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Sensors have become an integral part of our everyday lives by helping us converting packets of data to make important decisions.
Due to this reason, researches are done constantly to improve the fabrication processes of sensors by making them more user-
friendly, less time-consuming, and more cost-effective. The application of any fabrication solution that offers those advantages
will have a major impact on the manufacturing of modern sensors. To address this issue, a 3D printed Surface Acoustic Wave
(SAW) temperature sensor is presented in this paper. The modelling and analysis of such a sensor have been performed for
both aluminium and copper electrodes using COMSOL software. In total, 4 different sensing structures, 2 each for both
aluminium and copper electrodes based one-port resonators, are designed and analysed for their application in temperature
sensing. The resulting responses of those sensors are approximately 2.19 MHz and 424.01 MHz frequency ranges. The novelty
lies in the possibility of mass-producing such a sensor using additive manufacturing will have a direct impact in the areas where

conventional electronics cannot be utilized.

1. Introduction

Sensor-based technologies are playing an enormous role in
fostering social and economic-based advancements in
emerging economies all over the globe. To support the neces-
sary technological development in the field of printed elec-
tronics [1-3], hence, in the field of sensors, both the
researchers [4] and the industries [5] are working in align-
ment. Research and development are done to cut down the
costs [6] and the time [7] to mass-produce sensors that are
directly related to the efficiency [8-10] of the production
and carry a huge benefit for the industry and also to the
end-user. One such technique which can help the
advancements towards this common goal is known as
3D printing, and it is already being employed to produce
parts for industries such as automotive with greater speed
and accuracy. To facilitate the process of 3D printing for
sensor manufacturing, ink-jet printing, a technology com-
monly used in both personal and commercial environ-
ments, has surfaced in preference to conventional

electronics fabrication practices [11-14]. Au et al. com-
pared the cost of a traditionally manufactured sensor,
ie, via lithography, to a 3D printed technology, i.e.,
stereolithography and found the difference to be 15 USD
[15]. Not only the cost but also the simplicity of the 3D
printing technique plays an important role here as it
makes the reproduction of the same structure with mini-
mal human effort. In addition to that, the sensitivity and
the accuracy of the printed sensor, compared to the tradi-
tional ways, are not affected [16, 17].

Several 3D printing technologies are being currently
utilized and are also researched for their implementation
in the sensor fabrication process, and one of them is
based on Aerosol Jet (AJ) method which can directly
print the required sensing structure on the provided sub-
strate. AJ-based direct structure writing technique has
been used for the realization of strain sensor [18-20],
electrochemical and biosensors [21], antennas [22], elec-
tronic interconnect devices [23], transistors [24], solar
cells [25, 26], electrothermal actuators [27], and
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FIGURE 1: Operating principle of a one-port SAW-based resonator.
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FIGURE 2: Operating principle of a two-port SAW-based resonator.

microbeams [28]. This works focuses on the use of the
AJ-based printing method for the surface acoustic wave
(SAW) based passive temperature sensor.

SAW-based devices use the principle of piezoelectric
effect to convert an electrical signal to a mechanical wave,
Rayleigh wave which is a transversal wave, which then prop-
agates through the piezoelectric substrate to the other trans-
ducer which then changes it back to an electric signal. The
properties of the Rayleigh wave and the principle of the pie-
zoelectric effect need to be understood correctly for the appli-
cation of them as a sensing device [29].

A radio wave is emitted using a wireless interrogation
device which then energizes the SAW device using the oppo-
site of the piezoelectric effect. The radio wave is transferred to

interdigital transducers (IDT) via an antenna. The IDT con-
verts the received electrical signal to a transversal wave, Ray-
leigh wave, which then propagates along the piezoelectric
substrate to form a resonator. This structure has a unique res-
onating frequency at each temperature, and once the struc-
tural parameters of the SAW resonator are known, it can be
utilized as a temperature sensing structure [30]. The sche-
matic diagram illustrating the principle of operation of a typ-
ical single port SAW resonator is shown in Figure 1. One port
resonator has IDT placed in the middle with reflectors on its
left and right. Reflectors are used for sending back the gener-
ated surface acoustic wave.

Another type of SAW resonator is shown in Figure 2
which is known as the two-port SAW resonator. Due to its



Journal of Nanomaterials

structure, it is mostly used for higher frequency oscillators
and narrowband filters.

SAW-based sensors can provide medical [31], telecom-
munication [32], consumer electronics [33, 34], automotive
[31], and industrial [33] sectors with a wide range of use
cases. Due to their passive sensing capabilities, SAW devices
can be utilized in harsh operating conditions where normal
electronic circuits cannot be used, ie., high temperatures.
Normally, SAW-based sensors are fabricated using tradi-
tional methods which requires a clean room facility and the
obligation to follow complicated several step processes [35]
using lithography [36] but the advancements in the 3D print-
ing technologies have allowed the researchers to apply them
to sensor fabrication process. These technologies can directly
print nanoparticles onto the substrate to fabricate a sensing
structure. They decrease the process steps and allow the effi-
cient use of the materials as compared to traditional lithogra-
phy [37-40].

For this work, the AJ-based stereolithography printing
method will be of the focus. This printing method will be
explored for the fabrication of a SAW-based temperature
sensor. The development of such a sensor is very much in line
with the current requirements of many industries [41-45].

This paper presents 4 different designs of SAW-based
sensors, to be employed for temperature sensing, based on
YZ-cut lithium niobate with either aluminium or copper as
the electrodes. The sensing structures are designed using
both aluminium and copper electrode-based one-port
resonator-based techniques. The models of the aforemen-
tioned sensors are mathematically designed, and analyses
are performed using COMSOL software. Frequency and
voltage-based responses of the sensing structures for all 4
proposed models are also calculated using COMSOL. The
novelty lies in the possibility of mass-producing such a sensor
using additive manufacturing will have a direct impact in the
areas where conventional electronics cannot be utilized.

2. Materials and Methods

2.1. Material Selection. One of the most important steps in
designing a SAW-based sensing device is the selection of
the substrate and subsequently the electrode materials. Ther-
mal coefficient, wave type, wave propagation velocity, and
electromechanical coupling factor (K?) are some of the prop-
erties of the piezoelectric substrate which need to be consid-
ered for a SAW-based temperature sensor [46]. These
properties are shown in Table 1 for some of the commonly
used piezoelectric substrates.

For the design of a SAW-based temperature, the sub-
strate with a higher thermal coefficient should be preferred
due to the fact that it is directly related to the changes in
the pitch of an IDT as a function of temperature. The change
in length along the surface of the piezoelectric substrate will
also affect the distance between the IDT electrodes, therefore,
affecting the pitch of the device and since synchronous fre-
quency and pitch are related, as in equation (1), therefore,
the output signal will show a frequency shift. Depending on
the mode of operation of the sensor, this frequency shift
can be measured as either a shift in phase or a delay in time.

TaBLE 1: Mechanical properties of some commonly available
piezoelectric substrates.

Thermal SAW Coupling

Material Orientation coefficient (10"  velocity coefficient
°/°C) (m/s) (%)

Lithium Y, Z 94 3488 46
niobate
Lithium 00 ¢ 75 3992 56
niobate
Lithium -y, 35 3230 0.66
tantalate
Lithium .y 110 223 3295 0.75
tantalate
Langasite Y, X 38 2330 0.37
Quartz Y, X -24 3159 0
Quartz Y ST, X 0 3159 0.16

TABLE 2: Properties of commonly used conductor material for IDTs.

IDT electrode Substrate Electrical Melting
conductor adherence  resistivity (uQ-cm) point (°C)
Gold Poor 2.2 2855
Titanium Good 50 3286
Tungsten Normal 5 5554
Aluminium Good 2.65 2518
Copper Good 1.7 2926

To this end, looking at Table 1, lithium niobate should be
preferred while quartz should be avoided for the application
of SAW as a temperature sensor.

Another important thing to consider while designing a
SAW sensing structure is the selection of the material for
IDTs. Table 2 provides the properties of some of the most
commonly used materials for IDTs [46]. YZ-cut lithium nio-
bate will be used as a piezoelectric substrate with both alu-
minium and copper electrodes for IDT.

2.2. Sensor Design. Figure 3 describes the structural design
parameters for the proposed SAW resonator-based tempera-
ture sensor. As depicted in Figure 3, the IDT structure is
designed with a certain pitch among them, and the resulting
surface acoustic wave is well-founded when the pitch of the
IDT fingers and the wavelength of the surface wave are equal
to each other. Equation (1) is employed to determine the res-
onant frequency (f), which is a function used for measuring
temperature, of the proposed structure, and its relation to the
propagation velocity (V) of the resulting surface wave.

where A, is the wavelength of the SAW.
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FIGURE 3: Design parameters for a single port SAW-based temperature sensor.
TABLE 3: Summary of geometric parameters for the proposed IDT and reflector structures for the SAW resonator.
Parameter Symbol Values for device 1 Values for device 2
Electrode finger width of IDT w 350 yum 2 um
Space between adjacent electrode fingers of IDT p 300 pm 2 um
Aperture width of the IDT finger A 6000 ym 300 um
Number of IDT finger pairs No 25 25
Number of SAW reflector pairs Nr 62 62
Distance between IDT and reflectors D 200 ym 3 ym
Thickness of IDT electrode fingers t 200 ym 0.5 um
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Exhaust gas B
I’4
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Atomizer gas B
Exhaust gas A
>4

Atomizer gas A

t

A

Printing- Sheath gas

Heating nozzle Component B
element Component A vy Elastosil P 7670
Elastosil P 7670 Substrate

F1GURE 4: Functional block diagram for the generation of aerosol streams for a typical AJ-based printer [48].
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FIGURE 5: Finite element model for the analysis of the proposed SAW-based temperature sensing devices [49].
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FIGURE 6: Resonant frequency mode plot of the proposed SAW temperature sensors with aluminium electrodes as IDTs: (a) device 1 and (b)

device 2.

The IDT structure needs to be quantified in order to
develop its model. Figure 3 and Table 3 show the labelled
IDT structure and its explanation, respectively.

In order to achieve the strongest IDT activation and
phase superposition of SAW, the IDT pitch, which is
W + P, should be equal to half of the SAW wavelength,
as described by the wave interference principle.
Therefore,

a
W+P=N=.

(2)

The distance between the IDT and the adjacent
reflectors should also satisfy equation (3) to make sure

that IDT receives the standing wave on its peak.

Dz(N—%)

Aperture width of the IDT fingers also plays an
important role in the performance of the SAW resonator.
Normally, it is between 50 and 100 times the SAW
wavelength [47].

)

5

(3)

2.3. Aerosol Jet-Based 3D Printing. The possibility of the
mass production of the 3D printed electronic structures
is directly correlated to the advancements in the 3D
printing technology, stereolithography. To this end, Opto-
mec’s AJ system, which using additive manufacturing,
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FIGURE 7: Antiresonant frequency mode plot of the proposed SAW temperature sensors with aluminium electrodes as IDTs: (a) device 1 and

(b) device 2.

offers the possibility of producing those minute electronic
sensing structures to any desirable substrate using nano-
particles from the range of 1mm to 10 microns. The
working principle of the AJ-based system is shown in
Figure 4.

A pneumatic or more preferably ultrasonic, due to
fewer suspension requirements, the based transducer is
utilized to produce the aerosol flow which is then focused
on the substrate to be deposited via a printing nozzle by
forming a coaxial flow between the aerosol and inert gas
streams acting as a sheath. The coaxial flow prevents the
internal clogging in the printing nozzle. The width of the
deposited structure on the substrate can be as minute as
10 microns if a 100-micron printing nozzle is used. Once

the deposition of the structure is finished, a sintered laser
can be used to extract the final structure.

The fabrication of the proposed device using a direct
3D printing technique will be implemented for two differ-
ent scenarios. The first scenario will have a YZ-cut lithium
niobate as the piezoelectric substrate with a thin polyiso-
butylene film using aluminium for IDT electrodes. The
second scenario will have copper IDT electrodes, and the
rest will stay the same.

3. Results and Discussion

The finite element analysis of the proposed SAW-based tem-
perature sensing devices is performed using COMSOL
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multiphysics. The results of those analyses are used to simu-
late and thus evaluate the performance of those devices. The
configuration of the proposed devices is described in Section
2. The analysis can be performed using a pair of electrode fin-
gers, since IDT's are periodic, for displacement. Again, using
the boundary conditions, the aperture of the device can be
assumed infinite reducing it to a few of the wavelength. The
developed model is illustrated in Figure 5.

3.1. Implementation of SAW Using Aluminium Electrodes.
The resonance frequency of the SAW-based resonator is cal-
culated via piezoelectric material and eigenfrequency which
in turn determines the velocity of the SAW in the designed
structure. YZ-cut lithium niobate structure with the follow-

ing constants is used for this study. Equations (4) defines
the elasticity matrix as E:

[242.4 752 752 0 0 0
0 203 573 0 85 0
0 0 203 0 -85 0
E= X 10°.
0 0 0 752 0 85
0 0 0 0 595 0
e 0 0 0 0 595
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The coupling matrix is shown in equation (5) as C:

133 023 023 O 0 0

C=1| o0 0 0 -25 0 3.7|XC/m*

0 -25 25 0 37 0

(5)

The relative permittivity, ¢, is described in equation (6)
as:

287 0 0
e=| 0 82 0 (6)
0 0 82

The density is 0.918 g/cm’ while Poisson’s ratio is consid-
ered to be 0.48 and Young’s modulus is 10 GPa. The usage of
the periodic boundary condition implies that the electrical
potential and the displacement are identical along both the
vertical sections of the model.

The results of the analysis show the resonant frequencies,
as shown in Figure 6, for SAW device 1 and device 2 to be at
2.19MHz and 424.01 MHz, respectively. The antiresonant
frequencies, depicted in Figure 7, for SAW device 1 and
device 2 are 2.24 MHz and 426.69 MHz, respectively.

Considering the first and second eigenfrequencies of the
SAW modes, shown in Figures 6 and 7, the electric potential
distribution characteristics according to the illustrated solu-
tions are shown in Figure 8 below.

The electrical response of both the proposed devices is
presented in Figure 9. It can be seen from the graph that
when an electrical potential is applied to the IDTs, the device
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FIGURE 10: Resonant frequency mode plot of the proposed SAW temperature sensors with copper electrodes as IDTs: (a) device 1 and (b)

device 2.

experiences strain in its piezoelectric substrate and produces
SAW that travels across the surface and thus causing defor-
mation in the structure.

3.2. Implementation of SAW Using Copper Electrodes. The
same analysis is performed for the device having copper elec-
trodes. The results of the analysis show the resonant frequen-
cies, shown in Figure 10, for SAW device 1 and device 2 to be
at 2.07 MHz and 398.22 MHz, respectively. The antiresonant
frequencies, depicted in Figure 11, for SAW device 1 and
device 2 are 2.43 MHz and 401.57 MHz, respectively.

2MHz and 4 MHz SAW-based sensing structures are
designed and modelled in this paper. In order to derive the
output voltages and the displacement of the SAW sensors,

transient analyses are performed using COMSOL software.
The results for the field displacement are shown in
Figures 6, 7, 10, and 11. Aluminium electrode-based one-
port resonator shows a maximum displacement of 1800 ym
for device 1 and 12 ym for device 2. Meanwhile, these values
for copper-based one-port resonator were near to 0 ym for
device 1 and 10 ym for device 2. Results show that electrodes
based on aluminium are more efficient for the excitation of
the sensing structure. Results also indicate that in all consid-
ered cases, the in-plane horizontal displacements are more
important than the vertical ones, confirming thus the shear-
horizontal nature of the generated waves. Results indicate
that acoustic waves generated in the first device are in
advance by about 0.05V, with respect to the second device.
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FIGURE 11: Antiresonant frequency mode plot of the proposed SAW temperature sensors with aluminium electrodes as IDTs.

4. Conclusion

SAW-based sensing technology in combination with the
advancements in the 3D printing techniques shows promise
for its implementation in wireless sensing applications. To
this end, SAW-based temperature sensing devices were
designed and modelled using COMSOL multiphysics and
presented in this paper. All the structural designed parame-
ters for both the proposed devices were calculated, and the
simulations of their eigenfrequencies and impedances were
performed using FEM. The designed sensors were found to
be operating at 2.19 MHz for device 1 and 424 MHz for
device 2 using YZ-cut lithium niobate as substrate and alu-
minium as the conducting metal for IDT electrodes. The pro-
posed sensors have the capabilities of being a passive wireless

sensing device. Finally, the findings presented in this paper
pave the way for the possible fabrication of SAW-based tem-
perature sensors with high accuracy using the AJ system-
based direct 3D printing method.
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