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Fig.1. Poland has 7 Neighbors in Central Europe
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69 Institutes, 8700 Scientists (Researchers)
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300 employees, 200 Researchers

Main domains of research: Advanced Materials
Ultrasonics,
Biotechnology
Mechanics
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Laboratory of Acoustoelectronics:



Philesophy (IMEeSSage) o the Presentation:

Show paramount importance of multidisciplinary
research in biosensor technology

Outiine or 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




—
=
LG
=
1>
=
qb
\72
S
W
|-
%2
(L
—
U
-
T
U

(b
© Analyte —p _ - y

? Sensitive
Film

Waveguide layer Substrate

Seismic Waves L ove Wave Biosensor



Fig.4. Example of structural damages due to SH
displacement of Love surface waves
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DESIGRIGIFERVE SURACENVAVENSIOSERSONSHIST A
Complexs,’ UluaiSciplhipgen/AliaSkaiil
ReDIEOMANSHRIVEIVEUE

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




- a) electrically responsive: the ability for automation
(computerization) of measurements

* b) possibility of amplification (high sensitivity)

* C) short measurement time




ARSWERIDETCIENCIES O tNENEXISUNYHVIETNOESTANUFSENSOLSE

1) Conventional mechanical sensors (rotating cylinders) s
were of monstrous dimensions and completely unfit Z
Developed in 1950 ultrasonic sensa vith b

Breakthrough:

Question:

Answer:
Fig.7. Mechanical displacement of the Love wave
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EXACHNAONEARS AEFAYENSNEOVENLIO1AN

1) P. Kielczynski and R. Plowiec, Polish Patent (1981)
2)  P.Kielczynski, W. Pajewski, European Mechanics

Journal of the Acoustical

Society of America (1989)

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

First publications in USA appeared 3 years later:

O Eeve Wave E

OSENSOIS

Determination of the shear impedance of viscoelastic liquids
using Love and Bleustein-Gulyaev surface waves
P. Kielczyniskiand R. Plowiec
nstitute of Fund  Technolog
00-049 Warsaw, Poland
(Received 3 May 1988; accepted for publication 22 February 1989)

1 Research, Polish Academy of Sci ul. Swigtokrzyska 21,

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 hurnan 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 liguid; 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 r 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, =8.8X 10° Ns/m* loaded with H,O one has
r=10,997 593 and A& = 0.000 241 rad (Ref. 2), for frequen-
cy f= 40 MHz, and temperature ¢, = 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 1989
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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
vertical 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.®

Tt 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. I. 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

© 1989 Acoustical Society of America 818
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AC Input Signal

ol -
a) o : b)
x, direction of propagation Liquid
W’ Sensing layer C h,,
u, parcticle displacement Guiding layer ™h
x N /Gl
7 s 7
Sensing layer X,
Guiding layer (e.g., PMMA) / S Substrate
Xl
Substrate \l/ J—
(e.g., Quartz) %,

a) Typical dimensions -1 x5 x 20 mm
b) Circuit configuration - resonator or delay line
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Viathemaucal Vieeel e ther Leve Wave SERSO
Stumm=Lietvilier Prepiem

+ Mathematics is a Queen of Sciences

d
(44() s 2)) + pw?f(x3) = BPcaa(xz) f(x2) (4)

dXz

af(0) _

dx,

f(0) =0




* Quantities q, b and A, in EQ.6 are complex: (= “olcs i sial 2007

his is a mathematical model of the sensor (Eq.6)



Attenuaierranc RRIaserVeleeii eilteverSulface
WavesyVersus Concentratieonr ol the Analyie
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Fig. 10 Changes in phase velocity versus analyte Fig. 11 Changes in attenuation versus analyte
concentration (glycerol in water) concentration (glycerol in water)

vp =vp(C,p,n) a=al(C,p,n)
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- 36°Y-90°X piezoelectric quartz substrate
- 250 MHz centre frequency IDT
- 92 nm gold layer

1. Input and eutput signals are
electrical :nalog Signals (in' Nature)

Glass lid

)
ot

Digital Signals (in Electronics).

lezoelectric effect FEUDT (inputy /  Goldfim 1 FEUDT (output)

Epoxy wall 36Y-90X quartz

Fig.12. Cross section and top view of a Love wave biosensor
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- 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
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Fig.13 Modern Concepts
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d) User-friendly diagnosis



AGVaRACES OIFEEVEFSUIACENNAVE BIOSENSONS

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




=ULURENDEVEIOPMERLS ANENPERSPECHVESHON;
EEVENNAVENSIOSERSONS
NEWARaIyucal IVIEINoaS:

1) Invezrsz oroolzirns (higher accuracy),
Minimization of the Objective Function <2x pglig<M(=lgrel\ iz ee| Ulelsfisyde g il €)
proposition in:

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

New Hardware Innovations:
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DIAGRAM OF COCHLEA
THE INNER EAR

Temporal
bone

ature Is always more clever than
Humans (PK)

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

Circuitiprte Humantinner Ear (Cechiea)

* CUrrent of K cations
(not electren current)

Fig.16. Cross-section of the Cochlea
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BIelegical EIECIEmMECHENICAUNNENSISIONS
ransister Efectin the Cochlea

onic Stereocilia
Gate
channels

: OHC
ScalaMedia Y} Y] interior  Source

/

channel = ¢—f\y¢7/~—g5 = R(t) <=> channel = Wgﬁ = R(t)

Fig.17. Physical models of the proposed electromechanical transistor and the classical field effect transistor.
(P. Kielczynski — 2014).




SEIECUVILOIFtENR AN E L CHATIIIT
ne Cechieavia e Neniinear Capaciiance

- 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.,




1) At the bottom of the Japan trench: AT
(9 km deep) p = 90 MPa = 0.09 GPa ¢ R (55 \\

3) On the bottom of the Marianas Trench: ?l’ 50(_)0 kg1 .

p=110 MPa = 0.11 GPa Q"}.i. ~ / ./

«ag= 1 CM2 (=1000 MPa)

Fig.18 Pressure exerted by two elephants
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Fig.19. High pressure Love wave waveguide Fig.20. Love wave impulses
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1) Oceanographic research.

2) Deep sea research

Viscosity (mPas)




General Conciusions ol 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
uniqgue at high pressure measurements of phase transitions in
liquids

4) High pressure phase transitions measured with Love and B-G




Fig. 22. Portrait of Frederic Chopin Fig. 23. Similar monument is located in Hamamatsu , Japan
Polish Composer (1810 — 1849) (near the Railway Station) »



