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Why we chose this topic
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Concept.

What we want to analyze
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Governing PDE of String
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Mathmatcs.

Inertia Term Linear Density Eigenfreq. of real string
O0-u 0°u O
pA— — 1 — ET-
Ot- Y- dy*
p: 2 (kg/m3) T: &= (N) E: Young's Modulus (GPa)
A: ¢de| =Hbsk CHHA (A) l: Moment of Inertia (kgm?)

Governing PDE of String
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Mass damping term
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Rayleigh Damping and Force

Mathmatcs.

Stiffness damping term
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Mathmatcs.

Eigenfreq. of Ideal string Linear Density

Eigenfreq. of real string

1 T d)
' — . = t=p-A=p-m| =
] 2L\ u e { (
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f: It~ (Hz)

p: L (steel: 7850kg/m?3) f_n:nHM| EE°| 1R Fls=
L: ¢42| 20| (m) A: 219| =Hbek HIHY f_1: O|MAel oo 7 Xs
T: od2| &= (N) d: ¢de| 2| n: 2E H2 (n=1,2,3 --)
u: ML (kg/m) El: 2do| 4M
>> AK|HCH Q|
Frequency of the beam model

HES7t =2 Lta (BlZ==hd)
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Standing Waves
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Mathmatcs.

Modes

1Kt 2E (n=1, 7|22 Fundamental):
LEVIEE IR FEIS2H (0: CE 22 =S X|HC5 20| &
71& M| TS

—

2Kt HE (n=2, 284 2nd Harmonic):

3Xt 2E (n=3, 3bi& 3rd Harmonic):
1At REECH OF 3HH B F I B

>> n0| AZE == 0| O ZA| ZIH[{ M HEA s

Breif of Mode

Fundamental
harmonic

Second harmonic

Third harmonic

Fourth harmonic

Fifth harmonic
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Mathmatcs.

Fundamental
harmonic

Second harmonic

Mode in piano strings

IOt ¥: 2kt 1M (Fixed-Fixed) AHER

o = Third harmonic
>> QF EO| HR|7} 00| &= HMIOIZERHXE

Fourth harmonic

ofiH: BH BT BA= Ciot Ot HEO| &
>> 0| 2 of|Lq X| 7} S0 e}
aXl(Resonance)= o Z

Fifth harmonic

Brief of Mode
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Governing Eq. of the air
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Modeling.

C Parameters

o 2 Geometry Y

o 3 Materials & Physics

o 4 Solver & Results

Modeling Procedure 16
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Modelng.

F_ma X SD [N]

F max * (sin(pi * t/ T _contact))”p_val * (t >= 0 && t <= T_contact)
Parameters PulseH  [70[N] * rect1(10*t + 0.01[1/s]) * (t<0.11)

F_max: 7} X|= &l =>PeCiTy g Damping type Rayleigh damping

Young's modulus |User defined Mass damping parameter 0.1

t_contact: €l0| 7[5 K| = AlzZt — - 15
= n N | Young's modulus | 20069 Stiffness damping parameter |1e-5

- qjn atA O] XA (B o| EM ZIC}S Ci2 | ' . ar dafi
p—VaL sin DT_._l |+ ( HH2| =& 7o EEO) Pn!annls ratlrc: User defined Input parameters Alpha and beta
load_contact: €l0| 7}l X|= HA Poisson s ratio
N sity ser defined

. 540|210 Density User —
L: " ;E' . Density 7850

e —_—
T: -_O“ = |-_ S T Cross section definition

. od0| XIAH .
d: 29| & Z Description Section type
E: Young's modulus
v: Poisson's ratio
p: oio EH

Initial curvature

o: S
B: ZAZtA

e O O IO
HHIALS

Modeling Approximation
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Modeling.

Modeling Approximation

2D Modeling
>> I|OHx $17} Z8 Z7ho| i3t meat g

Beam & Air

(@]
>> 0l FHE 27| SO =2 pEZ

Soundboard (2Fh)
>> IOt $19| Of|L4X|& S=5t11 Sustaing &2(5t= 24
>> 2DOIM 7357 | ©lEB 2 o 212 Flux Condition2 0| 8610 24| B4

Modeling Approximation
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Modeling.

1-string Geometry

1-string modeling
>> Physics 452 flol & 1742 222

50x70 large 2D room 1 1 T - ' r
S> iE|7|'§|' ]I'lefﬂ A|7|'I‘| oz Ejl _?_|-6H Lo Hf OolZ| -3000 -2000 -1000 O 1000 2000 3000

- 11— cHi— o —Ne)

>> Reverbg& MY5| 7| fet room<| B.C. &%

-2000 1000 @ (n]n] 2000 3000

Starts from I-string piano
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Modeling.

Beam

Elastic Material (Steel for piano string)
>>E =200e9 GPa

>>Vv =0.3

>>p =7890 kg/m?3

Constraint
>> Fixed-Fixed Beam
>>T~900N

Boundary Load
>> sin? pulse (BiH2e| EA1t 2XIQg 1B =&

>> vs Gaussian, square pulse

Starts from I-string piano

[
400

20
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Modeling.

Outer space

Coefficient Form PDE 1

SELECTION

Geometric entity level |Domain

|Selection ‘Domain 1

EQUATIONS

e&—@a—:'-sz+da%"t—2+v-(-cVuZ-(w2+y)+/3-Vu2+a¢JZ=f

Mass coefficient ( 1/c2) v=[22
>> 57| & Is2| £ (20°C) Ox Oy

SETTINGS

[Description Value

| Diffusion coefficient {1, 0;,40,1;;
‘Absorption coefficient

Source term

Mass coefficient

Damping or mass coefficient

Convection coefficient

Conservative flux source
Variables

Name Expression ipti !Selection
|domflux.u2x 1/m |Domain flux, x component |Domain 1

fdomflux.u?.y 1/m |(Domain flux, y component iDomain 1

Shape Functions

Shape function 'Unit | Description Shape frame |Selection

{Name ‘

.

{Lagrange (Quadratic) |1 Dependent variable u2 |Material Domain 1 '

Starts from I-string piano
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Modeling.

Outer space

Mass coefficient (1/c?)
>> 37| & 0se| £k (20°C)

Boundary flux (- 0.05/c) * u2t
>> u2t = Q| 0|24

>> SO A2| OlLAX| Z4 2 BHALS LIEHS

Starts from I-string piano

2.5.4. Flux/Source 2

-3000 -2000 -1000 O
Flux/Source 2

SELECTION
Geometric entity level |Boundary

Selection Boundaries 1-3, 7

EQUATIONS

-n-(-cVw2-auw +y)=g - qu2

SETTINGS
Description
Boundary flux/source -(0.05 / 343[m/s]) * uZt

| Boundary absorption/impedance term _ 0
Variables

Name |Expression Unit |Description Selection

-0.05%u2t/343[m/s] [1/m |Boundary flux/sour Boundaries 1=-3, 7 29



M CAE 20235

Modeling.

Outer space

Mass coefficient (1/c?)
>> 37| & 0se| £k (20°C)

Boundary flux (- 0.05/c) * u2t
>> u2t = Q| 0|24

>> HOM Q| O] S5 3 HHALS LIEH
Flux from Beam

>> 2A|H el TS0 e =7|71 B2l=2 MultiphysicE H9d otz (1D -2DXHA
>> X0 2t 27|92 fluxE LHELHEZ source A9).

Starts from I-string piano

=
=

2X)

2.5.5. Flux/Source 1

-600

Flux/Source 1
SELECTION
Geometric entity level | Boundary

Selection Boundaries 4-6

EQUATIONS

-n-(-cVw-aw+y)=g-qu2

V=29
Id‘x rjyl

SETTINGS

Description

Boundary flux/source

Boundary absorption/impedance term

Varnables

Mame |Expression

c.g_ud |(-1.2)[kg/m"3]|*beam.u_tt*(abs{x)<1i[mm])*1][mm)]

(-1.2[kg/m~3] * compl.beam.u_=tt) * (abs(x) -

0

' Unit - Description

1[mm]) * (1.0[mm])

I Selaction

1/m |Boundary flux/source |Boundaries 4-6

23
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Modeling.

Mesh

Distribution of Beam
>> 20 nodes ~ 100 nodes

Free Triangular
>> MSUFA S S| Adt= o] AN M= A4 RAE AE
ol= 0| E=E Rel=t

>> Normal ~ Extremely Fine

Starts from I-string piano

-3000

AN < /, \/ \‘. //

m BN

\

-2000

-1000

J
\/\/ \ /\

\

0

N / \ / \ 7\ ”/

/\ / \

1000

2000

3000

Distribution 1 (Dis1)

SELECTION

'Geor".et'?c entity level |Boundary

{
|Selection

| Boundary 6

24
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Modeling.

Solver Configuration

Time range: 0 to 1, step size = 14400Hz
>> 1E&KS| Mo 2 HEHO0| & ASot=X| RUN2ZE HE
>> HE QL HAlof 5t=7| {3l step sizeE 14400HzE &H

Include geometric nonlinearity: On
>> o10f| Zreh F=E0] 22|10 U= 0|22 HLof| [hE EE Helut

>> 0| @M O AN HO| HES B LIEF 4 A B (DED} HE

Solver: Generalized Alpha
>> O AEAIS sl Moh= ool AN 7HE Eelst Solver

Maximum step: 5e-5
>> 20000Hz EEo| It MK = Al 7ts

Starts from I-string piano

3.1. TIME DEPENDENT

STUDY SETTINGS

Description

Include geometric nonlinearity [On

Times Unit
range(0, 1/14400, 1) |s

PHYSICS AND VARIABLES SELECTION

Physics interface
peam (beam)

Coefficient Form PDE (c¢) [physics

MESH SELECTION
Geometry

Geometry 1 (geom1) |meshl

ABSOLUTE
TOLERANCE

Description

Tolerance 0.005

TIME STEPPING

Description Value

Generalized alpha

Steps taken by solver |Intermediate

Maximum step Se-5

Maximum step On

25
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Results.
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Result of 1-string piano modeling

Time=0.0013194 s Surface: 20*logl0(abs(u2)/20e-6)
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Results.

Tone Balance

Time Domain Waveform

o
-
—

o

Amplitude

o
o
—

o
=)
R

0.1 0.2 0.3 : 0.5

Time (s)
Fundamental frequency

Frequency Spectrum Analysis (f1 = 208.0 Hz)

20 4

Magnitude (dB)

1500
Frequency (Hz)

Tone Balance t-domain analysis vs w-domain analysis 28
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Results.

Pitch Correction

Al ofotH DR TS(1K BS) = F2{o| Mol vt MUTO| M2t viol
Zo|o| £ tHoi] th|2sHof Bt -
Ol FHRH HS0|AE Al FOFTF S| LEQE DAk 2t
1.

S5 b S S S b

MeshZ 10071 = ZX7H0q &It
>> MAT} 0| LR 21 7 A0 of2g L
>> BHLES| $12 1% AlASHE Glo 1A12F 3020] Hs AlZHAR

Time step 10e-62.2 ZXIHO{ ZI&H
>> 2L} OFEEZEX| 2 125 AHASE= HIo] 1A[ZE 3020] H= A2t AR
>> F2|0[35IA X7t S0HEX = %3

W N

=

Relative Tolerance, solver force shape, amplitude s
Oflfol Tt HRZE XIS SHF=X| IHfoi7| (23S
>> 4% REIZ] A| Fine- tunlng £l

Pitch correction frequency of nth modes (beam mesh 20) 27

A
Al
A
Al
A
Al
A
Al

2 N o o
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Modeling.

e e e

L

1200
1100

T L
1000

4'S'|'I'ing Geometry Q00

4-string modeling
>> C3, E3, G3, C4 2= U= 4719 & E2Z
>> 0| M Of7|SHX| 2 571 = 0|43

Grandpiano Boundary Modeling
>> 0|0t 5 O10|Z Y W= E& O[Ot QHE0|| 00|25 S22 2H0f| HALE[0f
S0t2= A2[9 0| XF

>> IOt EIHQ| olX|= Z2 S50 25 ULE=Z X FA|9 tiifEgs ¢ 2%

I PR -
s800 1000 1200

4-string piano modeling
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Modeling.

Outer space

Coefficient Form PDE 1

SELECTION

Geometric entity level |Domain

|Selection ‘Domain 1

EQUATIONS

e&—@a—:'-sz+da%"t—2+v-(-cVuZ-(w2+y)+/3-Vu2+a¢JZ=f

Mass coefficient ( 1/c2) v=[22
>> 37| & &2 £ (20°C) oxcY

SETTINGS

[Description Value

| Diffusion coefficient {1, 0;,40,1;;
‘Absorption coefficient

Source term

Mass coefficient

Damping or mass coefficient

Convection coefficient

Conservative flux source
Variables

Name Expression ipti !Selection
|domflux.u2x 1/m |Domain flux, x component |Domain 1

fdomflux.u?.y 1/m |(Domain flux, y component iDomain 1

Shape Functions

Shape function 'Unit | Description Shape frame |Selection

{Name ‘

.

{Lagrange (Quadratic) |1 Dependent variable u2 |Material Domain 1 '

4-string piano modeling
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2 5.8. Piano Reflection 1 2.5.9. Piano Reflection 2

L .
1200

11001

0 10007

900
BOO |
7007
600
500
4007]
Outer space 3007
2007
100
0

Mass coefficient ( 1/c?) 100
>> 27| & 09| £ (20°C) 200

Left/Right Boundary flux l_.':.”;-_-IT}'.L.}.J“L” |

Left: (-0.3/c) *u2t Geometric ity — oo jj:"’ 1
Right: (-0.8/c) * u2t

>> u2t = S| 0|22

>> oA LAX| B4 U HHAE LiERY

EQUATIONS FQUATIONS

-N - l:--:."'- U2 - a2 4+ }"I =g- au? =1 * If-.;'_"h'._.uE - (L2 + I;|-"I =g - QuZ

=[r'}‘ u’,."J 1_':[-"_7‘[1]

I"T X g I'Fj 'l,-" f 1 X |'r '!' f

SETTINGS SETTINGS

Boundary flux/source -(0.3 / 343[m/s]) * u2 Boundary flux/source -(0.8 / 343[m/s]) * u2t
Boundary absorption/impedance term |0

Variables

Bl st R )| e | s e R

-0.8%u2t/343[m/s] Boundary flux/source |Boundaries 2-3, 16-18

4-string piano modeling
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Modeling.

Outer space

WEES coefficient (1/c?)
>> 27| & 59| £ & (20°C)

Left/Right Boundary flux
Left: (-0.3/c) *u2t
Right: (-0.8/c) * u2t
>> u2t = S| O|&4f

>> H[A 2] O|L{X| 4= U UEALE LIEMH
Flux from Beam

>> = H|1F 2 IS0 2 37(71 B=E MultiphysicZ #9 HEl (1D -2DXH =
> M=o 2t 27|1Z 9= fluxE LHELH =5 source A9,

4-string piano modeling

2X)

EQUATIONS

A:‘(l«./2+7‘:;° » V /.

(-1.2[kg/m~

3] *x

compl.beam.u_tt)

* (abs(x) < 1[mm]) *

(1.4[mm)])

32
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Mesh

ion of Beam

istribut
>> 30 nodes

D

langular

Free Tr

S
)

=
—

F

MBS

33

4-string piano modeling
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Modeling.

Solver Configuration

Time range: O to 3, step size = 14400Hz
>> O™k &89 AT S35 = U 3ETK| BF

>> HE QL HAlof 5t=7| {3l step sizeE 14400HzE &H

Include geometric nonlinearity: On
>> o10f| Zreh F=E0] 22|10 U= 0|22 HLof| [hE EE Helut

>> 0| @M O AN HO| HES B LIEF 4 A B (DED} HE

Solver: Generalized Alpha
>> O AEAIS sl Moh= ool AN 7HE Eelst Solver

Maximum step: 5e-5
>> 20000Hz EEo| It MK = Al 7ts

4-string piano modeling

3.1. TIME DEPENDENT

STUDY SETTINGS

Description

Include geometric nonlinearity

Times Jumit
range(0, 1/14400, 1)

PHYSICS AND VARIABLES SELECTION

Physics interface
Beam (beam)
Coefficient Form PDE (C)

MESH SELECTION

Geometry m
Geometry 1 (geom1)

ABSOLUTE
TOLERANCE

TIME STEPPING

2




M CAE 2025
Foint Graph: Displacement field, ®x component (mm) 13
eS S Dlﬂgd‘ _I I ﬁ | I | I | I | I r_
' 0.032 F [ -
. 0,03 -
0.028 | -
o 0,026 -
Time=0.0013889 s Surface: 20*logl0(abs(u2)/20e-6) . po24k i
T T T T T T T E
E o022} -
1200 | A 687 'ﬂc: 0,02 b 1|' §
% 0.018F | .
1100 S 0.016 | -
& 0014 | _
1000 2 o012} | .
0.01F I -
S00 |- 0.008 t e
0.006 1 -
800 | 0.004 | I . i
0,002 F ‘ §
700 0 =i : I i — l_i' - 'il 1 : L i “a - o) -]
0 100 200 300 400 500 600 700 800 900
600 Fregquency
- Frequency graph of Displacement
Line Graph: Displacement field, ®x component (mm) 2
400 E I [ I [ [ [ I [ I
Q.16 —
300 | 0.14 | T -
E I:I 12 L :.__x"_ ..__.h..-“;.f/-" -]
200 - E o1 / .
-:]E—'J |:| I GB B -III."I -\. —
100 = 0.06+ / |
E_ O I 04 i .III,-'. _- - =
M S 002}/ 1
4 0 L e N — | —
-100 - E -0.02 | i
o -0.04 - —
=
-200 | g -0.06 |- .
| ] | | ] | ] V¥ -87.8 % -0.08 - -
200 0 200 400 600 800 1000 a Olr 1
. . . 0 -0.12 -
dB Graph inside the piano 0.14 .
-0.16 —
R | f 4 . . d l 0.18 | | | | | | | | |
esult or 4-string piano moaeling 100 200 300 400 500 600 700 800 900

-

Displacement field of x components



MW CAE | 2025

Results.

1 Time Domain Waveform
M | | ] [ |
|
1 f
| I'n'l I L \ - I|I
e | II A M 'I I'. B N | i A |'r I' |I II' M ,
5 || | a 'I II| ||I I' | ||| n'll I| II I' | III |II || I I| |I II| [ A
” [ ' | | . i f | e / bl
E 0 | ) { ll".h'ﬁll' | |I II| VS 1 I.l " || | II,J ll". ! [0 I|' I'x_h I| |I A\ I, I || | |II , II., III-' II | |III |
E- \ I| | Y f I". 'I T A A v || |I Vo K II | Bt ,-'I | |I ol MY .'II \
| i ! b § | h L i) "
=L ".I I|I || III I|I .'I I|I |II I|I I|I I| II | I|I I|I I|I Il'ul ||I |I II I| f \ / II|I |II W
f { . L |
05 W) ||I I,'I |I J I'.I_;' |III | ||U.|I III ;, I"u'll ] \/ ||I Ill W !
I'-,_,-II
r | | | | | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (s)
Frequency Spectrum (f1 =171.0 Hz)
oL I I
-20 |
m
Z
o 40 —
=
=
5, -60
1]
=
-80
-100 ! | | | | L
0 200 1000 1200 2000 2200
Frequency (Hz)

t-domain analysis vs w-domain analysis

Result of 4-string piano modeling
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Analysis.

Tone Balance

den = E_Lgt_.n_ul ' ﬂllighEhml | ":j)j\-'_}iht'EllUihL'

. E“uml
scoreHarmonic = —
den
1. THD(M X1} &) B

THD Analysis

[y

A2 CV =

Q
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Analysis.

Sound Balance

2025

-500 .
-2500 0

500 1000 1500
X [mm]

THD Analysis

X107

1.5

0.5

Balance score (43 #2 k)
1500
1000
_—
v
500 }
", &
0} \~ n‘ :
500 _——
-500 0 9200 1000 1500
X [mm]

{1 0.95

0.9

0.85

0.8

-000

Total score (E& %)

x10

-500 0

X [mm]

900 1000 1500

1.5

0.5
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