sturm- Liouville Problem Direct Sturm- Liouville Problem

Mathematical methodslevelopedin Quantum Mechanics anery sophisticated, original and rich
Mathematical methodsised inQuantumMechanicanay be one day transferretto the theoryof Love waves
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2. Boundary conaitions:

b) continuity of — andwyat @ Q

3. Solutions:

2. Bounadary conaitions:

b) continuity of — anddé at w Q

3. Solutions:
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wherep I "I

Equationsdescribing manphenomena in different domains of physics haxactly the samérm
The samalifferential equationswith identical boundary conditionsavecertainlythe same solutions
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A It is amazing that: Common mathematical model describes:
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A a) Love surface waves propagation

A b) motion of quantum particles in a potential well (' S ¢ h r ° dquatian)e r
A c) planar optical waveguides Mathematics is certainly the Queen of Sciences
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WiyAEEVEM/AVESIAEISEISUCCESSIUINMISERSOISTNIIOSERSOIS ACCHEINMOSENSOIST
AC Input Signal

b) r/—\
I » - : : :
Bt et G Liquid a) Typical dimensions 1x5x20 mm
I e Sensing layer e b) Circuit configuration- resonator
/ .
u, parcticle displacement N or delay line
|
7% - — c) Frequency range 50-500 MHz
bt ’ d) Wavelength range 10- 100>m
Substrate \_‘X/Z’—
(e.g., Quartz)
IOV AVESAS S N alis IO ZON N AVESCANGREFA BN G EHCEERV I FQITTTTEN
zo EIYNCORNCENACUONOIRENEFIY Ih (AICINItY Ol thEWaVE GUIGESURACE
— h]gh sensztrwty of the sensc
S. Slmpieconstructiones Lavewavewaveguiae
4. Ve Wwave sensors have-the highe % ensitivity of a eNSAO

use other types of wavee.g, Rayleigh, Lamb, SH plate, flexural plate
waves etc.

Lovewaves are essentially mechanical waves, theretheechangeof the mechanicatonditions am the surface
of the waveguidge.g.in the sensglayer)will affectthe velocity and attenuation adhe Lovewave
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FISt attemps terEmpl oY LoVEWaVES INIGISENSEISIWENE Callied eut at
e RPRIISHIACAGEMY GIf SCIENCES, EXACHY TON/EalS allerthe
discoveneifACE R Eove (1914

4) P. Kiegzy@ki, R. P@wiec,
Journal of the Acoustical Society of America, JASA - (1989):

In'these papers we have developed a theoretical (perturbation) model of
the Love wave sensors along with its experimental verification

This model is the basis for the operation of a) biosensors, b)
chemosensors and c¢) sensors of physical quantities

The first similar papers on Love wave sensors appeared in the USA 3
years later:

Determination of the shear impedance of viscoelastic liquids
using Love and Bleustein-Gulyaev surface waves

P. KieJczyfiskiand R. Plowiec

Institute of Fundamental Technological Research, Polish Academy of Sciences. ul. s'wigfok rzyska 21,

00-049 Warsaw, Poland

(Received 3 May 1988; accepted for publication 22 February 1989)

This paper presents a new method, using shear SH (shear horizontal) surface waves in solids,
to determine the rheological parameters of viscoelastic liquids. Appropriate analytical
formulas have béen derived for Love and Bleustein—Gulyaev surface waves. The sensitivity of
the proposed method is compared to that of the classical Mason method employing SH bulk
waves. The measuring range of the proposed and classical methods is discussed in detail.
Preliminary measurements are performed for typical mineral oil. The measured quantities
agree very well with those obtained theoretically. The proposed method can be a few orders of

magnitude more sensitive than the bulk wave method.

PACS numbers: 43.20.Ye, 43.35.Mr

INTRODUCTION

The determination of the viscosity of liquids is of great
importance in investigating the internal structure of liquids
as well as in controlling industrial processes employing oils,
resins, or biological mixtures. Information about the viscos-
ity of some organic liquids in the human body, such as blood
or saliva, can be very useful in the medical diagnosis of cer-
tain diseases.

Using ultrasonic methods, one can determine the real R
and imaginary X part of the shear impedance Z, of the vis-
coelastic liquid. Ultrasonic methods are incomparable for
frequencies above ~ 100 kHz. Shear bulk waves are highly
damped in a viscoelastic liquid; i.e., their amplitude de-
creases e time after the fraction of the wavelength. More-
over, in the case of a Newtonian liquid, when R=.X, the
wavenumber of the SH (shear horizontal) bulk wave is pure
imaginary. In this situation, the wave is then the nonpropa-
gating mode. Therefore, the existing ultrasonic methods
were reflectance methods, i.e., the shear impedance of the
liquid was determined from phase A& and modulus 7 of the
SH bulk wave reflected at the solid-liquid interface.! The
considered methods were comparative; i.e., the results of
two measurements were taken into account, the first for a
free probe and the second for a probe loaded with the investi-
gated liquid. Due to the big difference between the shear
impedance of the liquid Z, and the solid Z,, the bulk wave
method is of low sensitivity, e.g., for the probe of AT quartz
Z,=88x10° Ns/m® loaded with H,O one has
r=0.997 593 and A& = 0.000 241 rad (Ref. 2), for frequen-
cy f= 40 MHz, and temperature 1, = 25 °C. These quanti-
ties are equivalent, respectively, to 0.0208 dB and 0.138° for
one reflection of the SH bulk wave and, of course, are too
small to be measured. For the 50th echo of the wave, the
amplitude and phase changes are equal to 1 dB and 6.9°. To
obtain an error of measurements lower than 10%, the ampli-
tude and phase should be measured with an accuracy of 0.1
dB and 0.69° (for 40 MHz). These are rather strong require-
‘ments for electronic equipment. Moreover, the parallel faces
of the probe should be polished with optical accuracy. Con-
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cluding, one can say that the classical bulk wave method is of
low sensitivity per se. Therefore, a very precise electronic
unit is required.

On the other hand, surface acoustic waves (SAW)
propagating in solids are strongly dependent on the bound-
ary condition on the surface of propagation: in particular, on
the properties of an adjacent medium—Iliquid or gas, for in-
stance.

SAW can be classified into two general groups: Ray-
leigh type waves and SH waves. The former waves have at
least two components of vibration, i.e., longitudinal (L) and
wvertical transverse (S¥), which cannot be separated. By
contrast, SH surface waves possess only one SH component
of vibrations. Therefore, they can be used to determine the
shear parameters of an adjacent fluid. There are two well-
defined types of SH surface waves; Love waves® and Bleus-
tein-Gulyaev* waves. The former can propagate in layered
subsurface structures and the latter can exist in some piezo-
electric materials having at least a twofold axis of symmetry.
Due to the characteristic dimension, i.e., thickness of the
surface layer, surface waves of the Love type are always
dispersive and exhibit a multimode structure. On the other
hand, surface waves of the Bleustein—Gulyaev (B-G) type
are nondispersive; this can be of some advantage during im-
pulse measurements.

The other types of SH surface waves, such as surface
skimming bulk waves (SSBW) or surface transverse waves
(STW) are not taken into account in this paper.

Inspired by the facts presented above, the authors have
proposed the application of SH surface waves propagating in
solids to determine the rheological parameters of the adja-
cent viscoelastic liquid.®

It is interesting to note that surface waves of the Ray-
leigh type were employed to determine the acoustic imped-
ance of nonviscous liquids for longitudinal waves.®

The fundamental principles of the proposed SH surface
wave method are described in Sec. 1. The appropriate analy-
tical formulas are derived in Sec. II. Experimental proce-
dures for measuring R and X are given in Sec. IIL The pa-
rameters of the classical and the proposed methods are

0001-4966/89/080818-10$00.80 © 1989 Acoustical Society of America 818
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Propoertionality BeEtWeen the mass SeEnSItvity: Y- ¢+ and the relative SIOPE oI the
dispersion curves v (Q andv (Q

N

Love waves in lossy media

Counter-intuitive and unexpected phenomena in Love wave waveguides
a) minimum of phase velocity as a function of liquid viscosity
b) maximum of attenuation as a function of liquid viscosity

New mathematical tools applied in analysis of Love wave sensors.
Inverse Problems




