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Abstract

A band gap refers to a certain frequency range where the propagation of mechanical waves is prohibited. This work focuses on
engineering three-dimensional Kelvin lattices having external band gaps at low audible frequency ranges using a gradient-based
design optimization method. Elastic wave propagation in an infinite periodic lattice is investigated by employing the Bloch theorem.
We model the ligaments using a shear-deformable beam model obtained by consistent linearization in a geometrically exact beam
theory. For a given lattice topology, we enlarge band gap sizes by controlling the configuration of the beam neutral axis and
cross—section thickness that are smoothly parameterized by B-spline basis functions within the isogeometric analysis framework.
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714 (periodicity) & Z+ 729 $2 54 (dynamic
characteristics) ol 3t A7} ida] o] Foix] 1 9}, 53,
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AHek(bragg scattering)® =% ¥ (local resonance)
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Woll A shse] A4 7Hd (destructive interference) &
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& S doTe 959 3 (wave length) o] T Azt
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B 35 52 B3 Baad e vs) 9 @

(2017 & AA Fxol| ¥ 7] (resonator) & F7Fskal 1
Aot vid el B4 FHAs /S B3l 2o EA

weEN EAS A E. Wang 5(2015)2 Wl (beam)

ARt FxoA A2 FF T o MEN AP HF
st om AAME9] coordination number, & Hit JE=
(average connectivity) <} Hi=Z] E4J2] HAlo tisle] =2
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3. E25 0|2(bloch theorem)0i| 28t HH= F2x0| EbMI}
3 B

Fig. 1(a)o st&4 dog FAIG A3t
o] 671¢] /\Hr‘é—o—i o] Fo1 ©9] A} (unit cell) S Fig.
of FAE 7IAHWE b),b,,b,0] WEHOR FT|H R wiE
slo] A& 4= giek. ol 7121 e (direct lattice base vector)
= e 2ol doZItk(Bayat and Gaitanaros, 2018).
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NIANE S oulstn L& AAAM9] Holg oulst L=
40mm= Ad&skict.

(a) Kelvin foam structure
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(b) Unit cell and lattice base vectors

Fig. 1 Kelvin lattice structure and unit cell
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3.2 sk5 EAtdAL AR

E23 o]&(bloch theorem)& ©]&3te] F-gHinfinite)
HHE 2ol A 9] gd sl A (dispersion relation) 314
= FPgith. T v Axpzgie] ddeje] A pol 9=
primitive A(cell) We| t-3H o2 HE ] 7|AuE Wiko
22o] WXl (translation) ol <&l th&¥} o] T ETH Bayat
and Gaitanaros, 2018).

T, =7y +n.b; + by + 1y 8)

oluf n,(i=1,2,3) = FFHS 2=ttt EES o] 93|
Az} 29 & A pollAe S (response)S primitive
A o di-gAdolxe 7T thael BAE Z+=tHChoi et

al., 2019).

9)

=

¢ WS ags] da IH AfREE =Ystia,
i=1, 2, 32 dummy index°|t}. k& wave vectorg UE}
WL, y, =k b= propagation constant®] 4% UER=
2 (complex number)e|™, 1 Ao} spte 244zt
73 2 phase S UENIY. £ =@M 4 895
N kol Re(y,) =00Ith. $He] F714d5 ©EHA7]7]
S181M b, « b, = 2m6,,9] S VEA)E O 22 AAR)
(reciprocal lattice) 71AHEIES ©]-&314 wave vectors
#F#ett 5, = Kronecker-delta symbolS ©Jw]gt}H(Bayat
and Gaitanaros, 2018).
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=1

T Lol S
b ﬂ-bl * (b2><b3)
b* =9 b3><b1
2 T« (b, < by) (10)
. b, X b,
b =2y (5, < by)
b;
C
ol A
B b,
g
Fig. 2 The first Brillouin zone and irreducible Brillouin
zone
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TAIE A& Brillouin 99 (irreducible Brillouin zone,
IBZ) W2] wave vector &9 1e3ltgie BE Wo
29 359 AE tE & vk diHor 7} nfReER
el Sk(extremum)©] IBZE] ZANA Yebd&
o] 834 IBZ2] BA12](Fig. 29 Wzt A)7d<] wave vector
darks wEehA "t

2 oAM= 7] }51 qo= Xé“a‘??} H]/}_ﬁé H 24 (Simo
and Vuoc, 1986)¢] A
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2 el ek
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=
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r= Az
2= Al6,

<3 70) (15)

g &9 gAML, {44,417 ATPEE Sa A
JA¥E (local orthonormal base vectors) & YeRATE A,
= T2 22 79 (global) 2 7|AHE {e.eye;} ZHE
a4 714 o SR E-S e = Ae, (1=1,2,3)

o WAE et 42 G 0 T 2ol BeE
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Cy.= diag|[EA, GA,, GA,]
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olul, diagla,b,c]E a.b,cE JECZE Zte i E
otal, A= 94, p=d -

Wtk A, =kA, 4, = :
correction factor) & ,]u] St} 1 1= diag[l
AN owlsh 7.7, 5% 27 F2dRAE (polar moment

of inertia)9} 271¢] F&JEHE (principal moment of
inertia) & eJwlget. ol A} {5} = WIRA7F =4 714 HE
{dpdnds el el FAEUSE eJn|gitt.

3.4 NURBS 7|AH34E o] &3 Sg9] o)4tks)
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= o]xk3}(discretization) g},
2= , VVi(f)yi
. (17)
0" => W (86,
1=1
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‘rr"] —"Zﬂa T ]q-

(K= ¢M)u=0 (18)
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(Phani et al., 2006).
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21 (19)2 2] (18)°l thdsta o M) "E F3hd
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(K(p) — M(p))u=0 (20)

= T "MT(p) = 2
28 2 Aot} (+)"= A#HA (conjugate
transpose) 2 9n|gth 1Bz 2A2E wet Fol7 wave
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1% A& (perturbation) &3 NURBS 714 g<re] A8 =3

o2 v} o] Foixit

VE) =Y (98B, (21)

(=ay (wmm) —¢dy (wmn) (22)

olwl, a)/ (wmm) & d)) (wmn) = A4 M ENIA 2 5
oJ=] &2le] WAIA A7 oA g E FEE 4 (21)
o] Foll A7 AT} n-GuE ] el AAE 4= gt} Kot

A 212 Choi 6(2019)< g 5 3l
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(12)&] ¥l AA ¥ digh YA+ ME(first variation)
< Fska 4 (13)9] A tst =& 28k ofgfoh 22 A5

A= A AL & U
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as, (wnm) < d;, (wmn) € 27 9P EAUA] 2 5o
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Choi 5(2019)°l A= 3
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5.1 =3} £A19 A3}

ming;,, (k.d) —max,(;(k.d)
mingG (k.d) +maxkcj(k,d)

fld)=2

2] (24)9 BRG] R W] Hit Tk g9S
‘/}E}lﬂwi A% Aozt Fal MeAie] Fukr oY
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Maximize f(d) (25)
subject to {&(p) — Mp) }u=0 (26)
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2 (27 TEFY =g P HelE Jd mds WA
317 98 Aew kAR =E 22 (knot span)e At =¥
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5.2 A Fxo] HHEA A=t

AR 7z Az BAYXE 9E E=T71GPa, Xo}H]
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T 5.046mm= TLsHA AR 2 (17)ellAe] &5
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(a) Unit cell

Fig. 3 Unit cell and dispersion relation of original
design
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Fig. 4 Unit cell and dispersion relation of undulated
design

A= Fig. 3(a)¢ 2o}, Fig. 3(b)& %7] AAIcte] EAl#

A #AEA] FET Fig. 4(a)e A249 434S &
21 Ao&, Fig. 4(b)oll Yepd 37} Zo] o

73] complete MEA-S aEA] k=t
Fig. 4(a)8] 4% 725 Z7|8ARCR o] 2] (24) ~
(279 #4sg ZA9 @& MMFD(Modified Method of
Feasible Direction) @3e]F< o]&3dte] AUt 2t 4]
A= 579 2437} 421e] NURBS 7IAEGE ol 43l 805
u7hsletslom w9 Aapel A7 E fAlE] ffste] de x
Ao e 2 7k 3 2349 X, ¥, Z 3R
22y 2 A W Asiitt, w2 siAE R 14709
9} 4712] NURBS 7|4 ¢S ol8st] 79 225
Tz oH o5 F/HH A R s B
M-S 1599} 1694 REE Alolo] Zloz HHsiH
om, 1 A3 Fig. 5(a)9] A AR It Ex& W=
A 4 ok AFRE W) M| thate] A ste] A
Wl oEdte] B MEAE A
1t Aol A complete HI=Ao] e}
o o WEAE F2 St (Choi et al., 2019).

246 stEAMTEEsE =28 M32H H45(2019.8)

o
I

>
8
e
1]
S
T
o
[

k-space position

(a) Unit cell (b) Band diagram

Fig. 5 Unit cell and dispersion relation of optimal
design
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