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Poland in Europe  

2 Fig.1. Poland has 7 Neighbors in Central Europe 
 



Polish Academy of Sciences 
69 Institutes, 8700 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 wave sensors with Love  

   and Bleustein-Gulyaev surface waves 

- High pressure characterization of liquids using Love and BG waves 

- Mathematical modeling and numerical analysis  

- Computerized instrumentation 
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Philosophy (Message) of the Presentation: 
 

Show paramount importance of multidisciplinary  
research in biosensor technology 
 

Outline of the Presentation   
• 1) From Earthquakes to Biosensors (Acoustic Love surface waves)  

• 2) General Concept of Biosensor  

• 3) Chronology of the development of the Love wave  Biosensors   

• 4) Physical Model of the Love wave Biosensor  

• 5) Mathematical model of the Love wave Biosensor  

• 6) Complex Dispersion Equation  

• 7) Examples of Portable and Wireless Love Wave Biosensors  
 

• 8) Natural Biosensors in Human Body (Cochlea)  
 

• 9) High-Pressure Applications of Love Wave Sensors  
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Part A: From Earthquakes to Biosensors   
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Fig.3.  

→ 

Seismic Waves Love Wave Biosensor 
How to use Love waves  
in Biosensors?  

Earthquakes. TIT in Tokyo 

? 



Twisted Railroad Tracks  

 

 

 

 

 

 

 

 

 

 

Fig.4. Example of structural damages due to SH displacement of    Love surface waves 
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Augustus, Edward,  

Hough Love - 1911 

Fig.5. 

Fig.4. Example of structural damages due to SH 

 displacement of Love surface waves 



General Concept of Biosensor  

• Analyte  

• Sensing Layer 

• Transducer  

• Output Signal  

   is electrical  

 

 

 

 

 

• Sensor should operate in a liquid environment:  

  (nasal swabs, whole blood, serum, urine, saliva)   

 

 

 

 

(!!!) 

Fig.4.  

Fig.6.  
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Design of Love Surface Wave Biosensors is a 
Complex, Multidisciplinary Task !!! 

1.   Physics:    wave motion, waveguides 

2.   Mechanics:   theory of elasticity, viscoelasticity   

3.   Mathematics:   differential equations, complex numbers  

4.   Electromagnetism:  piezoelectricity, IDT transducers 

5.   Electronics:   integrated circuits 

6.   Circuit Theory:   resonator and delay line configurations 

7.   Signal Processing:  digital filtering, FFT, Cross-correlation  

8.   Numerical Methods:  nonlinear equations, optimization procedures 

9.   Computer Programming: C++, Fortran, (Matlab) 

10. Chemistry:   surface bonding agents 

11. Biology:    analyte selection and DNA 

12. Medicine:    data interpretation and feedback 
 

 

 

8 

R&D domains involved: 



Desired Characteristics (Features) of 
Love Wave Sensors  

• a) electrically responsive: the ability for automation  

       (computerization) of measurements 

• b) possibility of amplification (high sensitivity) 

• c) short measurement time 

• d) transmission of measurement results at considerable distances 

• e) no moving parts 

• f)  miniaturization  

• g) portability   

• h) cost effectiveness 
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Why it was so Difficult to Develop a Biosensor 
Based on Viscosity Measurements?  
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Answer:  Deficiencies of the Existing Methods and Sensors: 
 

1) Conventional mechanical sensors (rotating cylinders) 

      were of monstrous dimensions and completely unfit  

2) Developed in 1950 ultrasonic sensors, with bulk 

      SH waves, were inherently of very low sensitivity 
 

Breakthrough: 
 

3) Employment of SH surface waves proposed by  

      P. Kielczynski in 1981 and further developments in 

      the Laboratory of Acoustoelectronics (1981-1989) 
 

4) Question: Why Love waves?  
 

5) Answer: Love waves are SH surface waves  

        Acoustic energy is concentrated near the  

   surface;  high sensitivity 

 

 
 

Fig.7. Mechanical displacement of the Love wave 



First Publications on Love Wave Biosensors 

Exactly 70 years after A.E.H. Love (1911)  

1) P. Kielczynski and R. Plowiec, Polish Patent (1981) 

2) P. Kielczynski, W. Pajewski, European Mechanics       
 Colloquium (1987), (Nottingham, Great Britain)  

3) P. Kielczynski, W. Pajewski, IEEE Ultrasonic 
 Symposium (1988), (Chicago, USA)  

4) P. Kielczynski, R. Plowiec, Journal of the Acoustical  
 Society of America (1989) 

In the above papers we have developed theoretical 
and practical basis of ultrasonic sensors, such as:  

a) biosensors b) chemosensors and c) physical sensors      

First publications in USA appeared 3 years later: 

5) G. Kovacs et al., IEEE Ultrasonic Symposium (1992) 
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Physical Model of Love Wave Sensor 
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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 μm 



Mathematical Model of the Love Wave Sensor 
(Basic Equations) 
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In the liquid (Newtonian) 

In the layer 

In the substrate 

(1) 

(2) 

(3) 



Mathematical Model of the Love Wave Sensor 
Sturm-Liouville Problem  
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(5) 

(4) 



  Complex Dispersion Equation for Love Waves  
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(6) 

(9) 

(8) 

(7) 



Attenuation and Phase Velocity of Love Surface 
Waves Versus Concentration of  the Analyte 
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Fig. 10  Changes in phase velocity versus analyte 

 concentration (glycerol in water) 

Fig. 11 Changes in attenuation versus analyte  

 concentration (glycerol in water) 



Laboratory Design of Love Wave Biosensor 

  Fig.12. Cross section and top view of a Love wave biosensor 
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-  36°Y-90°X piezoelectric quartz substrate 

-  250 MHz centre frequency IDT 

-  92 nm gold layer 
-  9 mm, distance between IDTs    

1. Input and output signals are 

electrical Analog Signals (in Nature) 

    Digital Signals (in Electronics).   

2. Piezoelectric effect 



Analytes Measured with Love Wave Biosensors 

- Size and shape of DNA 
- Detection of cocaine 
- Detection of toxic heavy metals in liquids 
- Pesticides and metabolite detection in fruit juices 
- Real-time detection of hepatatis B 
- Virus and bacteria detection in liquids 
- Detection of chemical warfare agent simulants 
- Real-time detection of antigen-antibody interactions in liquids 

(immunosensor)  
- Diagnostic tests for Flu  
- Diagnostic tests for Chlamydia  
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Wireless Bioelectronic Sensors with Love 
Surface Waves  
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Fig.13 Modern Concepts 

Wireless communication Energy Harvesting - Self powered sensors  



Prototype of a Portable Diagnostic Kit with Love Surface 
Wave Immunosensor for  a Personal Home Healthcare Use  
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a) Disposable sensor unit 

b) Hand-held electronic reader 

c) Wireless connectivity to the smart-phone 

d) User-friendly diagnosis 

Fig.14 



Advantages of Love Surface Wave Biosensors  

a) electrical input/output: ability of computerized  measurements 

b) high sensitivity and low Threshold of Detection (TOD) 

c) high linearity and dynamic range 

d) no moving parts  

e) stable operation: long inter calibration time 

f)  wireless connectivity, possibility for energy harvesting  

g) miniature and portable 

h)      short measurement time 

i)      temperature compensation 

j)  HF (AC) driving signal, high accuracy of phase (time difference) 
 measurements 
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Future Developments and Perspectives for  
Love Wave Biosensors 
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Part B: Extraordinary Parameters of the Human  
  Ear (Cochlea) – Natural Biosensors 

1) Huge dynamic range (120 dB) 

2) Ultra low power consumption (14 μW) 

3)   Very high frequency selectivity (2 Hz) 

4) Extremely low threshold of detection  

 (TOD = 10−18 W) close to the thermal noise in air 

 Nature is always more clever than 
Humans (PK) 
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No man-made device can even approach the 
extraordinary parameters of the Cochlea 

Fig.15. Cross-section of the Human hearing organ 



Flow of Ionic Currents (K+ Cations) in a Closed 
Circuit in the Human Inner Ear (Cochlea) 

• Current of K+ cations   

  (not electron current)  

 

• OHC – Outer Hair Cells  

 

• DC Voltage Source  

  

 

 

 

 

 

 

24 Fig.16. Cross-section of the Cochlea 

             



 
Biological Electromechanical Transistors 
Transistor Effect in the Cochlea  
  
• What is a transistor?  

• A device (valve) that controls the flow of power from the source 
of potential energy to the loading resistance  

25 
Fig.17. Physical models of the  proposed electromechanical transistor and the classical field effect transistor.  

 (P. Kielczynski – 2014).  

 

Ionic  
channels 



Selectivity of the Parametric Amplifier in 
the Cochlea via a Nonlinear Capacitance  

• Negative resistance (conductance) represents an active element   

   supplying an external energy into the system   

• It is amazing (although expected) that in the human body all laws 
of the classical electrical circuit theory do apply, i.e.,  

• Ohm’s Law  

• Kirchhoff’s Current Law 

• Kirchhoff’s Voltage Law 

• Direct and Inverse Piezoelectric Effect  
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Part C: Very High Pressure Love Wave Sensors 
  (Green Technologies)  
 
1) At the bottom of the Japan trench:  

    (9 km deep) p = 90 MPa = 0.09 GPa   

 

2) Weight of two elephants per 1 cm2: 

  p = 1 GPa ( 1000 MPa) 

 

3) On the bottom of the  Marianas Trench: 

  p = 110 MPa = 0.11 GPa    
  

4) Diesel engine:  p = 300 MPa 

    (Common Rail)  
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Fig.18 Pressure exerted by two elephants 



 Measurements of Liquid Viscosity at Very High 
Pressures with Love Wave Sensors 
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Fig.19. High pressure Love wave waveguide   Fig.20. Love wave impulses 

New method: P. Kielczynski et al., Review of Scientific Intruments, 79, 026109, (2008) 

Conventional mechanical methods are entirely useless at high pressures  
 



Importance of High Pressure Investigations 
 

1) Oceanographic research. 

2) Deep sea research 

3) In environmental protection 

    Green Technology  

4) In biofuels (cold-start problems)  

5) In food conservation and processing  

6) Zig-zags (Phase transitions)  
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Fig. 21. Viscosity  of the rapeseed methyl esters 

 (RME) sample measured as a function 

 of pressure p. (P. Kielczynski et al., 2017). 



General Conclusions of the Presentation 

1) Sensor development requires complex multidisciplinary research 

2) Biosensors employing Love surface waves have great potential in 
clinical diagnostics applications 

3) Sensors employing Love surface waves and B-G surface waves are 
unique at high pressure measurements of phase transitions in 
liquids 

4) High pressure phase transitions measured with Love and B-G 
surface waves are of crucial importance in the emerging new green 
technologies (biofuels) and modern food processing industry 

5) Extraordinary properties of the human auditory organ, such as the 
Cochlea, are very far from understanding and require further 
extensive research 
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Chopin Monument in Lazienki Park in 
Warsaw , Poland 
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Fig. 22. Portrait of Frederic Chopin 

 Polish Composer (1810 – 1849) 

Fig. 23. Similar monument is located in Hamamatsu , Japan 

 (near the Railway Station) 
 


