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INTRODUCTION

Biosensors are currently on the agenda of medical equipment developers.
Scientists and technology companies devote considerable effort and resources to
designing and developing low-cost informative biosensors. More and more
spheres of application of such sensors emerge ranging from specific biomolecule
detection technologies to automated therapy [1]. Some biosensor systems are
based on the use of microelectromechanical structures (MEMS) [2-6]. In 2015, R.
Fogel conducted an extensive overview of acoustic wave-operated biosensors
existing in the market, showing that microprocessor-based technology is capable
of providing a much higher quality of biosensor signal processing [7]. Computing
technology that is becoming faster and cheaper enables the hardware part of
biomedical devices to be reduced, thus reducing their cost, especially in mass
production cases. In addition, the unmatched flexibility of software solutions
offers even more applications for biosensors [8].

Among the specific, technical and technological challenges that developers
of biosensors face are functional sensor verification and calibration. To solve these
issues, extensive experimental research is being carried out and various signal
processing methods devoted to the processing of biosensor received signals are
being applied, issues of noise to signal ratio are being solved as well [2]. However,
it is obvious that methods of verification and calibration that are widely used in
other measurement technology branches are not sufficient for biosensors. Because
the use of biosensors only makes sense in a wildlife environment, the verification
and calibration technique cannot be transposed linearly from areas specific to other
sensor types. For example, in many cases, the operation of biosensors is based on
a long incubation period during which biological interactions occur between the
object being analyzed and the functional part of the sensor. Over a long period of
time, not only can indefinite and uncontrolled influence of the environment on the
results occur, but the biological object itself may change: denature, grow, change
its location, etc. [4].

One of the most widely known and most promising types of biosensors is
based on the measurement of analyte mass and other physical properties, using
specific biochemical interactions and gravimetric principles [9]. The use of
MEMS, and in particular microfluidic chip-integrated microcavity and capacitive
micromachined ultrasonic transducer (CMUT) technologies, provides reasonably
good competition for optical, photonic, biochemical and other methods [2].
Although the use of microcantilever in molecular mass spectrometry has been
acknowledged, the CMUT structure, which has been demonstrated in real-time
bio-interaction measurement in liquid media, has a much greater potential for
practical applications [3, 10]. Previous studies have shown that CMUT-based
sensors are capable of detecting and measuring the interaction of biomolecules
with the environment, such as the evaluation of bovine serum albumin (BSA)



protein in a liquid medium in the measurement of acoustic wave propagation time
[9]. Previous work has also shown that the specific biochemical interaction
between an antibody and an antigen may be determined by gravimetric
measurement when the CMUT structure operates in a gaseous environment under
resonant mode [12—-15]. However, the latter method is unsuitable for real-time
applications, since the resonant frequency of the CMUT structure in a liquid where
biochemical interaction between the antibody and the antigen normally occurs
cannot be informative. E. Sapeliauskas and others [16] have proposed to use a
secondary interdigital-like CMUT structure and transverse Scholte-type waves for
the detection of biochemical interactions in a liquid. However, the conventional
signal processing algorithms used in their work are non-adaptive and unsuitable
unless the operating conditions of the sensor are carefully controlled. This prevents
the proposed technology from being used in mass products. To process the signal,
innovative techniques based on artificial neural networks, which have excellent
adaptability and can efficiently process non-linearly changing biosensor received
signals, may be employed [10-13].

Besides the problems of signal processing, there are also issues of control,
mixing of microfluids, which are operated by biosensors, and bio-object
positioning. Various biochemical tests include mixing of two fluids, for example,
during DNA purification, polymerase chain reaction (PCR), immune complex
formation, enzyme and protein coupling. The results of such processes, tests or
measurements depend on the quality and rapid mixing of samples and reagents. In
microfluidic systems, the Reynolds number denoting the relationship between
inertia and viscosity forces is usually lower than 100 [14-16]. This means that,
during the measurement of the biological interaction under the laminar liquid
stream, the studied bio-elements move through the microchannel without mixing,
which results in a reduction of the biological interaction speed and, thus, the useful
signal size [17, 18]. In the case of the introduction of analytical fluids into the
microchannel, if no forced mixing is applied, the kinetic change of the fluids takes
from 30 seconds to 2 minutes, depending on the microchannel dimensions and
fluid flow.

The growing interest in microchannel systems has stimulated recent
research, focusing the microchannel-integrated CMUT biosensor on the
microscopic  analysis  systems (UTAS) market, where a single
biochemical/electromechanical system can address multiple challenges:
measurement, fluid pumping, mixing, and biological element positioning.
Considerable attention is being paid to the adaptation of microelectromechanical
system technologies in complex liquid microsystems so that devices may function
not only as received signal estimators but also as liquid control systems [9, 19-21].
The integration of MEMS structures into biosensors can be beneficial not only
because they may be smaller in size than analogous liquid micropumps and
mixers, but also because of the integration of this technology into various
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previously developed biosensor systems. Previous work has shown that CMUT
biosensor technology may be more sensitive due to the low mass of resonant
structure membranes and has a higher energy transfer efficiency than analogous
piezoelectric transducers with similar functions. Biosensors using the CMUT
structure can operate in a wide variety of acoustic modes, which is not typical for
most MEMS devices based on the piezoelectric effect. For example, the
fundamental CMUT structure may be much easier to use for phased transmitting
or receiving transverse or surface acoustic waves because it has a natural ability to
divide the surface of the device into many independently exciting elements.
Previous studies have shown how directional acoustic pumping and fluid mixing
in a CMUT-type biosensor microchannel may be performed using a two-phase
secondary structure [8, 22, 23].

Relevance of work

Biosensors are currently widely used in various research fields. In medicine,
they are used to detect tumors, pathogens, high blood glucose levels and toxins.
For the past few decades, scientists and researchers have been working on the
development of various biosensor technologies [2, 8] that enable diagnosis,
evaluation and monitoring of processes with biological elements, ensuring
qualitative and quantitative parameters. Currently, biosensor systems are
classified by application and detection spheres. Depending on the employed
principle of transduction, they are divided into electrochemical, mass and optical
[24-27]. Biosensor systems can also act as classifiers capable of assessing changes
in the interaction of proteins, nucleic acids, enzymes, saccharide oligonucleotides,
and ligands. Based on the types of the analyte, biosensor systems may be modified
to detect DNA, glucose, toxins, microtoxins, drugs or enzymes. In biological
detection, quantitative parameters of interaction with biological elements, such as
antibody binding to antigen, are most often monitored [6, 28, 29].

Previous research studies have shown that capacitive micromachined
ultrasound transducers (CMUTSs) may be used to detect biological elements.
CMUTs differ in their production, operation and application from MEMS
biosensors based on piezoelectric materials. Each developed biosensor technology
requires solving issues related to both technological design and service processes
as well as methods of biochemical interaction analysis. CMUT-based biosensors
are no exception. This thesis uses a transverse acoustic wave biosensor radiating
at the interface of a liquid and a solid body, such a biosensor is adapted to work in
a fluid medium and may function as a device for biological interaction detection
and monitoring, as well as for microstream control and biologically active element
positioning. Previously developed versions of biosensors [2] have a number of
technical drawbacks associated with various types of instrumental and natural
noise. Natural sources of noise include the specific effects of substances of
biological origin: protein degeneration, denaturation, and other biochemical
effects that are constantly present in bioactive systems. These effects cannot be



stabilized by technical means and, therefore, require specific signal processing
techniques with high resistance to uninformative interference. The excited
acoustic wave in the biosensor propagates through all elements of the sensor
structure: silicon, liquid, or microchannel walls. Meanwhile, useful information is
carried by the transverse Scholte-type wave propagation time and its energy
changes. Therefore, biosensors need the flexibility and adaptability of signal
processing algorithms to eliminate uninformative interference. To evaluate
biosensor readings under such conditions, multiparametric algorithms that
measure changes in the information wave caused by biological interactions work
best. Due to its energy conversion efficiency, CMUT technology is suitable not
only as an environmental or interaction estimator but also as an execution device
meant for the precise positioning of bioactive elements in the microchannel [17,
30-32].

The aim of the thesis is to design a transverse wave delay measurement
technique using sensors with a CMUT interdigital-type structure and the method
with increased resistance to various noise sources.

Research problem

Previous studies have shown that mechanical, dynamic measurement of the
properties of biological elements by MEMS devices is useful for quantitative and
qualitative diagnostics of bioelements. On the other hand, whatever the high
sensitivity potential of the resonant CMUT transducer, the resonant mode is not
suitable for real-time biosensors due to the high suppression in liquid operation.
Because the CMUT-type biosensor consists of two CMUT transmitter and receiver
interdigital-like structures, and an area for the analyte in the middle, the
biochemical interaction may be detected by measuring acoustic wave delay.
However, the current signal processing methods are not always suitable for
processing signals received with such a CMUT structure. The information comes
from more than one simultaneous channel and the signal to noise ratio is low. Due
to the noise in the signal and the complexity of the received signal, there are
limitations on the signal processing speed and the sensitivity. Therefore, there is a
need for a signal processing and interpreting methodology improving the signal to
noise ratio, which would be suitable for economically feasible technical
realization. The problem formulated in this work is addressed by creating and
analysing an innovative method of signal processing based on the use of a
convolutional artificial neural network capable of operating with microcontrollers,
microcomputers, or programmable logic arrays.

Research hypothesis

Specific signal processing algorithms with high flexibility and adaptability
may significantly improve the useful signal to noise ratio of biosensors operating
by the principle of Scholte wave delay measurement. Biosensor electromechanical
structures, normally used for wave delay measurement, may be employed for



pumping and mixing of analytical liquids, as well as positioning of biologically
active particles in a one or two axis system, alternating with the sensor function.

Objectives

1. To investigate currently employed methods of transverse acoustic wave
delay measurement and their applicability to a CMUT-based biosensor.

2. To create and analyse the neural network-based acoustic wave delay
measurement algorithm, applicable to a CMUT biosensor and compare
quantitatively with other known algorithms and measurement techniques.

3. To use the created algorithm in experiments monitoring the deposition of
biologically active elements in the analyte zone of the biosensor and to
describe them.

4. To examine the possibilities of using the electromechanical CMUT
structure of the biosensor for microfluid pumping, mixing and positioning
of biologically active particles.

To characterize microfluidic pumping from the energy point of view.

6. Toinvestigate the possibilities of using CMUT sensor microstructures for
positioning biologically active particles in one and two-axis coordinate
systems.

7. To evaluate the thermal loss of the biosensor in harmonic mode.

Scientific value

The developed biosensor signal processing methods and digital as well as
analytical models will result in the more accurate interpretation of biochemical
interactions ongoing in a CMUT-based biosensor microchannel, by flexibly
adapting to changing measurement medium and microchannel parameters.

The artificial neural network-based signal processing algorithm
demonstrated in the thesis will allow creating a signal processing system with
exceptional resistance to noise and change of measurement conditions.

The created method for modelling acoustic flow in a microchannel will
allow modelling acoustic waves excited by phased CMUT finger groups. This
method is based on the methodology of biological elements, fluid manipulation
and deposition in the CMUT biosensor microchannel.

The practical value of research results

The knowledge gained during the work will allow simplifying the
calibration of CMUT-type biosensors working in the microfluidic environment
and obtaining a better signal to noise ratio, thus reducing the dependence on the
measurement medium and other measurement conditions. The developed methods
of signal processing and acoustic wave modelling will be used to design prototype
biosensor structures and electronics ensuring their operation.

Hypotheses

Application of artificial neural networks to CMUT biosensor signal
processing may result in signal-to-noise ratio improvements of up to 15 dB.
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A biochemical interaction may be detected by interpreting the delay kinetics
of transverse waves propagating between liquid and solid.

The interdigital-type CMUT biosensor may also be used as an execution
device to control the position of biologically active particles in a one- or two-axis
system.

Thesis approval

The main results of the doctoral thesis have been published as 5 articles in
the journals listed in International Scientific Indexing (ISI) list of journals with an
impact factor and as 2 presentations at international scientific conferences.

Thesis structure and volume

The thesis consists of an introduction, four chapters, conclusions, a list of
references and a list of author’s publications. The total volume of the thesis is 99
pages, 44 figures, 3 tables and 125 bibliographic references.

1. SURFACE ACOUSTIC WAVE BIOSENSORS AND SIGNAL
PROCESSING METHODS

1.1. Surface acoustic wave biosensors
1.1.1. CMUT-based interdigital type finger biosensors

Capacitive micromachined ultrasonic transducers were first used as
biosensors in 2008. Khuri-Yakob and colleagues suggested applying the CMUT
type resonating transducer in detection of biological element mass deposited on
CMUT membranes. This biochemical detection transducer is classified as the
resonating chemical sensor [33]. Upon modification of CMUT cell membranes
with polymer material, the resonant sensor was successfully adapted to operate as
a chemical transducer for detection of gas concentrations [34]. The first CMUT
resonance-based immuno-sensor was demonstrated by Ramanavicius, VirZonis
and colleagues in 2013 [9].

The first CMUT interdigital type sensors were proposed by McLean in 2002
[35, 36]. The structure was implemented with 2 parallel interdigital fingers
separated by a distance of a quarter wavelength. A CMUT interdigital finger
structure may expediently generate wave energy by simultaneously changing the
interdigital finger phase shift. Mechanical energy generated according to the given
method propagates in the solid-liquid interface. Such a structure is adapted to
detect liquid analyte according to the integrated resonant frequency of the received
acoustic wave. As recently as 2014, VirZonis and colleagues adapted the sensor
according to the integrated biosensor received resonant frequency to detect a
biological interface and determine liquid concentrations [3, 37, 38].

1.2. Application of surface acoustic wave biosensors
A biosensor consists of 2 components: a system for biochemical interface

detection and a transducer that converts the biochemical (biological) response to
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a measurable output electric signal [25]. For the SAW device to be used as a
biosensor, it has to be coated with a biospecific layer corresponding the analyte.
Immobilising chemicals depend on the surface of a SAW device, which may be
selective. Functionalised thiols may be used on gold surfaces, while silicon or SiO2
surfaces may be used with different silanes. Both methods are employed for
attachment analysis of active monolayer specific molecules or, if needed, for
combination of the major intermediate layers, for example, hydrogels. A SAW
biosensor surface modifier does not depend on the detection method [21]. The
main SAW type sensor configuration is presented in Fig. 1. A SAW biosensor is
composed of finger pairs, which may operate like a mechanical or electric energy
generation device. Surface mounted interdigital pairs are attached to signal
generation and reading equipment.

Fig. 1. A biosensor using the interdigital type structure with an area in the middle for
detection of a biological interface

There is an analyte area between the interdigital groups. Specific molecules
(e.g., antibodies) are immobilized on the biosensor area meant for the analyte so
that later biological elements (e.g., antigens) would attach to specific molecules.
On the selective analyte area, specific molecules attached to an antigen affect the
characteristics of the propagating acoustic wave [39-41].

1.3. Processing methods of biosensor response signals

Measuring signal delay time is one of the main methods used in this thesis.
Delay time may also be referred to as signal propagation time, signal arrival time,
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delay duration. This method is widely used in ultrasound measurements, such as
non-destructive control, ultrasound imaging and diagnostic devices, sonars. In
biosensors with transverse surface acoustic waves, methods of measuring wave
propagation time (signal delay) are applicable when the interaction of biological
elements with the analytical part of the biosensor changes the speed of acoustic
wave propagation [14, 42].

The traditional, most common signal delay time measurement is the
measurement of the time elapsed between the initiation of the excitation pulse and
the moment of detection of the signal passing through the analytical area of the
biosensor (hereinafter — biosensor response or biosensor received signal). This
method is further referred to as single-pulse delay measurement in this thesis. The
potential single-pulse delay measurement accuracy increases with decreasing
duration of the excitation signal, so that the CMUT structure on the transmitter
side is excited by a signal of 1-3 harmonic periods. The received signal of the
biosensor in the receiver part is converted into an electrical signal with the
detection moment registered according to the local maximum of an oscillation
amplitude [43]. To calibrate the delay signal measurement channel, a reference
phantom with the known delay time or calculated with the needed precision may
be employed.

In the thesis, the biosensor received signal is processed in 7 different
methods:

Single-pulse delay measurement method;

Delay determination by cross-correlation;

Delay determination by signal interpolation;

Delay determination by signal approximation with an empirical curve;
Delay determination by envelopes;

The signal smoothing method;

Received signal processing by a convolutional artificial neural network.
The results of signal processing in quantitative units are presented in chapter

Nk wh =

1.4. Liquid streaming in a microchannel medium

The traditional liquid stream generation devices are implemented via the
piezo element substrate, on which interdigital type fingers connected to an impulse
generator are mounted. Via the connected CMUT fingers, the generator distorts
the surface, thus creating transverse acoustic waves [14-16, 42]. When generated
waves propagate within a liquid and solid structure, the greater part of energy is
propagated at the Rayleigh angle Ok to the liquid.

v
O = arcsin(—f); )
v‘l"

where v» — acoustic wave velocity on the surface of the solid structure, m/s; vr—
acoustic wave velocity in the fluid, m/s.
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The Rayleigh angle of refractive energy to the fluid depends on the velocity
ratio. The result of the liquid streaming effect also depends on the geometric
dimension of a microchannel and the type of microchannel material, which may
result in a destructive effect, not allowing the liquid stream to form. To compensate
this, the interdigital type architecture applied in CMUT type biosensors may be
used. CMUT interdigital type finger pairs in a biosensor are composed of two
finger groups separated by a distance of 4/4 [35, 36, 43]. This structural advantage
allows controlling the propagating energy angle regardless of the fluid type present
in the microchannel and geometric as well as substance variables of the
microchannel.

2. RESEARCH METHODOLOGY
2.1. Design of CMUT interdigital type biosensors

The arrangement of CMUT cells in a biosensor is illustrated in Fig. 2. The
black outline consists of CMUT cell arrays, which are arranged as interdigital
fingers. Symbol p defines the spacing between the fingers that are connected to
one common electric array. Parameter W refers to the width of the interdigital type
structure. Unlike in piezoelectric solutions where the interdigital type pair
composes only one finger, CMUT cell-based fingers are composed of the lower
and the upper electrodes, between which there is a vacuum gap. One of the major
CMUT advantages is the fact that twice as many fingers, composed of CMUT
cells, are possible in the same area, which allows to direct acoustic wave energy
to a specific direction.

In this thesis, double iteration transducers are used. In some transducers,
CMUT cells are designed to operate at a 10 MHz resonant frequency in the fluid,
while in others they are designed to operate at a 5 MHz frequency in the fluid. The
spaces in interdigital type finger arrangement depend on the CMUT cell resonant
frequency: they have to coincide with the propagating acoustic wavelength. In the
other case, it will be impossible to process the interdigital finger-generated and

received waves due to a weak signal.
1|| 2 || 3 || 20

Gp

- P1
20 3 ||2 ||1
L1

Fig. 2. CMUT biosensor layout
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On a scaffold of designed biosensors (silicon) operating at a 5 MHz resonant
frequency, four interdigital groups of 20 fingers each are designed. The spacing
between the fingers p = 300 um reflects the transverse acoustic wavelength, which
propagates at a 1,480 m/s velocity within the liquid-solid interface. The biosensor
consists of two groups of transmitter and receiver finger pairs, which are
composed of 2 interdigital type fingers, separated by a space pl = A/4. This
arrangement technology allows controlling the direction of the transverse acoustic
wave. Between the transmitter and receiver fingers, there is an area designed for a
100-nm gold thickness biological interface (analyte). The distance between the
transmitter and the receiver is L;=14.7 mm and the length of the analyte area is
G»=10 mm. By analogy, transducers operating at a 10 MHz resonant frequency in
the liquid were designed. The distance between the fingers is p = 146 um and the
distance between the interdigital finger groups, the transmitter and the receiver is
Li=11 mm, G,=8 mm. Such a type of structure is composed of 20 pairs as well.
The production and assembling procedures of transducers are described in the next
section.

2.2. CMUT biosensor manufacture, characterization and assembling

The CMUT biosensors used in the experiments were produced by two
different assembling technologies. The first described technology is based on the
sacrificial release methods, which were used to manufacture transducers operating
at a 10 MHz resonant frequency in the liquid. Biological element kinetics and
liquid stream experiments in this work were performed with these biosensors.
Lower frequency biosensors (5 MHz) were produced based on the wafer bonding
technology. The transducers were used for experiments of measuring and
processing the received acoustic wave signal.

In this study, microchannels of two different materials and two structures
were used. Some microchannels were made from polidimetylsiloxane and some
from acrylic glass. The microchannel made from acrylic glass (see Fig. 3a) was
processed with a programmable milling machine. The 0.3-mm? tubes with liquid
analyte connections were horizontally added into the microchannel, which was
mounted together with the biosensor through the 100-pm thick polyamide tape
with a cut microchannel 3 mm in width and 12 mm in length.
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Fig. 3. In experiments, CMUT biosensors with different types of channels were used.
a) —a 5 MHz biosensor with a closed organic glass microchannel; b) —a 10 MHz
closed biosensor with a PDMS microchannel; ¢) —a 10 MHz open biosensor with a
PDMS channel

Open (see Fig. 3c) and closed (see Fig. 3b) type microchannels were made
from polidimethylsyloxane (PDMS). In a PDMS closed channel, liquid
connections to the external liquid pumping device were designed.

2.3. Assessment of acoustic wave propagation delay

Measurement of acoustic wave propagation delay may be performed by
various signal processing methods, such as cross-correlation, envelope, etc. In this
thesis, traditional methods of acoustic wave propagation delay assessment are
compared with an innovative artificial neural network-based algorithm. In order
to describe the results obtained using the method proposed in this thesis, the
comparison is performed with traditional signal processing methods.

The experiment was conducted with a biosensor operating at a 5 MHz
resonant frequency in the liquid. It’s interdigital fingers were arranged at distances
of 300 um. For readings of the received acoustic wave, we used FLUKE 196C
two-channel oscilloscope, connected to a low-noise amplifier. The experiment was
conducted with isopropyl alcohol, and a solution of isopropyl alcohol and
deionized water (at a ratio of 1:200). The acoustic wave propagation delay was
measured by one or the other signal processing method (see Fig. 4).
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Fig.4. Assessment of wave propagation delay by monitoring the change in one peak or
one peak group in time

During the experiment, acoustic wave time and voltage data were recorded
and stored as primary unprocessed material, which was used as a database for
signal propagation delay processing by analytic methods. Experiment results and
signal processing are described in the results section.

2.4. Processing of CMUT biosensor acoustic wave signals by artificial
neural networks

This section presents a methodology for biosensor signal processing used
for signals of biosensors with a delay line, by using various methods of signal
approximation, correlation and interpolation. The results of such signal processing
are compared with the new proposed signal processing methodology where neural
networks with convolutional primary processing are applied. The conducted study
demonstrates a significant signal to noise ratio increase when a trained
convolutional artificial neural network is applied for analysis of wave propagation
measurement results. The experiments were conducted using CMUT interdigital
type biosensors.

The implementation of the method is complex and consists of a few stages.
First, the demonstration of acoustic wave propagation delay processing methods
using correlation, envelope, interpolation and combined time signal processing
methods was performed. Other sections present methods like convolutional type
networks, applied for classification of biosensor readings according to acoustic
wave propagation delay. A convolutional artificial neural network is trained to
operate as a biosensor received signal spectrogram, which demonstrates acoustic
wave signal power according to the time-frequency domain. Spectrograms are
composed of FDTD modelling results and experimental data. The real biosensor
geometric dimension is applied to define the model in a FDTD environment.
Model environment parameters (density, velocity, attenuation) are selected using
the delay correlations with a mean square deviation algorithm. Model parameters
are correlated on the basis of experimental results, obtained on isopropyl alcohol.
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2.5. Use of convolutional neural network for processing of biosensor
response signal

The experiment preparation stage is illustrated in Fig. 5. The microchannel
is connected with a biosensor device through a 100 um polyamide tape with a cut
20x3 mm aperture. The tape connects a biosensor silicon structure with a
microchannel making a hole which is 100 um in height and 3 mm in width, filled
with the analysed liquid. Two 0.3-mm liquid connections are added into the
microchannel for pumping the analysed liquid via an external peristaltic pump. In
the experiment, one of the CMUT interdigital structures is connected to the signal
generator (3, Agilent 33522A), and control contacts on the other side of the
interdigital type structure are connected via a transmit/receive switch (6, TX810)
to a low-noise amplifier (LNA-AD8432). The amplified signal is connected to an
oscilloscope (8, FLUKE 196C). The CMUT structures of the assembled biosensor
are supplied with a 30V direct voltage (5, Agilent N7752). The wave propagation
velocity is influenced by temperature: therefore, the results are compensated
taking into account the temperature of the liquid pumped in and out. To measure
the temperature, digital thermocouples are used.

Fig. 5. Biosensor maintenance equipment used in experiments: 1 — biosensor; 2 —
peristaltic pump; 3 — signal generator; 4 — BIAS; 5 — direct voltage source; 6 —
transmitter/receiver signal switch; 7 — low-noise amplifier; 8 — two-channel
oscilloscope; 9 — computer; on the right, a fully assembled biosensor with a
microchannel

The aim of the first experiment was to verify the trained CNN. In the
experiment, standard reference liquids were used: deionized water, isopropyl
alcohol and 0.9% physiological solution. The liquids were used in the experiment
with known parameters like density and acoustic wave propagation velocity. In
the experiment, the biosensor microchannel was filled with a standard reference
liquid and the measurement system was turned on. The recorded signal is
transformed into a spectrogram and presented to a trained network in an
expectation that the trained convolutional neural network will determine the
received signal wave propagation delay, which will allow measuring wave
propagation velocity between the liquid and solid structure.
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In the second experiment, two different signal processing methods were
compared: the trained convolutional network and the methodology for wave
propagation delay measurement by envelope tracking when its received signal is
processed with a band pass filter. The results are described in the results section
Bovine serum albumin (BSA) was used in the experiment to determine the
deposition dynamics of biological material on the golden area of the biosensor
analyte at different BSA concentrations (0.1 mg/mL; 1 mg/mL; 3mg/mL).
Determination of BSA deposition dynamics has been performed in many
biochemical experiments and in our previous works when a biosensor resonant
frequency change, rather than wave propagation delay, was used to determine
concentration. BSA deposited on gold attaches by forming a monolayer of
biological elements, which changes the properties of acoustic wave propagation in
the liquid-solid interface, which in turn affects wave propagation delay.

2.6. Liquid stream control in a microchannel by a CMUT interdigital type
finger structure

Resonant frequency of capacitive micromachined ultrasonic transducers
depends on mechanical transducer load. Other important parameters are geometric
dimensions: the distance between the transmitter and the receiver as well as
between CMUT cell fingers. Control parameters are selected depending on the
finger arrangement geometry. These parameters are used to create in a
microchannel a directionally operating force which enables liquid pumping and
mixing. Via finger groups, the energy generated to the liquid creates the Gor’kov
potential. Depending on reflections formed in a microchannel, which are affected
by liquid medium and microchannel geometric parameters, nodes are formed in
the fluid where force-caused pressure occurs. The Gor’kov potential defines the
position of manipulated particles in a microchannel.

The geometric environment of the liquid stream dynamics medium is
defined according to the architecture of CMUT transducers operating at a 10 MHz
resonant frequency, used in the experiments (presented in section 2.1). In the first
stages of modelling, force parameters are selected to create force and radiation
directions in a microchannel (see Fig. 6).

The transducer is composed of interdigital pairs separated by a space of /4.
By changing the excitation stage of these fingers, the direction energy of
generation is changed, on the influence of which a fluid stream is formed in the
microchannel. In the first stage of modelling, it is demonstrated how CMUT type
transducers may create the Rayleigh refractive wave effect. This effect is defined
as the force vector, calculated according to the wave propagation velocity within
the liquid and the transverse wave velocity of the solid structure. In the second
stage of modelling, based on the refractive wave effect and more than one
interdigital finger group, the Gor’kov potential is applied in biological element
positioning. The method is grounded on two separate interdigital type finger
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arrays, the forces of which sum up thus creating constructive and destructive
interference. The force potential is presented as pressure. In locations with the
lowest pressure, manipulated particles are accumulated (see Fig. 7).
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Fig. 6.  Control of acoustic stream direction, by changing the excitation stages of
transducer fingers: a) 0° phase shift; b) —90° phase shift; ¢) +90° phase shift

Fig. 7 shows the control methodology where the Gor’kov potential is
generated in a microchannel by application of CMUT finger pair groups. The
result might be applied in positioning microspheres or biological elements. In
order to justify this method, dynamic modelling was performed, which showed
that the FDTD method reveals through the effect of finger group interface that
may be used to control the liquid stream and microspheres or biological elements
in a microchannel.

b) AN wmoomm@wmm

BiAYAYALYEVAYAVEVAVEEE TN TN f)
D e

| f\WwvmoétM!@/\ L

V\/U‘VV\/\/\J""

AANNNNNAN

Fig. 7. Stages of microsphere and biological element positioning: a) establishing 2
interdigital type finger (transmitter) pairs to generate transverse acoustic waves; b)
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balancing finger excitation by regulating signal generator phases; c) enabling
receiver fingers to generate transverse acoustic waves (a—b stages); d) balancing
transmitter and receiver fingers so that transmitter- and receiver-generated transverse
acoustic waves overlap at 180°; e) the transducer immersed into a liquid medium
radiates acoustic energy at the Rayleigh angle to the liquid; f) radiated acoustic
energy to the liquid creates a rotational energy transfer effect, which repeats itself at
a wave propagation length; g) radiating transmitter and receiver refractive waves at
the Rayleigh angle produces 4/2 rotational forces in the opposite directions, which
further generate the lowest acoustic pressure. After adding microspheres, smaller
than a wavelength, into the liquid, they are positioned into the lowest pressure area.

In order to justify the model, experiments with 15-um size polyester
fluorescent microsphere mixed with deionised water at a proportion of 0.003
pg/mL were conducted. The microspheres were infiltrated into the microchannel.
CMUT interdigital type transducers separated by a space of /4 were excited with
a standing acoustic wave. By changing the transducer interdigital pair shift phase,
we assessed the radiation caused by acoustic waves in liquid mixing, pumping and
microsphere positioning. The experiment was recorded on a 0.8 MP camera with
a 10x zoom function.

2.7. Diffusion Kkinetics and acoustic flow measurement

The experimental structural scheme of a liquid diffusion and acoustic stream
measurement system is presented in Fig. 8. Liquid stream in the biosensor was
maintained by using a peristaltic pump, which was connected to the biosensor
microchannel by 0.5 mm silicon tubes.

Fig. 8.  Diffusion kinetics and liquid acoustic pumping measurement scheme: 1 —a
camera; 2 — a microchannel with integrated interdigital type fingers; 3 — electrical
connection contacts of a transducer; 4 — liquid connection contacts; 5 — a peristaltic
pump; 6 — colour/transparent liquid storage; 7 — direct voltage source; 8 — BIAS; 9 —
signal generator
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For control, electric contacts of the biosensor are connected to a direct
voltage source and signal generator. To measure the acoustic streaming, the
microchannel system was filled with a coloured liquid or microspheres. Liquid
diffusion kinetics in a microchannel was recorded on a video camera.

To process the image, a software algorithm was developed and the visual
material was analysed according to the speed of colour change or microspheres.
The video was segmented into shots. In the first stage of algorithm
implementation, the mask filter was applied and uninformative areas in the visual
material were eliminated. From the informative area matrix, the average value was
calculated and represented on a time scale according to the shot time. Thus, the
streaming kinetics in a biosensor may be assessed. By measuring the speed of
movement of the microspheres, the microspheres are identified in each frame and
the displacement is calculated by comparing their position in the two adjacent
camera frames. From the displacement are knowing the time difference between
adjacent frames and the velocity of the microspheres is calculated.

2.8. Biochemical interaction measurement and Kkinetics

Experiments conducted with biologically active materials allowed us to
assess the sensitivity range of biosensor kinetic interface. Bovine serum albumin
(BSA) concentrations with a 0.9% physiological solution were used in the
experiment. Concentrations of 0.1 mg/mL, 1 mg/mL and 3 mg/mL were used.
When BSA solutions are added into a microchannel, depending on the
concentration size and duration, the biosensor analyte area adsorbs BSA elements,
resulting in change of electric measurement units of a biosensor received signal,
for example, CMUT integrated resonant frequency or wave propagation delay. In
order to assess the influence of acoustic streaming on the biological interface, we
conducted a study to determine the dependence of BSA component kinetics on the
BSA concentration size. In the second stage of the experiment, the BSA element
deposition experiment was conducted where transverse acoustic waves were
applied. New sensors were used in each stage of the experiment.

3. RESEARCH RESULTS
3.1. Verification results of biosensor received signal

To characterize the experimental data by estimating the acoustic waves
generated on the biosensor, the transmitter interdigital-type fingers are excited by
a single high-frequency pulse, both in the FDTD model and in the actual
experiment. Verification of the model involves experimental measurements of the
received signal with liquid samples of known characteristics, such as deionised
water with an acoustic wave speed of 1,481 m/s (20°C) and a density of 997 kg/m>.
The model describes a transducer base with a longitudinal acoustic wave velocity
in silicon of 8,433 m/s, a transverse acoustic wave velocity of 5,840 m/s, and a
density of 2,329 kg/m>. The upper part of the biosensor has a microchannel with
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longitudinal acoustic wave velocity of 1,713 m/s in acrylic glass, transverse
acoustic wave velocity of 1,189 m/s, and density of 1,181 kg/m?.
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Fig. 9. CMUT-based biosensor received signal verification through the frequency
domain

In the course of the experiment, a time domain signal is read from the
biosensor and converted to frequency response. Within the signal, the maximum
frequency characteristic peaks are identified and the finite-time difference model
is matched. The search for the physical parameters of the environment is
automated by applying an identifying algorithm for finding the frequency change
of the frequency domain.

The analytical method provides the phase acoustic wave velocities, which
are converted into the frequency domain according to the geometric dimensions
of the applied transducer interdigital fingers. The received signal frequency band
in the analytical method is calculated according to the periodic spacing of the
CMUT finger positions (A — 300 pm).

Frequency is calculated by dividing the phase velocity of the analytical
model by the finger placement period. Discussion of the results in the graph (Fig.
9) shows the predominance of peaks at 5 MHz. This peak describes the transverse
acoustic wave propagation between a liquid and a solid substance. Comparison of
the results of experiments and FDTD with the analytical model shows that the
informative signal which can describe the biochemical interaction is only at 5
MHz. Other formed peaks describe other phase velocities obtained from
reflections or other modes in the biosensor layers.

3.2. Determination of acoustic wave propagation delay by mathematical
methods

For experimental measurements, a concentration of isopropyl alcohol with
deionised water (1:200) was used. The experiment was performed with a 5 MHz
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resonant frequency biosensor (in water) with the interdigital fingers spaced 300
pm. To obtain the experiment adequacy, it was repeated 5 times. The FLUKE
196C dual-channel oscilloscope was used to receive the acoustic wave. During the
experiment, the peristaltic pump was used to fill the microchannel with 0.4
mL/min of isopropyl alcohol. After 50 seconds, the liquid was changed from
isopropy! alcohol to a solution of isopropyl alcohol in deionised water. After 550
seconds, the peristaltic pump inlet was returned to isopropyl alcohol. The results
of the experiment are presented in Fig. 10, which shows the findings in 5 methods
determining the acoustic wave propagation delay.
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Fig. 10. Signal processing methods comparation. Illustrating strips show for 30 ns
reference of signal change experiments.

The results show the estimated received signal wave propagation delay,
which was processed by 5 different signal processing methods. Some signal
processing methods were combined because of noise in the measurement system
that distort the results.

In the first case, when attempting to estimate the biosensor wave
propagation delay, the envelope method failed due to the high frequency and low
frequency noise generated in the signal. Intermediate signal processing, a band
pass filter, was required to estimate the wave propagation delay. The most popular
method used to determine the acoustic wave propagation delay is the phase shift
measurement method. In this case, the noise figure calculation method was used
to compare the signal processing methods. The calculation methodology is given
in expression (3).

|Sm |
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FEEIM = 5,12

N = 10lg )
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where S,,, — modelled signal, M — average of measured signal noise RMS [44].
Table 1. Comparison of signal processing methods by the signal noise ratio

A, dB B, dB C,dB D, dB E, dB
64,89 63,46 58,87 59,90 65,56

To summarise the comparison, we can see that the maximum signal to noise
ratio of 65.65 dB is obtained in the E case when an adaptive bandpass filter and
delay measurement are performed by cross-correlation. The lowest ratio is
obtained in the case of C (58.87 dB) when using the envelope maximum method
without any further signal processing. The latter method of measurement delay
was used in our previous work [45, 46]. A noticeable improvement in the signal
to noise ratio may also be obtained by interpolation algorithms and high-resolution
time axis synthesis. Thus, the signal to noise ratio improvement of up to 6.67 dB
may be achieved by employing the most appropriate signal processing technique
and appropriate delay measurement method.

3.3. Application of the convolutional network for identification of liquid
media

Fig. 11 shows a CNN signal processing fragment. The image on the left
shows the signal received during the experiment. The center image shows the
spectrogram converted from the received signal, and the image on the right shows
the error map of the trained convolutional network. The classifier error map
represents the estimated noise in the received signal, which shows that elimination
of the noise may be inefficient even in the narrow bandwidth filter. In the error
map (Fig. 11), yellow colour is used to represent the informative part of the signal
activated by the convolution operation and filtered using the ReLu function. The
transition from blue to yellow means that the fragments are identical in terms of
different fluid characteristics of the analysed signals.
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Fig. 11. Measured signal processing with the trained CNN network. The figure on the
left shows the measured signal in the time and voltage scale. The figure in the center
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shows the measured signal spectrogram, introduced to the trained CNN network. The
figure on the right side shows the signal mismatch map (activation).

The results of the experiment verifying the trained convolutional network
are shown Table 2. The table provides statistics describing the percentage of
undetected real and modelled signals. The lowest error rate was estimated by
network verification with isopropyl alcohol.

Table 2. Application of trained CNN in detection of the liquid

Substance Wave propagation Density, Modelled Measured
velocity in the kg/m? signal signal
liquid, m/s mismatch mismatch

(%) (%)

Deionised (20°C) 1,481 997 1.5 9.1

Isopropyl alcohol 1,170 786 1.1 6.6

(20°C)

Physiological 1,450 1,040 1.8 114

solution 0

0.9% (20°C)

Finite time difference model was based on experimental results performed
with isopropyl alcohol. This was influenced by the inferior adhesion interaction in
water and physiological solution, which has been previously observed and
described by our group colleagues[32, 47].

The better the adhesion of the liquid in the solid-liquid interface, the greater
the amplitude of the measured acoustic wave. Dozens of duplicate experiments
were performed to validate the results. Known parameter fluids were used to
validate the trained convolutional network. The highest error detection rate was
verified in a physiological solution, reaching up to 11.4%. Such results were
obtained due to poor watering of the silicon surface, which is higher compared
with the modelled signal amplitude. A greater amount of unrecognised findings
was influenced by the fact that during the experiment the liquids were changed. In
a microchannel when liquids are changed, their concentrations change, which
further affects both the wave propagation velocity and the density of the liquids.

3.4. Assessment of convolutional neural network sensitivity

Real-time experiments were performed with the aim to find a practical
advantage of the convolutional trained network application method for biosensor
signal processing. Section 3.2 compares signal processing methods for the
biosensor signal analysis, used in previous work, with a CNN classifier algorithm
trained on the basis of the results of a finite-time difference method. The finite-
time difference modelling results were additionally supplemented with various
levels of electrical signal noise. Fig. 12 demonstrates the results of comparison
between the two different signal processing methods. In the experiment, liquids of
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different mechanical properties that have influence on the biosensor received
propagation delay are changed. The middle line of the figure shows the results of
the signal generated by the FDTD method, which are compared with the signals
above and below. The upper curve of the figure shows a wave propagation delay
in the case of the trained CNN network. The curve in the lowest position illustrates
the analytical (band pass filter with an envelope maximum tracking algorithm)
result of the received signal processing. At the beginning of the experiment,
deionized water is added at 0.4 cm>/min debit through the biosensor microchannel.

The compared results of the signal processing methods with those of the
FDTD method show greater fluctuations of higher frequencies in each processed
curve. These fluctuations may be explained as noise that occurs due to the
measuring devices. In processing a signal with a band pass filter with an envelope
tracking method algorithm, the measurement results are limited by a sampling rate
of 9 ns. To obtain results with a higher signal sampling rate, a larger sampling rate
measuring device is required.
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Fig. 12. Measurement of wave propagation delay in the real time. The liquid change

stages in the experiment are as follows: deionised water > physiological solution
0.9% > deionised water. The signal wave propagation delay was calculated from a 20
us received signal. Assessment of wave propagation delay using a band pass filter is

shown at the top, while using the trained convolutional network — at the bottom.

On the contrary, the CNN processing methods has no signal quantisation
effect, resulting in a more even distribution of the fluctuation amplitude. By
eliminating dynamic fluid diffusion effects in the signals and applying noise
window estimation methods, the signal-to-noise ratio is assessed. The signal-to-
noise ratio using a band pass filter is 60 dB. Meanwhile, it is 75 dB when a trained
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CNN network is used. The signal-to-noise ratio improves by 15 dB when using
CNN for signal processing.

In the next signal processing method, the sensitivity experiment was
performed with bovine serum albumin (BSA), which was deposited on the
biosensor analyte (gold) area. Previous studies have defined that a monolayer is
formed upon proteins binding on the gold surface. Thus, the BSA material is
suitable for verification of the biosensor function. Fig. 13 shows the results of the
experiment with different water and BSA solutions. By means of solutions, BSA
is deposited on the analyte area of the biosensor. Before the experiment, 4
concentrations of BSA and water solution were prepared, mixing deionised water
and BSA concentrate. During the experiment, the received signal was processed
with a trained CNN classifier and smoothed to eliminate the noise generated by
the used devices (instrumental noise).
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Fig. 13. BSA protein deposition on the biosensor selective area. The dotted line: high
level means BSA and water concentration; low level means water.

The analysis of Fig. 13 shows that curves of different levels and dynamics
form with different BSA amounts in the water. As BSA settles on the biosensor,
the propagation delay of the acoustic wave changes. Almost all concentrations of
BSA solutions show an effect on the measured signal, except at 0.1 mg/mL BSA.
After BSA has been deposited, deionised water is again added into the
microchannel, after which the wave propagation delay stabilises to its initial value.
The change in wave propagation delay is related to the change in density of the
materials being measured. As the density of BSA is greater than that of water, the
wave propagation delay in the signal is reduced. The wave propagation delay does
not return to its initial value after water is added (from 2,500 seconds), due to the
formation of a BSA protein monolayer on the selective biosensor area. The higher
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dynamics between 1 mg/mL and 3 mg/mL concentrations can be explained by the
emergence of higher density in the microchannel. However, after the channel flush
procedure, at either 1 mg/mL or 3 mg/mL, the signal stabilises to similar levels of
wave propagation delay. It can be assumed that the entire analyte site is covered
with BSA protein. In the experiment with BSA concentration of 0.1 mg/mL, no
radical change between solution and water was observed. It may be argued that
the resolution of the measurement device and the digitization period are too small
to capture the interpretable change in wave propagation delay.

3.5. Acoustic liquid streaming control

The CMUT interdigital type fingers generate a mechanical wave
propagating from solid-liquid interface that transfers part of the energy to the
liquid microchannel medium at each wave period due to ultrasound diffraction.
This effect is non-linear due to the attenuation and viscosity parameters. When the
acoustic wave is attenuated as it is transmitted to the liquid medium, due to the
relationship between the inertia and the viscosity forces with the geometry of the
channel and the liquid parameters, dynamic liquid streaming effects appear.
Depending on the environment and the layout of ultrasonic transducers, fluid
mixing, pumping and manipulation effects can be created in the microchannel.

To evaluate the effect of liquid pumping, a long-term microchannel was
additionally modelled, in which the generated directional force creates a fluid
pumping effect (Fig. 14).

a)
b)

Fig. 14. The liquid pumping dynamics model in a microchannel when CMUT finger
pairs are excited with a continuous sinusoidal shape at different excitement phase
shifts: a) —90° b) +90°

The model shows that the highest pumping effect of the liquid is in the
middle of the microchannel. At the sides, the liquid stream is lower due to viscosity
forces. Fig. 14 shows how force created with the same CMUT fingers acts on the
liquid in the direction of force generation. When experiments on liquid colour
change diffusion and experiments measuring biological elements were conducted,
a fully enclosed microchannel with laterally introduced fluid inlets was used. An
external peristaltic pump was used in the experiments, which created an additional
flow of the fluid in the microchannel. This principle is shown in the model results
(see Fig. 15).

The arrows on the left side of the model represent the input of the fluid
stream into the microchannel, while on the right side there is an output of the fluid
stream from the microchannel. The flow rate of the inlet liquid into the
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microchannel is the same. By exciting the CMUT fingers, force is created that acts
in the direction of external flow (b) and against the direction of external flow (a).
By the generated CMUT finger force, which acts in the direction of flow
movement, the fluid in the microchannel flows along the bottom of the
microchannel. If the force generated by the fingers acts against the flow, the fluid
in the microchannel flows on the surface of the microchannel. Applying this effect
to real-world conditions allows acoustic power to control biochemical and mixing
interactions in fluids.

b)

Fig. 15. The liquid dynamics model in a microchannel with an external liquid stream
inlet and outlet when CMUT finger pairs are excited with a continuous sinusoidal
shape at different excitement phase shifts: a) —90°; b) +90°

To control the liquid flow, an experiment was performed, which was aimed
at determining the fluid pumping rate. The experiment was performed using 10
MHz interdigital-type biosensors with an interdigital spacing of 148 um. The
transducer was equipped with a 100-um high organic glass microchannel with
liquid debit connections. In the experiment, the microchannel was filled with 15
um fluorescent polystyrene microspheres (density 1,055 kg/m?) and deionised
water (density ~ 1,055 kg/m?) at a ratio of 1:10.
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In the experiment, the phase shift of biosensor interdigital finger pairs was
changed. The video camera was used to assess the microsphere movement velocity
in the microchannel. During the experiment, the phase shift of the sinusoidal
excitation signal between the CMUT interdigital fingers was altered (see Fig. 16).
The obtained results were compared with the model results. Excitation of
transducer pair fingers through a 0° or 180° phase shift resulted in equal
propagation of transducer-generated energy power direction on both sides. The
comparison of experimental and modelled results showed a difference in the total
phase shift. The results were affected by the transducer total inclination angle. The
greatest microsphere movement velocity was recorded when transducer finger
pairs were excited at 90° and 270° (-90°) phase difference. The direction of
microsphere movement was different. Assessment of the liquid pumping
efficiency according to the microchannel geometric dimension and microsphere
movement velocity demonstrated that the liquid-affecting power was 4 pW, while
total CMUT transducer power was 16.4 mW.

3.6. Acoustic streaming kinetics

In the experiment with coloured and painted liquids, liquid diffusion was
observed in the biosensor microchannel. The liquid was pushed through the
microchannel by a peristaltic pump at a 0.1 cm*/min debit. In the first stage, the
microchannel was filled with a transparent liquid, when the microchannel was
filled, experiment recording was started using the video camera. After 10 seconds,
the peristaltic pump was stopped and the transparent liquid was changed to the
coloured liquid. The results were processed following the methodology described
above. We assessed the acoustic power and pumping velocity ratio and performed
several repeated experiments keeping the transverse acoustic wave direction the
same in all the experiment. To validate the results, dozens of repeated experiments
were conducted. The results of the experiments are presented in the graph (Fig.
17).
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Fig. 17. The increased direct (BIAS) voltage of CMUT transducers increases the liquid
mixing effect.

30



During the experiment, the biosensor CMUT cell voltage was changed
within 57-67 V range. The result shows that increasing CMUT cell power
increases the intensity of liquid mixing because of increased acoustic energy.

3.7. Group interdigital finger interface in the control of liquid streaming

The chapter “Liquid stream control in a microchannel by a CMUT
interdigital type finger structure” described the effect of CMUT interdigital type
finger-generated force to the liquid, when liquids are pumped and mixed. This
summary of the study results shows how acoustic power generated by CMUT
interdigital finger groups affects the liquid in the microchannel. The expression of
acoustic wave velocity modelling is integrated into the liquid dynamics model
through the Gor’kov expression. This method is aimed at creating acoustic
“tweezers”’, which may block the biological element position by pressure nodes in
the microchannel. By simultaneously changing the CMUT finger group phases,
the position of acoustic tweezers in a microchannel may be changed. Fig. 20
demonstrates the marginal modelling results when the phase difference of CMUT
two finger group was altered. The force radiating to the microchannel was
calculated according to the maximum value of the total force generated by the
fingers of each group, while generating the force towards the middle of the
microchannel horizontal.
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Fig. 18. Pressure finger formation in the microchannel through control of CMUT finger
groups. The figure demonstrates the total force of two finger groups when the phases
between the finger groups pass by at: a) 20°% b) 90°; ¢) 180°.

Fig. 18 shows the pressure distribution in the microchannel: cold colour
(blue) marks the negative direction pressure, and warm colour (red) marks the
positive direction pressure. The arrows indicate the direction in which the liquid
is affected by the energy of the CMUT interdigital groups. Black oval shapes
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outline how the liquid moves. The illustration shows that the liquid in the
microchannel rotates in a circle. The finger groups of the CMUT transducers
generate energy along the horizontal axis to the inner side of the microchannel,
with the phases extending less than or more than 180°, creating a liquid pumping
effect in the microchannel. The force exerted on the two sides of the liquid is
balanced when the finger groups of the CMUT are excited by a 180° shift. The
force ratio is then the same at each wavelength, forcing the liquid to move in a
rotational contour every A/2. In other cases, the vector of the total energy force
generated by the interdigital groups directs the liquid to move in a certain
direction. The Gor’kov output describes the location where the positioning
elements will accumulate in the microchannel. Accumulation of biological
elements occurs at the lowest pressure values when the pressure is closest to zero
(Fig. 18c Biological element accumulation areas).

Interdigital finger positions

Microchannel

Liquid input to a2)
the microchannel

Fig. 19. Group interdigital finger interface in the x—y axis domain. Formation and
control of pressure nodes (warmer colour)

In the presented model, the minimum and maximum pressure values are
given in the x—z coordinate domain (see Fig. 18). Pressure effect simulation in the
x-y coordinate domain of the microchannel was also performed using the FDTD
method. Modelling methods were used to investigate the interaction of interdigital
finger groups by monitoring the pressure structures induced by CMUT cells (see
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Fig. 19). The model consists of 4 pairs of CMUT finger groups, which are marked
as 1-4 in the figure. Each finger group consists of 20 pairs of fingers, when the
spacing between fingers A = 300 pm. Each group has integrated secondary fingers
(together referred to as a pair of fingers), which are separated by the distance of
M4 between the primary fingers. The parameters of the microchannel medium in
the model are as follows: density is 997 kg/m3, and velocity of acoustic waves in
water at 20°C is 1,481 m/s.

The solid-state foundation and microchannel parameters are eliminated by
modelling the wave propagation effect in the liquid medium. Based on the design
parameters of the CMUT cells, the transducers are excited by a constant 5 MHz
sinusoidal signal. Since the model is made of two pairs of interdigital, the pairs of
transducers are excited through a shift of =90 °, which causes the ultrasonic energy
to be directed to the center of the microchannel (1, 3, and 4 interdigital fingers),
while the second interdigital finger pair is excited through a phase shift of +90°.
With respect to the horizontal axis, 3 and 4 finger groups are inclined at an angle
of 22°.

The combined effect of interdigital fingers in the microchannel occurs when
more than several finger groups are used. The FDTD modelling method simulates
the effect of pressure fields when the liquid in the microchannel is exposed to
several directional sources of acoustic waves. In the first case, the microchannel
is modelled, which is marked as a red rectangle in the figure, and pressure
structures (warmer colour) are visible. Scattered pressure structures are formed
using 1, 3, and 4 finger groups (Fig. 19a). Due to the interdigital-induced pressure
structure effect, this method is best suited for mixing and pumping liquids.
Maintaining the excitement phase shift of interdigital pairs (-90° or + 90°) and
changing the overall phase shift of interdigital groups in the model enables the
positioning of the pressure structure in the microchannel in all directions of the x—
y axis domain. By asserting the Gor’kov effect in the microchannel structure, the
resulting pressure nodes are expected to accumulate materials smaller than A.

In the second model (Fig. 19 b), only 3 and 4 finger groups were used.
Changing the total finger group phase shift leads to a tunnel-type pressure structure
formation. As it has been already mentioned, finger pairs have two pairs of fingers.
The spacing between the fingers is 300 um, but the finger groups are turned at an
angle of 22° relative to the horizontal axis. Due to these parameters, the pressure
node will be longer than 300 pm. Length can be calculated based on this formula:

Ar = (= sin(y g0A) + 4 3)
i=0

where A — length of the pressure structure; ¢; — angle relative to the horizontal
axis; A — interdigital finger pair wavelength.
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This method is proposed for use with an additional liquid pump. Adding
active substance samples to the microchannel via the pump and changing the total
third and fourth interdigital group phase shift allows this method to be used as a
positioning system of biological elements on the analyte area in the microchannel.

CONCLUSIONS

1. It was determined that among the known signal processing methods
applicable to the biosensor being created, the best signal to noise ratio is
provided by a cross-correlation algorithm with an adaptive bandpass
filter. This algorithm can achieve a signal to noise ratio of 65.56 dB in
respect of a 30 ns informative delay signal.

2. The CNN algorithm of biosensor signal processing has shown that it can
achieve a 15 dB better signal to noise ratio in comparison with other
known signal processing methods.

3. A bovine serum albumin (BSA) deposition monitoring experiment on
the microchannel analyte area showed that at different BSA
concentrations the biosensor readings exhibited the typical BSA
adsorption kinetics on the gold surface. We conclude that real-time
biosensor data processing by the CNN algorithm may monitor the
kinetics of biochemical interactions.

4. By varying the phase difference between the excitation signals of the
interdigital-like structure, it is possible to achieve such a microstream
arrangement that the liquid in the sensor microchannel is pushed, stirred
or pumped.

5.  The effective velocity of microparticle movement in the microchannel
caused by acoustic microstreams was experimentally found to be 50
um/s, when all CMUT structures in the sensor were excited
harmonically and the phase difference between the excitation signals of
the sensor structures was 90°. In this mode, the sensor transmits 4-pW
net power to the microparticle stream while using about 16 mW of
electrical power at the same time.

6. Simulations showed that the design of the biosensor is suitable for the
precise positioning of biologically active microsized particles in the
microchannel in both one-dimensional and two-dimensional coordinate
systems. Such biosensor properties may be used for more sophisticated
biochemical measurements because of their ability to manipulate
different microparticles, separate them from each other, or merge
microparticle streams.

7. Thermal loss measurements showed that the CMUT converter in the
biosensor, excited harmonically, radiates an average of 14 mW of
thermal power.
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REZIUME

Darbo aktualumas

Siais laikais biojutikliai yra platiai taikomi jvairiuose mokslo srityse.
Medicinoje jie yra naudojami naviky, patogeny, padidéjusiam gliukozés kiekiui
kraujyje aptikti ir toksiny detekcijai. Jau kelis deSimtmecius mokslininkai, tyréjai
dirba, vystydami jvairiy biojutikliy technologijas [2, 8], kurios leidZia diagnozuoti,
jvertinti ir stebéti su biologiniais elementais vykstancius procesus, uZtikrinant
kokybinius ir kiekybinius parametrus. Siuo metu biojutiklinés sistemos
klasifikuojamos pagal taikymo btidg ir detekcijos sritis. Priklausomai nuo taikomo
transdukcijos principo, jie skirstomi j: elektrocheminius, maseés ir optinius [24-27].
Taip pat biojutiklinés sistemos gali veikti kaip klasifikatoriai, kurie geba jvertinti
baltymy, nuklerino riig§¢iy, enzimy, sacharidy oligonukleotidy ir ligandy sgveikos
procese vykstanéius pokycius. Remiantis aptiktos analités tipais, biojutiklinés
sistemos gali buti modifikuojamos DNR, gliukozés, toksiny, mikrotoksiny, vaisty
ar fermenty detekcijai. DaZniausiai biodetektuojant, stebima sgveikos su
biologiniais elementais kiekybiniai parametrai, pavyzdZiui antikiino susijungimas
su antigenu [6, 28, 29].

Ankstesni moksliniai tyrimai parodé, kad biologiniy elementy detekcijai
gali buti taikomi ir talpiniai mikromontuojami ultragarsiniai keitikliai (CMUT),
kuriy gaminimo, veikimo ir taikymo btidai skiriasi nuo pjezoelektrines medziagas
naudojan¢iy MEMS biojutikliy. Kiekviena vystoma biojutikliné technologija
reikalauja spresti tiek su technologiniais kiirimo ir aptarnavimo procesais, tiek su
biocheminés sgveikos analizés metodais susijusias problemas. Ne iSimtis ir CMUT
pagrindu veikiantys biojutikliai. Darbe naudojamas skysCio ir kieto kiino
sandiiroje sklindancios skersinés akustinés bangos biojutiklis, kuris pritaikytas
dirbti skysciy terpéje ir gali veikti tiek kaip biologinés sgveikos aptikimo,
stebésenos jutiklis, tiek kaip mikrosrauty valdymo, biologiSkai aktyviy elementy
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pozicionavimo jtaisas. Anksciau sukurtos biojutikliy versijos [2] turi eile techniniy
trikumy, susijusiy su jvairaus pobtidZio instrumentiniu ir natiiraliu triuk§mu. Prie
natiiralaus triuk§mo Saltiniy priskirtini biologinés kilmés medZiagoms specifiniai
efektai: baltymy degeneracija, denatiiracija ir kitokie biocheminiai efektai, kurie
nuolat vyksta bioaktyviose sistemose. Sie efektai negali biiti stabilizuoti
techninémis priemonémis, todél reikalingas specifiniai signalo apdorojimo buidai,
turintys didelj atsparuma neinformatyviems trikdZziams. SuZadinta akustiné banga
biojutiklyje sklinda visais jutiklio konstrukcijos elementais: silicio pagrindu,
skysc¢iu, mikrokanalo sienelémis. Tuo tarpu, naudingg informacijg nesa skersinés
Solté tipo bangos sklidimo laikas ir energetiniai jos poky&iai, todél biojutikliuose
bitinas signalo apdorojimo algoritmy lankstumas ir pritaikomumas eliminuojant
neinformatyvius trikdzius. Tokiomis salygomis jvertinant jutiklio rodmenis
geriausiai veikia daugiaparametriniai algoritmai, kuriais remiantis gali bati
iSmatuojami biologinés saveikos sukelti informatyvios bangos pokyciai. Dél
energijos konversijos efektyvumo CMUT technologija yra tinkama taikyti ne tik
kaip aplinkos ar sgveikos jvertinimo jtaisas, bet ir kaip vykdymo jtaisas, skirtas
tiksliam bioaktyviy elementy pozicionavimui mikrokanale. [17, 30-32].

Darbo tikslas — sukurti CMUT Suky tipo struktiirg turin¢iy biojutikliy
skersinés bangos vélinimo matavimo metoda ir biida, turintj padidinta atsparuma
ivairiy triuk§mo Saltiniy atzvilgiu.

Moksliné problema

Ankstesni tyrimai parodé, kad mechaninis, dinaminis biologiniy elementy
savybiy matavimas MEMS jtaisais yra parankus kiekybinei ir kokybinei
bioelementy diagnostikai. IS kitos pusés, koks bebiity didelis rezonansinio CMUT
keitikliy veikimo jautrio potencialas, rezonansinis reZimas néra tinkamas realiuoju
laiku veikiantiems biojutikliams dél didelio slopinimo veikiant skystyje. Kadangi
CMUT tipo biojutiklj sudaro dvi CMUT siystuvo ir imtuvo Suky tipo struktiiros
bei biojutiklio viduryje analitei skirta aikStelé, biocheminé sgveika gali biti
aptinkama matuojant akustiniy bangy vélinimg. Vis dél to, Zinomi signalo
apdorojimo metodai ne visada tinka apdoroti tokia CMUT struktiira gautiems
signalams. Informacija gaunama i§ daugiau nei vieno tuo paciu metu veikiancio
kanalo, o santykis signalas-triuk§mas yra mazas. D¢l signale esancio triukSmo ir
atsako signalo kompleksiskumo susiduriama su signalo apdorojimo greitaveikos
ir jutiklio jautrio apribojimais. Todél reikalinga santykj signalas-triukSmas
gerinanti jutiklio signaly apdorojimo ir interpretavimo metodika, kuri biity
tinkama ekonomiskai pagrijstai techninei realizacijai. Taip suformuluota problema
Siame darbe sprendZziama kuriant ir tiriant inovatyvy signaly apdorojimo metoda,
pagrista konvoliucinio dirbtinio neuroninio tinklo, galin¢io veikti su
mikrovaldikliais, —mikrokompiuteriais ar programuojamomis loginémis
matricomis, panaudojimu.
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Darbiné hipotezé

Taikant specifinius, dideliu lankstumu ir adaptyvumu pasiZymincius
signaly apdorojimo algoritmus, galima reik§mingai pagerinti Scholte tipo bangy
vélinimo matavimo principu veikianciy biojutikliy naudingo signalo ir triuk§Smo
santykj. Biojutiklio elektromechanines struktiiras, normaliai naudojamas bangos
vélinimo matavimui, galima panaudoti analitiniy skys¢iy pumpavimui, maiSymui
ir biologiskai aktyviy daleliy pozicionavimui vienos ar dviejy aSiy sistemoje,
pakaitomis su jutiklio funkcija.

Darbo uzdaviniai

1.

2.

7.

IStirti Zinomus skersinés akustinés bangos vélinimo matavimo metodus
bei galimybes juos pritaikyti CMUT pagrindu veikian¢iam biojutikliui.
Sukurti ir iStirti dirbtinio neuroninio tinklo pagrindu veikiantj akustinés
bangos vélinimo matavimo algoritma, pritaikyta CMUT biojutikliui ir
kiekybiSkai palyginti ji su Zinomais algoritmais ir matavimo biidais.
Naudojant naujai sukurtg algoritma atlikti biologiSkai aktyviy elementy
nusodinimo biojutiklio analitinéje zonoje stebésenos eksperimentus ir
juos charakterizuoti.

Istirti  galimybes biojutiklio CMUT elektromechaning strukttirg
panaudoti mikrosrauty pumpavimui, mai§ymui bei biologiSkai aktyviy
daleliy pozicionavimui.

Charakterizuoti mikrosrauty pumpavima energetiniu poZitiriu.

Istirti galimybes CMUT jutiklio mikrostruktiiromis pozicionuoti
biologiskai aktyvias daleles vienos ir dviejy asiy koordinaciy sistemose.
Ivertinti biojutiklio, veikian¢io harmoniniu reZimu, Siluminius
nuostolius.

Moksliné verteé

1.

Sukurti biojutiklio signalo apdorojimo metodai ir skaitmeniniai bei
analitiniai modeliai leis tiksliau interpretuoti vykstanc¢ias biochemines
saveikas CMUT biojutiklio mikrokanale, lanks¢iai adaptuojantis prie
kintan¢iy matavimo terpés ir mikrokanalo parametry.

Darbe pademonstruotas dirbtiniu neuroninio tinklo pagrindu veikiancio
signalo apdorojimo algoritmas leis sukurti signalo apdorojimo sistema,
pasiZyminc¢ig iSskirtiniu atsparumu triukSmui ir matavimo salygy
slink¢iai.

Sukurtas akustinio srauto mikrokanale modeliavimo metodas,
leidziantis modeliuoti fazuotomis CMUT pirSty grupémis suZadintas
akustines bangas. Siuo metodu grindZiama biologiniy elementy,
skys€io manipuliacijos ir nusodinimo metodika CMUT biojutiklio
mikrokanale.

Darbo rezultaty praktiné verté
Darbo metu gautos Zinios leis supaprastinti CMUT tipo biojutikliy,
dirban¢iy mikroskys¢iy aplinkoje, kalibravimg ir gauti geresnj santykj
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signalas/triuk§mas, sumazinant priklausomyb¢ nuo matavimo terpés ir kity
matavimo salygy jtakos. Sukurti signalo apdorojimo ir akustiniy bangy
modeliavimo metodai bus panaudoti projektuojant prototipiniy biojutikliy
struktiiras ir jy veikimag uZtikrinancig elektronika.

Ginamieji teiginiai

1. Pritaikant dirbtinius neuroninius tinklus CMUT biojutiklio signalo
apdorojimui, galimas iki 15 dB santykio signalas/triukSmas
pageréjimas;

2. Biocheminés saveika gali biti aptikta interpretuojant skersiniy bangy,
sklindanciy tarp skysto ir kieto kiino, vélinimo kinetika;

3. Suky tipo CMUT struktiira turintis biojutiklis gali biiti panaudojamas ir
kaip vykdymo jtaisas, valdantis biologiSkai aktyviy daleliy padétj
vienos ar dviejy asiy sistemoje.

Darbo aprobavimas

Pagrindiniai daktaro disertacijos tyrimy rezultatai aprobuoti 5 publikacijose

mokslinés informacijos instituto (ISI) pagrindinio sgraSo leidiniuose su citavimo
indeksu ir 2 praneSimais tarptautinése mokslo konferencijose.

Disertacijos struktiira ir apimtis

Disertacija sudaro jvadas, 4 skyriai, iSvados, naudotos literattiros sarasas ir

autoriaus publikacijy sarasas. Bendra disertacijos apimtis yra 99 puslapis, 44
paveikslai, 3 lentelés, 125 bibliografinés nuorodos.

ISVADOS

1. Nustatyta, kad i§ Zinomy kuriamam biojutikliui pritaikomy signalo
apdorojimo metody geriausig santykj signalas - triukSmas uZtikrina
kryZminés koreliacijos algoritmas su adaptyviu juostiniu filtru. Siuo
algoritmu 30 ns naudingo vélinimo signalo atZvilgiu galima pasiekti 65,56
dB santykj signalas - triuk§mas.

2. Istyrus biojutiklio signalo apdorojimg CNN algoritmu nustatyta, kad juo
galima pasiekti 15 dB geresnj santykj signalas - triukSmas, nei taikant
Zinomus signalo apdorojimo metodus.

3. I§ galvijy serumo albumino (GSA) nusodinimo mikrokanalo analitinéje
zonoje stebésenos eksperimento nustatyta, kad biojutiklio rodmenys jvairiy
GSA tirpalo koncentracijy atvejais pasizymi GSA adsorbcijai aukso
pavirsiuje buidinga kinetika. Darome iSvada, kad realiuoju laiku renkamus
biojutiklio duomenis apdorojant CNN algoritmu, galima stebéti biocheminés
sgveikos kinetika.

4. lvairiai kei¢iant faziy skirtumg tarp Suky tipo struktiiros Zadinimo signaly
galima pasiekti tokio mikrosrauty iSsidéstymo, kad jutiklio mikrokanale
esantis skystis biity stumiamas, maiSomas ar pumpuojamas.

5. EksperimentiSkai iStirtas efektyvus akustiniy mikrosrauty sukeltas
mikrodaleliy judéjimo greitis mikrokanale sieké 50 pm/s., kai visos jutiklyje
esancios CMUT struktiiros Zadinamos harmoniniu btidu, o faziy skirtumas
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tarp jutiklio struktiiry Zadinimo signaly yra 90°. Tokiu rezimu veikiantis
jutiklis mikrodaleliy srautui perduoda 4 pW naudingos galios, tuo paciu metu
naudodamas apie 16 mW elektrinés galios.

Modeliuojant parodyta, kad biojutiklio konstrukcija yra i§ esmés tinkama
tiksliam biologiSkai aktyviy mikroniniy matmeny daleliy pozicionavimui
mikrokanale tiek vienmatéje, tiek dvimatéje koordinaciy sistemoje. Tokios
biojutiklio savybés gali biti panaudotos Zymiai sudétingesniems
biocheminiams matavimams, nes suteikia galimyb¢ manipuliuoti
skirtingomis mikrodalelémis, jas atskirti vienas nuo kity arba sulieti
mikrodaleliy srautus.

. Siluminiy nuostoliy matavimai parod¢, kad Zadinamas harmoniniu biidu

biojutiklyje esantis CMUT keitiklis vidutiniskai spindulivoja 14 mW
Silumine galig.
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