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Abstract: To solve the problem that MEMS vector hydrophones are greatly interfered with by
the vibration of the platform and flow noise in applications, this paper describes a differential
MEMS vector hydrophone that could simultaneously receive acoustic signals and reject acceleration
signals. Theoretical and simulation analyses have been carried out. Lastly, a prototype of the
differential MEMS vector hydrophone has been created and tested using a standing wave tube
and a vibration platform. The results of the test show that this hydrophone has a high sensitivity,
Mv = −185 dB (@ 500 Hz, 0 dB reference 1 V/µPa), which is almost the same as the previous MEMS
vector hydrophones, and has a low acceleration sensitivity, Mv = −58 dB (0 dB reference 1 V/g),
which has decreased by 17 dB compared with the previous MEMS vector hydrophone. The differential
MEMS vector hydrophone basically meets the requirements of acoustic vector detection when it is
rigidly fixed to a working platform, which lays the foundation for engineering applications of MEMS
vector hydrophones.
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1. Introduction

The MEMS bionic vector hydrophone developed by North University of China is combined
with the piezoresistive principle, MEMS technology, the bionics principle, and the underwater
acoustic principle, and has the advantages of small size, vector character, and good consistency [1].
Depending on its unique working mechanism and broad development prospects, the MEMS vector
hydrophone has attracted significant attention of many researchers. The problems of the insulation
application and the hydrostatic pressure resistance have, essentially, been solved [2,3]. However,
it has been found that the MEMS vector hydrophone is greatly interfered with by the vibration of the
platform and flow noise, through various experiments [4,5]. Therefore, the acceleration sensitivity
of the MEMS vector hydrophone is a significant obstacle to its engineering application. To solve
this problem, the resiliently-mounted method is most commonly used. However, the external soft
connection cannot be miniaturized or become consistent, and it is also susceptible to causing acoustic
scattering [6]. Therefore, optimal design should be concentrated on the structure of the hydrophone.
Liu developed a chip-level damping structure by adopting two pairs of springs in 2011, and Guo
designed a type of elastic damping element by using polymer damping material in 2015 [7,8]. It is
desirable that the structure can isolate the vibration noise caused by the working platform and improve
the anti-noise performance of the hydrophone. However, elastic elements are often used as shock
absorption and vibration isolation components for the high-frequency, low-amplitude signals, and they
have weak effects on the low-frequency vibration acceleration signals [9]. Moreover, elastic components
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are susceptible to fatigue aging, resulting in microcracks and its expansion [10]. Therefore, it will
cause adverse effects on arraying the hydrophones and processing of the signals. According to the
operational principle of the differential amplifier, this paper proposed the differential-type MEMS
vector hydrophone that could simultaneously receive acoustic signals and restrain acceleration signals
to achieve whole-band shock absorption.

2. Design

The structural model of the MEMS vector hydrophone developed by North University of China is
shown in Figure 1, which primarily contains a chip and sound-transparent cap. The sound transparent
material is nitrile rubber and the package is filled with silicone oil. The chip of the MEMS bionic
vector hydrophone consists of a four-beam silicon micro-structure and a micro-cylinder fixed to the
center of the four-beam structure. The processing material of the MEMS chip is SOI, and the chip is
manufactured by standard piezoresistor silicon micro mechanical processes. The eight equal strain
piezoresistors R1–R8 are distributed on the four-beam structure by diffusion technology, connecting
two Wheatstone Bridges. The distribution and connection of the piezoresistors are shown in Figure 2.
The sound signals directly affect the rigid micro-column through the packaging structure and make
it deflect to change the values of the piezoresistors, realizing the detection of underwater acoustic
signals [11].
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To eliminate the interference of the acceleration signals, the structure of the differential
vector hydrophone is proposed and shown in Figure 3. This sensor consists of a differential
encapsulation and a symmetrical MEMS sensitive unit. In this structure, the symmetrical MEMS
sensitive unit is composed of a four-beam structure and two identical bionic cilia. Among them,
differential encapsulation is composed of two different acoustic packages with different acoustical
transmission properties. The upper transparent package is made of a material with good acoustical
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transmission properties, while the lower noise-blocking package is made of a material with poor
acoustical transmission properties.
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The acoustic signals can be analogous to the useful electrical signals in the differential amplifier
circuit, which are called differential mode input signals. The acceleration signals can be analogous
to the ambient noises, which are called common mode input signals. The upper cilium and lower
cilium can be analogous to the two inputs of the differential amplifier circuit. When the differential
vector hydrophone is rigidly connected to the platform, the vibration of the platform acts on the two
cilia of the differential vector hydrophone in the form of an inertia force, which forms the common
mode input signals. The external sound waves have to pass the package to act on the upper cilium and
lower cilium. Due to the different acoustic impedance of the two packaging materials, the amplitude
of the sound waves will be different, which forms the differential mode input signals. Theoretically,
the amplitude of the output signals of the sensitive microstructure is not determined by the acceleration
signals, but completely by the acoustic signals.

3. Theory and Simulation Analysis

3.1. Theory Analysis

The stress situation of the sensitive microstructure under the combined action of the common
mode and differential mode signals is shown in Figure 4. The solid line represents that the cilium
is completely in a free state, which means the cilium is subjected to no external forces. The dashed
line represents the structural deformation when the difference of forces between the upper cilium
and the lower cilium is F in the X-direction. The dash–dot line represents the structural deformation,
when the upper cilium and lower cilium are subjected to very large external forces. Concluded from
the mechanics, the moment of the MEMS four-beam structure is only decided by differential signals.
The differential mode signal can be obtained when the external acoustic signals respectively pass
through the transparent packaging and the noise-blocking packaging. Therefore, the amplitude of the
output signals of the sensitive microstructure is completely decided by acoustic signals and it will not
be interfered with by acceleration signals.
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Cylindrical bionic cilia, whose length is H and whose diameter is R, is fixed to the center of the
square connector, whose length is s and whose thickness is t. The length, width and thickness of beams
are respectively l, w and t. Figure 5 is the vertical view of the four-beam structure. The four-beam
structure is divided into four parts. The beam can be seen as AB, and the square connector can be
divided into BC and CD, whose lengths are respectively 2a and b, as shown in Figure 5. The stress
situation of the beam and the left part of the center-block is shown Figure 6. In Figure 6, MA represents
the equivalent of the boot of beam, T is the torque provided by the single side-beam, and M represents
the external moment suffered by four-beam microstructure. The arrows represent the force and
moment of positive direction.
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When this structure is subjected to the load F coming from any direction, the stress distribution
on the beam of X-direction and Y-direction can be calculated by the following equations, respectively.

σ(x) =
(Mx + 2Tx)(B − A)t

4CIAB
(1)

σ(y) =

(
My + 2Ty

)
(B − A)t

4CIAB
(2)

where Mx and Tx respectively represent the moment and torque of the four-beam structure under the
effects of load F along the X-direction. Similarly, My and Ty can be obtained. q represents the ratio of
BC rigidity and AB rigidity. IAB represents the cross sectional moment of inertia of AB.

A = 2a2 + (2ql + 2b)a +
ql2

2
+ qbl

B =
4
3

a3 + (2l + 2b)a2 +
(

ql2 + 2bl
)

a +
ql3

6
+

qbl2
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First-order resonant frequency of the sensitive unit can be represented as:

ω0 =

√
keq

m∗ =

√
3.09EC ICkt

m∗(4.12H2EC IC + kt H3)
(3)

where m* represents the active mass of the sensitive structure, keq represents the effective stiffness of
the sensitive structure, Ec represents the Young’s modulus of the cilium, and kt represents the torsional
stiffness of the sensitive cilium. Ic represents the cross sectional moment of inertia of cilium.

3.2. Simulation Analysis

To verify the correctness of the theoretical derivation, the simulation analysis has been carried out
in ANSYS workbench (ANSYS Inc., Pittsburgh, PA, USA). As shown in Figure 7, the finite element
model of the sensitive structure has been built. The sensitive structure has been surrounded by a
fluid area, which represents the water environment, and the full constraints have been applied on the
end of the four-beam structure [12]. The parameters of the materials used in the model are shown in
Table 1 [13].
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Table 1. Parameters of the materials.

Parameters Value

Young’s modulus of the four-beam structure 1.65 × 1011 Pa
Density of the four-beam structure 2330 kg/m3

Young’s modulus of the cilium 8 × 109 Pa
Density of the cilium 2024 kg/m3

Density of water 970 kg/m3

The effects of the length, width and thickness of the beam on the stress distribution have been
analyzed, and the results are shown in Figures 8–10. In the figures, T represents the theoretical value
and S represents the simulation value. The numbers following the letters in Figures 8–10, respectively,
represent the length, width, and thickness of the beam in different microstructures. Among them,
the length of the beam has been normalized in Figure 8. From Figures 8–10, it can be seen that the
theoretical values and the simulation values are very similar. The two curves are basically coincident,
which proves the accuracy of the mechanical model discussed in Section 3.1. From Figures 8–10, it can
be seen that the change of the length of the beam has little effect on the stress distribution, and the
sensitivity of the sensitive microstructure can be improved obviously by reducing the width and
thickness of the beam.
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The effects of the length, width, and thickness of the beam on the resonant frequency have been
analyzed, and the results are shown in Tables 2–4. From the tables, it can be seen that the theoretical
values and simulation values are very similar and the error is less than 2%. The increase of the length of
the beam leads to the decrease of the resonant frequency, while the increase of the width and thickness
of the beam leads to an increase of the resonant frequency.

Table 2. The effects of the length of the beam on the resonant frequency.

Length of Beam (µm) Theoretical Value (Hz) Simulation Value (Hz) Error (%)

800 3449 3400 1.4%
1000 3113 3058 1.7%
1200 2846 2799 1.6%
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Table 3. The effects of the width of the beam on the resonant frequency.

Width of Beam (µm) Theoretical Value (Hz) Simulation Value (Hz) Error (%)

100 2931 2898 1.1
120 3113 3058 1.7
200 3623 3610 0.6

Table 4. The effects of the thickness of the beam on the resonant frequency.

Thickness of Beam (µm) Theoretical Value (Hz) Simulation Value (Hz) Error (%)

20 1290 1269 1.6
40 3113 3058 1.7
60 4361 4321 0.9

The parameters of the structure used in the model are shown in Table 5 and the first-order model
simulation results of the sensitive microstructure are shown in Figure 11. From Figure 11, it can be
determined that the first-order resonant frequency of the sensitive microstructure is 3058 Hz and its
working frequency band is 0–1000 Hz, which could meet the low-frequency detection requirements of
the MEMS vector hydrophone.

Table 5. Parameters of the structure and material.

Parameters Value

Length of beam 1000 µm
Width of beam 120 µm

Length of center-block 600 µm
Thickness of beam 40 µm
Radius of cilium 150 µm
Length of cilium 3000 µm

Sensors 2017, 17, 1332 7 of 13 

 

Table 3. The effects of the width of the beam on the resonant frequency. 

Width of Beam (μm) Theoretical Value (Hz) Simulation Value (Hz) Error (%) 
100 2931 2898 1.1 
120 3113 3058 1.7 
200 3623 3610 0.6 

Table 4. The effects of the thickness of the beam on the resonant frequency. 

Thickness of Beam (μm) Theoretical Value (Hz) Simulation Value (Hz) Error (%)
20 1290 1269 1.6 
40 3113 3058 1.7 
60 4361 4321 0.9 

The parameters of the structure used in the model are shown in Table 5 and the first-order model 
simulation results of the sensitive microstructure are shown in Figure 11. From Figure 11, it can be 
determined that the first-order resonant frequency of the sensitive microstructure is 3058 Hz and its 
working frequency band is 0–1000 Hz, which could meet the low-frequency detection requirements 
of the MEMS vector hydrophone. 

Table 5. Parameters of the structure and material. 

Parameters Value
Length of beam 1000 μm 
Width of beam 120 μm 

Length of center-block 600 μm 
Thickness of beam 40 μm 

Radius of cilium 150 μm 
Length of cilium 3000 μm 

 

Figure 11. First-order model. 

The analysis of the stress response of the sensitive microstructure under different loads has been 
carried out. The stress response of the upper cilium subjected to 1 μN along the X-direction is shown 

Figure 11. First-order model.

The analysis of the stress response of the sensitive microstructure under different loads has been
carried out. The stress response of the upper cilium subjected to 1 µN along the X-direction is shown
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in Figure 12a. The stress responses of the upper cilium subjected to 2 µN along the X-direction and
2 µN along the Y-direction, and the lower cilium subjected to 1 µN in the X-direction and 2 µN along
the Y-direction are all shown in Figure 12b. According to the comparison between Figure 12a,b, it can
be determined that this structure could suppress the common mode signals and output the differential
signals, which meets the design objectives.
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4. Construction and Testing

4.1. Acoustical Transmission Theory

The acoustical transmission property of the packaging structure can be analyzed and predicted by
the theoretical model of a three-layer medium, including (I) seawater; (II) the package; and (III)
silicon oil. It is assumed that the sound waves propagate in the medium in the form of plane
waves. The theoretical model of three-layer medium is shown in Figure 13. In Figure 13, Z1, Z2,
and Z3 represent the characteristic impedance of seawater, the package, and silicon oil, respectively,
ρ represents the density, and C is the speed of sound. The acoustic impedance of common materials is
shown in Table 6 [14,15].
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Table 6. Acoustic impedance of common material.

Material Water Steel Aluminum Plexiglass Oil Nitrile Butadiene Rubber

Acoustic impedance
(106 kg/m2·s) 1.48 46 17 3.2 1.4 1.5

Because the acoustic impedance properties of the water are nearly same as the silicon oil, Z3 can
be regard as Z1. According to the theoretical model above, the sound transmission coefficient of sound
waves can be expressed as [16].

T =
1

cos2(k2L) + 1
4 (

Z2
Z1

+ Z1
Z2
)

2
sin2(k2L)

(4)

In Equation (4), k2 indicates the wave number and L represents the thickness of package.
From Equation (4), it can be obtained that if the characteristic impedance of layer I is almost equal to
that of layer II, the transmission coefficient T is almost equal to 1 and vice versa. Therefore, the nitrile
rubber whose acoustic impedance is close to the water has been chosen as sound-transparent material
and the steel whose acoustic impedance is far different from the water has been chosen as acoustic
resistance material.

4.2. Test

The prototype of the differential MEMS vector hydrophone is shown in Figure 14. Its properties
have been tested and compared with the previous hydrophone to verify whether this hydrophone
meets the design objectives. Firstly, the tests of the working frequency band, receiving sensitivity,
and directivity of the hydrophone have been carried out in the standing wave tube. Secondly,
the acceleration sensitivity of the hydrophone has been tested by the vibration platform.
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4.2.1. Tests in the Standing Wave Tube

The differential vector hydrophone has been tested in a standing wave tube by the comparison
calibration method [17,18], as shown in Figure 15. The measurement setup included a function
generator, a power amplifier, a calibration tube, a data acquisition system, and a revolver. The sine
wave generated by the function generator was sent to the emission transducer after amplification.
The reference hydrophone was hung in water and the tested hydrophone was fixed in the revolver.
The testing site is shown in Figure 16. The sensitivity of the tested hydrophone can be obtained by
Equation (5):

Mpgr =
Upgr

P0

sin kd0

cos kd
(5)

where P0 and Upgr are, respectively, the outputs of the reference hydrophone and the tested hydrophone.
d, d0 respectively represent the depth of the vector hydrophone and the sound pressure hydrophone.
Usually, we consider them as equal.
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The differential and the previous vector hydrophone’s sensitivity curves are shown in Figure 17.
In Figure 17, it can be determined that the sensitivity of the differential vector hydrophone has the
same trend with the previous vector hydrophone. The sensitivity is about −185 dB (@ 500 Hz, 0 dB
reference 1 V/µPa), which is able to meet the needs of acoustic detection with high sensitivity.
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Figure 17. Sensitivity curves of the hydrophones.

The directivity pattern in the X-direction and Y-direction at 500 Hz is shown in Figure 18. The test
results show that this differential hydrophone has a directional pattern in the form of a figure-eight
shape. The concave point depth of the X and Y directions, respectively, reach 38.3 dB and 38.5 dB,
so the structure has a good symmetrical property.
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Figure 18. Directivity pattern at a frequency of 500 Hz.

4.2.2. Tests on the Vibration Platform

The experiment was carried out by the TV5220 automatic sensor calibration system, as shown
in Figure 19. An 8305 accelerometer produced by Denmark BK has been used as the standard
accelerometer. The test site of the shaking table is shown in Figure 20. The testing of the acceleration
sensitivity has been carried out on the vibration platform under 0.15 g, and the results are shown in
Figure 21. It can be concluded from Figure 21 that the amplitude frequency response of the hydrophone
is basically unchanged at 10–1000 Hz, which means that the acceleration response of the hydrophone
in this range is a constant value. The results also show that the acceleration response amplitude of the
differential vector hydrophone can reach −58 dB (0 dB reference 1 V/g). Compared with the previous
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vector hydrophone, the acceleration sensitivity is decreased by 17 dB. The results above represent that
this differential vector hydrophone has low sensitivity to acceleration and it can be rigidly mounted on
the working platform directly without relying on an elastic suspension, which meets the basic design
requirements with low acceleration sensitivity.
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5. Conclusions

The static model of the sensitive microstructure has been established and verified in ANSYS
workbench. The acoustic and acceleration performance of this hydrophone have been tested,
respectively, by the standing wave tube and the vibration platform. The test results show that this
hydrophone has high sensitivity, which is almost the same as the previous version. Meanwhile,
the hydrophone has low acceleration sensitivity, which decreased by 17 dB, compared with the previous
vector hydrophone. In a word, it can be determined that the differential MEMS vector hydrophone
meets the basic requirements of acoustic vector detection under the condition of rigid fixation.



Sensors 2017, 17, 1332 13 of 13

Acknowledgments: This work was supported by NSFC under Grant 61525107, Shanxi Graduate Education
Innovation Project under Grant 2016BY122, National Key Research and Development Program of China
under Grant 2016YFC0101900, Applied basic research project of Shanxi Province under Grant 201601D011035,
China Postdoctoral Science Foundation funded project (176704).

Author Contributions: Guojun Zhang and Mengran Liu contributed equally. Guojun Zhang and Mengran Liu
conceived and designed the experiments; Nixin Shen and Xubo Wang performed the experiments; Wendong Zhang
analyzed the data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xue, C.Y.; Chen, S.; Zhang, W.D. Design, Fabrication, and Preliminary Characterization of a Novel MEMS
Bionic Vector Hydrophone. Microelectron. J. 2007, 38, 1021–1026. [CrossRef]

2. Zhao, P.; Zhang, G.J.; Liu, Y.; Shen, H.; Liu, L.X.; Zhang, W.D. The Design of Pressure-Resisting Structure for
NEMS Vector Hydrophone. Chin. J. Sens. Actuators 2014, 5, 610–615.

3. Zhang, G.-J.; Chen, S.; Xue, C.-Y. Encapsulation of a Bionic hair cell vector hydrophone based on MEMS.
Nanotechnol. Precis. Eng. 2009, 7, 221–227.

4. Zhu, L.; Li, F.; Chen, D. Study of vector noise field characteristics in shallow water by fiber optical vector
hydrophone. Tech. Acoust. 2016, 32, 101–108.

5. Li, D.; Cao, J.; Liu, Y. Reduction of Acceleration Sensitivity of Fiber Optic Hydrophone. J. Harbin Eng. Univ.
2001, 22, 25–32.

6. Kang, K.; Gabrielson, T.B.; Lauchle, G.C. Development of an accelerometer-based underwater acoustic
intensity sensor. J. Acoust. Soc. Am. 2004, 116, 3384–3392.

7. Liu, X.; Zhang, G.; Guan, L. The design of a vector hydrophone’s chip-level damping structure.
In Proceedings of the 2011 3rd International Conference on Computer Research and Development, Shanghai,
China, 11–13 March 2011; pp. 358–360.

8. Guo, N.; Zhang, G.J.; Zhang, W.D. Design and experiment research on MEMS vector hydrophone vibration
damping structure. Key Eng. Mater. 2015, 645, 931–941. [CrossRef]

9. Tao, S.; Bai, H.; Liu, Z. The Algorithm Design of New Robust Controller in Micro-vibration Isolation Platform.
Mech. Sci. Tech. Aerosp. Eng. 2013, 32, 1518–1523.

10. Zhang, X.; Tan, J.; Zhou, J. Study on aging of an elastomeric gasket material in simulated PEMFC
environments. Chin. J. Power Sources 2015, 4, 759–762. [CrossRef]

11. Jian, Z.M.; Zhang, G.J.; Liu, M.R. Microstructure optimization design of MEMS bionic vector hydrophone.
Micronanoelectron. Technol. 2014, 51, 576–582.

12. Zhang, G.J.; Zhao, P.; Zhang, W.D. Resonant frequency of the silicon micro-structure of MEMS vector
hydrophone in fluid-structure interaction. AIP Adv. 2015, 5, 041316.

13. Chen, S. Research of MEMS Bionic Vector Hydrophone Based on Silicon. Ph.D. Thesis, North University of
China, Taiyuan, China, 2008.

14. The Table of Density, Acoustic Impedance and Sound Velocity of Common Material. Available online:
http://www.fm369.cn/inforQuestiondetail.aspx?id=8769 (accessed on 5 August 2010).

15. Liu, M.R.; Jian, Z.M.; Zhang, G.J. Design of MEMS Bionic Vector Hydrophone Based on NBR
sound-transparent Cap. Sens. Rev. 2015, 35, 303–309. [CrossRef]

16. Du, G.H.; Zhu, Z.M.; Gong, X.F. Acoustic Foundation; Nanjing University Press: Nanjing, China, 2001.
17. Fei, T. Vector Hydrophone Calibration Equipment. Available online: http://www.docin.com/p-507943038.

html (accessed on 6 June 2017).
18. Zhen, S.J.; Yuan, W.J.; Liao, R.X. Acoustic Measurement and Testing Technology; Harbin Institute of Technology

Press: Harbin, China, 1995.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.mejo.2007.09.008
http://dx.doi.org/10.4028/www.scientific.net/KEM.645-646.931
http://dx.doi.org/10.1016/j.jpowsour.2015.01.074
http://www.fm369.cn/inforQuestiondetail.aspx?id=8769
http://dx.doi.org/10.1108/SR-11-2014-0744
http://www.docin.com/p-507943038.html
http://www.docin.com/p-507943038.html
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Design 
	Theory and Simulation Analysis 
	Theory Analysis 
	Simulation Analysis 

	Construction and Testing 
	Acoustical Transmission Theory 
	Test 
	Tests in the Standing Wave Tube 
	Tests on the Vibration Platform 


	Conclusions 

