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ABSTRACT 

We previously developed a noise reduction system consists of piezoelectric material attached on aluminum 

plate to reduce transmitted noise; the features and principles of this system were presented at the 

internoise2011. In that paper, each aluminum plate with a piezoelectric material (hereinafter “noise insulation 

panel: NIP”) was assumed to have perfect flat plate and same size and therefore has the identical vibration 

characteristics. However, when panels were bonded to a frame to form a single structure, their vibration 

characteristics actually differed, and the noise reduction capability of the system became lower. To solve this 

problem, we have developed a method in which planar tension is applied to each NIP via a simple frame 

structure. We have verified that this method improves the noise reduction and allows the target frequency to 

be tuned. In this paper, we describe the features of this new structure, and present the results of our numerical 

analysis and experimental tests. 
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1. INTRODUCTION 

There is demand for a new method for minimizing noise in our living and working environment; 

reducing low frequency noise or vibration using lightweight materials or equipment with 

piezoelectric materials presents a particular challenge(1-7). We have developed a new noise 

reduction system that employs an array of noise insulation panels (hereinafter “noise reduction 

system”) to counteract transmitted noise(8-10). This system consists of a noise reduction unit—an 

array of small flat panels to which piezoelectric elements are bonded—and a control circuit in the 

form of an equivalent inductance circuit designed around operational amplifiers. The capacitance of 

the piezoelectric elements and the inductance of the control circuit together form a resonance circuit, 

such that the noise passing through the noise insulation panels (NIPs) is reduced within a given 

frequency range centered around the circuit’s resonant frequency.  

This noise reduction system was investigated under conditions where noise waves incident to the 

NIPs were planar, and all panels vibrated with the same amplitude and phase. Under these conditions, 

when all piezoelectric elements on the panels are connected in series or parallel, the transmitted 

noise is expected to be reduced by the control circuit. We verified experimentally that the transmitted 

noise is reduced when the length of the panel is shorter than the wavelength of the incident noise in a 

lower frequency range containing a few hundred frequencies. In addition, we established that the 

optimum control conditions occur when the (1,1) modal vibration frequency of the NIPs and the 

resonant frequency of the electrical circuit correspond with the target frequency. This means that the 

NIPs have uniform vibration characteristics. 

However, when the NIPs are adhesive-bonded to a frame to construct a prototype noise reduction 

unit (i.e., a combination of an NIP and the frame), it is difficult to maintain consistent vibration 

characteristics across multiple NIPs. Therefore, it is more realistic to assume that the vibration 
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characteristics of the NIPs are not uniform, particularly in a handmade prototype. Although control 

circuit inductance can be easily adjusted using variable resistance, it is much more difficult to adjust 

the vibration characteristics of the panels once they are fixed to the frame. 

This paper describes a prototype structure in which the (1,1) modal vibration frequency of the 

NIPs can be adjusted after being attached to a frame. Additionally, the above effects and the 

improved noise reduction characteristics observed during acoustic excitation testing are detailed. 

 

2. OUTLINE OF THE NOISE REDUCTION SYSTEM 

2.1 Features and Principles of the Control (9) 

The features of the noise reduction system are shown in Fig.1. The system consists of a control 

circuit and an array of NIP (metal panels bonded to piezoelectric materials) and attached to a frame. 

All piezoelectric materials in an NIP are wired to each other in series or parallel and connected to the 

control circuit. This controller is an equivalent inductance circuit based on a simple analog design 

using operational amplifiers. Since piezoelectric material is capacitive, a resonance circuit is created 

between the piezoelectric materials and the control circuit. 

The principle of control is as follows: when the incident noise is input to the noise reduction unit, 

the NIPs are excited at a frequency range centered around the resonance frequency, and the 

piezoelectric materials generate a voltage. As the generated voltage is input to the control circuit, a 

voltage anti phase to the generated voltage returns to the piezoelectric materials, causing an 

anti-phase force to interact with the NIP. The original vibration and the anti-phase force cancel each 

other out, suppressing the vibration of the NIP. As the vibration is reduced, the noise transmitted 

through that panel also reduces. This vibration reduction effect, which is produced when an 

inductive element is connected to a piezoelectric element, is reported to be equivalent to the effects 

of applying a mechanical dynamic vibration absorber. When several piezoelectric materials are wired 

to the noise reduction unit, they act as an equivalent capacitance and the vibra tion of all NIPs is 

reduced by the uniform anti-phase voltage input to the piezoelectric materials from the control 

circuit. 

When the noise reduction unit is installed on any target panel, a layer of air is formed between the 

two. As the acoustic power in the air layer is suppressed by the noise reduction system, the noise 

transmitted through the target plate is also reduced, regardless of its vibration characteristics. Figure 

1(a) suggests that the system reduces only the transmitted noise when the panel i s placed on the 

NIP 
Air layer 

Target plate 
Frame 

Incident noise Transmitted 

noise 

 

Control 

circuit 

Piezoelectric material Frame 

Metal Plate Noise reduction unit 
Noise insulation panel (NIP) 

(a) Noise reduction panel                          (b) Cross-sectional view 

Fig.1 Outline of the noise reduction system 
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incident noise side of the target plate and structure bone noise when the panel is installed on the 

transmitted noise side. 

This noise reduction system has several advantages: 

(1) It is not necessary to identify the vibration characteristics of the target panel or the sound 

characteristics of the transmitted noise. 

(2)Hence, this system can reduce transmitted noise without requiring sensors such as 

microphones or acceleration pickups. 

(3)Since the controller is composed of an operational amplifier circuit and the piezoelectric 

material is driven according to the input voltage, power consumption is low.  

(4)As the noise reduction panel and the control circuit can be mass produced, this system can be 

realized inexpensively. 

 

2.2 Model of the Noise Reduction System (9) 

Several studies have dealt with noise reduction systems that use piezoelectric material. Since our noise 

reduction system implements control by connecting an electrical circuit to piezoelectric materials, the 

whole system contains both a mechanical subsystem (an NIP) and an electrical subsystem (the piezoelectric 

materials and control circuit). In previous 

research, it was demonstrated that these 

system can be converted to an equivalent 

mechanical system(11-12).  

Figure 2(a) shows the actual circuit formed 

when all piezoelectric materials are connected 

in series, and Fig. 2(b) is the equivalent 

mechanical system. The inductance , 

resistance , and capacitance  in the actual 

circuit of Fig. 2(a) can be converted to an 

equivalent added mass , an equivalent 

damping element , and an equivalent 

stiffness element , as shown in Fig. 2(b), 

using the electromechanical coupling 

coefficient of the piezoelectric material, 

where p is the amplitude of the incident noise 

pressure, w is the displacement of an NIP, m is 

the modal mass, c is the modal damping 

coefficient, and k is the modal stiffness of an 

NIP.  

In a previous study, the vibration reduction 

effect of an NIP when the capacitance C of 

all piezoelectric materials is assumed to be the 

same has already been obtained against the 

displacement  without control, as shown 

below. 
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where is the imaginary unit, is the angular frequency,  is the (1,1) modal natural angular 

frequency of an NIP, and is displacement of the equivalent added mass. The equivalent electrical mass 

   in Eq. (10) is selected depending on whether the piezoelectric materials are connected in series or 

parallel. The combined capacitance of the piezoelectric elements is related to inductance  because 

of the formation of a resonance circuit between the combined capacitance  and inductance , where 

denotes the resonant angular frequency (hereinafter electric resonance frequency).  

The natural frequency of (1,1) mode is separately derived as follows(13): 
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Here, a and b are the length and breadth of a rectangular plate,   is density, D is flexural rigidity, and h is 

thickness. 

On the basis of the above theory, we have confirmed the noise reduction capability of our design with 

a system using a piezoelectric loudspeaker (Panasonic, WM-R57A:50*40mm) as an NIP. In this test, the 

noise reduction array (or the noise reduction unit) was set on a box in which the loudspeaker was installed, 

as shown in Fig. 3, and a microphone was used to measure the transmitted noise. We verified that the 

vibration characteristics of the NIPs could be evaluated using the frequency response function of the 

voltage generated by a piezoelectric material, taking the sound pressure level in the box as the incident 

noise. In the frequency range centered at the natural frequency of (1,1), evaluation of vibration 

characteristics was largely based on the transmitted noise. Figure 4 shows a comparison between the noise 

reduction capability of the experimental system and the analysis based on Eqs. (1)–(12). Since the natural 

frequency of (1,1) mode was about 160 Hz, the vibration was suppressed by more than 30 dB. This noise 

reduction system is considered equivalent to a dynamic vibration absorber. Thus, the noise in the side bands 

increased in accordance with that theory.  

Although this piezoelectric loudspeaker is effective as an NIP, its vibration characteristics cannot be 

modified. As a next step, we tried to develop an NIP using an aluminum plate and piezoelectric materials to 

achieve noise reduction at arbitrary frequencies. This system comprised ceramic piezoelectric materials 

attached to aluminum plates adhesive-bonded to an ABS frame. Figure 5 shows a cross-sectional view of 

that unit. Transmitted noise centered at the natural frequency of (1,1) mode of the NIP was reduced 

sufficiently. 

 

3. PROBLEMS TO BE SOLVED 

For expanding the noise reduction area, we manufactured a larger noise reduction panel 

composed of four NIPs, as shown in Fig. 6; its dimensions are provided in Table 1. This unit was 

mounted on a test box, as shown in Fig. 3, and the vibration characteristics of the NIPs were 

measured. The results are shown in Fig. 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 Dimensions of a previous noise 

reduction panel 

Size of a NIP 100*100 mm 

Size of a piezoelectric 
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50*50 mm 
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It can be seen that the vibration peaks of all NIPs appeared between 220 and 270 Hz, so the 

vibration around this frequency range was dominated by the (1,1) vibration mode. However, the 

vibration characteristics were not consistent, suggesting that when the NIPs are fixed to a frame with 

the same specifications and procedure, their vibration characteristics differ. 

Under these conditions, the two piezoelectric materials were connected in series, and two sets 

were connected in parallel. Finally, this set of piezoelectric elements was connected to the control 

circuit. By measuring the transmitted noise at a distance of 300 mm from the noise reduction unit 

and very close to the NIP, we compared the frequency response functions of the transmitted noise 

and the input noise with and without control. The target frequency was 227.5 Hz, and the inductance 

of the control circuit was tuned to that frequency. The noise reduction effects are shown in Fig.  8. 

While the noise transmitted through NIPs 1 and 4 were reduced by more than 5 dB, noise reduction 

by panels 2 and 3 was almost 3 dB. We consider this difference in noise reduction to be influenced 

by the vibration characteristics of the NIPs. In particular, when an NIP has slack areas and is not flat, 

the control force generated by the piezoelectric material  might not propagate across the entire area of 

the plate, such that the effects required in order for the plate to stiffen do not appear. 

Since such variations in NIP vibration are considered inevitable when a thin NIP is fixed to the 

frame by adhesive bonding, the importance of creating uniform vibration characteristics is clear. 

 

4. SOLUTIONS TO THE PROBLEM 

As discussed above, in this noise reduction system, it is important that NIPs  vibrate the same 

vibration characteristics to produce the noise reduction effect sufficiently. Moreover, the target 

frequency and the natural frequency of (1,1) mode must coincide. Otherwise, the noise will not be 

sufficiently reduced. However, preserving these vibration characteristics while fixing the NIPs to the 

frame is difficult, necessitating a means for adjusting the NIPs’ vibration characteristics after 

fixation. 

We propose a method for applying pre-tension to each NIP as a countermeasure against the 

problem described above. Our method is based on the following two effects. First, the vibration 

characteristics of the plate should improve if the NIP is fixed loosely to the frame according to the 

fixation procedure. Second, the natural frequency of (1,1) mode can be adjusted because of the 

well-known effect of tension on vibration characteristics. 

The relationship between vibration and 

tension in a rectangular plate is known to be 

as follows. In a rectangular plate with all four 

edges simply supported, the natural 

frequency of (1,1) mode with tension is given 

as follows(14): 

 

 

(a) Top-down view                 (b) Bottom-up view            (c) Cross-sectional view 

Fig.10 A numerical analysis model of a NIP 
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We devised a structure for easily applying pre-tension to an NIP. A cross-sectional view of the 

NIP is shown in Fig. 9. The NIP is attached to a frame via four square bars, which are tilted on the 

frame to be slightly angled, such that the angle of the bar and the pre-tension of the NIP can be 

adjusted through the tightening force of the screws. In addition, the amount of pre -tension can be 

controlled by adjusting the angle or torque of the screws. 

A numerical analysis was carried out to investigate pre-tension characteristics and changes in the 

natural frequency of (1,1) mode in an NIP. Figure 10 shows a model of the analysis. The NIP was 

thin aluminum, the square bars were Bakelite specifically, and the frame was assumed to be a rigid 

body. In this analysis, pre-tension was applied to the NIP by a force that pulls one side of the square 

bar down to the frame, instead of the tightening force of the screw. Figure 11 shows the stress 

exerted on the NIP by the force from the square bar. We confirmed that when the square bar applies 

this force, pre-tension is exerted across the entire area of the NIP. Next, we calculated the natural 

frequency of (1,1) mode with the applied downward force. Figure 12 shows the relationship between 

the downward force and the natural frequency of (1,1) mode. Having verified that the natural 

frequency of (1,1) mode increases in proportion to the downward pulling force, it appears that the 

natural frequency of (1,1) mode can be adjusted by applying pre-tension to the NIP. 

 

5. VERIFICATION OF THE TUNING METHOD OF NATURAL FREQUENCY OF 

THE NIP 

We manufactured a prototype NIP, shown in Fig. 13. The 

noise reduction unit was mounted on the test box, as shown in 

Fig. 3, and the relationship between the natural frequency of 

(1,1) mode of the NIP and the rotation angle of the screw was 

evaluated. The result is shown in Fig. 14. Here, “Initial” 

represents the condition that the head of a screw shown in 

Fig.9 lightly touched on the frame, i.e. only a little 

pre-tension was applied to the NIP. 

The natural frequency of (1,1) mode at the initial angle 

was 203Hz, as shown in Fig. 14. The profile of the vibration 

characteristics changed to become chevron-shaped compared 

with the vibration characteristics in Fig. 7, and the peak 

became distinct. As a reason of the improvement to the 

vibration characteristic without applying per-tension, the NIP 

might to be a near-flat condition by bending the aluminum 
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plate at the edge of the square bar.  

Although the natural frequency of (1,1) mode hardly changed between the initial angle and 90° of 

tightening, it did gradually increase as the screw was tightened, finally reaching 248 Hz in two turns 

of tightening (720° of tightening), i.e., it increased by around 50 Hz. The relationship between the 

screw angle and the natural frequency of (1,1) mode with tightening and loosening is shown in Fig. 

15. Although hysteresis was apparent in some ranges, the natural frequency of (1,1) mode changed in 

proportion to the screw angle, thus demonstrating the feasibility of applying pre -tension to the NIP 

and adjusting the natural frequency of (1,1) mode according to the tightening angle.  

6.  IMPROVEMENT OF THE NOISE REDUCTION PERFORMANCE BYTUNING 

THE NOISE REDUCTION PANELS 

 In the previous section, it was verified that the natural frequency of (1,1) mode could be 

adjusted by applying pre-tension to the NIP. To demonstrate the application of this method, we 

manufactured a noise reduction panel with four intentionally differently sized NIPs, and with the 

natural frequency of (1,1) mode tunable by means of the tightening force of the screws on the bar. 

Noise reduction effects were evaluated after connecting an inductance circuit for control.  

Figure 16 shows the noise reduction unit, and Table 2 shows its specifications. The vibration 

characteristics of the NIPs in the initial condition, with the screws completely unfastened, are shown 

in Fig. 17. The peak frequency appeared at around 140 Hz for NIPs 1 and 2, and at around 160 Hz 

for NIPs 3 and 4. In theory, if the size of an NIP is larger, the peak frequency will be lower, and vice 

versa. However, the peak frequencies appeared in two frequency ranges due to subtle differences in 

conditions. 

We tightened the screws of NIP 4 with a small amount of torque and tuned the natural frequency 

of (1,1) mode to 170 Hz. Pre-tension was incrementally applied to NIPs 1 to 3, and the (1,1) modal 

frequencies of all NIPs were tuned to 170 Hz, as shown in Fig. 18. 
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Finally, four piezoelectric materials were wired to each other (in a 2-2 series–parallel 

configuration) and connected to an inductance circuit. The inductance was tuned to an electrical 

resonance frequency of 170 Hz, and the effect upon noise transmission was measured. The result is 

shown in Fig. 19. The transmitted noise was suppressed by more than 20 dB by each NIP, with a total 

noise reduction of about 25 dB. The noise increased at 150–160 Hz or 180–200 Hz in agreement with 

the dynamic vibration absorber theory. The structure was thus demonstrated to offer improved noise 

reduction characteristics. 

Table 2 Specification of a new noise 

reduction panel 

Size of a NIP 1 150*150 mm 

Size of a NIP 2 148*148 mm 

Size of a NIP 3 146*146 mm 

Size of a NIP 4 144*144 mm 

Size of a piezoelectric 

material 
63*63 mm 

Thickness of a aluminum 

plate 
0.4 mm 

Thickness of a piezoelectric 

material 
0.4 mm 

Material of the frame Bakelite 
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Fig.19 Noise reduction effect of new type NIP (left axis) and the noise reduction panel (right axis) 
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7.   CONCLUSION 

We confirmed that the difference of the natural frequency of the NIP exert influence to the noise 

reduction performance, and proposed the structure to adjustable the vibration characteristics of the NIP.  

1. When an NIP is fixed to a frame with an adhesive bond, it will almost inevitably affect the vibration 

characteristics of the NIP, and it is impossible to subsequently tune those characteristics. 

2. Variation of natural frequency of the (1,1) mode of the NIP causes performance degradation of the noise 

reduction system. 

3. A noise reduction panel with thus altered vibration characteristics cannot greatly reduce the transmitted 

noise. 

4. By applying pre-tension to each NIP, the vibration characteristics improve significantly 

5. A structure that can easily apply pre-tension to the NIPs is presented. 

6. The vibration characteristics of the noise reduction unit correspond with the different vibration 

characteristics of the NIPs, and significant improvements in transmitted noise are demonstrated. 
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