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Mechanical Behavior of Sandwich Panels with
Quasi-Kagome Truss Core Fabricated from Expanded Metals
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Abstract

Many studies have been focused on how to manufacture ultra light metal structures and optimize
them. In this study, we introduced a new idea to make sandwich panels with quasi-Kagome truss
cores. First, metal sheets with a peculiar pattern of slits were expanded to be meshes, they are crimped -
into a triangular wave pattern, and then one third of struts were bent reversely to be quasi-Kagome
trusses. Finally, two face sheets were bonded on the upper and the lower sides. The bending strength
was estimated through elementary mechanics for the sandwich specimens with two kinds of face sheet
the results of estimation were compared with the those of finite element analyses and experiments.

1. M B

E 2|2 PCM(Periodic Cellular Metal)2 20003 tf
EolA] aE Aoz #FEFHY Eg2R o|Fo]
A Aol AR B4
53 FAd W A= EHANE SR
(honeycomb)¥} T Eo] Eglx PCME FHAh9 A
g BAdY. o
Kagome 5°| vl Edl= pCM F 7} oldA
ol AL AAEA Ef2Z TAE Octet E¥2
olt}. Octetd] WF7le E2ZA KagomeEH
27} =] Kagome$}t Octet 732 o832 7

t QYA A, A 7| AN LR FEGF
E-mail : kjkang@chonnam ac.kr
TEL : (062)530-1668 : (062)530-1689
* Adoida g 717413‘?1}41L
o drj7lo} AFALEY FEAEY

E9olA 7bg g olth

Z 57+  Pyramid, Octet,

o} ANEE 93] Z2ov Kagome EYALE
Aot Q&(struf)®] ZAol7} Octet EB29] 1/2
o E3sl7] Wio] Egxe Fo m& 779l
#Z(buckling) Z =71 4¥]74x] AR F glon &
6243 o WFdo] Arlng T 844 Bl
sttt = Kagome EdX: F2E 1 7]A
23 549 %3 (anisotropy)©] R}
Efz PCME Axdte WHoRA FZY,
A7 A3, AT B4 4y 9 g
v, 77t 28 hE 2 2 35 249 HAA,
Bl o)At (non-ideal) Ev|2= T2 23 Fx
A, AT A5 &4 59 FA47 Aok
Jung 50 71E9 FFFEYL o] L3
Pyramid ¥ T2 & Zte 24 FEL£IAE A
Zalgith. o} WhE e AaEMol A g JE
d ZF Z¥dE FFFSY FHEL ol gdHE S
HolME & olFHo oy, o e o

=

o



FAFELE ol&at] AFd F7tuv EF

Table 1 Comparison of fabrication methods of truss

PCMs
advantages disadvantages
investment ac_:cesmble to intrinsic defects,
castin, ideal truss limited materials
& structure
layering-up of simple,

wire meshes

mass-producible

non ideal truss

bending of
punched sheets

ideal octet truss

material loss

bending of
expanded metal
or wire mesh

simple,
mass-producible

pyramid truss
(non ideal truss)

interference
triaxial weaving | Octet truss or | among wires,
wavy wires Kagome truss complicate
production
& 4% % Pyramid E@l=E o] fHeolr

Kang §69& 9lo]o}& o] 88te] Octet, Kagome

EYsE AxY

O

e

g ol |k

g ol3% Az

olg 3 % Az

RLo, gojojg
A

SR A ¢

HdFITh sholof
F®o| £olg ol
serg 7

Haths 3ol
Bz A

Mo e golojz Azaty ol gol
o o)z dlste] mejae 7 aist 2ol

Table 12 JoiN AFE o8 71A Az

o AL

Hlwgk Folth Tabled] F& &
2 EAF utgd go] Edx pcMY A ZWH
2A AL35s7) YA BrEHoF dte ATE
2 ten ZL 2 A8

=
=

A

=

=
Zal

F qn.

oAl Erjx F£

(53] Kagome)

g

¢ Azt
o A Ak

Table 1¢] Ygd vle} Zo] A7 AAH o

i

al

fo rlr

7FA] 5L

At w3
Octet 3= Kagome EZXEE A
o Agake] o

Aesdst 2

oA Aoz Az,

2 AP 348 FLBL ol 43

WHE 99 2744 2F2AL BEHA 2

£
R
4

ol

1079

(b
Fig. 1 (a2)Kagome truss vs. (b)quasi-Kagome truss

fu

A F Kagome TZE °|FE MRE

AzYYE AGET. £ Kagome
(5o gt HA(facesheet) S B
MEHA BAE AZagd. AR
ggez olg ZEE Jd5FsYn F
4 @ A9azne vmstgeh

Y )
o v > ot
BN
Lo

o [0
2 o

(e AR O 1 oL
[o]
ot
1]
o

fo
Iox
2

g
>

pt
il

2. dA R HE

Egia

2.1 £7t1M(quasi-Kagome)
Ftad Bz FRACZ F o AHEAYL
g LMo Ao wFERE FxoY. o] F
z7} 339 T30 69 Fo wHEEo JlaH
EfAE FATT £ o] HEdE QWA B
g woll= AT orFH wjEEH U A
gEo] N2 FHAZHA ujdo] Hol e IS
A= stad] Ef{Le (AL
A HA &34 Y (expanded metal)
A& HA AFo] st Aoz
A orget. Fig. 12 E7had
= 3 Fo FxE vtad ELs vlu

gk ot}
E7tad Egjae F s AMEATL vtFEEE
& stuv Eejxst FAspA stud Tz
3 T e AMEAZY 12 vldEe R
o EgjARg AudEst FolA Al |k

e

EfxE

Y



1080 dAE - AAE

Fig. 2 umit cell of quasi-Kagome

Estadl Edat @ Q@ W opRRol
289 4o, Fig. 29 1)& olFu} o] Apo]
& 5_01%’—% AR FzeE oA

49| ol kFig. 29 1*) &t F7t
% RgRolA Bokg Ale KAz
Ak o] ﬂﬂvﬂ TzEA Bl 4w
= R, FAe Aol A
HJ?%}OE HH%EM QA S Az
Aol ool A7 & Wl Fdo
o},
A
=%

ax
-
BN

2
i)
e

"l>

e

R LU G T A L
Mo »& =
r2
lo

=3
—_

TERHoZE Jtav] Edast fAbg
9] A (unit cel) S 7HATHA = 7}3*?1]9}‘:
A% wWdz Js JUB=Est o ¥

ol ¢kzh o] AR gy dA 2}%51
g4y F&EG Ax J—ZUr i |

21]1—}%

Azol& ro

o o I
.8.

¥ ﬁ 2 0T gt ot

N ¥
)y rir
ol -ﬁ?i J
o

2,

op
..?L
£ o

{m
I

l>

[

£

£ olgg s
B ATFANE FHB0) SHT U0 Fu
He W F QU B} AL AR Fba
Ed2g AT & UeE VA Fig 2904 6
: 1

22 MEQIR

mol M 2 LshA
re olgsted AR Fohad =9
= A=A BAY AAH 45 Yohusl 9
3 sl 712% o E4E FEHAT
g28 FHRE RE 847 M2 B 29
E2 97H0) 74 as0 LolBF HFY A8
1 3% 3ol FY BAEE F85A
@t oA Ed2z ARsdc. 94 313
Eejxg 2o} a4 #2o| o) =ejxe

CAATF - AFA - BT

()
Fig. 4 (a) force on the unit cell
(b) force with shear load

Z=7t 239931 /MRsn G 95
atgich. Fig. 32 A@AY 81F poll o8 33 &
g stFo] AL AL vehin Qi wE
% AAR Aloje] Yoy, pDE EYX FH5
o] ¥0l, ;€ “33HH B(facesheet)?] 77, B F
Hol A B Age] Fo|t}

Fig. 4a)= T35 Fstad Bz 179
F4g Uiz ok Egf2g olF: oo 84

2 A l*:—\éil
ol B2 axa9 AANZLE, AAY] la=10 ©]
. Eelz 3056 Zule ¥ ddE vl
o]§t Z(Wicks & Hutchinson®)0.2 &2 Egx
820 AEe 3 F, 7 71 Egjx Q40 A
= @ Fy 946}04 PoE) Fig 4b)s F, o

(trupe] dols 7 AL

o~

]

_Q,

Fo7t Z&se %3e JYehia o »& 2
y-& 33 Yo Py olae Zoh
@n(ch +V3F,)=V O

= V3 F, @
oqmi n& EWo|A B Egxol sjoict, 4
@9 Jstd &L EeArgrd As @ R, 0
uth 302 HAYaEe F,9 ¥5E Fds:

asx”



BEEETE o8ty AFd Evtnd Edx F1F

Aol FFsAL. 4 OF @F AWHR v=

V3nF, ©oli V= ojlmz &F pP: F,%

+ Ak

P=2/3nF, (3)
FEo|U £ Z & Egx 249 YA
T Fuoiien = 0,0° 22 7Hg30] 24 3)o o
dstd a3 e 24 + ok 9471A o=
Ag o gE-golr},

T o] M=) BAS BTyt AHe FB
EE AAHFId 93 2FEOE gagzE o
&3 Zol d=dt Fig. 39 33 ¥ 5

489 o Jyrass =W

gdo] ZA43lE RAE ME AFstA e Zgs)
T ¥ Fp. o AT AAddn A
o] & 2

ola, &

M=FfaceX(D0+tf)0]q' -‘?_ ]v_g_' ‘3'3@?‘5}01
P% F,.° 2AE 789 g 43 2o
£= -—4VI7Fface (Dy t+1¢4) @

A AAGIE S ERl2849 Lo Fpce, critical
=ooteB 02 JhAst A (@ ddsta Ao
83& 23¥ F Ao

e Ezd A& Fatdws] ol
A Doy s e "Wwe T = 4 (3)
F @F A"D o5 Ao st AREd
ARerrEs AsEQ FaHE ¢ 5 Ak

\/gnazWZO

i+ Dyt — Y218 ®)

40

2.5

(@) (b
Fig. 5 Laser cutting pattern

e =X BAe) AR A 1081

o

Efs 849 9HY FA a=2mmZ, A
£=20mm= AL W=265mm, B=119.5mm,
FdolA B E2Y JF n=52 &9 &
A 5yl ostd 78k t; =1.23mmolth

£ dAFqAE A=A wA9 T 7HA et
¥ &, $UF E29 mén Aaidde i
S #FHY] Al 3 HolA AAE
t;=123mm %= € t;=08mm% t; =22
mmZ A5

g e
).

2.3 =}

7% Ef 2y £A4E 54 2mme |7
SS41 #AJol1l, Fig. 5(b) AEH & Ewgoz
sHel A, Aojdtago F 2709 Ag X FI Ao
o A AZE dd HEde do|go g o9
9ulQl 18709 AL TFE R o] T 30mm, 2
o] 720mm¢ A7IE Zeo Aol JAE =
Wgo g FolFAA HAW ade 2o
Fig. 6(2)2} 22 2Yo] dvt. &34 S 60°
AL g olfL A2 HJ[Fig. 60T F 7+
U A28 vdggoz JAANNE HFEHS
o B} Fig. 6(d)s 2 FAL o]FA Hrl

olgA AxY EHXE FUFo2 Aol 2

< 2A9 Ss41 FA 0.8mm & 2.2mme HHL
B#olAsled M=dXH Fdej2 AR},

s

© @

Fig. 6 Expanding and bending process; a) expanded
metals, b) bending, c) a triangular wave
pattern, d) quasi-Kagome



1082 AL - A

BEo]ldL 1120C9 F2-AA FYR L7
cd, HF A"e 37E £ B= 120mm, 29|
344mm, F3+5%°| Do~ 30mmo}Th.

ExeE ss419 Ag B4, § dAF E=
203GPa, 538 0,=170MPa & AM&3l9 7}
o Egjz F3 ATL zAEHATh Y =
2IPO2E ABAQUS 638 o] 8don, 84
) %TErE 883 a4 6¥¥ 945 2434
o E5e A{Fde HZF(contact)ZHE
31%3}0”1 Ho2E 3 Ho] Jbedtn yie w9
Aole o NS FPsAT 32 =1L
A W37 F(deformation contact), L ©|F
(small sliding)® 2, vlZA¢E= 12 FUc). of
A% BEEL xyz WIS d-;ﬁ?ﬂ'u L8
52 yz g% nFstod FA 24L& 3

(=]
2ol S ol ol

>
9_'

4.

Al

-

4.1 Egjx 74 AF9| olF
TItnm E8ja F3¢

i, 09

% 2 Adstde 284
a9 9F A8 44" W=9H BA AF
He] §Y 4P INSTRON 880 A7 +¢2] A
d71€ ol &3t FHHAY. AFANHL B o]
Ao Hrz Fste EXzg & Agsiqh
AFABL AFPAQ 7l (dogbone) FFo=
DHA dmm’, FBRAO] 40mm ARl 7|F 2
Ol(gage length)7} 20mm$l ¢ Al(extensometer)S
K25t 0.01mmsisec B A2 AFs1gin)

350

Stress (MPa)
-t ~ [*] W
2 8 & =

2

2

[

0 0.04 0.08 0.12 0.16 0.20
Strain ¢

Fig. 7 Stress-Strain curve under tensile test

. A z}]ﬂ-

flo o
i
o[o
FE.
JH
>

) ﬂilo
L
EL
=

e &

29 4

[\
N
K]
3
0,
ol
ofN
Ju oz
i)
p
2
2
=
o
2
>
el
Ol
2
:L

M= FAAA ] 5524 o4E(indentation) S
WAL EHo7 gty o AlgHE EHUA
B/ BB 22 F(assembly) S A1E3FR .20 0.01
mm/sec 9 52 W9 Aodle gEagct &
39 St WE AlHe ¢4 oCD Jheig %
g2 sz 715890

2

5. 20 9 ER

5.1 ol 234 Zx}

t; =0.8mm o] Wae] & T
o g&d Aoz A=Y FHdsEe A @)
o 95t oh&3} go] AP A}

P 2 ogt; B(Dy+t;) =7.55kN

max= W

(®)
Fig. 8 Final images of FEA models with facesheet
thickness ; a) t; =0.8mm b) t; =2.2mm



sl Aty Folav E

10
=== FEA
8 LR — experiment
.
'.. I equation: 7.55 kNl
. Y
Zsl: '
= ! e
= ’ .
z | ..
= 4 Sel .
1 . -
r ML S el .
2
g
0 2 4 6 8 10 12 14 16
Displacement(mm)
@
20
=+ FEA
ULt el e gxperiment
15l .
’ - N
c..é: : equaation: 11,8 kN T
T10}! .
S s
&
5 b
0 L " i N N ' X
o 2 4 6 8 10 12 14 16
Displacement(mm)
(®)

Fig. 9 Load-displacement curves under 3-point bending
of sandwich panels with; (a) ¢y =0.8mm
) t;=2.2mm

EfLY FE Ee

g ame

o 2ol A4

t; =2.2mmol¥ FTIF
adzEe o HEd ez
stz 2 )l st b
o

P =2\/§n00a2 =11.8kN

(=2
(=0.8mm BAE Fig. 8(a)o Role ZAAH A
AES AR WMo 2A4FFol
8 dojren] 73 ZEE Fig 9a)dl
A ? AE0] Ppu=8.6kN ©lth. 4=2.2mm B3|
E  Fig. 8(b)dl Hole AXNH Efx FHF9
gBoz ¢lF mrko] Yolyon, o mE F
3 AEE Fig Ib)lA & £ Yo
Pua=1720N olTt. T TA sigk HAgo] BT
o2 ol A AFe vhe} Aol

b
oN
ol
o
o
P
rir
r>~
:\.9.

1083

| A9 71AH A

Fig. 10 Optical image showing buckled sandwich
panel with 0.8t facesheets during three point
bend test

Fig. 11 Optical image showing buckled sandwich
panel with 4=2.2mm facesheets during three
point bend test

53 A3 &3
Fig. 102 t;=08mm<d MEHA A F3

49 FE ¥ A8 199 342 dehin g
9. 4RER F 39N a9 ohds 3 A3

gt o] LAY 1 %?194 Hae FH=
o o Ha HUon, FUF EEs
Hysto] o] H© %fs&ﬁi‘wﬂ &3 o
t}. Fig. 9(2)9) 3t5-¥9 4

pact
ol
i’“u
><I
~J
wh
~J
=
2
é
HT
it
-
_12
4oi-
bl
)
ANy
o> b O Wy T Nogo
ut ob o rju B B ok

o] faaA Tt

p=n
=
o 22 ¥ ThE 2o
°

3 AY 23 I }\]31.»} :L%,] 348 Vel



1084 ANE - AAH
Ao 4% Hulb T35 Errdxn A2 Wy
Ee A%ePd w@E zriEdy Fol 248
o dstdge] ¥Wyge FEe AwkEe Aw
o] 7% o)A Aoz HeM. o:
Fig. 8(b)9] #F¥assy A 228 AH9 3y
A AP a3 ol BAF A
"o 2794 Edx A2 F BEAN} &
# AHA Aoz Btk = AFH ojn ¥
Ho Ao o8 AA o] dolutA HW 2
TR BE7h FaHe o FRo Frh Wy
o] 3]

1
AT YT Aoz FH LAY Fig 9b)9
W uAY AFEL 7 3}t
Folx 50| =38 F7+ete] W7 5~6mm
o olzg Aok HUAg P, =16.7kNo =&
gt Fd &R Fax ‘}
A gxn vud QHRFN P

°iN><

xa
N, o
T oLy e

71 SHEY Segu= = L vgoz 4
9t Huaz =9 & 2343 ol
= A% %e uy FrouAs o

o EaA_] EQe ;é}ﬂoi _1;!_\_]1;}._
# =2 AAT Fo] RRAHA B2dA&Ho) g

<d, 4% A #4998 FI9Y AEY nus
By, Egj29 wyo] AFH 29 F & A
7t %] 9ED RS E F AT

54 £ B

Table 2= t; =0.8mm3 t; =2.2mm< AW
of dg Adstse 24 olgd @ 2 (3) #
feasddds, 2920 vmste Uehy
3 gt} t;=08mm AYAY H$ o]g, §3
48, dygle] vlua 2 YAGt ¢ =22
mm A ANPB F§ o) dFgo {FPai
A4 2 LPgnc @43 A dekod o
£ ohen 2ol ¥¥¥ F Aok AAY A
((08mmys, AotV AT Foe e 2p
o] Wyo] Haszle A2 FYo) &Y F 97
Weol Awel A2F ATl szl 1
o wriel FA BL22mm), 4 (3)9) A
3% AdEFHL EfL T & sFd F o] Zg
ste &L gdiadd #Fd digste ez
ge ¢ qmw} #F28E FolxE Fs1Hq
EHH“ 2 'QEHBLJ\OHH_,] ol o] o &t
Frks|ojobt it

¢

3

A - A7 -

E - 375
Table 2 Maximum load P, in estimated by
Eq.(3) or (4), by FEA and compared
with the ones measured(kN)

facesheets
thickness(mm) Theory FEM | Measured
0.8 7.55 8.6 7.57
22 11.8 17.2 16.7

ded vigh 2ol 2 golgzd AHe sF

F,
Fc?‘—- Fcl}?‘q ;'q‘]’Fc? \;%'017] Iq]

aAHyol LY o F& d5o] Fesith
webA ol BHRl HdlEtE: P, = 9494 V3 ujl
P, ., =20.4kNo] Eolok &A= #e Q4]
o] g & A2 F, a0l rﬂri F,9 37}
2L Itg T AgoA dAE 4dF AEAEY BYo)
2 AG £ 9 =r)ulg 59 ggoz w

2 352 el Aoz weld 9o 7 o)
o] eiittn Boiw A= Fig. 9(b)olA] ¥AE A
0] AZEHE 5L o P=11kN22A Table 2
o] o]27l P, =11.8kN I} F A3

ol 9%

E-}ﬁwEaAQ4%W}E

(1) AeteEn F5 Ejxrt FAO ey
=EqXBAY HHo) FEE 7

o Z dxzith

(3) w89 FAZ HAgHEd F A AEe
A #S FUF T FE AvdA ZAse Aut
2 Ade] ozt sdET nAHoz By
B2 Eyxs 240 AANFFH o)Fe 71 EF
2 Q40 AT 2 AFE o] L4



SFaELe o185l A%E FAmvl =g

gk weld e Eyrgso FHIo 7 xst
B Hosse AddA Ao AdatF

oq 4%
Hobs 84 ¥ 28y 27] wldy Az
frAtste
# 7|
€ @7E 20068 FHeAD FEAAATH

(NRL)AF(2006-0229)9] A3} ()@ AHF1)
2004 A ZAFA 71 AFXNLEL wol £
HAEUD #AA A8 ZA=gy

1
o

tn2

(1) Chiras, S., Mumm, D.R., Wicks, N., Evans, A.G,
Hutchinson, J.W., Dharamasena, K. Wadley, HN.G.
and Fichter, S. 2002, "The Structural Performance of
Near-Optimized Truss Core Panels," International
Journal of Solids and Structures, Vol. 39, pp.
4093~4115.

(2) Sypeck, DJ. and Wadley, HN.G., 2001, "Cellular
Metal Truss Core Sandwich Structures," Proceedings
of the 2nd International Conference on Cellular
Metals and Metal Foaming Technology (MetFoam
2001) edited by J. Banhart, M.F. Ashby, N.A. Fleck,
pp. 381~386.

1085

xls

ol
tlo

2 MEYR BAL AAH A
(3) Sypeck, DJ. and Wadleyy, HNG, 2001,
"Multifunctional Microtruss Laminates: Textile Synthesis
and Properties," J. Mater. Res. Vol. 16, pp. 890~897.
(4) Chang-Gyun Jung, Seok-Joon Yoon, Dae-Yong
Sung, Dong-Yol Yang and Dong-Gyu Ahn., 2004,
“Fabrication and Static Bending Test in Ultra Inner
Structured and  Bonded(ISB) Panel  Containing
Repeated Inner Pyramidal Structure," Proceedings of

the KSPE Autumn annual meeting, pp. 483~436.

(5) Ki-Ju Kang, Gye-Po Jeon, Seong-Jun Nah,
Bo-seong Ju, and Nam-Ho Hong, 2004, "A New Way
to Manufacture Ultra Light Metal Structures,” J of
the Korean Society of Mechanical
Vol.A-28, pp. 296~303.

(6) Ki-Ju Kang, Ji-Hyun Lim, Seong-Jun Nah and
Man-Hoe Koo, 2005, "Compressive and Bending
Behavior of Sandwich Panels with Octet Truss Core
Fabricated from Wires," J. of the Korean Society of
Mechanical Engineers, Vol. A-29, pp. 470~476.

(7) Deshpande, V.S., Fleck, N.A. and Ashby, MF,
2001, "Effective Properties of the octet-truss lattice
material," J. of the Mechanics and Physics of Solids,
Vol. 49, pp. 1747~1769.

(8) Wicks, N. and Hutchinson, J. W., 2001, "Optimal
Truss Plates," International Jowrnal of Solids and
Structures, Vol. 38, pp. 5165~5183.

Engineers,



