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ABSTRACT 

Acoustic wave-based devices have attracted greater attention, particularly in the aerospace and bio-medical fields due to 
their passive and wireless capabilities. Interdigital transducer (IDT) is an integral part of the SHM wave-based sensor, as 
it transmits information about the structural state. Additionally, embedding the electrodes inside the piezoelectric substrate 
increases the acoustic coupling and protects the electrodes from potential external damage. This paper uses numerical 
analysis to discuss sensor responses with different IDT layouts in both frequency and time domains. The results investigate 
each type’s sensitivity towards mechanical strains and figure of merit, which facilitates the development of an efficient 
embedded electrode sensor through advanced additive manufacturing techniques. 
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1. INTRODUCTION 
Acoustic wave-based piezoelectric sensors have emerged over the decades in multiple disciplines as an ideal candidate for 
structural health monitoring (SHM) methods because of their adjustable frequency range, easy processability, and wireless 
capability1-4. Evaluation of strain concentrations during the additive manufacturing process demands a micro-sized sensor 
that can detect meaningful information wirelessly to ensure quality. Piezoelectric substrate (related to wave velocity) and 
interdigital transducer (IDT) electrodes (related to frequency response) are the significant parts of the acoustic wave-based 
sensors. For an effective sensor, IDT design must be designed well as they play a vital role in dictating frequency response, 
output signal characteristics, and generated wave patterns. The basic constitutive piezoelectric equation for strain or electric 
displacement measurement in the material is given by, 

𝑆 = 𝑠𝑇 + 𝑑𝑡𝐸 (1) 
𝐷 =   𝑑𝑇 + 𝜀𝐸 (2) 

where S, T, E, and D are the strain, stress, electric field, and electric charge density displacement components, respectively. 
The piezoelectric strain coefficient d, the elastic compliance s, and dielectric constant ε are associated with mechanical 
strains5. Maxwell’s equation and equation of motion, along with piezoelectric coupled equations (1) and (2) are solved 
together to form a solution for acoustic wave-based problems. Selecting an appropriate IDT layout with high sensitivity is 
critical in developing an acoustic sensor.  

Polyvinylidene fluoride (PVDF), a well-known stable polymer exhibiting flexibility and piezoelectric properties, is 
selected as a substrate material. Different IDT layouts have been explored for multidisciplinary projects6-11; however, a 
better interpretation of sensor behavior exhibiting different IDT layouts embedded inside the substrate has not yet been 
explored to understand the efficiency towards mechanical strain sensitivity. This paper aims to investigate the performance 
of a two-port piezoelectric sensor with different embedded electrode layouts, as shown in Figure 1 (a). The numerical 
analysis includes scattering parameter and voltage response in frequency and time domains. Compared to the surface 
deposited IDTs, embedding the electrode demonstrates an enhancement in sensitivity due to higher piezoelectric 
coupling12-14, which also protects the IDT structure from the external environment. The sensitivity of each IDT layout 
towards mechanical strains is quantified using an initial strain model with varying mechanical strain concentrations. The 
effectiveness of each layout type is decided based on the sensitivity, coupling (k2), and quality factors (Q). Based on the 
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type maximum and minimum response value is included for comparison. Overall, the optimal layout selection process 
requires a balanced combination of device performance, which includes sensitivity towards applied mechanical strains and 
figure of merit calculation based on the extracted data. 

Table 2. Summary of sensor’s frequency and time-domain analysis with different embedded IDT layouts. 

IDT layouts Type/ spacing Frequency peak 
(MHz) 

IL 
(dB) 

Output signal 
(µV) 

Focused  

30° 3.96 -134 39.7 

45° 4.14 -140 43.2 

60° 3.8 -136 41.8 

Circular 
Spiral 3.92 -139 43.4 

Holographic 3.65 -141 26.9 

Slanted 50~100 µm 4.18/1.54 -154/-139 52.7/10.5 

Bi-directional - 3.96 -135 38.7 

3. MECHANICAL STRAIN ANALYSIS 
For the mechanical strain analysis, initial strain conditions are applied on the sensor placed under no strain to 20,000 µε 
with 5,000 µε increments. The strain and ambient phenomenon are accounted as static load, while the input voltage signal 
is a harmonic load. The S-parameter is replaced and represented with root mean squared (RMS) displacements based on 
COMSOL numerical tool. Mechanical strain is applied in the longitudinal direction, where an increase in strain value will 
increase the spacing between the IDTs and wave velocity, resulting in changes in wave characteristics.  Figure 3 (a-f) 
indicates the shifts in resonant frequency due to changes in wave velocity and amplitude, which are utilized to execute the 
sensitivity of each layout towards applied longitudinal mechanical strains. Also, the shift in amplitude is greater with 
20,000 µε due to the higher strain applied, which can be another indicator of extreme strain monitoring. Among different 
layouts, FIDT 45° and spiral show higher sensitivity of 0.4311 ppm/µε and 0.4478 ppm/µε, associated with a change in 
frequency from the resonant peak, as listed in Table 3. A focused layout with 45° will be more suitable for jetting or strain 
detection applications with higher amplitude waves at a specific point. Spiral layout utilization can be expanded by adding 
multiple output ports, which not only increase the area of detection but also enable efficient sensitivity. Overall, these two 
layouts along with the slanted, will be integrated to form a 3D shape layout that will enable IDT to sense in multiple 
directions.      

Table 3. Sensitivity of sensor with different layouts towards mechanical strain. 

IDT layouts Type/ spacing Mechanical strain sensitivity  
(ppm/µε) 

Focused  

30°  0.427 

45° 0.431 

60° 0.425 

Circular 
Spiral 0.447 

Holographic  0.416 

Slanted 50 ~100 µm 0.411/0.407 

Bi-directional - 0.260 
 



 

 

 



4. FIGURE OF MERIT: COUPLING COEFFICIENT AND QUALITY FACTOR 
Examining the figure of merit, which is a combination of the coupling coefficient (k2) and quality factor in addition to the 
sensitivity, would be ideal in the IDT layout selection process, as the electrodes are embedded inside the substrate17. The 
k2 indicates a piezoelectric material’s effectiveness in converting an electrical signal into a mechanical wave and vice 
versa. The quality factor is a dimensionless parameter representing the rate of energy loss relative to the sensor’s stored 
energy. Both the factors are combined as a figure of merit and are calculated based on the expression18, which involves 
resonance (fr) and anti-resonance (fa) frequency peak from the impedance response derived from S-parameter, as shown in 
equations (3) and (4),  

k2 (%) = 
𝜋

2
(

𝑓𝑟

𝑓𝑎
) tan[

𝜋

2
(

𝑓𝑎−𝑓𝑟

𝑓𝑎
)] ∗ 100 (3) 

Q = |
𝑓0

𝑓𝑎 − 𝑓𝑟
| (4) 

  
Table 4. Figure of merit comparison between different IDT layouts. 

IDT layouts Type/ spacing k2 
(%) 

Quality factor 
(Q) 

FOM 
(Q × k2) 

Focused  

30° 10.84 24.75 2.683 

45° 13.70 20 2.740 

60° 8.32 31.67 2.633 

Circular 
Spiral 8.04 32.67 2.628 

Holographic 15.17 18.25 2.769 

Slanted 50~100 µm 27.36/ 3.65 11/ 69.67 3.01/ 2.54 

By comparing the simulation data, as listed in Table 4, it is evident that FIDT with 45° degree of arc indicates higher FOM 
along with sensitivity. However, to expand layout selection into multi-axial mechanical strain measurement with higher 
sensing area, circular shapes would be the best candidate by implementing multiple output electrodes that can be integrated 
all together into an antenna. Additionally, a piezoelectric sensor with different electrode layouts embedded inside shows 
overall better performance than a conventional bi-directional design and can be implemented in respective fields based on 
the application.   

5. CONCLUSION 
This paper presents the investigation of wave-based piezoelectric sensor performance with different electrode layouts. The 
wave characteristics with different embedded electrode layouts are studied in both time and frequency domains. Among 
different layouts, focused design with 45° degree of arc and spiral design shows a higher sensitivity of 0.431 ppm/µε and 
0.4478 ppm/µε to the mechanical strains. A FOM is obtained based on the simulated data to illustrate the effectiveness of 
the layout in addition to the sensitivity. Lastly, a circular layout would be an ideal candidate for sensing mechanical strains 
in a larger area with multiple output ports. In the future, an integrated IDT design will be developed for sensing multi-axial 
mechanical strains that can be printed using high-resolution additive manufacturing techniques.  
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