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 Here the work approaches the detection of fruit maturity level. In addition, a gas sensor is 

proposed to obtain better sensitivity to know the level of ethylene gas released from matured 

fruit. Better sensitivity can be achieved by obtaining an enhanced active area, changing the 

intermediate layer thickness and the pitch value of the electrode. Hexagonal nanostructured 

zinc oxide is used as a sensing layer. Finally, frequency shift and a total displacement of 

the device are increased. The hexagonal structured ZnO nanorod-based surface acoustic 

wave gas sensor may be used to detect ethylene gas in fruit ripening sensor with enhanced 

sensitivity. This paper reports a simulation of Surface Acoustic Wave (SAW) wave 

propagation with respect to interdigitated transducer (IDT), piezoelectric material and 

sensing layers.  
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1. Introduction 

It is becoming very important to design a highly sensitive fruit 

monitoring system to determine the storage life of fruit and quality. 

Based on the maturity level of fruit the decision may be taken 

regarding transportation, consumption, etc. The ripe fruits are very 

tough to handle as they become soft and squashy with an insipid 

smell and they cannot withstand transportation from one place to 

another. Hence it is important to monitor the state when they are 

mature. Skin color, hardness, size, and smell are the common 

parameters to get an idea about the fruit ripening. But these are 

basically assumption-based assessment, so it is havening an issue 

of reliability [1].  

   Ethylene (C2H4) is one of the organic gases which is formed 

in the ripening process of climacteric fruits. These fruits (eg. 

Mango, guava, banana, apricot, kiwi, palm, etc.) liberate 

C2H4 during ripening process [2-4]. Climacteric fruits pass through 

climacteric state after harvesting. A small dose of C2H4 in a 

controlled environment can simulate the ripening process of those 

climacteric fruits. So, if the maturity levels of these fruits are 

detected efficiently then they can be easily stored or transported 

after harvesting. On the other hand, non-climacteric fruits [5] emits 

a little amount of C2H4 and they are in a position to harvest only 

when completely ripened. 

Herein, the work focuses on the development of surface 

acoustic wave-based ethylene gas sensor for detection of fruit 

ripening at different maturity stages. Detecting the C2H4 gas 

concentrations that has been liberated by fruits, may evaluate the 

maturity stage and the shelf span can be estimated [6]. In this study, 

a SAW-based sensor is designed and sensitivity is analyzed. 

Interigitated transducer (IDT), piezoelectric material and sensing 

layers are a major consideration while designing a SAW sensor. 

Pitch is one of the important parameters to determine the 

synchronous frequency. On the surface of the piezoelectric 

material, aluminum IDT generates acoustic wave from electrical 

signal by producing a mechanical force [7-8]. Adsorption of target 

gas molecules take place on the sensing material, which happens 

between the two IDTs. ZnO nanorod based SAW sensor is 

designed and wave properties are studied. Parameters like device 

length, height, intermediate layer thickness, and IDT thickness are 

optimized through simulation study to obtain enhanced sensitivity.  

2. Sensor’s Working Principle  

The template SAW gas sensors are dominant from other sensors 

because of detection of physical, biological, and chemical 

quantities. It is only due to minimized insertion loss, increased 

sensitivity, and gas detection capability. Their fundamental 

operation is based on the changes in a propagating acoustic wave 

due to the target gas interaction, which depends on the the 
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propagation medium, mass density, electric–dielectric behavior 

and the elastic stiffness of the piezoelectric materials. Due to the 

piezoelectric effect, electrical signal is generated when the acoustic 

wave travels from the surface of the device substrate to an IDT. In 

SAW based gas sensor, a piezoelectric material plays a major role 

as a transducer. It transforms a signal from electrical to mechanical 

wave by utilizing the piezoelectric effect. Piezoelectric effect 

relates structural mechanics with the electrostatic field. The 

electric charge is created when a sinusoidal signal is applied to a 

piezoelectric material. The properties of a piezoelectric material 

rely on some important parameter like electric flux ( D ), 

resonating frequency ( 0f ), and stress (T ). The functionalities of 

the SAW device are highly dependable on those parameters. To 

obtain the electrostatic fields ( D ) [9] from the equation 1, it is 

important to know about the parameters like stress vector ( T ), 

strain vector ( S ), electric field ( E ), dielectric matrix (e), 

piezoelectric matrix (  ) and elasticity matrix ( c ). 

ESeD T +=                                                                        (1) 

From equation 1 it is cleared that it is required to know the 

structural mechanics of piezoelectric material [7,10]. Equation 2 is 

to find out the value of T.   

eEcST −=                                                                           (2) 

Device efficiency is high when input signal frequency matches 

with resonating frequency. The resonating frequency of a SAW 

device is associated with propagation velocity ( pV ) of the acoustic 

wave and the pitch value ( p ) (shown in equation 3 [11-12]). 

pVf P /0 =                                                                            (3) 

As per the equation 4, the central wavelength SAW sensor can 

easily be found from the electrode pitch ( p ) and finger width ( h ).  

)(2 ph +=                                                                          (4) 

IDT plays a vital role to obtain enhanced SAW sensor response. 

The lengths of the IDT, finger width, pitch are the important 

considerations. Bandwidth ( B ), acoustic wave frequencies are 

decided based on input IDT. For a specific operating frequency, 

the range of acoustic wave frequencies, can be enhanced by 

optimizing the number of pair of fingers ( N ) in IDT. 

Mathematically the bandwidth can be defined as [7,11], 

N

f
B 02
=                                                                                (5) 

If the number of pairs of finger in optimized the length of IDT 

( IDTl ) will also get changed.  

 

NP

V
B P2
=                                                                                (6) 

IDT

P

l

V
B

2
2=                                                                             (7) 

A sharp signal may be obtained by minimizing the bandwidth [11]. 

From equation 7 it can be said that bandwidth is inversely related 

to the length of the IDT. The sensing mechanism is mainly based 

on the adsorption phenomenon. When the sensor is placed in the 

target gas environment, target gas molecules are adsorbed on the 

surface of the sensing layer. It results in a change in the wave 

velocity. Because of the mass loading effect [13-14] there must be 

a frequency shift (given in equation 8) by which the detection can 

be performed.  
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 (By neglecting the right part of equation 8)     

 

Where   is the areal density of the layer after gas adsorption and 

, are signify Lame constant and shear modulus of the film 

respectively. If the value of f is low, there will be no significant 

change in frequency. It is not desired for a highly sensitive sensor. 

f is required to be significantly higher value. From equation 8 it 

can be said that Min
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fK can be ignored [14]. 

The reduced expression is shown in equation 9.  

current designations. 

3. Sensor Design and Simulations        

Comsol Multiphysics 5.5 ® is considered to design and simulate 

the SAW-based gas sensor. Herein, initially simple ZnO based 

SAW gas sensor is considered and then it is embedded with ZnO 

nanorods of the surface of the ZnO sensing layer. Optimization of 

the delay-line two port configuration and applied frequency results 

in device performance. The important parameter of piezoelectric 

material lithium niobate is having a higher value of coupling 

coefficient and surface acoustic wave velocity.  Lithium niobate is 

considered as a substrate material to optimize the device. The mass 

loading effect results after embedding MEMS module on the 

piezoelectric device. The frequency potential and displacement of 

the surface can be determined by using COMSOL Multiphysics. 

Sensing layer plays a vital part to get higher sensitivity. ZnO [15] 

is found to be an appropriate material towards gas sensing and it is 

also available in the list of built-in material in this simulation 

environment.   

 

(a) 

(b) 
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Figure. 1 Side view of the layout of (a) layered (b) Hexagonal nanostructured 

SAW gas sensor 

The dimensions of the IDTs can be calculated by using equation 4 

of 100 MHz signal frequency. Figure 1 a. shows the layout of the 

layered SAW gas sensor. Hexagonal nanorods are added on the 

nanolayered structure to obtain enhanced sensitivity. The 

sensitivity study is done based on the effect of hexagonal nanorods. 

In both cases, the simulation study is done with different values of 

device length, height, intermediate layer thickness, and IDT 

thickness. Here Figure. 1 (a) and (b) are the optimized design 

layouts. 

 
Figure. 2 2D meshing analysis of a SAW Sensor as the sensing material with 

nanorods 

Where device length is 30 µm and its height is 4 µm. The thickness 

of the intermediate layer is 0.2 µm and ZnO layer is of 0.5 µm. The 

aluminum is taken as IDT material. The width of the IDTs is 1µm 

and height 0.1µm. To avoid the second order effect, electrodes are 

considered as a massless electrode. Figure. 2 represents the two 

dimensional cross sectional layout after doing the meshing. The 

node size is taken in such a way so that it becomes less than the 

wavelength and compensates the appropriate harmonics. Figure. 2 

also ensures that the maximum number of nodes present is below 

the IDT location.  

Where device length is 30 µm and its height is 4 µm. The 

thickness of the intermediate layer is 0.2 µm and ZnO layer is of 

0.5 µm. The aluminum is taken as IDT material. The width of the 

IDTs is 1µm and height 0.1µm. To avoid the second order effect, 

electrodes are considered as a massless electrode. Figure. 2 

represents the two dimensional cross sectional layout after doing 

the meshing. The node size is taken in such a way so that it 

becomes less than the wavelength and compensates the appropriate 

harmonics. Figure. 2 also ensures that the maximum number of 

nodes present is below the IDT location.  

 
Figure. 3 Simulation of SAW Sensor as the Sensing Material with nanorods 

 
Figure. 4 Simulation of SAW Sensor as the Sensing Material with nanorods after 

exposing to gas 

During the operation of the SAW device, a 150 Hz sinusoidal 

signal is given to the input IDT. It results in an electric field 

between the two opposite polarity IDT fingers. As the substrate is 

the piezoelectric material, due to the piezoelectric effect tensile and 

comprehensive strain will be created. Thus mechanical wave will 

appear. The wave will propagate through the surface of the 

material. Reflector and absorber are used to minimize the effect of 

insertion loss. When the analytes (ethylene) comes in contact with 

the sensing platform, sensing layer adsorbs the gas and results in 

increment in resonant frequency. Here, the sensing layer acts a 

vital role. By achieving higher surface to volume ratio of the 

nanostructured sensing material it can be expected that the 

adsorption of the target gas may be increased which in turn results 

in enhanced sensitivity. In this simulation study, the presence of 

ethylene gas is detected through the displacement in resonant 

frequency. Once the ethylene is detected with higher sensitivity, it 

will become easy to ensure the ripening state of the fruit.  

4. Result and Analysis   

After meshing and simulation (shown in Figure. 2 to Figure. 4) 

different colors have appeared. It is due to the applied voltage. 

More energy is confined above at the surface of the piezoelectric 

material [16]. Surface acoustic wave can be seen at the surface of 

the substrate yielding a noticeably change in propagation 

properties. The thickness of the sensing layer may effect on the 

sensitivity. A complete analogy of total displacement with respect 

to the device is shown in Figure. 5 and Figure. 6 upon exposure 

to ethylene gas.  

 

Figure. 5 Total displacements versus device length by varying the thickness of 

sensing layer 
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Figure. 6 Total displacements versus device length by varying the pitch value of 

IDT 

Figure. 5 confirms that 0.5 µm thickness of the sensing layer 

provides increased displacement thus sensitivity. The dependency 

of sensitivity on pitch value is studied in Figure. 6. Aluminum is 

chosen as an IDT material because of its low sensitivity and low 

cost. Different pitch value of 1 µm, 1.5 µm and 2 µm are 

considered and it is found that 2 µm provides higher displacement 

of SAW at both input and output and output for a device length 

ranging from 8 to 20 microns. It results in enhanced sensitivity 

[17]. 

 

Figure. 7 Frequency shift due to gas exposure in presence and absence of ZnO 

nanorod 

The frequency shift of the sensor is observed because of the 

different concentration of the target gas. The shift of frequency is 

present due to C2H4 gas release from fruit. The effects of ZnO 

nanorods on sensitivity are studied in Figure. 7. The presence of 

ZnO nanorod over the ZnO sensing layer exhibits better frequency 

shift compared to bared ZnO layered SAW sensor. Simulation 

results assure that ZnO nanorod based SAW sensor provides 

higher sensitivity. It is due to increased surface to volume ratio. 

Hexagonal nanorod provides increased surface to volume ratio i.e. 

more active region on the sensing layer which results more 

reaction with target analyte and increased displacement.  

5. Conclusion 

All An ethylene gas sensor to measure the fruit maturity is 

designed and simulated in COMSOL Multiphysics to study the 

results in resonant frequency by using ZnO sensing layer with 

proper electrode orientation. Furthermore, the ZnO nanorods are 

considered to obtain better sensitivity. A comparative study based 

ZnO layered and nanorod based sensors are performed in 

COMSOL Multiphysics. It reveals that nanorod based sensor 

provides enhanced frequency shift due to its higher surface to 

volume ratio in hexagonal structure. The displacement in resonant 

frequency is because of adsorption of the analyte by the sensing 

layer. Here future work includes the fabrication of ZnO nanorod 

and SAW sensor to verify the simulation results. 
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