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Abstract. ‘Lab-on-a-chip’ is integrated micro-analytical system, which could
perform sample pre-treatment, chemical reactions, analytical separation, detec-
tion and data handling. These platforms are able to convert biological, chemical
or mechanical responses into electrical signals using the piezoelectric or
piezoresistive materials. This paper discusses a piezoelectric composite material
displaying its mechanical properties such as resonant frequencies, Young’s
modulus and density. Nano composite polymer highlights the property of piezo
effect and is suitable for formation of periodic micro scale patterns on it. These
micro patterns are intended to be used as innovative functional elements in
biomedical micro hydro mechanical systems such as micro channels. Thus by
controlling surface configuration and the shape of active deformable polymer,
pressure in microfluidic vessels can be changed and mobility of the transported
bioparticles can be ensured.
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1 Introduction

Miniaturization of analytical instruments utilizing microfabrication technology has
increased the broad usage of analytical chemistry. Main focus was an increasing
demand for low-cost instruments able to analyze compounds of very small volume with
a high level of automation and precision. The terms ‘Micro-Total Analysis Systems (p-
TAS)’, and also ‘Lab-on-a-chip’, aims to develop integrated micro-analytical systems
[1], which could complete analysis cycles (e.g. sample pre-treatment, chemical reac-
tions, analytical separation, detection, and data handling) on the same micro device [2].
In addition to multi-functional abilities, micro fabricated analytical systems should
enhance performance, like fast response and increased analysis speed [3].

One of the recent new applications in this area is related to bio sensing elements
based on cantilever or membrane type sensing platforms. These platforms are able to
convert biological responses into electrical signals [4] using the piezo effect created by
the piezoelectric material, on which the active element of the system is based.

Many various materials are used as an active element in the sensing platforms,
whether it is a micro-pump, a biosensor or a drug delivery device. PDMS
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(Polydimethylsiloxane) [5, 6], PU (Polyurethane) [5], PZT (Lead zirconate titanate) [7],
Si (Silicon) [8], and SiO (Silicon oxide) [9] have shown a great promise, but all of them
lack of flexibility and abilities to change their parameters on-demand. To increase the
sensitivity and ability to change parameters of the material a high Q factor is needed
[10]. This paper discusses a piezoelectric composite material displaying its mechanical
properties such as resonant frequencies, Young’s modulus and density. Nano com-
posite polymer highlights the property of piezo effect and is suitable for formation of
periodic micro scale patterns on it. These micro patterns are intended to be used as
innovative functional elements in biomedical micro hydro mechanical systems such as
micro channels. Thus by controlling surface configuration and the shape of active
deformable polymer, pressure in microfluidic vessels can be changed and mobility of
the transported bioparticles can be ensured.

2 Experimental Setup

2.1 Piezocomposite Synthesis

Piezocomposite material used in experiments was created using PZT nanopowder and
three different binding polymers: polyvinyl butyral (PVB), polymethyl methacrylate
(PMMA) and polystyrene (PS). 80% of PZT nanopowder was mixed with solution of
polymer in benzyl alcohol under defined conditions: 80% of PZT and 20% of binding
material [11]. Thus, three coatings of different thickness were screen printed and
investigated: element 1 with a PZT + PVB coating of 50 pm thickness, element 2 with
PZT + PMMA coating of 60 um thickness, and element 3 with PZT + PS coating of
60 um thickness. More details about the synthesis of piezocomposite are presented in
paper [11]. Afterwards, a laminar microstructure of 4 um period could be embedded
into formed piezoelectric film using the thermal embossing technology. Moreover, it is
possible to increase optical parameters (surface Plasmon resonance) and ensure
antibacterial properties of the formed microstructures using silver nanoparticles. Silver
nanoparticles were formed from the solution of 0.05 AgNO; in deionized water and
dip-coated on top of the periodic microstructure [12].

2.2 Mechanical Material Properties

The properties of the binding materials are presented in Table 1. Using these proper-
ties, the density of every used composite material was calculated. The density of
PZT + PVB, PZT + PMMA, and PZT + PS were 6294 kg/m’, 6314 kg/m’, and
6290 kg/m’ respectively.

Table 1. PVB, PMMA, and PS properties.

Property PVB PMMA PS

Tensile strength | > 20 MPa |48-76 MPa | 32-44 MPa
Poisson’s ratio | 0.45-0.49 |0.35-0.4 0.4-0.41
Density 1070 kg/m® | 1170 kg/m® | 1050 kg/m®
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The bottom layer of multilayer structure is a copper foil made from UNS C10100
copper alloy. Mechanical properties of used copper alloy are presented in Table 2.

Table 2. Mechanical properties of UNS C10100 copper alloy.

Property Value
Hardness, Vickers (1/2) | 75.0-90.0
Tensile strength 221-455 MPa
Elongation at break 55%

Modulus of elasticity 115 GPa
Poisson’s ratio 0.31
Machinability 20%

Shear modulus 44.0 GPa

2.3 Multilayer Structure

A cantilever type multilayer elements were created. The proposed element consisted of
two layers: copper foil and composite piezoelectric material. Geometrical representa-
tion of multilayer structures is presented in Fig. 1.

PZT + coating material

. 1

Cu 40 um

Fig. 1. Schematical view of the multilayer specimen.

Geometrical dimensions of these three elements are given in Table 3.

Table 3. Specimen dimensions

Specimen | Coating Clamped Width (W), | Total Coating
length (C), mm | length (L), mm | mm thickness, nm | thickness, mm

PVB 15 32 18 90 50

PMMS 17 30 15 100 60

PS 20 33 21 100 60
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2.4 Dynamic Investigation of Composite Piezoelectric Material

Damping ratio and modulus of elasticity of the piezocomposite materials were deter-
mined using hybrid experimental-numerical method. Dynamical response of the mul-
tilayer cantilever in to impulse excitation were measured using laser triangular
displacement sensor LK-G3000 series together with sensor head of LK-G82 and
control block LK-G3001PV made by Keyence from Illinois, US. Signal from control
block and the generated voltage were collected with data acquisition system, a 4
channel USB oscilloscope PICO 3424, and forwarded to a computer. Obtained data
was then analyzed with Picoscope 6 software. Experimental setup scheme used to
measure dynamic characteristics of piezoelectric elements is presented in Fig. 2.

Fig. 2. Experimental setup for response characteristic measurements of multilayer piezoelectric
element consist of: (1) sensor head LK-G82, (2) horizontally clamped specimen, (3) control
block LK-G3001 PV, (4) Pico Scope oscilloscope, (5) power and wave form generator.

2.5 Theoretical Calculations

In order to compare the experimental and theoretical models, the natural frequency of
proposed multilayer specimen had to be calculated by the following formulas 1-3.
Logarithmic decrement 6 from experimental data for n observed periods was calculated
according to formula:
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0= lln X()

n x(t+nT)’ (m)

where, x(#) — amplitude at time 7 and x(¢#+nT) — amplitude at time ¢+ nT (after
n periods). Then damping ration ¢ was calculated from formula:

1

e 7

Finally the natural frequency w, of the multilayer structure was calculated according to

formula:
wa =\ 1 - &, (3)

where o, — the damped natural frequency calculated from experimental data.

3 Results and Discussion

Measured response of multilayer structure with PVB binding materials into pulse
excitation is presented in Fig. 3. Measured natural frequency of 31.5 Hz were calcu-
lated using formulas 1-3. From numerical simulations natural frequency of 32.1 Hz
was determined (Fig. 4) for multilayer construction with PVB binding material, when
Young’s modulus is 3.9 GPa. It is only 1.5% difference in natural frequencies. It could
be stated that Young’s modulus of PZT + PVB composite material is 3.9 GPa.
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Fig. 3. Graphical representation of the logarithmic decrement of the specimen with PVB
binding material.

The experimentally measured natural frequency of specimen with PS binding
material was 43.15 Hz (Fig. 5). The simulation did verify this value as the model gave
the result of resonant frequency of 43.02 Hz (Fig. 6) with the accuracy of 0.3% when
Young’s modulus of PZT + PS composite material is equal to 5.3 GPa.
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Fig. 4. Resonant frequency of the specimen with PMMA binding material.
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Fig. 5. Graphical representation of the logarithmic decrement of the specimen with PMMA
binding material.

The PZT + PMMA composite material has shown the highest Young’s modulus of
all three specimens. The value of the Young’s modulus for PMMA is 6.3 GPa. It was
also calculated comparing the theoretical (Fig. 8) and experimental (Fig. 7) results of
the specimen with PMMA binding material. Theoretical natural frequency was
46.99 Hz and experimental value — 46.17 Hz. Only 1.8% difference has been noted.

The presented material could be used for formation of micro channels with con-
trollable parameters using thermal replication process. Numerically behavior of the
system of micro channels of L = 20 pm length, P = 4 um period, 7 = 2 pm thickness,
d =1 pmdepth, w = 2 um width of the land and 27 = 2 pum width of the ridge (Fig. 9a)
was investigated using COMSOL Multiphysics 5.2a software. It is a periodical system,
therefore just one microchannel was analyzed in the model with the symmetrical
boundary conditions (Fig. 9b) i.e. left and right surfaces were fixed using rollers.
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Fig. 6. Resonant frequency of the specimen with PMMA binding material.
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Fig. 7. Graphical representation of the logarithmic decrement of the specimen with PS binding
material.
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Fig. 8. Resonant frequency of the specimen with PS binding material.
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Fig. 9. Dimensions (a) and boundary conditions (b) of the finite element model of microchannel.

The front and back surfaces were fixed totally because it is attached to fluid containers.
The bottom surface will be attached to other components of the sensor, therefore it is
totally fixed and it serves as an electrical ground. The top of microchannel system is
covered by electrode and rigid transparent layer which allows for the visual inspection of
the fluid flow and ensures the high pressure inside of the channel. The system of micro
channels is excited by sinusoidal alternating electrical potential of 20 V.

Three examples of the dynamical response of the suggested microchannel are
presented in Figs. 10 and 11. The total deformation and X component of the dis-
placement field of the electrically exited system at 110 MHz frequency shows that it
works as a mechanical valve i.e. the cross-section area increases or reduces evenly
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Fig. 10. Total deformation of periodically at 110 MHz frequency excited microchannel with
visualized X component of the displacement field.

N

o



Composite Piezoelectric Material for Biomedical Micro Hydraulic System 57

through all the length of microchannel (Fig. 10). While increased frequency to

122 MHz allows to divide channel into two segments with different concentrations of
bioparticles (Fig. 11).

freq(3)=1.22E8 Hz Surface: Displacement field, X component (um)

Fig. 11. Total deformation of periodically at 122 MHz frequency excited microchannel with
visualized X component of the displacement field.

An example of bioparticles transportation in microchannel is presented in Fig. 12.
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Fig. 12. SEM view of bioparticles transportation.
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4 Conclusions

New type composite piezoelectric material integrated to an actuator was proposed.
Experimental results have shown the natural frequencies of PVB, PMMA, and PS
composite piezoelectric material are 32.1 Hz, 46.99 Hz, and 43.15 Hz respectively.
Due to a very low difference between theoretical and experimental values (max.
deviation of 1.8%) Young’s modulus can be clearly stated for these composite mate-
rials. Young’s modulus of PZT mixed with PVB value is 3.9 GPa, PMMA - 6.3 GPa,
and PS — 5.3 GPa. A high Q factor of the proposed composite materials would allow to
easily control the micro device as micro channels. The ability to change active mate-
rials parameters during operation would increase the range of usage and sensing
abilities of the system.
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