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Polish Academy of Sciences
69 Institutes, 3700 Scientists (Researchers) 

Institute of Fundamental Technological Research:
300 employees, 200 Researchers  

Main domains of research: Advanced Materials

Ultrasonics, 

Biotechnology

Mechanics 

Applied Mathematics 

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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Å1) Discovery of Love waves

Å2) Unique properties of Love waves

Å3) Analogies between Love waves and 

a) Electromagnetism

b) Quantum mechanics

Å4) Mathematical modeling of Love wave propagation: 

Direct Sturm ïLiouville Problem 

Å5) New analytical formulas for the mass sensitivity of Love wave  

sensors

Å6) Unexpected counter intuitive phenomena in Love wave waveguides 

Å7) New mathematical tools and Perspectives for  Love wave sensors
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How Love waves look like?

Deadly Love waves are generated duringearthquakes. 
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).

Fig.1.

In the direction of the axis x2

(depth) Love waves are standing 
waves 

In the direction of the axis x1

Love waves are traveling waves 

Love waves have only one SH 
component of the mechanical 
displacement u3 - along the x3 axis
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Historical perspective for Love surface waves 
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Augustus, Edward, 

Hough Love - 1911

Fig.2.

1885 ςRayleigh waves (surfacewaves) 

1911 ςLove waves (SH surfacewaves) 

1917 ςLambwaves (platewaves) 

1924 ςStoneleywaves (solid-solid interfacewaves)

1927 ςSezawawaves (platewaves)  

1947 ςScholtewaves (liquid-solid interfacewaves) 

1968 ςBleustein-Gulyaev waves , (SH surface waves in 
piezoelectrics)    



Why Love waves are special? 
Unique properties of Love waves

Love surface waves have many unique features that differentiate them from other 
types of surface waves, such as: Rayleigh, Lamb and/or Stoneleywaves. 
For example, Love surface waves: 

1.   have only one shear horizontal (SH) component of vibration 
(mechanical displacement) 

2. have mathematical model with a moderate complexity 
3. have exact analogues in electromagnetismand integratedoptics

(TM modes in planar dielectric waveguides) 
4. have a direct analogy in quantum mechanics (quantum particles in potential

wells)
5. Love wave can be regarded asa representative of electromagnetic waves among 

mechanicalwaves
6.   The relative simplicity of the mathematical modelof the Love wave 

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

for the masssensitivityὛ of the Love wave sensor



Love wave as a mechanical (elastic) Shear
Horizontal (SH) surface wave

Love wave is the simplest(SHsurface) mechanical wave.
Love wavehasonlyone component of the mechanicaldisplacementό:  

Strain:                 Antiplanestress:   

Mathematical description of the Rayleigh surface wave 
is significantly more difficult than that of the Love wave.
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Love surface waves have an exact analogue in 
electromagnetism (TM guided waves in dielectrics)
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S.S. Attwood, Journal of Applied Physics, 

1951: Microwave engineering  

A.H.E. Love, Some Problems in Geodynamics, 

1911: Seismology

Fig.1.
Fig.4. Fig.5.

Acoustics preceded electromagnetism by 40 years!!! ό ὼȟώȟὸ) ὪώɇὩὼὴὮ‍ὼ ‫ὸ



TM modes, ELECTROMAGNETISM Love waves, THEORY OF  ELASTICITY

1. Dielectric layer (slab) ïTM modes 1. Elastic surface layer

2. Boundary conditions 2. Boundary conditions

3. Solutions:                                                                 3. Solutions: 

Maxwell equations:                                     Equations of motion:  
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Eqs. 3, 7 = Eigenequationsfor eigenvaluesand eigenfunctions
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To find distributionsof ό ώ and Ὄ ώ it isnecessaryto solveequationsof motion



Analogy of Love waves in Integrated Optics: 
(Optical Planar Waveguides)

Theoryof this type of planaropticalwaveguideswas developedin 1960s   

Fig.6.

The fundamentalTM modein the opticalplanarwaveguide(seeFig.6) canbe regardedas anopticalanalogueof the 
Love wave

Mathematical methods of modernOptics are very advanced and can be transferred toAcoustics 

TM mode



Analogy of Love waves with Quantum Mechanics 

Equation of motion (Newton laws) 

ό ώ Mechanical displacement

ό ώ Energy density

‍ ,  ‍ Eigenvalues (Propagation constants) 

Direct Sturm- Liouville Problem 

Schrºdinger equation (1926)  

ɰώ Wave function

ɰώ Probability density

ὉȟὉ Energy levels

Direct Sturm- Liouville Problem 

Fig.8.

Fig.7.

Mathematical methods developed in Quantum Mechanics arevery sophisticated, original and rich.

Mathematical methods used in Quantum Mechanicsmay be one day transferredinto the theory of Love waves 



PARTICLE IN QUANTUM WELL 

1. Quantum well 1.       1. Elastic surface layer

2. Boundary conditions:                                               2. Boundary conditions:                           

3. Solutions:                                                                 3. Solutions: 

Schrºdinger equation:                                     Equations of motion:  
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The same differential equations with identical boundary conditions have certainly the same solutions 

Equationsdescribing many phenomena  in different domains of physics have exactly the same form  
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Direct Sturm-Liouville Problem 
Common Mathematical Model
of 3 different physical phenomena

ÅSturm-Liouville Problem (17-18) for eigenvalues and eigenvectors: 

Å‍ = eigenvalue ïdetermines the phase velocity of the Love wave (‍ ϳ‫ ὺ - wave number)

ÅὪὼ = eigenvector ïdetermines the distribution of the mechanical displacement with depth

ÅIt is amazing that: Common mathematical model describes:  

Åa) Love surface waves propagation

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

Åc) planar optical waveguides
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Mathematics is certainly the Queen of Sciences 

eigenvalueeigenvector
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Physical Implementation of Love Wave Sensors
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Fig.9

a) Typical dimensions  - 1 x 5 x 20 mm
b) Circuit configuration  - resonator 

or delay line
c) Frequency range  - 50 - 500 MHz
d) Wavelength range  - 10 - 100 ˃ m

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 Lovewave

1. Love wavesas ShearHorizontalwavescanoperatein liquid environment
2. High concentractionof Energy in the vicinityof the waveguidesurface

high sensitivityof the sensor
3.   Simple constructionof Love wavewaveguides
4.    Love wave sensors have the highest mass sensitivity of all sensors that 

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

Why Love waves are so successful in sensors, biosensors and chemosensors?



First Publications on Love Wave Sensors
First attemps to employ Love waves into sensors were carried out at

the Polish Academy of Sciences, exactly 70 years after the 
discovery of A.E.H. Love (1911) 

1) P. KieğczyŒski and R. Pğowiec, Polish Patent (1981)

P. KieğczyŒski, W. Pajewski, European Mechanics  Colloquium 

(1987), (Nottingham, Great Britain) 

3) P. KieğczyŒski, W. Pajewski, IEEE Ultrasonic Symposium,

(1988), (Chicago, USA) 

4) P. KieğczyŒski, R. Pğowiec,
Journal of the Acoustical Society of America, JASA - (1989):     ᴼ

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:

5) G. Kovacs et al., IEEE Ultrasonic Symposium (1992)

6) A. Venema et al., Applied Physics Letters, (1992)

7) M.J. Velekoop et al., IEEE Ultrasonic Symposium (1994)

8) E. Gizeli et al., IEEE Trans on UFFC, (1992) 
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Recent discoveries of the author in the field of Love waves
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1. Analytical formulas for the mass sensitivity Ὓ of Love wave sensors

2. Proportionality between the mass sensitivity Ὓ and the relative slope of the 

dispersion curvesὺ Ὤ and ὺ Ὢ

3. Love waves in lossy media 

4. 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

5. New mathematical tools applied in analysis of Love wave sensors. 

Inverse Problems

All these new discoveries were achieved usinga full wave theory not a perturbationtheory
Here, we canseethe powerof Mathematical Modeling  


