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. Multiphysics (FSI, Acoustic-Structure, Turbuient, PZT)

PZT & Acoustic Design  FSI- stress Design
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[Yoon et al.,, CMAME, 2016] [Yoon, CMA, 2017] [Choi et al., Composites part B, 2016]

Particle and flow Opto-electronics Turbulent flow

[Yoon, CMAME, 2020] [Yoon et al.,IJHMT, 2020] [Yoon, CMAME, 2020]

Contribution: Modifications of governing equations for design o
ptimization based on continuum mechanics theory




Solid Mechanics: Design for manufacturing

3D printing Buckling Overhang constraint
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[Bing, et al. Additive manufacturing, 2021] [Yoon, Computers and Structures, 2021]
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[Yoon and Bing , SMO, 2019] . . .
[Bing, et al. ,Engineering optimization, 2021] [Yoon, et al. ,]. Mechanical Design, 2022]

[‘ Design for Manufacturing and Additive Manufacturing




-Solid Mechanics: Robotics and Micro System Application

Ultrasound wave focusing Microparticle application

[Hur, et al. Scientific Report, 2022] [Yoon, CMAME 2020, Yoon, SMO, 2022]
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[‘ Design for robotics and micro application




. Solid Mechanics: Elastic and acoustic metaimaterials
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[Yoon, et al. ,Applied science, 2021] [Liu, et al. ,Extreme Mechanics letter, 2020] W
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Design optimization approach for acoustic, vibration, wave propagation a
nd metamaterials




Solid Mechanics: Survivability and defense engineering
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Fig. 1. Gelatin penetration experiments. () A real gun experiment and (b) small scale experiment.

Experimental study for survivability and defense system




- Al-assisted Mechanical Design
<) Data augmentation
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_ Issue: Al based PHM




S1ze, Shape, Topology optimization

Size opt.
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Topology opt.
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Subject to Mass < M"
K(X)U=F
? <% 51

O’

\

Multiphysics problem: Simultaneous interaction of multiple physical phenomena



Noise and vibration

Mode conversion design for
ACOUSTIC BLACK HOLE (ABH)

a passive wave-control mechanism in which flexural waves are

gradually slowed and spatially localized by a smooth reduction of

structural thickness
11 / 7 M pSD MultiPhysics System Design laboratory



Mechanical wave (P- wave and S-wave)

UNDERSTANDING P-WAVES & S-WAVES

P-WAVE

P-WAVE (PRIMARY WAVE) - COMPRESSIONAL

Fastest seismic wave, travels through solids, liquids, and gases.

¢-.‘L "EF
DIRECTION OF
WAVE TRAVEL =
I

EARTHQUAKE
FOCUS

COMPRESSION COMPRESSION RAREFACTION COMPRESSION

S-WAVES S-WAVE (SECONDARY WAVE) - SHEAR

Slower than P-waves, travels only through solids.
Particle motion is perpendicular to wave direction (Up and Dewn / Side to Side).

EARTHQUAKE gfe
FOCUS PARTICLE MOTION



Mode conversion for acoustic black hole (ABH)

Wavenumber increasing

Incident wave  Wave speed decreasing |

" |

WM J‘J |
Uniform portion ABH portion T A

I £-a

I

Itisa Spiendid idea to trap vibration.
But does it really work?




Mode conversion for acoustic black hole (ABH)

Wavenumber increasing
Incident wave  Wave speed decreasing | n
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It only works for transverse wave.
What happen to longitudinal wave?




Mode conversion for acoustic black hole (ABH)
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Fig. 11. (a) aluminum plate with an array of embedded ABHs; (b) wavenumber spectrum of an undamped ABH plate at 2500 Hz one third octave band with infinite plate
wavenumbers for uniform plate thickness (inner circle) and minimum ABH thickness {outer circle). The vibration energy is spread out over different wavenumbers due to
the ABH effect and it is effectively bounded by the wavenumber of the minimum ABH thickness; (c) radiation efficiency of uniform, undamped, and damped ABH plates.
Embedding ABH tapers increases the critical frequency of the plate. At 2 kHz the radiation efficiency of the damped ABH plate is 6 dB less than the uniform plate (from Rel.
[56]).
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[(a)top: front and back view of a quasi 10 ABH structure using shunted PZT patches to harvest mechanical energy: bottom: resulting displacement fields at f= 10 kHz
20 kHz acquired via a laser Doppler vibrometer: (b) normalized energy ratio showing the performance of the piezo transducers in terms of energy extraction on a Fig 16. Various types of multi-ABH structures, 4
transmission obiained via numerical and expertn
re with and without ABH tapers (from Ref. [107]). glued the
A plate: field showing abi- (from Refs. [102])

Journal of Sound ana Vibration, Volume 476,2020,115316,

ompound ABH with or without reinforcing stud; bottom: comparison between the
(b) top: side view of a plate with a grid of embedded ABHs where PZT patches are
eleration spectra (from Refs. [57]); (c) top: schematic of a phononic




Mode conversion for acoustic black hole (ABH)

Wavenumber increasing

Incident wave  Wave speed decreasing | |
T T - "" x__f’f 3 r:"ﬂ'".__ -
Uniform portion ABH portion -[ |
Issues

- In practice, a finite residual thickness is unavoidable because of
manufacturing and structural constraints, resulting in residual reflection
at the tapered tip.

-Moreover, because the taper mainly localizes vibrational energy rather
than dissipating 1t, a damping layer is usually applied near the thin region

- It only works for flexural wave. How about the longitudinal wave?



Mode conversion for acoustic black hole (ABH)

ABH only works for transverse wave.
What happen to longitudinal wave?

| (1) Longitudinal-dominated (2) Topology-optimized (3) Forward flexural wave (4) ABH trapping
| input —> mode conversion unit —» into ABH taper A~ 4 & dissipation

unit cell for
L mode conversion|

Progressive wave slowing
and energy localization

| 0 : .
| 1
Longi Iwave_ . Flexural wave
i~ T- F= E ! .
i > i i
| Undesired reflections ; Damp lng layer
1 | i
: suppressed | |
Axial-dominated motion Mode conversion Forward flexural propagation Energy localization
and dissipation
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particles mainly oscillate axial motion is redirected efficient transmission of Shorter wavelength, strong localization
in the axial direction to transverse/flexural motion flexural energy to ABH region near the tip and dissipated by damping

Key idea Rather than modifying the ABH itself, the incoming wave state is tailored upstream.
A longitudinal-dominated wave is converted to a flexural-dominated wihat can be effectivelyrapped and dissipatedby the ABH.



Mode conversion for acoustic black hole (ABH)

Helmholtz decomposition:

U=Vg+Vxy

Longitudinal wave Transverse wave

Helmholtz's theorem is known as the fundamental theorem of
vector calculus, which states that any sufficiently smooth, rapidly
decaying vector field in three dimensions can be resolved into the
sum of an irrotational (curl-free) vector field and a solenoidal
(divergence-free) vector field



Helmholtz decomposition
U=Vp+Vxy

N

Longitudinal wave Transverse wave

S wave through Earth Helmholtz Decomposition

Epicentre earthquake
i p q

Mantle solid rock/plastic

Liquid outer core
Seismic stations >
placed around the
world

Solid inner care

Any smooth vector field can be written as the sum of a divergence-free rotational part and a
curl-free irrotational part.

S wave shadow zone
Seismic stations record no S waves

Alec HelblingAlec Helbling
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Mode conversion for acoustic black hole (ABH)

Divergence
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Mode conversion for acoustic black hole (ABH)
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Mode conversion for acoustic black hole (ABH)

L(+): Longitudinal wave toward right
F(+): Flexural wave toward right

F(-): Flexural wave toward left

E T T T T | = T " . X
5 —L(+) y
g . ) _F(+J - B
L(-) =

o 6 Fi-) | 1
%]
@ 4l : L
x
£ 2F
- pr——
=g (i
= W] 1 I 1 |
E 4000 4200 4400 4600 4800 5000 5200 5600 5800 6000 4000 4200 4400 4600 4800 5000 5200 5400 5640 5800 6000
= Frequgncy (Hz) Frequehey (Hz)
£ 7 g
o0 : g N 10 (12 . : : . .
- [—]
5 1 Us Lt+1 = .| g | (1] J
“g 8 FE—2 F(+) L] 5 8 /‘\ —F(%)
G 6 Le) ] ~;—— 8 L{-)
Q F(-) 5 : A i — .
§ 4 ? 4 '.""'&...__________ - - 4 e J
= c 5 i—— ‘
w_? B w [ — —\—%‘
=
o AL : . ; : ; ; i 0 . . T—

U T Tel
© 4000 4200 4400 4600 4800 5800 5200 5400 5600 5800 6000 4000 4200 4400 4600 4800 5000 5200 5400 5600 5800 6000
o Frequency (Hz) Frequency (Hz)
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Mode conversion for acoustic black hole (ABH)

The ratio of the displacement field

| U, rao
Maximization J disp = o >
! J‘ Il]x| dQ+5disp
Qout

subjectto S(y,@)U=F, S(y,0)=K(Yy)- o M(y)

] X
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N};n 7,0<y,
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Mode conversion for acoustic black hole (ABH)
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Mode conversion for acoustic black hole (ABH)

L(+): Longitudinal wave toward right
F(+): Flexural wave toward right

F(-): Flexural wave toward left
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Topology Optimization of Elastic Metama
terials for Prestress-Tunable Wave Mode
Conversion Using Hyperelastic Media
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=50 kHz

; ; : : Transmitted region (£,
[[] Hyperelastic region (prestressed) [l Design domain (Q)

Q ; ; . ® 4 3 '
A Excitation 18né ”Floquet PBC in y-direction A % T-wave !
£ e > El 7O >99% |
- [ l : - | o o= :
é—i' § i —H—|—> L-wave | | Hyper | Pre(sitress tuna!ale ; <—§ e /1 e
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— Physical quantity: Mode converting ratio X

2
Amplitude of T-wave Jo.C
[y | Transmittance (L-to-T): 7, , - /& — |t

\'pACII

Switchable

Transmissi fficient (L-to-T): || =
ansmission coefficient (L-to-T): |/ YR T —

Prestress-tunable mode conversion efficiency ~ 0-100%
\ J
* Hyperelastic material parameters: 4,, = 80 MPa, 4,, = 20 MPa, K= 1x10* MPa
* Cy1, Cos= Component of elasticity tensor (Base material: aluminum)
* Qines Quans = Regions of incident and transmitted wave
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= Optimization problem formulation
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Topology Optimization

= SIMP

Design
domain
(40 by 40 elementg

Hyperelastic
region

d

Case 1 Precompressed (4, = 0.95) Case 2 Prestretched (4,=1.05)

Mlnmlze J)=—>r.(1-.
()= NEezly( )

subject to

C1('st):10glo[T(c)T( f)J =

Characteristic
1. Distinct material state
J)=-157.0-7)
NE o
2. Imposition of T3 _,;—> 0 or 1

Using tolerance (¢ = 0.01)

(5)
Periodic BC . Periodic BC G, ()™ logl()[ (01 )] <0 3. Log scale
— ] For stable optimization
: Hyperelastic : Hyperelasiic SX=F, SX=F 4. Prestress Dependence
— s -~ e 7,9, : compressed state
— - | ’YZ[?/lsyz:---ayNE] - =
“ I,®) . : prestretched state
Periodic BC Periodic BC Vo <Y<l oy =1x107
K= ZKe , (e=1,2,..,NE) Ke = y:Kmmml Density filter and S-shape function are used.
3 . e }/e .
M= ZME, (e=1,2,...,NE) M, =yM__. . Weight sum filter: d(y)= Z"EN"'g”b‘” ,= weight factor

K ; Stiffness matrix
M : Mass matrix

.. Design variable

NI The number of elements

gy
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ZeeNeighbur we

S-shape function: ‘¥ (y) = ;la =
l+e

nd Multidisciplinary Optimization. 2019

Yoon et al., KSME international journal. 2003 7

- Multiphysics Systems Lab. -



MPSD 55t
MultiPhysics System Design laboratory

Numerical Example

MediumA . ___ Medium A Case 1: Precompressed (4, = 0.9
Incident | Transmitte S)P 4L p d(T
| | | > L-Wil\,’c/ dregion 4y ost-processed (L-wave) ost-processed (T-wave)
T, r —
L - -
l - — —1
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S 06
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(c) _— (s) _— u
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L— L— ||
¢ Certain voids can induce anisotropy in the metamaterials. ™
* Tunable mode conversion is achieved under different prestress states. ————— 0
22 Vxu 22
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Th|s research develops a new monolithic design approach for topology
optimization for multiphysics problems (fluid, fluid-structure interaction,
two-phase fiuid, transient, particle suspended in fluid) and a new
optimization method to utilize the ABH for longitudinal wave.

In order to improve the performance of ABH for longitudinal wave, the
Helmtholz decomposition of mechanical wave is studied and based on
its decomposition, an optimization formulation considering the
divergence and the curl of mechanical wave representing the
longitudinal wave and the transverse wave, respectively, is propose.
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