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The efficient and accurate synthesis of physical parameter-controllable impact sounds is essential for sound source
identification. In this study, an impact sound synthesis model of a cylinder is proposed based on discrete state space
(DSS) method and modal extension method (MEM). This model is comprised of the whole three processes of the physical
interaction, i.e., the Hertz contact process, the transient structural response process, and the sound radiation process. Firstly,
the modal expanded DSS equations of the contact system are constructed and the transient structural response of the cylinder
is obtained. Then the impact sound of the cylinder is acquired using improved discrete Raleigh integral. Finally, the
proposed model is verified by comparing with existing models. The results show that the proposed impact sound synthesis
model is more accurate and efficient than the existing methods and easy to be extended to the impact sound synthesis of

other structures.
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1. Introduction

Radiated sounds in our daily life usually vary with the
physical parameters of vibrating structures. These physi-
cal parameters include size, shape, and material, as well as
stimuli and radiation condition.!!! Investigating the relation-
ships between physical parameters of structures and sound fea-
tures is meaningful and attractive in the field of sound source
identification.?! In order to grasp the most essential features of
the vibratory and acoustical problem, sound continua should
be created since they can simulate the continuous changes of
the physical parameters.!3] Recordings or real sounds are not
efficient to create continua since actual physical parameters

(451 By con-

are in inhomogeneous and disperse distribution.
trast, synthetic sounds, which can precisely control different
physical parameters and provide large sets of sound samples,
seem more suitable. In previous literatures, the synthesized
impact sounds are mainly used in sound source identification
studies since they are broadband and carrying most of the in-
formation related to physical parameters.®”! Thus, the syn-
thesis of impact sound continua becomes the premised issue
in the study of sound source identification.

A complete impact sound synthesis model should com-
prise three processes, the contact process of the hammer and
the structure, the vibration response process of the structure,
and the sound radiation process. The contact process was
substituted by pre-defined contact forces in wave forms of

a half sine or two half-Gaussians which rise fast and de-
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cay slow in some studies.[>8! Meanwhile, the other studies
used the Hertz contact model, which is closer to the real-
ity compared with pre-defined forces, to stimulate the whole
processes of the contact.[>>!%! The vibration response and ra-
diation process was usually modeled with basic theoretical
derivation, modal expansion method (MEM), finite differ-
ence method (FDM), finite element method (FEM), bound-
ary element method (BEM), and combination of the above

(9-131 Lambourg (2001) synthesized the vibration re-

methods.
sponse and impact sound through the finite-difference time-
domain (FDTD) method and discrete Raleigh integral, but his
method had a drawback of low computational efficiency.l’!
Lutfi (2001) and McAdams (2010) used simplified models
based on Lambourg’s method to synthesize the impact sound
of bar and plate for subjective judgments, but their models
would not be suitable for the accurate-sound-feature extrac-
tion since they ignored the information which is not sensitive
by the human ears.'%!!] Zhang (2014) proposed FDTD-MEM
method and FEM-MEM-BEM method (implemented in LMS
Virtual.Lab software) to synthesize impact sound more effi-
ciently than FDTD method under the same precision.!'%!3]
However, Zhang’s methods still suffered from low computa-
tional efficiency caused by high order FDTD and large number
of finite elements. In addition, Avanzini (2001) put forward a
low parameter sound synthesis model, from which the system
was constructed by DSS equations discretized through bilinear

transform method.!'"*! The DSS equations are first order with
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lower computing cost than high order FDTD equations. Nev-
ertheless, Avanzini’s model neglects both stimulus-position in-
formation and radiation process, and the model is not accurate
due to the bilinear transform method adopted to discrete the
state space equations. Although aforementioned methods have
advantages respectively in accuracy and efficiency, an efficient
and accurate method for sound synthesis still needs to be de-
veloped for sound feature identification tasks.

In order to have a simultaneous improvement on the accu-
racy and the computational efficiency compared to aforemen-
tioned methods and ensure the information integrity of the syn-
thesized sounds, an impact sound synthesis model is proposed
in this study. The model comprises the Hertz contact process,
the vibration response process, and the sound radiation pro-
cess. And it is firstly built with modal expanded DSS equa-
tions. Then the vibration response and radiated sound of the
simply-supported cylinder, which is widely used in airplane
and ship manufactures, are calculated using two approximate
methods (Euler method and trapezoid method). The results
show that the proposed sound synthesis model is superior to
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the existing methods in both accuracy and efficiency. The pro-
posed model can provide a large number of sound samples for
the subsequent sound source identification study and it can be
extended to other structures with just a few modifications of
the modal parameters.

2. Impact sound synthesis model
2.1. Overview of the model

The impact sound synthesis model used in this paper is
described briefly in Fig. 1. It comprises the Hertz contact pro-
cess, the transient structural response process, and the sound
radiation process. The Hertz contact process consists of three
parts, i.e., the cylinder motion, the hammer motion, and the
contact force calculation. By solving the Hertz contact pro-
cess, the force response and point response can be obtained.
The structural response of the whole cylinder surface can be
extended from the point response using MEM. In the sound
radiation process, the sound field radiated from the cylinder
surface is calculated.

......................................

;

contact point structural transient
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response pressure
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sound radiation
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Fig. 1. The sound synthesis model.

2.2. Basic equations

Basic equations of different parts of the sound synthesis
model are displayed in the following subsections. They will be
discretized and solved in a form of regressive iteration equa-
tions in Section 3.

2.2.1. Cylinder motion

In order to decrease the dimension of iterative computa-
tion, the equations of the contact system are usually modal
expanded using MEM. The modal expanded second order dif-
ferential equation of the cylinder can be expressed as follows:

r r).(r r 2
i) 0+g 1) 0+ [0 A 0 =10, O
where the superscript (r) represents the resonant cylinder,
xl(r) (t), gl(r)’ wl(r)

tude, the modal damping, the modal angular frequency, and

, and fj () are respectively the modal ampli-

the modal forces of the /-th mode. By defining ¢; as the /-

th modal shape of the structure, the terms in Eq. (1) can be

described as follows: 1]

gz<r)=2cl(017 filt)= T'f(t) M1<r>:PhAS'S"Em9"m"7
1

= —@un = —— sin (k;,z) cos (nO),
P Y f (kmz) cos (n0)

where k,,, n, 0, p, and & stand for the axial wave number, the

@

circumferential order, the circumferential angle, the mass den-
sity, and the thickness of the cylinder, respectively. §; denotes
the I-th (corresponding to the (m,n) order mode of the cylin-
der) modal damping ratio. The total displacement w (x,,,) of
point x,, can be calculated according to the modal analysis the-

sz

where ¢ (x,) is the positional coefficient of the /-th modal

ory as

xpu (Pz xp 3)

shape at point x,.
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2.2.2. Hammer motion

Assuming the contact process is on the horizontal direc-
tion, the equation of hammer motion can be described as

MW (1) = —f (1), “)

where the superscript (h) represents the hammer, and f (¢) is
the contact force.

2.2.3. Contact force

Contact force (or impact force) is one of the crucial clues
associated with the physical parameters of the hammer, such
as the hardness.['®! As mentioned in Section 1, contact forces
are mainly in forms of pre-defined force and synthesized Hertz
contact force. The Hertz contact theory can simulate the whole
process of the collision and it is more close to the reality com-
pared with pre-defined force. So the contact force model pro-

posed by Hunt and Crossley is introduced as follows: 7!
f(1) = f(Ax(r),Av(r))
= kAx (1) +AAx ()% - Av(t), Ax,Av>0, (5)

where k is the contact stiffness, A and o denote the damping
coefficient and the index, respectively, and they are set to 0.6k
and 3.8 following Avanzini’s configurations. Ax(¢) and Av ()
represent the relative displacement and the relative velocity
between the hammer and the cylinder respectively

Ax (1) = > (1) = w (xp,1),
Av (1) = v (£) = (xp,1) .
2.2.4. Sound radiation

The free field sound radiation can be calculated using the

(6)

Raleigh integral (18]

/pov r— r/co
2nr

where 7 is the distance between the receiving point and the

/pox I— r/CO) (7)

surface of the structure; pg and cq stand for the density and the
sound speed in air, respectively.

3. Structural response based on DSS and MEM
3.1. Theory

In order to improve the accuracy and the computational
efficiency of aforementioned methods, we propose an accu-
rate DSS and MEM based method to calculate the structural
response of the cylinder. The modal expanded DSS equation
of Eq. (1) can be expressed as

W (1) = Az (1) + Bu (1), (8)
where
r (r)
) /4y Ly (t) (r) _x (t
x\" ()= :cgr)(t) | (1) = xgr)(t) ;

A1 Bl
A2 B2
A= A ;. B=|pB;|:
0 1 :0 0
A= ; By = ;
! [/11 2‘:1(01] ! L wi(x1) o W (o)

w(t)=[fi () fu (O]

Instead of discretizing the equations directly as Avanzini
did,""" we solve Eq. (8) and acquire an accurate solution be-

fore the discretization operation. The accurate solution of

Eq. (8) is shown as follows: [19]

t
20 (1) = e 2000 (1) + [ B-u(r)eA"Pdr, (9)

fo
where the first term on the right hand side is the solution of
the free vibration, and the second term is the forced vibration
solution (also called Duhamel integral), and T € [fg, #] is the
period considered. The discrete form of Eq. (9) can be found
in Ref. [19]

2" (n) = eA"2" (n—1)+OBa(v)/F,  (10)

where @ (7) is the average value in © € [nT —T,nT], F is the
(A/F)

sampling rate, and @ equals to I + E‘, @8

(E‘l/ 11") )
+
ceeds 5. To improve the iterative efficiency, equation (10) is

. The upper limit

of i can be set to 5-10 since is negligible when i ex-

divided into two iterative formulas
XOm)]  [eATX0(n-1) ©'B'u(1)/F,
v (n) |

e AT (1) (n—1) ©'B'a(1)/F,
1)
where X (n) and V (n) are respectively the displacement am-
plitude vector and the velocity amplitude vector of all the
modes considered. e47 and ©'B’ /Fg are pre-calculated be-
fore the iteration process since they are time independent. The

quantities A’, B’, and @’ are expressed as follows:

[0 1 A —ZC(Dl
01 —12 —ZC(DZ
01 —13 —ZC(L);, )

:llll (x1) v (x
, | v la) va(x
B =1 y3(x1) y3(x

%)

).
) w2 ()
) W3 (xm)

%)

; 12)

)

oo A//F )i
o —1+y AE) , 13
l; (i+1)! (13)
where I’ and (A’)' should be redefined as

1001
1001

I'=|1001]: (14)
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AT =[A/(1) A'(2) A'(3) A (4)],

(A = [ Ao A'(1)+ A'(1)oA'(2)+
A/(2)0A'(3)  A(2)0A'(4)

(A — | A (oA (1)+ (A (1)
(A)(2)0A'(3) (A)(2)o

[Nl

where “o” is the Hadamard product, i.e., the product of ele-

ments at the same position of the matrixes.

Accordingly, the DSS equations of the hammer and the

contact model can be described as

™ (n) =™ (n—1)—a(t)/Fm™,

X (n) = — £ 10 (j)/F, 1o
j=1
£ (n) = f (A% (), Av (1)) = KAx ()% + 24 (1) - 80 (),
X (n) 01 (x) a7

Ax(n) | x™ (n)
Av(n) | [ v (n) a

where @(7) can be approximated by the Euler method

;v,‘” (n) @1 (x))

(@(t) = u(n—1)) or the trapezoid method (@ (7) =
I (u(n)+u(n—1))). In general, the trapezoid method has
a better accuracy in approaching the velocity gradient than the
Euler method. However, the trapezoid method is more com-
plex since w (n) and =) (n) in Egs. (11) and (16) have instan-
taneous mutual dependence. Fortunately, K method proposed
by Borin!?"! could be introduced to calculate u () in each time
step with a few steps of Newton—Raphson iterations. Detail in-
formation about K method used in this study can be found in
Ref. [15].

By solving Egs. (11) and (15)—(17), we can obtain the
transient displacement and velocity responses of the driven
point. According to modal analysis theory, the responses of
driven point x, () and any other point x, (f) on the cylinder

surface can be linked together by

N

l

XA () =x1p (1) 2L =21 (1) Tpar,

via(t) =vip (1)

for @ #0, (18)

s 9

= Vip (1) Tpar,

2

where T,y is the transfer coefficient between different points.
Thus, the [-th structural response of the whole cylinder can be
calculated through Eq. (18). The driven point must be on the
nodal line of some modes, which may cause unexpected high
value of 1/¢,,;. Therefore, T},4; is weighed with a coefficient
which equals to 0 when @, is smaller than a certain threshold

(0.01, for the proposed model) and 1 otherwise.

s)

3.2. Results and validation

The parameters of the contact system are given in Ta-
ble 1. Besides, the initial displacement and velocity are re-
spectively —10* m and 2 m/s, and the driven point is located
atx, (r,0,z) = (0.4,0,0.08). A total of 746 modal frequencies
below 5000 Hz are considered in the range of 30 x 30 orders.
The sample rate is set to 40000 Hz to ensure the resolution of

temporal contact force.

Table 1. Physical parameters of the system.

Structure  Physical parameters Value Unit
Cylinder length 1.2 m
radius 0.4 m
thickness 0.003 m

Young’s modular ~ 2.1x 10! GPa
Poison ratio 0.3 -

density 7850 kg/m?
damping ratio 0.5 %
Hammer mass 103 kg

contact stiffness 0.5x 10! GPa

3.2.1. Results

The temporal contact force and velocity response of the
cylinder from different approximate methods are displayed in
Figs. 2 and 3, respectively. The contact force duration is ap-
proximately 3.5 ms. The velocity response at the 27th sam-
pling point is displayed in a two-dimensional color map for

better view. The impact point in Fig. 3 is located at (1,8).

4

Contact force/N

0 1 h
0 50 100 150

Sampling number

Fig. 2. Temporal contact force.
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Circumferential node number
Fig. 3. (color online) Velocity response.

3.2.2. Validation

The FEA software can hardly work out a result under the
calculation precision of 5000 Hz since the required element
number for the cylinder in Table 1 exceeds 30000. Thus a
new method is needed to validate the vibration response. Ad-
mittance reflects the properties of the structure, if stimulus
is identical, the same admittance dose means the same ve-
locity response (see Eq. (19)). So we can use admittance to
validate the transient velocity responses indirectly. The gen-
eralized driven-point admittance and theoretical driven-point

admittance (in modal analysis) can be expressed respectively
[5.8]
as

)

120 i (@)=Y —sz(el (xp) - 20)

100 - ~ m; (0} — jog — ©?)
_qg 2 3 The driven-point admittance results of different methods are
g 80 % displayed in Fig. 4 in different line styles. Among them, the
2 60 1 & results of the proposed methods and bilinear transform method
] ; are calculated using Eq. (19), meanwhile the theoretical result
.75 40 0 E is calculated from Eq. (20). It is noticed that the driven-point
< 20 = position is considered in all the above methods. The results
-1 show that the results of the proposed methods well agree with
0 100 150 200 250 the theoretical result and the bilinear transform result has ob-

vious deviation in both amplitude and frequency.

The significant deviation of Avanzini’s bilinear transform
result can be interpreted from two aspects: 1) the Duhamel in-
tegral in Eq. (9) is substituted by the oversimplified discrete
force in Eq. (4) of Ref. [8], which causes the disagreement
of the amplitudes, and 2) the bilinear transform method has
a drawback in the frequency reconstruction which causes a
shrink of vibration responses in the high frequency domain.

As a complementary validation, the velocity response
of a smaller cylinder (L = 0.3 R = 0.1) calculated using
FEM-+MEM (realized through the transient modal superposi-
tion structural response case in Virtual.Lab software) and pro-
posed method is shown in Fig. 5. The force obtained from
Hertz contact process is used as the input force of the transient
modal superposition structural response case directly. The re-
sult shows a good agreement between the two methods. The
small velocity differences between the two methods are due to

Y, (0) =V, (0)/F,(0), (19)  the resolution difference and modal frequency bais.

8 3 T T T T T T T T T
3 1077 e p YRTTAY YA " K¢ -3
iy R ¢4 e T T S T Y T
= £ 1 F SR Rt WM RS
E " My n '5 iy % B :_: 'f K
S EEEHE] !! g v '
< H [ I 3
B, A - T O bilinear transform
3 1077 - proposed method 3
& i (Euler)
3 H proposed method
= H Tt (Trapezoid) |
5 ————— theoritical method

1 1 1 1 1 1 1 1 1

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency /Hz

Fig. 4. (color online) Driven-point admittances of different methods.
5 1.0 . . . . . . . . .
5 F e FEM+MEM
° proposed method
>
c§ 0.5k (Euler) i
> 2. -
jj 1] 3 j ! s ’ A ~ ) \ g . -
g o : Fareritibh :I!&f ARAARRAAATHANAARANA A ARG RA
) ! U i Y44 1 !
> | ~
e * ’
Q
N-0.5F E
=
g
S
Z _10 1 1 1 1 1 1 1 1 1

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Sample number

Fig. 5. Contact point velocity of different methods.
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3.3. Computational efficiency

The time consumed in different steps of the transient
structural response process is displayed in Table 2. All the
computations in this paper are accomplished under the same
hardware (i7-6700 CPU, 8G DDR4 memory) and software
(winl0 64bit, matlab2013a) condition. As shown in Table 2,
the most time consuming part is the calculation of the cylinder
velocity from the driven point velocity since 250 x 120 nodes
need to be calculated in each of the 40000 time intervals. Nev-
ertheless, the total time for driven point response calculation
is less than 1 s for the proposed methods.

Table 2. Time consumed in different steps.

Modal shape Iteration of the driven point response Cylinder

Modal
and pre-defined Bilinear DSS+MEM DSS+MEM velocity
frequency .
terms transform  (Euler) (trapezoid) response
31.8s 0.84 s 12s 0.7s 04s 405 s

It is noticed that the proposed methods, especially the
trapezoid approximate method, are more efficient than the bi-
linear transform method used by Avanzini. This phenomenon
reveals that pre-calculation of two terms in Eq. (11) can effi-
ciently reduce the computation cost. The fact that the trape-
zoid approximate method consumes less time than the Euler
approximate method can be explained by the lower computa-
tional dimension of Newton—Raphson iterations than that of
the DSS iterations.

4. Sound pressure calculation and comparison
4.1. Sound pressure calculation

A classical way to calculate the sound field of a cylin-

der is the continuous Raleigh integral method in cylindri-

(15

cal coordinate,!"! but it is too complex to meet the require-

ment of high computational efficiency. On the contrary,
discrete Raleigh integral is more efficient since the compu-
tational dimension is greatly reduced by the discretization

9,13

operation.!”13] There are two discrete forms of Raleigh inte-

grals in Eq. (7), i.e., the first order difference of velocity and

the second order difference of displacement. The former dis-
crete Raleigh integral form is adopted here for its lower com-
puting cost. Another reason is that the velocity response of the
structure can be calculated with DSS method rather than the
FDTD method. The first order discrete Raleigh integral can be
expressed as

Bi(n) = Fox (T®) V)~ V(a-1)], @)

where P; is the sound pressure at x;, V and T'® are respec-
tively the normal velocity vector of discrete surface nodes and
the acoustic transfer vector. V' and T can be described as

follows;

T = PO Ag
2717}7,']' i’

V (n) ={v(i,j,U(n—1—Round(7; - F;/cp))
x (n—1—Round (7 - Fy/co))) }i,

(22)

where 7;; is the distance between the i-th structural surface
node and the j-th sound field point, AS is the area of single sur-
face element, U (n) is the Heaviside function, and Round (x)
rounds x to the nearest integer. The time delays of different el-
ements are considered in Eq. (22). Suppose that the positions
of a structural node and a sound field point are respectively
(ro, 6;,z;) and (r, 6;,7;), the distance 7;; can be obtained by

Fij= \/(rsin 0; — rosin 6,)>+(rcos 0; — rocos Gi)2+(2j —z)%
(23)

4.2. Result and validation

The receiving point of the sound field is set to
Xrecieve (1;0,2) = (2,0,0.08) and the impact sounds of differ-
ent Raleigh integral forms are shown in Fig. 6. The solid line
is the result of the proposed first order method and the dotted
line is that of the second order FDTD method used by Lam-
bourg and Zhang. Both of the results are based on the transient

structural response calculated in Section 3.

second order FDTD
.......... proposed method

0.010
s 0.005}
[a W}
&
It
7 0
[
[al}
—0.005}
~0.010 L - .
0 500 1000 1500

2000 2500 3000 3500 4000

Sampling number

Fig. 6. Comparison of impact sounds from different Raleigh integral forms.
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It is obvious that the impact sounds from different meth-
ods well agree with each other. The proposed first order
method has the same accuracy to the second order FDTD
method used by Lambourg and Zhang.

For further validation of the proposed impact sound
synthesis method, the impact sound of a smaller cylin-
der (L = 03 R = 0.1) calculated respectively using
FEM+MEM+BEM (realized through the transient modal su-
perposition weakly coupled response case in Virtual.Lab soft-
ware) and proposed method are shown in Fig. 7. It should

be noted that the force obtained from Hertz contact process is

used directly as the input force of the transient modal super-
position structural weakly coupled response case. The result
shows a good agreement between the two methods. The dif-
ferences between the two methods can be explained by the
calculation precision, the modal frequency bias, and the rel-
ative position of the driven point and the receiving point. In
FEM, the precision is restricted to 6000 Hz for 10 mm mesh,
meanwhile the cylinder structure is three-dimensioanl and it
is difficult to keep the driven point exactly on the position ex-

pected when the mesh size is determined.

1.0 T T T T

—0.5} i

Normalized impact sound
=)
i

......... FEM+MEM+BEM
proposed method

_ 1.0 1 1 1
0 200 400 600 800

1
1000

1 1 1 1
1200 1400 1600 1800 2000

Sample number

Fig. 7. Comparison of impact sounds from different impact sound synthesis methods.

4.3. Computation efficiency

The computing time of the impact sound (does not con-
tain the Hertz contact and velocity response processes) is dis-
played in Table 3. As expected, the first order difference
method is more efficient than the second order difference
method and the BEM method in the calculation of impact
sound. The computing time of the proposed first order method
is less than half that of the second order FDTD method and the
BEM method.

Table 3. Comparison of the impact sound computation efficiency.

Methods Con}putmg time of
the impact sound/s

Proposed first order method
(L=12R=04)
Second order FDTD method
(L=12R=04)
Proposed first order method
(L=03 R=0.1)
BEM
(L=03 R=0.1)

98 (the first 0.1 s)

188 (the first 0.1 s)

194.2 (the first 1 s)

450.0 (the first 1 s)

5. Conclusion

Based on a simply supported cylindrical shell structure,
an impact sound synthesis model comprising the Hertz con-
tact process, the transient structural response process, and the

sound radiation process is proposed. Firstly, the system equa-

tions are constructed through the modal extended DSS equa-
tions and the transient structural responses of the cylinder are
obtained. Then the impact sound is calculated using the pro-
posed first order discrete Rayleigh integral method. Finally,
the sound synthesis model is verified in two steps: 1) ver-
ifying the structural response via the point admittance and
FEM+MEM method, and 2) verifying the sound radiation by
comparing impact sounds from different methods.

The results show that the DSS and MEM based sound
synthesis model has advantages over the existing sound syn-
thesis models in terms of both computational efficiency and
accuracy. The sound synthesis model could provide a large
number of effective sound samples for sound source identifica-
tion study and could be easily transferred to the impact sound

synthesis of other structures.
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