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Laboratory of Acoustoelectronics:
- Surface acoustic wave sensors employing Love

and Bleustein-Gulyaev surface waves
- Mathematical modeling and numerical methods
- Computerized instrumentation
- High pressure characterization of liquids using Love and BG surface waves
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1)/ DISCOVER/ O1 LLOVE WAVES
s 2) Unigue properties o Love Waves
s 5) Analogies BEWEEN! LoVe WaVeS and
Elec ereure ISm
C antum mechnanics
natical modeling of Love wave propagation:;

)
)
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Dlrect Sturm — Liouville Problem
5) New analytical formulas for the mass sensitivity of Love wave

Sensors
* 6) Unexpected counter intuitive phenomena in Love wave waveguides

* 7) New mathematical tools and Perspectives for Love wave sensors




How: LLove Wwaves ook like?

Pl = INFCHE aIFECTION Ol thEraXISXs
% ([depth) Loverwaves are standing
/ : Waves
% Layer
= vV, " the direction of th e
%‘ :- > Love waves are traveling waves

X
3 Substrate

Love waves have only one SH
component of the mechanical
displacement u; - along the x; axis

U3 (xq, X2, t) = f(x2) - exp[j(Bx; — wt)]

Deadly Love waves are generated during earthquakes.
Benign Love waves are employed in: 1) sensors and 2) non-destructive testing (NDT).
Love waves spans the frequency range from 0.001 Hz (seismic) to ~ 10 GHz (sensors).
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18851= Rayleighiwayves  (Ssuiace Wayves)

1911 — love waves SH suriace waves)

1917 = LLlamb waves (plate waves)

1924 — Stoneley waves (solid-solid interface waves)

1927 — Sezawa waves (plate waves)
1947 — Scholte waves (liquid-solid interface waves)

1968 — Bleustein-Gulyaev waves , (SH surface waves in
piezoelectrics)
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1. have only one shear horizontal (SH) component of vibration
(mechanical displacement)
nave mathematical model witt
have exact analogues in electromagnetism and integrated optics

(TM modes in planar dielectric waveguides)

have a direct analogy in quantum mechanics (quantum particles in potential
wells)

Love wave can be regarded as a representative of electromagnetic waves among
mechanical waves

The relative simplicity of the mathematical model of the Love wave

allows us to achieve a number of useful analytical formulas, e.g., the formula

J.. \

a moderate compley

for the mass sensitivity S;p of the Love wave sensor



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

Love wave! is the simplest (SH surface) mechanical wave.

Love wave has only one component of the mechanical displacement u5:

Mathematical description of the Rayleigh surface wave Fig.3.
is significantly more difficult than that of the Love wave.

Ozx = 013, Ozy= 0323



EeVESsUlfacevavestiave anrexaciranaieguenn
electiemagnetsm (IVifguided Waves IRrcielectics)

H =magnetic field TM mode

metal

(semi-space) ‘ ‘

dielectric

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

Acoustics preceded electromagnetism by 40 years !!!

Fig.4.

u_ = mechanical
displacement

—)

pa S rraey| ~ 41 -;:.-‘_.‘._; -
surface elastic layer

elastic substrate

Fig.5.

A.H.E. Love, Some Problems in Geodynamics,
1911: Seismology

u,(x,y,t) = f(y) - explj(fx — wt)]
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VieXWEFegU AU OnS?

IS DIEIECICH AYER(SIa) = IVINMeUES

Z 4 pew?-H,=pB%-H, (3)

e

2, boundary conaitions

. boOU
d

dH, _
5 andH, at x =nh

b) continuity of

3. Solutions:

H,(x,y,t) = A-cos(qyy) - exp|j(Bxx — wt)]

where: g, = /2 — pew?
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d*u, p
7+ —w?u, =2y, (7)
dy C44

ndary conditions

U
D
C

du,

dy=0 at x =0

a)

du,

P andu, at x = h

b) continuity of

. Solutions:
u,(x,y,t) = B - cos(qyy) - explj(Brx — wt)]

where: q,, = \/,32 — £ w2

Caa

To find distributions of u,(y) and H,(y) itis necessary to solve equations of motion

Egs. 3, 7 = Eigenequations for eigenvalues and eigenfunctions




Analegy eirltove waves inintegrated Opies:
(Optical Rlana\Waveguiaes)

Even mode TM mode

o -12)

dielectric

n*(y)

index of
refraction

The fundamental TM mode in the optical planar waveguide (see Fig.6) can be regarded as an optical analogue of the
Love wave

Theory of this type of planar optical waveguides was developed in 1960s

Mathematical methods of modern Optics are very advanced and can be transferred to Acoustics




Analegy e ltevewaves Wi @UaRttmiVIECRERICS

Viy)

Potential well Y(y)

Fig.7. Schrodinger equation (1926) Equation of motion (Newton laws)
Y(y) — Wave function u,(y) — Mechanical displacement
W (y)|* — Probability density lu,(v)|?> — Energy density
E,, E; — Energy levels B7, Bz — Eigenvalues (Propagation constants)
Direct Sturm- Liouville Problem Direct Sturm- Liouville Problem

Mathematical methods developed in Quantum Mechanics are very sophisticated, original and rich.
Mathematical methods used in Quantum Mechanics may be one day transferred into the theory of Love waves



PARINCIFENINFOUANTOIVIFEVVISIEE FOVEWAVIES
Scenedingereqguations EQUAUORS O MOUORE
IS Quanttmwell 1 I EIASUCISUECE Ve
h? d*¥ d?*u
———— 4V -W=E.Y z P 2.y =g2.
2m dy? (11) ay? +C44a) u, = f?%-u, (14)
2. Boundary conaitions: 2. Bounadary conaitions:

b) continuity of ar and W at x = t+h
dy du,

b) continuity of dl; andu, at x = h

. Solutions: 3. Solutions:

Y(x,t) = A-cos(qyy) - explj(—wt)] u,(x,y,t) = B - cos(qyy) - exp[j(Byxx — wt)]

Equations describing many phenomena in different domains of physics have exactly the same form
The same differential equations with identical boundary conditions have certainly the same solutions
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(ab

OpEAlerF L

\ eigenvector elgenvalue
1 d d 4 L _ p2
T G i —pw f(xz) = p? f(xz) (17) flxa) = B°fCxz)
ar© _ f() =0 (87.f;(x))

j=01, ...

« Sturm-Liouville Problem (17-18) for eigenvalues and eigenvectors:
. 2 (B = w/vp - wave number)
* f(x2)

* Itis amazing that: Common mathematical model describes:

» a) Love surface waves propagation uz(x1, X2, t) = f(x2) - explj(Bx; — wt)]

* b) motion of quantum particles in a potential well (Schrodinger equation)

- ¢) planar optical waveguides Mathematics is certainly the Queen of Sciences
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PhRySIcCaiNmplEMERIAUORFOINECVENAVERSENSOIS

WiVAEGVENAVESIAEISOISUCCESSIUINRISENSOISIOSENSOIS A CHENOSENSOISY
AC Input Signal

oy
X, direction of propagation _ . . .
! PIOPES Liquid a) Typical dimensions -1 x5 x 20 mm
(W—> Sensing layer Th, b) Circuit copflguratlon - resonator
u, parcticle displacement \h or delay line
Gl
A% » : c) Frequencyrange - 50 - 500 MHz
ST 1 d) Wavelength range - 10 - 100 um
Substrate \_‘X/Z’—
(e.g., Quartz)
IS llovenwaves asiShearrHonzontaiWavesican OperatelnNiguicieEnvIreRMENT
2. Highrconcentraction el ERergy N the Vicinity ol the'Waveguldesufiiace
_____ highisensitivity of the sensor
3. Simple construction of Love wave waveguides
! OVE WaVe sensors have ighest mass sensitivity of all sensors

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

Love waves are essentially mechanical waves, therefore the change of the mechanical conditions on the surface
of the waveguide (e.g. in the sensing layer) will affect the velocity and attenuation of the Love wave




FIRSt PUBlications onr lteve Wave SERsons

FISt attemps terEmpl oY LoVEWaVES INIGISENSEISIWENE Callied eut at
e RPRIISHIACAGEMY GIf SCIENCES, EXACHY TON/EalS allerthe
discoveneifACE R Eove (1914

4) P. Kietczynski, R. Ptowiec,
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-

818 J. Acoust. Soc. Am, 86 (2), August 1988

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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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
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UNEWaVETHECRY IVIZSSISENSIUVILYES B v i
1 02u, (az az) Fromithe VER/ SephIsticated
—S =5 = |tz U
— 2otz \ox? oaxz)° CIt ¢
Elastic surface layer] (¢, py) vi Xy 0% Jm,)JJ I Function Theerem

Equations efi motion

162u3_(62 2 =_6F/00

a2 dF /ov
Elastic substrate v: 0t? dx? /0vp

Here, we can see the power

+ Boundary conditions of Ma,lthematics

Dispersion equation:

Fig.10. Physical model of the sensor. wn(ql.hl).{(cgg q1)2+(a.wz>.(cg>.b)} (i 1) {0 0 = (cF - b)} = F(vp,0,h0, £) = 0

o is the surface mass density of an infinitesimally Full-wave mathematical model of the Love wave sensor.
thin layer deposited on the waveguide surface P. Kietczynski, Sensors & Actuators A, 2021, (to be published).



Newrerginalfanalyiicalernmuli2S e tHENMASS
P V.
SERSILVILYAS - O EeVEWaVE SENSOIS

o t{(cPar) + (Db
29q,

) (cﬁ)b) (awz)} + tan(q.hy) {qu (cﬁ)) Sk

b)- tan(q1h1>}
+

DG oo} (oo~ () - Fea)

Mass density sensitivity -re(S) [m*/kg]
Mass density sensitivity -re(SZF) [m%fkg]

0
0 100 200 300 400 500 600 700 800 900 1000

Fig.11. Frequency f [MHz] Fig.12.

6

Thickness h, [um]

T T :
Mass sensitivity S_” versus wave frequency Mass sensitivity S_” versus surface layer thicknees
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9 T 9F/dh, v,

dh,

0F /0o 1 <dv>
BT )
q1 cg})m) (Z)b)} Up

PMMA on Quartz
50 MHz

PMMA on Quartz

50 MHz
100 MHz

200 MHz

100 MHz
200 MHz

The highest sensitivity S_7
occurs at the points where
the dispersion curves

are the steepest

2 3 4 5
Thickness h, [um]

5 6 7 8
Thickness h; [micrometers]

. . . 1 dv .
Phase velocity v, (h,) versus surface layer thicknees. Relative slope o (d—hp) versus surface layer thicknees
p 1

Perturbative formula for S;p: Mc Hale et al., Journal of Applied Physics, 2002



ExaciraRalyiicCalNeHRUIASHOFHENTNASS SERSIUVILY
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2 (1)
_9F/dg 1 <dvp> +Ca4 41

7 T OF/df v, \ df

Vp

(1) 2 (2) (2) (1)
cos 2(qhp) | \“44 a1) +owlcy b]+mn (q1h1)ow?cgy brow?esy q1

Exact (closed-form) analytical fermula

PMMA on Quartz
0.5 um

6.0E+03 PMMA on Quartz
h; =0.5 um

1um
5.0E+03 hy =1 pm

hy=2pum . L. Vp G
The highest sensitivity S

occurs at the points where
the dispersion curves

4.0E+03

3.0E+03

are the steepest

2.0E+03

1.0E+03

Fig.15.

0.0E+00

0 100 200 300 400 500 600 700 800 900 1000
Frequency f [MHZz]

400 600 800 1000
Frequency [MHZz]

Plot of the phase velocity versus frequency v, = v, (f) Plot of the relative slope versus frequency S;]p = S;]p(f)
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23 2 X1
( (2)

Elastic layer Cigr P2)

=0

3
(2, p2)

Elastic substrate

v

Love wave waveguide is covered with a lossy liquid

Propagation constant and transverse wave numbers of the Love wave are complex

sin(gD) - {(u1)? - q* + py b+ Ay - jon} —cos(gD) - {py pp *b-q—uy - q- A - jon} =

ONE)

Full=wa

= po + j

(P. Kietczynski et al., ,Effect of a viscous liquid loading on Love wave
X2 propagation”, International Journal of Solids and Structures, 2012)
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Using a full-wave theory we received thefollowing tnexpected results:

—3 MHz fullwave = = =3 MHz perturbation | —3MHzfullwave - -3 MHz perturbation

" e

S~
£ ~
- =
.E R
Q C
L S]
Q +

©
> 35
g [
i £
o <

80 120 20 120

Viscosity 1, [Pas] Viscosity 1, [Pas]

Fig. 18. Phase velocity as a function of liquid viscosity Fig. 19. Attenuation versus liquid viscosity

Applying a full-wave theory, we got unexpected results that are not provided by the perturbation theory (straight red lines)
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a2 NewteRian liguic:
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Waveguie

f_ Ua
(L
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2.

{OX

(L

(S

B
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L_‘ ~

( (0))
—tan(qy - hy) - tan(qy - hy) - {(C ®)0)

Ecgg w) | (e ql)} .

Cﬁ) ql) (Cii) CIz)

1c©
+ tan(qq - hq) - {( _ 044)

(ci0) (cﬁ)-b)

Elastic layer ho (cﬁ) )

27
(hythy)

Elastic substrate (¢, pa)

Full-wave theory

Fig.20. Cross-section of the analyzed 2 surface layer Love wave waveguide.
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\Viscosity of the loading viscoelastic liguid
Increases gradually fromrn,=0/Pas:

Eor a certainvalte of the viscosity ™~ 11
Pas, we observe an unexpected and dramatic
change in the phase velocity and attenuation
of the Love wave.

@
E
>,
=
S
9
o
>
O
o
o
e
o

Elastic waveguide has 2 different surface layers
(Fig.21)

1t elastic surface layer = PMMA

29 elastic surface layer = Gold

Substrate = Quartz

4 5 6 7 8 9 10 M1
Frequency [MHZz]

Fig.21. Phase velocity versus frequency No such effect is observed in a single layer waveguide



New matiemaucalfteo)Sappliea oy e atine;
I aRalySIS G IEEVENVAVE SENSOLS

Direct Sturm-Lieuvilier Preklem

Fig.22.

Parameters

(1C,h.) Inverse Sturm-Liouville Problem

The solution of the Inverse Problem is equivalent to the solution of the Optimization Problem:
min ®(analyte, waveguide, experiment, w; X) ;®(X) =0 ; @ is an Objective Function
seeking for X that minimizes the Objective Function @ ; X material parameters
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Sensor = only a single Love wave waveguide !Il'  Fjg.23.

No lasers, no magnetic fields

| have achieved excellent results:

1) P. Kietczynski et al., ,Inverse procedure for
simultaneous evaluation of viscosity and density of

Newtonian liquids from dispersion curves of Love waves’,

Journal of Applied Physics, 116, (2014) 044902

1) Jakobhy et al.,

- s A e /) S
clCCWaAVES
readout circuit
/ FE
/ >
D> LA ¢
DVD pickup -
head 2
=
AN HEOR:
5
(2]
2 |_ doubly
clamped

hsc1 beam
Q_px 1 t)

u(t)\ \g\

beam

|7

supporting
frame

.

2) Herrmann et al., , Applied Physics Letters, 1999

IEEE, Trans on UFFC, 2010
cantilevers + magnetic field = (quite a complicated)




NEW AnalyucalfVvIEteuS:

1) lnverss araalsens (higher accuracy),
Minimization of the Objective Function <.
min @ (analyte, Waveguides, EXperiment, o)

methods in Banach space (Functional Analysis)

New materials and waveguide structures:

3) New fast materials for the substrate: Diamond, (BN) boron nitride,

(AIN) aluminum nitride




