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o A AxA= AT 9 A4, = 2 I 58 59 482 7L oA A AdolA FEZ
T Qlont, teFet Ao Etotal B FAo] WE AR FHY ojfFoE, AA7A FHAS 483 d AR
Agt=a itk g HF Alxe A58 AR PHoRE E7Fs3 B33 71515 34 ARVt 7 71EEA,
AR F2A ARE AT HF V&R F5Z H Aok & Ao 33 R e E J] AE FA4s5, &Y
Ao vhgre] vA 37] 9 AEF vho] 2 A dxo] BAAE EESIT & AFolA= Simple Cubic(SO),
Body-Centered Cubic(BCC) ¥ Face-Centered Cubic(FCC)S Rd# AILEJo]E AFE5lo] Al U W&y 2
ZAE A 2 ATollA ARt At = A4 ¥ Z+= SC, BCC ¥ FCCOlA 98.3 %, 98.6 % H 96.2%2]
AL FEST. AR F2AE QR AgH ol 9 A}, 5Utt A v A= A Wt AR
wtel P& 5150] AR L, BL WY 2HME SC, BCC, FCC £2.7 4= FE 3150| Fotxe Ay} vebgt)
FFHOE 20 mm x 20 mm x 20 mm Z7]9 FRAE= SC &9 AZ 3x3x3 HERE Fdok= Zo] &= shaol
et 24 HH3t bsd A0R UEETh

4% 9 o7 4 5
3

fo T tO

Abstract The lattice structure is attracting attention from industry because of its excellent strength and
stiffness, ultra-lightweight, and energy absorption capability. Despite these advantages, widespread
commercialization is limited by the difficult manufacturing processes for complex shapes. Additive
manufacturing is attracting attention as an optimal technology for manufacturing lattice structures as a
technology capable of fabricating complex geometric shapes. In this study, a unit cell was formed using
a three-dimensional coordinate method. The relative density relational equation according to the
boundary box size and strut radius of the unit cell was derived. Simple cubic (SC), body-centered cubic
(BCC), and face-centered cubic (FCC) with a controlled relative density were designed using modeling
software. The accuracy of the equations for calculating the relative density proposed in this study
secured 98.3%, 98.6%, and 96.2% reliability in SC, BCC, and FCC, respectively. A simulation of the lattice
structure revealed an increase in compressive yield load with increasing relative density under the same
cell arrangement condition. The compressive yield load decreased in the order of SC, BCC, and FCC
under the same arrangement conditions. Finally, structural optimization for the compressive load of a
20 mm x 20 mm X 20 mm structure was possible by configuring the SC unit cells in a 3 x 3 x 3 array.

Keywords : Additive Manufacturing, Lattice Structure, Relative Density, Simple Cubic, Face Centered
Cubic, Body Centered Cubic
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1. M2

A} fEZ2A(Lattice Structures)= T A(Unit
Celol=tar 3= 33 7iHF A(Open-celled Unit)&
AA 2t oA REEH o R widstar, T A7) =
RIE(joint)E AEZ(strup 2 & AAsto] AT 124
& EeH1]. A% FxAle e 9 A, 23T 4
YA F5 58 59 95482 7HAAL SlojA] e 4t
Aol A FES W QloH2-4]. I8y FA} 29 ot
e Ao EFokal B4t Aol oE AR 34
9] ojf o g, AA7MA BT 483t D A2 Al
Q= IL QA

ZZ A Z(Additive manufacturing, °|5} AM)= A
B4 Az o2 = EVbet BT 75tey g4
Az} 7Fse 71eEHA, AR 124 ARE A 3
7R FEE ¥ Utk AM Te2 33X A=
(Computer-Aided Design, °]3} CAD) @< = 3oF
Z(layer by layer) &o} £g0 2K 7|& 7|&Z2E AlZ}
o] E7Fs3t B3 P AT 4 Stk o= A
22 Hlo|# 8-8(Selective Laser Melting, ©|5} SLM)
T 5 AM 7le9 IR Ay 7 35 &4 7]
gt AR} L 2A Azl thgt A7 A== QUTH5-71.

SLM ®Alo g2 &3t 34 A5 AR A& F2A1Y
733t 9 Aol tigk A7t Bue vt 2tk Martin
Leary et al., (2016)2 AlSi12Mg (Aluminium) 44
£ Z-859 SLM AM 71&E 2R} 12AE EYota,
2 9 o|R 540 digt A5 EIstItHSL
Lin Cheng et al., (2017)2 93HAsE S A o
Z(Relative Density)°ll T2 Ax} F2A| 2235} 4 o]
of W F= FFel izt A+E BUSFHTHG]. Oraib

Al-Ketan et al., (2018)2 Ti6Al4V(Titanium) £A&
859 SLM AM 7|&=2 AESI(strut)?} A|E(sheet)
ERQle] o9} AR Ax} AL Eota, Ao Do
02 45 AT 9 Yol g A+E BAsHCHTL

71& ATolA= 71skerd G4 WHE A-8o5to] &9
A 9 AR RAE FEsk lon, 9] Al] HieT
g] @A (boundary box) 37] € AES B o 4+
o W9 BA A sl Barsta QIA Q. wht
A 2 doAde &9 A 348 flske] 33 T
HE Atetrat gt &9 A9l kE(node)E 32HY
HEFHO R AL T LEE AAsto] AEHES A
got= WO R 3D BEE € ol T WS &
kel TR ) =)

Azt FRAE HASH=H Aol 7P & EA= A
et A%} EE2 A (topology)E A¥sh= oot wht
A 7TAH EAS SHEsH] A A Uk R gH
Sk A2 JF AHE E40] 7" AE AAE A89)
7] 913t HA| 20|t} wihA 2 =RojlAE AR &
Aol At D=E Alofsr] fls) At W A H7g4]
= FAglele AL A=t A7IAE Al UEE
Aojgt &9 AL 1x1x1, 2x2x2, 3x3x3 9

Table 1. Maxwell stability(M-value) of Unit cell

Unit cell
SC BCC FCC
Shape s K 5|
s s s
s S )
No. of joint 8 9 14
No. of strut 12 20 36
M-value -6 -1 0
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Fig. 1. Unit cells with three-dimensional coordinate method
(a) Simple Cubic (b) Body-Centered Cubic (c) Face-Centered Cubic
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Table 2. Unit cell with three-dimensional coordinate data
Simple Cubic Body-Centered Cubic Face-Centered Cubic

node X Y 7 node X Y Z node X Y Z
1 -S/2 S/2 0 1 -S/2 S/2 0 1 -S/2 S/2 0
2 -S/2 -S/2 0 2 -S/2 -S/2 0 2 -S/2 -S/2 0
3 S/2 -S/2 0 3 S/2 -S/2 0 3 S/2 -S/2 0
4 S/2 S/2 0 4 S/2 S/2 0 4 S/2 S/2 0
5 -S/2 S/2 S 5 0 0 S/2 5 0 0 0
6 -S/2 -S/2 S 6 -S/2 S/2 S 6 -S/2 0 S/2
7 S/2 -S/2 S 7 -S/2 -S/2 S 7 0 -S/2 S/2
8 S/2 S/2 S 8 S/2 -S/2 S 8 S/2 0 S/2
9 S/2 S/2 S 9 0 S/2 S/2
10 -S/2 S/2 S
11 -S/2 -S/2 S
) 12 s/2 -S/2 S
13 S/2 S/2 S
14 0 0 S

4x4x4 B|GR FAJote] AR} L2AE ABAdote] =
H BEGE 45 T 4 e A 9 S ERlsto]
& A& 24 (Representative Volume Element, ©]
3} RVE)E AlEHo|AS B3l ERIsi3ct

N
re

T He o wy

2.1 = A 2 AR A2H| HA

AZ} 2 A= dutd o R o] S wHEsho] JAJgt
oh mEbs AR 24 Aol &Y A2 JA AR}

ZE st EA4%ee 7MY A2 a4t we
Al B AollAs 7P 7128 9] A2 Table 13}
o] P AAI(Simple Cubic, ©Ist SC), AHALA
(Body-Centered Cubic, °]3F BCC) & HAYTA
(Face-Centered Cubic, °J3} FCO)E AA5}lo] 1=
st Az F2A9 7As 542 Eq. (D9
Maxwell 84 AAAE MMaxwell's Stability
Criterion)ll T} #38 E&= AF/A=ol FE Az
9] 712 BAE AYdith. M <0 F¥, I3 HFol
ARl Axp RA W, M =02 F9= I/ GE
HEo] AujHQl AR} FxAle|tHS]. HF Az SH
A HH Mo] 5555 A|&o] Esto] AES] v ¥
3t oA & 4= g}t

M= b—3j +6 )
o714, M & Maxwell A AR, b= AEF
&, j £ RRIE FF Yehdoh

0.45 -|—=— Simple Cubic (SC)
—eo— Body Centered Cubic (BCC)
0.40 41|~ Face Centered Cubic (FCC)

0.354

0.30 4

0.254

0.20 4

0.154

0.104

0.05 4

000 T T T T T T T 1
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cross-sectional circular radius to length of strut (1/s)

Relative Density

Fig. 2. Comparison of relative density according to
variation of strut parameter

Table 3. Factor and level

Level
SC, BCC, and FCC
0.05, 0.1, 0.2, 0.3, and 0.4
1x1x1, 2x2x2, 3x3x3, and 4x4x4
Ti6Al4V (titanium)

Static analysis in compression

Factor

Unit cell type

Relative Density

Lattice array

Material

Load type

Fig. 1 ¥ Table 20] & d3Lo|A AA5FL Y= BC,
BCC ¥ FCC9 341 3 91 9] tlo[HE 17|51
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of7]A S &= uHE] "hAg] g ¥ ZolE ou|gh
g Eo] BCO A% Lt .1~87HA] AL,
1-2 9 1-42 A435te] AEZ 942 PASIATH
o] Alo] A W 4 & Vs/ VE AASITE of7]
A Vs 99 Ao JHo|1 Vi vkt urag) F
A Zolet, 7k 9] o] AAS 30 R EE5] 9

8, wAPBHA] e AES AAE =& & WA A

[

2 7Sl 2E9 Ade Ao s A4
2 Fok Alg ulgoR ST 7 mAYY FHE A
He sHo ARsher Aokl w2r] tEe] %
wol 2r9l HEUWAR 71Tt B, BOC 430
ANe TA(node 59 FHE AR A B7150] 4
W3 ) W FERE Ados ARSIt

Eq.Q). Ea.3) © Eq.(4)el 2 99 9] 4rf A=
A A,

Yoo = {37rr2 (S—2r)+8r }/53 )
Ypeo=1Smr2(3+4/3) = 2mr° (43 +7) + 8r3(4— +/2)} /57
3)
Voo = 18m? (3+6/2) —42m® +48r° |/ 5° )
71, v4e = SC 8 W= F44], 7500 & BCC A

o W= 34, ypee = FCC AH Bx 44, r &

AES WAE 9 5 & 25 Zojg veich

471 Eq.(2), Eq.3) & Eq.(4)°l4 2ES HEA|Fo]
Z71ete] et 2o R IS = e S5 AF
= ALAZ17] s SC Bl gt g RS2
0<r/S=<05, BCC ¥ FCC B4l tigt 2E
("L 0<r/S=<02072 ASHsIcEH

2 APoHE golx ¥ T#AZEH (rhino and
grasshoppen)& AMEste] AES QXS0 w2 ZHz};
FRAE 2AYE, X, Y, Z & IO HHEsle] 4
A F2AE Bk SaEES st

Fig. 29} o] AES P42 Aofgoms 4o dr
0.05, 0.1, 0.2, 0.3 ¥ 0.49] &9} ALS E&19 &
Ao AES dHo] wHEd AES] ol HE
(cross-sectional circular radius to length to strut,
ola} r/8)& 0.05, 0.1 2 0.2 59 = 44T 4
29 A 2= dix =ESHGich

@ 2 Aol AER A2 Yo Aghete] 2
Pt B3 AR FRA= FE AS Az AE
JEste] vigH g WA §F HE 20 mm £ AASH
oh &9 AlE 35 WRFOE 1x1x1, 2X2x2, 3X3x3
A 4x4x4 widR &9 AZ FAst] AR L2AE

- %

E

22

0.50
—s— Simple Cubic (SC) by 3D modeling S/W|

- - ---Simple Cubic (SC) by Equation ,
Y =3 (S-2r)+8° /S’
/s was limited to 0<r/S<0.5 i
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Relative Density
(a)
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-----Body-Centered Cubic (BCC) by Equation

Cross-sectional circular radius to length of strut (1/S)

0.45

0.40-
0.351
0.30
0.251
0.20
0154 |

0.104 !
i Y=t (ST (3+4N(3))-20r° (N (3)+7) +8r (4N (2) /S’

Cross-sectional circular radius to length of strut (1/S)

0.054 ,‘ /s was limited to 0<r/S<0.207
000 4—— T T T T T T T T T
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Relative Density
b)
045 9|—a— Face-Centered Cubic (FCC) by 3D modeling S/W
PPN Face-Centered Cubic (FCC) by by Equation
0.35 E
0.30
0.25 i

0.204|\A T a
0.15
0.10

Yoo =t (Sar’ (3-6(N2))-42m° +48r°}/S’

, r/s was limited to 0<r/S<0.207
0.00 T T T
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0.05

T T T
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Relative Density
©

Cross-sectional circular radius to length of strut (1/S)

Fig. 3. Relative density as a function of the ratio of
cross-sectional circular radius to length of
strut
(a) Simple Cubic (b) Body-Centered Cubic
(c) Face-Centered Cubic
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Table 4. Relative density by 3D modeling S/W and Equation

Relative Density by Simple Cubic Body-Centered Cubic Face-Centered Cubic
3D modeling /W Equation Percent error (%) Equation Percent error (%) Equation Percent error (%)
0.050 0.0503 0.600 0.0502 0.400 0.0504 0.800
0.100 0.1006 0.600 0.1006 0.600 0.1017 1.700
0.200 0.2019 0.950 0.2017 0.850 0.2040 2.000
0.300 0.3041 1.367 0.3034 1.133 0.3093 3.100
0.400 0.4067 1.675 0.4058 1.450 0.4151 3.775
st 07|14 HF A2 EAZ wrgst] &Y o= APt et g &0 AW EE 0.29
Aol B AAHo| oA gEE vig &5 & ¥y A% SC, BCC ¥ FCCe Z 0.1623, 0.0895 ¥
(merge)ste] AAEIATE 25 AAE AR 124 vk 0.08380]%, Ao U= 0.39] ¢ SC, BCC ¥ FCCE

o

Bl MRAL G Y ol 20 mmE FUSH
of A

S5t A% 54 2E

A A5 o5 A9 7
& B =E517] 9k, Table 33} o] Az %
Ao AE 8RI 22 I A FF, A 2 g o
A A Y EgR dAsielt &9 A2 BC, BCC,
FCCZ #Aokal, At U&= 0.05, 0.1, 0.2, 0.3 ¥
0.4%2 HAgstlch. &9l Al A4 1x1x1, 2x2x2,
3x3x3 W 4x4x4 MR STt A8 AlEFolAd &
IZEYoE ARRSE] 83t 24 4 (Finite Element
Analysis, FEA)Z sttt 324 &4= Ti6Al4V
(titanium) .2 AA3I oH, g4 A4 104800 MPa,
FE A= 827 MPa, Eok&H] 0.31°0]% B F2AIE
E9E 992 wHEsia, w4 27 A8 221
ol 4% 7Fse o) 22 2712 slelct. A% 72
A9 FE FrE =& 9o nd Ao 4 4=
WFo R F o152 Asteth. Ast sks= 5716t
A G Ao =Gt w7t 8 e 552 &
B 5508 AHosiaitt.

HAR A% 7

M
21

al
=

3. g4 Zit

HI

3.1 He A R AR 2EAH HA

Fig. 39 i ¥ 0.05, 0.1, 0.2, 0.3 ¥ 0.48 AA
ot ZF & A YeERRQITE A Uk 4 2 Vs/ VR
ARt} o714 Vs o] A AHo]al V= vheH
g BkA9] F AFoltt. o] Al AR =& 4} 5
3 A W2 AAS o /9% SC, BCC, FCC &02

23

ZF 0.2056, 0.1134 ¥ 0.1068% 1= 3]t
Table 41 3D Z&®g ATEF0]Z GA A
£ 9 S40] o)t 4 AES dehiele 2 gl A
9] QAS TES Zy, Ad Uxrt 33, RJAE
(oint)o] HL, m—value7} E5E 24g0] Il
ANE Uitk 2RAET 7MY 22 FCCe A H
7} 0.05, 0.1, 0.2, 0.3 4 0.42 371855 2akg0]
0.800 %, 1.700 %, 2.000 %, 3.100 % ¥ 3.775 %=
AAL A7} Uehdeh Table 50 2x2x2 &) 2

1=}

Table 5. 2x2x2 shaped lattice structures

Face-Centered

Body-Centered

Relative
density

0.05

0.1

0.2

0.3

0.4
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Table 6. Yield force of lattice structures

Relative Simple Cubic Body-Centered Cubic Face-Centered Cubic

Density | 1x1x1 | 2x2x2 | 3x3x3 | 4x4x4 | Ix1x1 | 2x2x2 | 3x3x3 | 4x4x4 | 1x1x1 | 2x2x2 | 3x3%x3 | 4x4x4
0.05 594 710 914 883 199 211 142 102 162 185 190 172
0.1 1966 2356 2803 2787 393 516 560 466 571 676 629 650
0.2 5546 8339 9223 8736 1751 2020 2717 1645 2128 2927 2698 2815
0.3 9845 13210 16685 17319 3135 3618 4603 5420 4644 6572 7870 5125
0.4 16865 23850 27165 28990 6846 9938 11030 11640 11830 15320 16450 12125

2 FZAE A drEZ YERfQlch B Simple Cubic(SC)
= Aol AN 2AHEE BE B 4.0 % ;?Eiﬁ?ﬁidccﬁﬁ%ﬁ? __
ojotE T&Eo| et 96 % o] AFEEE A= A 1000059
o7 ZRI= I 1
T A 9k 9 wAske Aol S71tel w24 8000 |
&0] F7Iol= olfi= 2 Y FEE FEo] thEA
4 Y7153 2ol %l‘ﬂ'@?l o] opd 7I55HAel #
9] Aok wjEo] 3t o] 2rl WA Z /g5t v
F219] AR wErh olof gk AR £42 =5
AL A5 AP Aol

-
S
S
S
1

Yield load (N)

3.2 RFotisiME St 7IAM EY ZE

Table 60 At U%=(0.05, 0.1, 0.2, 0.3 € 0.4), &
9 A WiA(Ix1x1, 2x2x2, 3x3%x3 U 4x4x4)0]
wE Az} L2A 9 P& oFEZ UEFHIT L3 Al o
B2 2ol A Wt ATl w32 a5o) " atie sructures with reatve density 02
AR A7F Yelstt 1x1x1 SC FAF 12419 73 @
9 A dxo] wet 594 N, 1966 N, 5546 N, 9845 20900 ) B Simple Cubie(SC)

_ Il Body-Centered Cubic(BCC)| s

N 9 16865 No.2 &+ si50| Stk A7t YEr ;Face»Centered Cubic(FCC) @
YT} Fig. 4.(2)°0 At ¥x 0.2, Fig. 4.(b)°ll At 2%
0.39] Z23= #3759tk 98 X EA5hY, 59 15000
vl 2704 SC, BCC, FCC €08 = 3 315
o] Zolxj= A¥rt Lebdtt SC 79 Maxwell 3
4 ARG 602 qF FEO| =35 A0E Hof
Zct,

gt Ex 0.20014 o] A vido] 1x1x1, 2x2x2,
3x3x3 W 4x4x4 & F7F5o| wat SC AR 24|
o] g 5152 5546 N, 8339 N, 9223 N Z 8736 N,
BCC A Tx2A9 & sH52 1751 N, 2020 N,
2717 N % 1645 N, FCC A&} 1249 & ke
2128 N, 2927 N, 2698 N @ 2815 N& ehie}. 2 o s s oot
Ao 2 3x3x3 H|E AR} FLZRAA & S1=0] & Lattice structures with relative density 0.3
#ohs Aol et A 9% 035 ST Aol ©

vehgth o B =204 20 mm x 20 mm X 20 Fig. 4. Yield load of lattice structures
(a) Relative density 0.2 (b) Relative density 0.3

10000 —

Yield load (N)

5000
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mm & A FRA ) gl AES APstgct. &F
T F2A 37] 9 wigo] & skl v JFel i
A ALH AF7E Basit

B Ao A AABIL Y= 20 mm x 20 mm X 20
mm 3719 TE2A = 3x3x3 vigRE &9 AL LAt
£ Ao] 23 HAgt 7Fee AR whdEr) 3t
P& sEe 1T 4 SC A& E2A 7 9
3 EAS M Aoz waEch I, oot oY A
B o E o4 o &4t ofvEt A, #4395
E3} okgolA9] B ol5-& AESt] 124 FgAAS
HEZ Afoltt. F7MHoa 2 AFoiE Ti6Al4V
(titanium) 270l gsto] HES JPstlont, T
=% A5 AxXoA HEHOZ ARSI Aol taAl

& AE WS S Agoltt.

1. Simple Cubic(SC), Body-Centered Cubic(BCC)
9 Face-Centered Cubic(FCC)E tA}OZ 3%}
4 HHE THE F83 2l ATE0lE AR
sto] Ao e 9E3 F2RAE ARl AX
E9olE ARgsto] AAIRE fFRA}F & At
AlRKeH A W& AFE4]9] Fek= SC, BCC ¥
FCCOllA 98.3 %, 98.6 % X 96.2%2] 4142
2, A "4 A4S o9 A 2AE(oint)7k
7, m-value’t E4% 23-&0] Z7l5ke A
7F Urebsttt.

2. AR L2AE dEoE ATl 3 A1,
4gt Al v 24oAle A 9t Ao ot
FE k5ol A= 237t veEdth &3, F
Hld 22o4= SC, BCC, FCC +2& 4=
& ol5o] FoA= A7t UEhTh E3 £ A
TFo A AASHL 9 20 mm x 20 mm x 20
mm 3719 F2A= SC &9 S 3x3x3 vjE
2 5k Ao] AF skl tigt w24 H A3}
7} 7Fss Aog yeyth

oft

e

o&v

25
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