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ABSTRACT 

This paper aims to investigate the performance of piezoelectric sensors with different shapes of 3D-printed microstructures. 
Based on the numerical analysis in the time-frequency domain, the microstructures are printed directly on the PVDF 
transparent film exhibiting higher piezoelectric coefficients using a high-resolution two-photon polymerization method. 
Bi-directional gold IDTs are fabricated by sputtering gold onto the substrate surface using a 3D-printed stencil. The 
mechanical properties of the film and surface morphology of printed microstructures are examined using a nanoindenter 
and a 3D profilometer. The change in frequency response due to the microstructure is measured using a network analyzer. 
This study will be a reference for developing an efficient wave-based gas sensor with enhanced sensitivity. 
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1. INTRODUCTION  
The ever increasing demand for a gas-sensing microdevice in the detection of toxic and hazardous environmental gases 
necessitates the development of a piezoelectric sensor for real-time monitoring applications in the defense and civil 
sectors1, 2. Surface acoustic wave sensor (SAW) is a microelectromechanical system (MEMS) that utilizes the propagation 
of acoustic waves to detect the presence and concentration of the analyte. SAW sensors are extensively used for detecting 
physical quantities such as strain, pressure, and temperature3-6. Among different gas detection sensors, SAW exhibits 
excellent response time, small size, low cost, ability to work in wired and wireless mode, and is mainly compatible with 
modern fabrication technologies. Particularly, the selected sensor type showcases high sensitivity towards surface 
perturbation, such as molecular adsorption and change in viscoelastic properties that amend the wave characteristics 
propagating in the piezoelectric substrate as compared to the input signal’s parameter.  

To date, SAW microdevices are coated with a suitable sensing material, such as metal oxides or metals, to sense the 
targeted gas effectively7-9. Among different metal oxides, zinc oxide (ZnO) is widely used as a gas sensing material for 
detecting carbon dioxide (CO2), ammonia (NH3), and nitrogen dioxide (NO2) gases due to its superior physiochemical 
properties, long-term stability, and quick response time10-13. Various thin film deposition techniques have been utilized, 
including spray pyrolysis, spin coating and vapor deposition. Major mechanical attributes to be considered are the surface 
area and thickness of the metal oxide layer, as it dictates the adsorption efficiency. Even though these techniques provide 
a homogenous coating with better sensor performance, attaining a thick volume of sensing material is challenging and 
expensive. The effort in this research is towards the fabrication of a novel approach by integrating microstructures in the 
sensing layer, enabling a larger surface area that can be coated with ZnO thin film through vapor deposition techniques. A 
detailed study of the sensor with microstructure is crucial to ensure elements added to the sensing layer will not degrade 
its performance. Numerical simulations are performed to examine the change in sensor characteristics, such as resonant 
frequency and output voltage, in both time and frequency domains with different microstructures.   

The conventional methods for fabrication of microstructures in the sensing layer, such as photo structuring, etching, and 
molding14-16, are a monotonous multi-step process that lacks resolution and requires immense processing time. Additive 
manufacturing (AM) technology has advanced to the point where micro- and nano-scale structures fabrication is feasible 
with minimized material utilization and reduced mass production costs17, 18. This research is geared towards a novel sensor 
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development with microstructure printed directly to the piezoelectric substrate using the two-photon polymerization (2PP) 
principle. This eliminates the need for a laborious molding process, which is the current bottleneck in the field. A suitable 
combination of the piezoelectric substrate, interdigital transducer (IDT), and microstructure coated with sensing material 
is essential for a sensitive micro-device development. Polyvinylidene fluoride (PVDF), a well-known polymer for its 
excellent piezoelectric property, is selected as a substrate material due to its compliance to flexible micro-MEMS device 
fabrication. Gold electrodes are deposited on the substrate’s surface using a 2PP printed stencil with an IDT pattern, which 
eliminates the clean room requirement. Figure 1 indicates the overall sensor fabrication steps, including microstructure 
patterning and electrode deposition.  

              

Figure 1. The fabrication process of a piezoelectric sensor with microstructures. (a) 2PP printing of microstructures on PVDF film; 
(b) electrode deposition using 2PP printed stencil and (c) developed sensor. 

2. NUMERICAL ANALYSIS OF SAW WITH MICROSTRUCTURES 
2.1 Microstructure designs 

Adding microstructures to the sensing layer plays a vital role in sensor performance, as they increase the adsorption rate 
with an increase in surface area. Different microstructure shapes such as cone, pyramid, dome, and conical frustum, are 
selected based on their ability to be coated with a metal oxide thin film that enables a sensing mechanism. It is essential to 
study the influence of microstructure implementation on sensing performance before coating with metal oxides.  A 
microstructure 4x7 grid with 50 µm height and 100 µm spacing is selected, increasing the surface area to a maximum of 
39.36 %, as listed in Table 1.  

Table 1. Microstructure dimensions and surface area enhancement. 

Micro-shapes 
Dimensions 
Diameter 

(µm) 

Sensing area with  
microstructures  

(µm2) 

% Increase in 
Surface area 

(a) cone; (b) pyramid; (c) dome and  
(d) conical frustum 

Cone 200 3,924,525 27.42 

(a)  (b)  Pyramid 200 4,292,188 39.36 

Dome 200 3,928,232 27.54 

(c)  (d)  Conical frustum 200 (bottom)/ 
50 (top) 4,094,692 32.95 

Finite element modeling allows appropriate optimization of sensor performance with added microstructures conveniently 
before fabrication, which can be validated using experimental results. In this work, PVDF substrate with added 
microstructure shapes is simulated numerically using a COMSOL Multiphysics tool18, 19. All the required mechanical and 
piezoelectric material properties related to the physics used for substrate (PVDF), electrode (gold), and microstructures 
(acrylic plastic - material similar to Nanoscribe IP-S resin printed during the experiment) are assigned to respective 
designed domains, as listed in Table 2. A lower reflective boundary at the side walls and a fixed constraint on the bottom 

2PP stencil 

microstructures 

(a) (b) 

(c) 

Laser 

Gold target 

IDTs 



          

  



 



3. DEVELOPMENT OF SAW DEVICE WITH MICROSTRUCTURE 

3.1 Microstructure printing using the 2PP process 

The microstructures design made of high viscous negative photoresist (IP-S, Nanoscribe, Karlsruhe, Germany) is printed 
using a 2PP printer (Photonic Professional GT2, Nanoscribe GmBH, Karlsruhe, Germany) equipped with a 780 nm 
femtosecond laser. IP-S resin and a 0.8 numerical aperture (NA) lens are utilized to increase the voxel size with quicker 
microstructure modeling. The printing parameters used for IP-S microstructures are 1 µm slicing distance, 0.5 µm hatching 
distance, 100 mm/sec base scan speed, and 60% laser power. The base layer count is also increased to avoid the floating 
of printed parts detached from the print bed.  

    

Figure 4. 2PP printed microstructures on PVDF film with scanned profiles (a) Cone; (b) Pyramid; (c) Dome, and (d) conical 
frustum.    

To increase the adhesion between the microstructure and the PVDF film, the film is salinized, rendering the substrate 
surface hydrophobic and leading to a chemical bond between polymerized 2PP IP-S resin and substrate. The salinization 
process includes submerging the PVDF film in a mix of 15 mL acetone with 75 µL of 3-(trimethoxysilyl)propyl 
methacrylate for 1~2 hours and washed with acetone followed by a deionized water rinse and blow-dried. To validate the 
printed microstructures’ resolution, the printed parts are examined using a Filmetrics 3D profilometer with a spatial 
sampling of 0.176 µm. For better conductivity, samples are sputtered with gold, and images are captured using a 50x 
objective with a 10 µm and 70 µm back scan and scan length, respectively, as shown in Figure 4.         

3.2 Piezoelectric and mechanical properties of PVDF film 

Piezoelectric properties are essential attributes that dictate a material’s efficiency for sensing the targeted measurement. 
Material properties, such as piezoelectric strain coefficient (d), dielectric constant (), and piezoelectric voltage constant 
(g), are involved in the constitutive equation. The piezoelectric strain coefficient (d33) is measured in the thickness direction 
using a YE2730 A piezometer. Permittivity is an essential property that enables the substrate to hold a charge for an 
extended period and is calculated using the standard parallel plate equation. The measured and calculated piezoelectric 
properties of the PVDF film are listed in Figure 5. From Figure 5, it can be noticed that permittivity decreases with an 
increase in frequency due to polarization drop. PVDF material’s modulus, hardness, and dynamic viscoelastic properties, 
such as young’s modulus (E), storage (E’), loss modulus (E”), and loss factor, are measured at a load of 5mN using a 
Hysitron TI-980 Tribo Indenter equipped with 100 nm radius Berkovich diamond indenter probe.  

(a) (b) 

(c) (d) 



 

 

 



 

      

 



the microstructure concept. In the future, microstructures will be coated with ZnO thin film through a suitable sputtering 
technique and tested under a targeted gas environment for effective sensing.   
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