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Abstract 

Image detection is important especially in medical for non destructive examination. Early 

development of image detection used high frequency for clearer image and caused heat 

development. Hence, there is a need to design metamaterial that can detect the image with 

lower frequency. This study focused on holey structured of three dimensions (3D) 

metamaterial. Methodology for this study can be divided into three parts which are 

metamaterial design, metamaterial testing, and performance analysis. The hole size, type of 

material and thickness of metamaterial designed will be varied for performance comparison. 

The image produce at the output plane of the metamaterial is clearly with the smallest scale 

size of hole which is 1.5 mm and the thickness of the metamaterial at 130 mm is equal with 

the operating wavelength. The device perfectly operated at lower frequency of 2.6 kHz. 
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1. Introduction 

Image detection is one of the important tools in image processing that applied in several areas 

of science and technology especially in medical for non-destructive testing through computer 

vision imaging device. For instance, ultrasound frequency is used in medical imaging device 

to see internal organ and body structure and find source of disease. Ultrasound used high 

frequency (range higher than 20 kHz) and has drawback to patient who had frequent 

examinations by using ultrasound probe [1] as the absorption of ultrasound energy by tissue 

or water cause heat development [2]. Meanwhile, the local heat from the ultrasound causes 

formation of bubble due to dissolves gases. However, high frequency of ultrasound is 

required in producing clearer image [3]. 
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Acoustical imaging by acoustic microscopy used a high frequency ultrasound range from five 

MHz to three GHz. The purposed acoustic microscopy was to produce magnified view of 

structures [7]. The earlier development of operational acoustic microscopy focused on the 

visualization method of low frequency ultrasonic, adaptation of high frequency [8] [9]. 

 

The maximum achievable resolution of any imaging device is limited by the wavelength of 

the used radiation (diffraction limit) [4]. The image of an object is clarified by evanescent 

waves that scattered from the object due to the formation of Fabry-Perot transmission 

resonances. A device capable creating image with only evanescent waves would generate 

only the significant information contained in image that is the shape of an object. The 

evanescent wave has several ways to overcome the diffraction limit of classical wave such as 

light or sound. The previous study proved that diffraction limit can be overcome by 

superlenses [5] and time reversal techniques [6]. Moreover, these approach able to restore 

evanescent wave and provide the details of an object on its image. 

 

Recently, various study on metamaterial performed in acoustic to control and manipulate the 

physic properties of sound waves. Acoustic metamaterial shows it ability to restore the 

propagative and evanescent waves and produce subwavelength imaging. This capability of 

matematerial had shown the possibility of overcoming the diffraction limit. Hence, there is a 

need to design metamaterial that can act as nearly imaging device, detect the image with 

lower frequency, and provide new acoustical properties in term of sound propagation. This 

study focused on holey structured of metamaterial. The size of hole, type of material and 

thickness of metamaterial designed will be varied for performance comparison. The holey 

structure of 3 dimension (3D) metamaterial transmits evanescent field components of object 

efficiently due to the formation of Fabry- Parot inside the holey structure and detect the 

image with lower frequency by placing the object between the sound source and metamaterial. 

 

1.1 Acoustic Metamaterial 

Metamaterial is manmade structure to have a property that cannot be found in nature, which 

arranged in repeating pattern and provide the less scale than wavelength of phenomenon they 

influence. By having these smart properties, they are able to manipulate the electromagnetic 

waves by blocking, absorbing, enhancing, and bending wave to achieve better performance 

that go beyond the limit of conventional materials [16]. 
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1.2 Acoustic Microscopy 

The working principle of scanning acoustic microscopy is as shown in Figure 1.1. The 

transducer converts the electrical impulse that provided by the pulser into the ultrasonic 

signal. A very fast switch swaps several thousand times a second between sending and 

receiving state. The transducer receives the echoes reflected by sample layers. The ultrasonic 

signal is converted back to an electrical pulse by transducer. Time of flight, amplitude and 

phase of the pulse in analyzed. The extracted information is transcript into a grey scale 

picture [10]. 

 

 

Figure 1.1 Working Principle Pulse Echo Modes 

 

In transmission mode, the receiving transducer underneath the sample picks up the 

transmitted part of the ultrasonic signal. A flat and event is the ideal case for ultrasonic 

inspections. The sound waves are able to couple into the sample very well over the full area. 

It is possible to investigate curved samples but only under certain conditions. Special 

customized hardware is necessary. Meanwhile sample with a rough and bumpy surface can 

be investigated dependent on the degree of roughness and the used frequency. 

 

Pulse echo have different transmission mode, which are A-mode, B-mode, C-mode, and M-

mode. This study performed in C-mode for three dimension (3D) image. In this mode, ‘C’ 

stands for constant depth. It is basic electronic gate a portion of A-scan signal is used to 

brightness modulate the display of a plane t a specific depth from the transducer plane 

(tomograph). The applications are 3D ultrasound, peripheral IV access and handhelds. 

 

1.3 The Effect on Snell’s Law 
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The basis of permeability,   and permittivity,  can classify the material into first quadrant 

(μ>0, Ԑ>0), second quadrant (Ԑ<0, μ>0), third quadrant (Ԑ<0, μ<0), and fourth quadrant (Ԑ>0, 

μ<0) (Anantha S. & Ramakrishna, 2013). The third quadrant shows metamaterial properties 

as double negative material. The propagation waves follow the left hand rule. The refractive 

index of the medium became negative as both permittivity and permeability are in negative 

region. 

 

Figure 1.2 shows the Snell’s law in different medium. Negative refractive index in the third 

quadrant is the effect of Snell’s law when the negative refraction occurred at incident wave at 

interface ray that bend inside in DNG medium while the transmitted wave in DPS medium is 

opposing to positive index after refracted at the interface Ray bends inside. 

 

 

Figure 1.2 Snell’s Law in Difference Medium 

 

1.4 Related Study on Acoustic Metamaterial  

There are several application of metamaterial such as antenna [18], sensor [20], and superlens 

[19]. Metamaterial helps antenna gives small wavelength, which is one fifth of operating 

wavelength [18], improves the sensitivity and the resolution of sensors by special properties 

[20], and make superlens capables to clear of the diffraction limit [19]. 

 

In acoustic imaging, recent studies discussed that acoustic superlenses or magnified 

hyperlenses resolve the diffraction limit of conventional imaging device by converting the 

evanescent wave of the acoustic hyperlens to propagating wave and significantly magnified 

the subwavelength of the object. Evanescent wave needed to overcome diffraction limit in 

order to provide detail image. A study had demonstrated that the fabricated acoustic 

hyperlens relies on straightforward cut-off free propagation and achieve deep subwavelength 

resolution with low loss over a broad frequency bandwidth [13]. Another studies pointed out 

that metamaterial hyperlens could overcome diffraction limit by providing smaller than a half 
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of the operating wavelength. The capability of the device not only transmits information 

carried by evanescent wave, but also magnified it as the information travels to the far-field 

outside the lens [14] [15]. 

 

1.5 Acoustic Matematerial Design 

Several studies of metamaterial had reported several metamaterial design based on their 

theories and applications [21] [22] [23]. Normally, researchers designed the material by 

arranging the structure in periodic pattern with a scale that much smaller than their operating 

wavelength. Previously, [23] had designed 36 brass fins (long: 20cm, thickness: 3mm, inner 

radiu: 2.7mm, outer radius: 21.8cm) applied with frequency range of 4.2 to 7 kHz to study the 

potential of acoustic hyperlens in sharpening the ultrasound image. Then, double negative 

acoustic metamaterial was studied by [21] using a designed with plastic metamaterial (length: 

29mm, inner diameter: 7mm, and outer diameter: 1mm) at frequency range of 5.38 to 5.94 

kHz. Others, holey structure brass alloy matamaterial (square hole: 40x40, hole size: 0.79mm, 

height: 158mm, wall thickness: 0.79mm) was designed by [22] for an acoustic deep-

subwavelength imaging at frequency of 2.18 kHz. 

 

Metamaterial are normally designed and fabricated by arranged a structure of unit cells in 

repeated pattern. The periodic structure is used to implement the metamaterial. From 

literature, brass alloy metamaterial designed with perforate structure in repeated pattern 

successfully transferred information carried by evanescent wave through the metamaterial at 

the lowest frequency. 

 

1.6 Fabry-Perot Resonance Inside Holey Structure of Metamaterial 

Fabry-Perot as shown in Figure 1.3 is happened when incoming wave is repeatedly refracted 

and reflected between the two surface of wall inside the hole produce multiple beam that are 

then focused together, causing self-interference of wave [24]. 

 

This phenomenon take place in transmission when there is zero order transmission 

coefficients, t for an acoustic wave with parallel momentum, 
2/122
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This theory suggested that if an object is place in front of the metamaterial, the image of the 

object is transfer through the holey plate and formed at the output of the metamaterial [25]. 

The parallel momentum is not affected the dispersion inside the hole, so
 effzQ effz /1

. 

While for x  and y  direction, the metamaterial is defined as equal density, which is, 

22 / aaireffeffyeffx QQQQ 
and bulk modulus, 

22 / aKKKK aireffeffyeffx 
and the 

velocity of sound is considered equal to air. 

 

 

Figure 1.3 Formation of Fabry-Perot 

 

2. Methodology 

Methodology for this study can be divided into three parts which are metamaterial design, 

metamaterial testing, and performance analysis. 

 

2.1 Metamaterial Design 

The metamaterial was designed with perforate structure in repeated pattern as shown in 

Figure 1.4. The holey structure of metamaterial consisted of holes arranged in periodic 

pattern and filled with air. The separation between holes to hole is β for horizontal and 

vertical line where the size of each hole is a and the height is known as h. The type of 

material used as the wall for the holes is brass alloy. Hence, the geometrical parameter in the 

experimental was chosen are a= 1.5mm, β=3mm, h= 130mm and number of holes = 100 

(10x10). 
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Figure 1.4 The Holey Structure of Metamaterial 

 

2.2 Metamaterial Testing 

Then, the metamaterial designed (the holey structure) was tested in COMSOL Multiphysics 

to observe the response of the designed and further justify the results obtained. In COMSOL, 

the metamaterial was designed in 3D with physical properties and position set as in the real 

experiment by using acoustic pressure with frequency domain. Frequency range used is from 

5 Hz to 3 kHz and the type of material is alloy (UNS C26000) with density 8530 kgm3. The 

speed of sound for the sound propagation from the source is 343 ms-1. The experiment was 

conducted in air where the most front of boundary was set as sound source with initial 

pressure 20 Pa. The metamaterial was set 20 cm from the source and the object was set 3 mm 

from the input of metamaterial. The other end of the metamaterial is the output region where 

the image of the object formed. The experimental arrangement in COMSOL is as shown in 

Figure 1.5. 

 

 

Figure 1.5 Experimental Diagrams in COMSOL 

 

Three models constructed with different variable parameters were simulated in COMSOL for 

performance comparison. The simulation were performed with ideal design first before 

repeated by varying the square size of the hole, a by varying the thickness of the 

metamaterial, h and by replacing the holey plate with square long wire as in electromagnetic 

case. The result of pressure distribution at the output side for each model was observed. 
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2.3 Performance Analysis 

The performance of design is measured based on the capability to meet the requirement of 

metamaterial design where the operation wavelength obtained must be approximate to the 

metamaterial thickness (λ≈h), much more than hole size (λ>>a) and much more than the 

separation between hole to hole (λ>>β) [22]. The operating wavelength, λ can be calculated 

as equation 1.2 where c is speed of sound (c=343 ms-1) and f is the operating frequency (𝑘𝐻𝑧). 

fc      (1.2) 

 

3. Results and Discussions 

The simulation test result shows in Figure 1.6 is the image of the rectangular object that was 

placed in front of the metamaterial for ideal design with hole size, a of 1.5 mm and 

metamaterial thickness, h of 130 mm. 

 

The graph in Figure 1.7 portray that the highest pressure distribution inside the structure 

metamarial was at frequency of 2.6kHz. From this graph, horizontal axis represents the 

position of the arrangement of the experimental simulation where at 0 mm was the incident 

plane wave and 200 mm was the position of metamaterial (metamaterial was placed 20 cm 

away from the source). 

 

The operation wavelength was calculated as equation 1.2. From Table 1.2, this ideal design 

work at frequency, f  of 2.6 kHz with operational wavelength, λ of 130 mm and meet the 

requirement of metamaterial design where (λ≈h) and (λ>>a, β) [22]. 

 

 

Figure 1.6 Figures of Input Object and Image at Output Plane  
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Figure 1.7 Graph of Sound Pressure Level at Different Frequency 

 

Table 1.2 COMSOL Simulation Result for Ideal Design 

Parameter Scale 

Hole size, a 1.5 mm 

Separation between hole to hole, β 3 mm 

Metamaterial thickness, h 130 mm 

Operating frequency, f 2.6 kHz 

Operating wavelength, λ 131 mm 

 

As the image of input object was formed at the output plane, it strongly agreed that the 

evanescent component of the input object is perfectly transmitted through the metamaterial 

structure because of formation Fabry-Perot resonance inside the holes [24]. The transmission 

information through the holey structure is dominated by significant mode propagation and the 

diffraction effect is neglected because of the operating wavelength is much more larger than 

the hole size and thickness of wall (λ>> β,a) [22]. 

 

3.1 Performance Comparison 

Performance of the metamaterial design were compare by varied the hole size, metamaterial 

thickness and types of material as tabulated in Table 1.3. From the tabulated data, it can be 

pointed out that the image of the object at the output plane is become more blurring when the 

size of hole become larger. Previous research also had discussed about the capability of 

metamaterial to provide detail and clear image by using the smallest scale of hole as long as 

less than 1 mm [22]. However, in this study, size of hole could not be less than 1.5 mm due to 

the lack of memory to simulate smallest scale in COMSOL Multiphysics. 
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When metamaterial thickness is varied, the image for input object cannot be seen when the 

thickness of plate, h is more than the operating wavelength, λ. This is because the size does 

not meet the requirement λ=h. Meanwhile, the result from the electromagnetic portrayed that 

there is no image can be formed at the output of metamaterial. The square of wire array do 

not formed the Fabry-Perot inside the structure because there is difference propagation 

through structure between acoustic wave and electromagnetic and it is not possible the 

multiple scattering event in electromagnetic case. This results clearly shown that the periodic 

array of long wire could not transfer the information from input to output. 

 

Table 1.3 Performance of Metamaterial Design 

Hole size, a 

3 mm 4.5 mm 

  
Metamaterial thickness, h 

133 mm 135 mm 

  

Type of Material 

Brass Alloy Square long wire  

  



Tomography Systems and Sensor Applications 

26 

 

 

3.2 Model Performance Tested Without Metamaterial 

The simulation result for testing without metamaterial and the graph of pressure distribution 

for this case are as shown in Figure 1.8 and Figure 1.9 respectively. 

 

 

Figure 1.8 Result at the Output Plane Without Metamaterial 

 

 

Figure 1.9 Graph of Sound Pressure Level at Different Frequency 

 

Based on the graph shown in Figure 1.9, the sound pressure level become decrease with 

distance and after the wave propagate beyond the object. There is no image can be seen at the 

output plane as the object information carried by the wave could not be enhanced without 

metamaterial. 

 

4. Conclusion and Recommendation 

This study proves that an acoustic imaging can be determine by designing and structuring a 

material with holey metal arranged in periodic pattern at scale that much smaller than the 

operating wavelength. As a result, the image produce at the output plane of the metamaterial 

is clearly with the smallest scale size of hole which is 1.5 mm and the thickness of the 
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metamaterial at 130 mm is equal with the operating wavelength. The device perfectly 

operated at lower frequency of 2.6 kHz. Although soft blurring at the corners of object, the 

shape of the whole pattern remains formed at the output plane. Hence, this experiment 

successfully detected the image from the input of the device. The experimental results 

confirm the feasibility of metamaterial to detect an image by placing the object between the 

metamaterial and input source and act as nearly imaging device. 

 

For future recommendation, further study with hardware implementation can be done to 

corroborate the simulation result from this study. This acoustic imaging device is only using 

low frequency or known as audible frequency. The hardware experimental can be conduct by 

using a speaker that send out the sound wave toward an object placed in front of the 

metamaterial, a microphone attached with 3D stepping scanning to scan the pressure 

distribution at the output and PC Labview to display the image of the input object. The 

absorbing material should be place at scanning area to avoid from scanning the bypass sound 

wave direct from the source and affect the result. The 3D metamaterial can be used to 

improve the technologies nowadays especially in medical applications or crack detection in 

engineering structures. 
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