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Harmonic sound plate (HSP) with a special shape that can produce percussion sound with sev-
eral harmonic overtones has been developed. This work aims to present the simulation of radiat-
ed sound response from the HSP. Both structural field analysis and structure-acoustic field anal-
ysis considering air-structure coupling effect will be conducted. The solid elements are used to
construct the HSP structure model, and the acoustic field elements are used to simulate the sur-
rounding air. Theoretical modal analysis is first performed to obtain structural natural frequen-
cies and displacement mode shapes for structure only, while the acoustic field mode shapes, i.e.
sound pressure mode shapes in the air, can be obtained in air-structure coupling analysis. Har-
monic response analysis is also carried out to obtain the radiated percussion sound response in
the air due to the impact force. Results show the air-structure interaction has a slight effect on
structural natural frequencies. Both structural mode shapes and acoustic mode shapes can be
visualized to interpret the sound pressure response of HSP experimentally and theoretically. The
predicted radiated sound can be useful and further applied to evaluate the percussion sound
quality.

1. Introduction

Percussion instruments are widely used in musical performance. Different percussion instru-
ments have different sound characteristics, in particular related to structural vibration modes. Har-
monic sound plate (HSP) with the uniform thickness and curved shape has been developed as a new
type of percussion instrument [1]. This work aims to perform vibro-acoustic analysis on the HSP in
air-surrounding so as to predict the radiated sound pressure.

McLachlan et al. [2] adopted finite element analysis (FEA) to design the musical bells containing
up to seven overtone frequencies in the harmonic series. McLachlan et al. [3] developed the folded
octagonal gong made of laser cut sheet metal for folding into the gong that can produce the first five
overtones tuned to within 5% of the harmonic sound. Pan [4] investigated ancient Chinese musical
bells and found the diamond shape of cross section incurred two different axisymmetric modes. The
normal strike and side strike will generate two different major spectral notes of sound. Yoo and
Rossing [5] constructed the finite element model to determine structural natural frequencies and
their mode shapes for both Chinese and Korean stone chimes. The analytical model is applied to
systematically vary the vertex angle and base line of the chime for exploring the difference of per-
cussion sound.

Since the percussion sound is of interest, the simulation technique to analytically obtain the radi-
ated sound pressure distribution from the structure has been drawn attention. Liu and Yi [6] applied
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commercial software to examine the effect of vibro-acoustic on acoustic natural frequencies, acous-
tic pressure and structural response for a flexible thin shell with a cylinder-like cavity. Wang et al.
[7, 8] have developed analytical and experimental approaches in studying special types of percus-
sion instruments, such as the steel chime [7] and crotale [8], respectively. The structural modal pa-
rameters for structure-only and air-structure systems are investigated. Results show the predicted
natural frequencies agree very well in comparison to the experimental results.

This work will present both the structure-only and air-structural system analysis in particular for
the HSP. For modal analysis, the system modal parameters can be obtained, while the system fre-
quency response function (FRF) can be determined from harmonic response analysis. The differ-
ences of modal characteristics for both the structure-only and air-structure systems will be discussed,
respectively. The simulation of sound field analysis to predict the radiated sound pressure distribu-
tion from the HSP can be useful for evaluating the percussion sound quality analytically.

2. Theoretical formulation for vibro-acoustic analysis

Fig. 1(a) shows the system block diagram of air-structure system in physical domain. The dotted
line block in Fig. 1(a) represents the structure-only system which equations can be expressed as
follows:

[M {0} +[C, Hup+ [K, Hu} ={F}+[RKp}- (€Y

where [M.], [C.], [K,] and [R] are the structural mass, damping, stiffness and vibro-acoustic
coupling matrices, respectively; {u}, {u}, and {u} are the displacement, velocity, and acceleration
vector on the structure; {p} is the acoustic pressure vector. The [R] term in Eq. (1) is not effective

for the structure-only system.
The air-path system equations can be expressed as follows:

[Mf]{p}+[cf]{p}+[Kf]{p}:{Ff}_pO[R]T{U}' (2)

where [M, ], [C,] and [K,] are the air (fluid) mass, damping and stiffness matrices, respectively; p, is

the air density, and the associate term represents the air-structure interface loading to the air; {F,} is the
acoustic loading vector. The integrated fluid-structure system equation can be derived as follows:

{[MS] 0 } {{U}H[cs] 0 } 1({u}HtKS] —[R]} {{u}}: {{Fs}} .
po[RTT M 1] {p} 0 [Ci] {pr} 0 [K:]]l{p} {F}

or in the simple expression:
[MI{G+[CIOG+[KI{X} ={f}. 4)
For the structure-only system, the [R] term in Eq. (1) can be ignored such that Eq. (1) has the
iwt

same form as Eq. (4). For harmonic response analysis, the harmonic solutions of {f}={F}e'",

{u}={U3}e“" and {p}={P}e'" can be assumed and so forth the system equations can be formulated
as follows:

[([K]-@’[M]) {X}+ia[CHX}={F}. 5)
where w =27 . @ is the frequency in rad/sec and f in Hz. By ignoring the force vector and ne-
glecting damping term, the undamped structure-only system natural frequencies f, and correspond-
ing mode shapes ¢, ,, or simply denoted ¢, , can be obtained as shown in Fig. 1(b). Note that the

modal damping ratio £, can only be determined from experiments. If the air-structure system is
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considered, the system modal parameters are shown as f_r , ¢ and ¢, , respectively. It is noted that
both the structure-only natural frequency f, and the air-structure natural frequency f_r are different
theoretically. While ¢, designates the structural displacement mode shape, 4, is referred to the air-
structure system mode shapes that can contain the structural displacement mode shape Z,(s) and the

air acoustic mode shape ¢, )+ 1-€., the radiated sound pressure mode shape.

r

f;(t): U (t) p, ()
' Strg;::sﬁ ral —> Air Path ey
(F) {u AUy {} {0}
—»|[M,][C].[K,] W [M LIC L.IK ] fpreeedp>
{F} GIRC, fu} o} {3
—_ [MLICLIK] —
{r}
(a) Physical domain
fj (t) .................... : ai (t) pk (t)
. ructural modal | : coustic modal
_? ! patramleterd | _> : par;meter —>
Gy, () 6, (1) Gy ()
_:P fr _)¢r(s) _)gr_> f_r_>¢7r(a) _)éjr _»

G (f) Gy, ()
e f_r_>5r_>§_r’ ar:gr(s)_‘__r(a) —
(b) Modal domain
fJ (t)E. ................... : al (t) pk (t)

Structural |: Air Path
— _ RRFE_ [ "_RRFE._

GfJfJ(f§) Césa'a'(f) kapk(f)
—» Ho (D) B H () —

Gf.f.(f) kapk(f)
— H,  (f)=H,  (DH, ,(f) S

(c) Frequency domain
Figure 1: System block diagram of air-structure field analysis.

Referring to Fig. 1(c) in the aspect of frequency domain, one can measure the acceleration at i
location designated a,(t) and the sound pressure at k location p, (t) when the point force is applied

at j location f;(t) . In experiments, one can measure Hai'fj(f) , Which is the FRF between f,(t) and
a(t), and Hpk'fj(f) the FRF between f;(t) and p, (t), respectively. The FRFs can be obtained,
respectively, from simulation and experimental modal analysis (EMA) presented in Section 4.
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One of the purposes in this study is to analytically predict the sound pressure response due to the
impact striking force on the HSP. G, | (f) is the auto power spectral density (PSD) function of

P, (t), which sound spectrum is of interest.

3. Finite elment model for harmonic sound plate

This section presents the construction of finite element (FE) model of HSP in considering the
structure-only and the air-structure systems, respectively. Fig. 2(a) is the real structure of HSP. Fig.
2(b) is the FE model for the structure-only and Fig. 2(c) is for the air-structure system. The analysis
is conducted by COMSOL. The HSP structure is built by the 8-node solid brick elements, and the
air is modelled by the brick acoustic elements. Each node of the structural element has three degree-
of-freedom (DOF) in terms of x, y and z displacements, while the node of acoustic element contains
the sound pressure DOF only. The fluid-structure-interface nodes contain both structural and acous-
tic DOFs.

In modal analysis for structure-only system, the undamped system solution is obtained, i.e. the

normal mode solutions. The r-th structural natural frequency f. and its corresponding structural
mode shape ¢, can be determined. It is noted that structural modal damping ratio can only be ob-
tained from experiments. From harmonic response analysis, the system FRF between fj(t) and

a,(t) referring to the experiment can also be simulated by applying unit point force at the j location

and its direction and monitoring the i location’s directional response accordingly.

For the air-structure system, the FE model of HSP and air is depicted as shown in Fig. 2(c). The
air surrounding is assumed to be r=0.3 m, and the outer surface is designated as free field boundary.
The structure surface nodes linked with the air elements are specified as the fluid-structure-interface
nodes. By examining Eq. (3) for the air-structure system equation, there are the effects of vibro-
acoustic coupling matrix [R] in the cross term of the system mass matrix and stiffness matrix;

therefore, the complex mode analysis is presumed. The air-structure system modal parameters can
be obtained as f, and ¢, . The system mode shapes contain two parts of solutions. One is the struc-

tural displacement mode shapes ;Zr(s), and the other is the acoustic mode shapes in terms of sound

pressure mode shapes ¢7r(a)-

The harmonic response analysis is also performed on the air-structure system by applying force
at the j location referring to the experiments, and then the system response at the structure and the
air can be, respectively, obtained. In particular, the sound pressure spectrum can be calculated and
compared with the measured one.

(a) HSP photo .' (b) for structure-only (c) for air-structure

Figure 2: Harmonic Sound Plate (HSP) structure and its FE models.
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4. Experimental modal analysis on harmonic sound plate

This section shows the conventional experimental modal analysis (EMA) on the HSP to experi-
mentally determine the system modal parameters. Fig. 3(a) shows the experimental setup and Fig.

3(b) show the grid points on the HSP. First, the structural FRF Haivfj (f) between f,(t) anda(t)

can be obtained by roving the impact hammer and fixed the accelerometer at i=17 to measure the z-
direction force and acceleration. Then, the post processing is done by modal parameter extraction
software ME’scopeVES to determine the structural modal parameters, including natural frequencies,
displacement mode shapes and modal damping ratios. The microphone sensor is also applied to

measure the system FRF between f;(t) and p, (t). By fixed the microphone location and roving the

impact hammer, a series of FRFs can be measured and used to extract the air-structural modal pa-
rameters.

It is noted that the HSP structure is actually the air-structure system. Either using the accel-
erometer or the microphone as the sensor to perform EMA on the HSP, we can get the air-structure
system response with vibro-acoustic coupling effect. It is not possible to measure the structure-only
system modal parameters in practice. However, we would also like to examine the air effect on the
structural resonance for the real structure. Two experiments are carried out. One is to apply the ac-
celerometer and microphone sensors simultaneously; the other is to apply the microphone only.

B NI 9734

¥

Impact hammer

(@) Instrumentation setup (b) Grid points for HSP
Figure 3: Experimental modal analysis on HSP.

5. Results and discussions

The model verification (MV) is to perform FEA and EMA on the HSP, respectively, and to
compare the system FRF and modal parameters obtained from analysis and experiments. The
agreement between analytical and experimental results indicates the successful simulation on the
practical structure. Both the structure-only and air-structure systems will be discussed, respectively.

5.1 Structure-only system

Table 1 summarizes the modal parameters obtained from FEA and EMA. Because of the rigid
body motion for the free-free HSP, the flexible body mode from FEA started at mode FO7. Except
mode F19 which is the y-direction mode is not measured, others are well compared with those from
EMA by using the accelerometer. One can observe the average (AVG) and root-mean-square (RMS)
of natural frequency error between FEA and EMA are 0.82% and 1.22%, respectively. The simula-
tion in theoretical modal analysis (TMA) is in good agreement with EMA. The structural displace-
ment mode shapes in (X, y) modes are also shown in Fig. 4(a) and 4(b) in order from FEA and EMA,
respectively. The physical meaning of mode shapes for the HSP can be well interpreted.
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Table 1: Modal parameters for structure field system.

FEA EMA by acc. Frequency Frequency | Damping | Physical meaning
mode Natural mode Natural difference Error ratio of mode shape
Frequency (Hz) Frequency (Hz) (Hz) (%) (%) (X, y)
FO7 966.2 EO01 946.2 19.95 2.10 0.07353 (2,2)
FO8 1174.6 E02 1173.1 15 0.12 0.06310 (3,1)
F09 1810.5 E03 1768.6 41.9 2.36 0.09735 (3,2)
F10 2348.8 E04 2338.6 10.2 0.43 0.06091 (1,3
F11 2368.9 E05 2366.8 2.1 0.08 0.04398 (2,3
F12 3522.3 E06 3510.3 12.0 0.34 0.09855 (3,3
F13 3888.0 E07 3821.2 66.8 1.74 0.49492 (4,2)
F14 4574.1 E08 4472.1 102.0 2.28 1.23550 (2,4)
F15 5215.9 E09 5207.2 8.7 0.16 0.07763 (1,4)
F16 6745.8 E10 6672.7 73.1 1.09 0.77482 (4,2)
F17 6941.9 E1l 6879.8 62.1 0.90 0.11979 (3,4)
F18 7741.9 E12 7763.6 -21.7 -0.27 0.35521 (5,1)
F19 8696.0 -- -- -- -- -- y-direction mode
F20 8797.5 E13 8780.8 16.7 0.19 0.23804 (2,5)
F21 9314.7 El4 9321.3 -6.6 -0.07 0.07123 (3,5
AVG 0.82
RMS 1.22
N 1 2 3 4 5 N 1 2 3 4 5
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Figure 4: Comparison of structural displacement mode shapes.
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Figure 5: Frequency response function for structure and corresponding structural displacement mode shapes.
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Fig. 5 shows the magnitude plots of FRF Hai,fj () at (i=17, j=17). Both the simulation and ex-

perimental curves agree very well. The first few mode shapes from FEA and EMA are also depicted
on the top of corresponding resonant frequencies. In summary, the structural FRF and modal pa-
rameters can be well verified between FEA and EMA. The physical meaning of mode shapes are
also visualized and shown good agreement.

5.2 Air-Structure system and percussion sound spectrum

The air-structure system is also analysed by performing both TMA and EMA, respectively. For
examining the difference of natural frequencies between structure-only and air-structure systems,
the TMA solutions by FEA are compared. There is only a slight difference within 0.9% between the

structure-only natural frequencies f. and the air-structure natural frequencies f_r :

At this point, we still do not know the effect of air on natural frequencies of the air-structure sys-
tem. The HSP attached with the accelerometer at i=17 is also conducted EMA by the microphone.
EMA on the HSP by using the accelerometer and microphone sensors, respectively, result in only
within 5.6 Hz difference and less than 0.2% in maximum. This may conclude that the air-loading on
the HSP is not significant, since the pitch frequency error for a note is within 0.3456%. For the HSP
design purpose, the structure-only model can be sufficient for accurate design analysis. In addition,
the mass effect of accelerometer should be carefully treated to avoid fault interpretation of the pitch
frequency of HSP.

The main objective of this work is also to analytically predict the radiated sound pressure distri-
bution for the HSP. By considering the air-structure system model as shown in Fig. 2(c), the radiat-
ed sound pressure spectrum can be obtained and compared with the experiment. Fig. 6 shows both
the simulation and experimental sound spectrum of the HSP. The displacement mode shapes and
acoustic mode shapes for the pressure contours and radiated pattern are shown for several resonant
modes. It is noted that modes FO8, F10 and F12, i.e. (x, y)=(3,1), (1,3) and (3,3), respectively, are
the designed harmonic sound with the frequency ratios up to 3. Those even modes such as
(x,y)=(2,2) do not contribute much to the sound pressure response. The acoustic field analysis for
the air-structure system is beneficial to visualize the sound pressure distribution in the air surround-
ing. The sound spectrum can be reasonably predicted and used for future sound quality evaluation
analytically.

souiaddi;rt:sciure &e‘ ’ ﬁ‘\
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Figure 6: Sound pressure level for air-structure and corresponding acoustic mode shapes.
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6. Conclusions

This paper presents the vibro-acoustic coupling analysis for the harmonic sound plate (HSP).
Both modal analysis and harmonic response analysis are conducted on the structure-only and air-
structure systems, respectively. To perform modal analysis on the system, one can obtain system
modal parameters. For structure-only system, structural natural frequencies and displacement mode
shapes can be determined and compared with experimental results in a good agreement.

For air-structure system, the structural natural frequencies are nearly the same, within 0.2%
frequency difference for the HSP, as those of the structure-only system, although there are other
acoustic modal frequencies. Both the structural displacement mode shape and the radiated sound
pressure (acoustic) mode shapes in the air can be well interpreted. In particular, the acoustic mode
shapes can help to visualize the sound radiation patterns for different modes.

The system frequency response function (FRF) for the acceleration with respect to the impact
force in the structure system reveals very good agreement between analysis and experiments, while
the FRF for the sound pressure with respect to the impact force in the air-structure system are also
verified very well. This work details the vibro-acoustic coupling analysis and results in the satisfac-
tory agreement with experiments, in particular for the HSP. The benefit for obtaining the percussion
sound pressure spectrum due to the impact force on the HSP is that one can predict the sound field
response and so forth to analytically examine the sound quality of HSP, which are potentially
adopted as the percussion instrument.
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