DAl HOC PA NANG
TRUONG PAI HQC SU PHAM KY THUAT

BAO CAO TONG KET

PE TAl KHOA HQOC VA CONG NGHE CAP TRUONG

NGHIEN CUU XAY DUNG MO HINH SO CUA VAT LIEU
DANG CAU TRUC LUOI CHO CONG NGHE IN 3D

Ma s6: T2023-06-10

Chii nhiém dé tai:  ThS. Hoang Trong Hiéu
Don vi: Khoa Co khi
Chwong trinh dao tao: Cong nghé¢ ky thuat co khi

Pa Nang, 02/2025




DAl HOC PA NANG
TRUONG PAI HQC SU PHAM KY THUAT

BAO CAO TONG KET
PE TAl KHOA HQC VA CONG NGHE CAP TRUONG
NGHIEN CUU XAY DUNG MO HINH SO CUA VAT LIEU
DANG CAU TRUC LUOGI CHO CONG NGHE IN 3D

Ma s6: T2023-06-10

Xac nhan ciia co’ quan chi tri dé tai Chi nhiém dé tai
KT. HIEU TRUONG (ky, ho tén)
PHO HIEUTRUONG

PGS.TS. V0 Trung Hung ThS. Hoang Trong Hiéu




DANH SACH THANH VIEN THAM GIA NGHIEN CUU

STT

Ho va tén

Pon vi cong tac va linh vec chuyén mon

Hoang Trong Hiéu

Khoa Co khi — Truong PH Su pham Ky thuat




MUC LUC

IMIUC LLUC ettt ee s ee s ee e eee s ee e ee e
DANH SACH CAC BANG, HINH VE.......cooooiiiicncnsesciscessissssssessssenns
DANH SACH CAC KY HIEU, CHU VIET TAT oo
Trang
MO DAU......oooiiiie s
Chuong 1 Tong quan tinh hinh nghién ciru trong va ngoai nuwéc.............c..cc.......... 1
L1 CAUIAC IEGT oot 1
1.1.1 Céu triic lwéi dwa trén thanh chdng ........oocoooeveeeeieeeeee e 2
1.1.2 Céu triic lwéi dua trén bé mat téi thiéu dinh Ki 3 chiU ......cococcevevvevveevcceeenee, 3
1.2 O @OM Vi cooeeeeee ettt 3
1.3 Cac phwong phap mé hinh héa hinh hoc cau triic lwéi dya trén thanh chong10
1.3.L MO NINNVOXEL ..ot 10
1.3.2 Phuong phap bicu didn DAM........cc.co.oviveeeeeeee e 11
1.3.3 MO NINNTAT ..ot 12
1.3.4 M6 hinh hoéa bang cac phan mém CAD-FEM thwong mai ..............c.cc.......... 15
1.4 Ung dung va ché ta0 CAU trie TG ...........c..cvveeeeeereeeeeeeeeeeeese e, 17
1.4.1 UNQ dung CAU trAC IWGT ....ooovevoeeeeeee e 17
1.4.2 Ché 120 CAU tIAC IWGT ...oovocvveeeceeec et 19
(ST 2 [T T TR 22
Chuong 2 M6 hinh $6 CAU trAC TG .........ovoveveececieceeceesee e 23
2.1 GiGT thIEU CNUNQ ...t 23
2.2 Xay dung MO NiNN S8 6 @OM Vi.....c..coveeeeeeeiieeeeeeeeee e 23
2.3 Xay dung mo hinh $6 CAU e TG ............cooeveceeeeeceeeeeeeceece s 31
2.4 Cac chwong trinh s6 ciia 6 don vi VA CAU tric IW6i..........c.cooovveveerereeieeecenn, 32
2.4.1 Chuong trinh $6 0 oM Vi C ......c..oovvevvieiceeceeeceee e 32
2.4.2 Chwong trinh s6 cau tric Iwéi C (RVE2X2X2) .....covvvveeeeerieeessrssesseneenisnennes 36
2.4.3 Chwong trinh s6 cu tric Iw6i C (RVELOX10X10) .......oovveeeveeeeieeseeeeeseisnend 40
2.4.4 Chwrong trinh s6 CAu tric 6 dom Vi D .....co.cooovveieeieieieececece e 43
2.4.5 Cuong trinh s6 CAu tric 6 dom Vi O ........ccooovrveveieeeeceecece s 46
2.4.6 Chwong trinh s6 CAU triC & dom Vi O......c..ovvvveeieereeeeeeceee s 51

Chuwong 3 Thiét ké, gia cOng Mot 6 CAU triae TG ..........co.ovvveeeeieeeeeeeeeeeean, 55



3.1 THISt K& CAU CITC TG o.oveeveeeee oo e e e e er e e es e en e, 55

3.2 Gia CONG MO SO CAU tIUC MG, ......cvocveeereccecee e 58
Chuong 4 KET LUAN VA KIEN NGHI......c.cooouiiiiieeieeeseeeeeeesesee s 61
3 [V 13 OO 61
8.2 KIEN NG ...ttt en s 62
TAI LIEU THAM KHAO . cuuuiiiiiirieeriiereiieertnerrneerteersneersnneessneessnnn 63

DANH SACH CAC BANG, HINH VE
Bang 1.1 Pac diém va tng dung cua cac 6 don vi cua ciu trac ludi san xuat bang AM
Bang 1.2 Tong hop 6 don vi va cau trac ludi dua trén thanh chéng tuong tng dugc
nghién cuu

Bang 1.3 So sanh cac phwong phap mo hinh héa hinh hoc ciu tric ludi



Bang 1.4 C4c phan mém CAD-FEM thuong st dung trong md hinh héa céu tric ludi
Bang 1.5 Uu va nhuoc cua cac cong nghé AM

Hinh 1.1 Vi du vé ciu truc té bao tw nhién

Hinh 1.2 Phan loai ciu tric t& bao

Hinh 1.3 Phan loai ciu truic lwdi

Hinh 1.4 Ciu tric lwéi dwa trén thanh chong

Hinh 1.5 C4u trac ludi tuan hodn va cau tric ludi ngau nhién
Hinh 1.6 Ciu tric lwéi TPMS dang khung

Hinh 1.7 Ciu tric lwéi TPMS dang tAm

Hinh 1.8 Tao 6 don vi bang cac phép toan Boolean

Hinh 1.9 Tao mdt 6 don vi cta ciu trac ludi TPMS

Hinh 1.10 Céc 6 don vi dya trén thanh chéng duoc téi wu hoa vé mit cau trac, két ndi
thanh duoc toi wu hoa lap di 1ap lai dua trén vi tri nut.

Hinh 1.11 O don vi cta ciu tric lwéi dwoc xay dung dua trén mé hinh voxel
Hinh 1.12 Ciu trac ludi FCC voi kich thudc, tiét dién thanh chong thay doi

Hinh 1.13 Sw chuyén do6i gitra ciu tric FCC sang ciu tric BCC v&i 6 don vi hinh
khdi doc theo mit phang chuyén tiép

Hinh 1.14 Cac budc chinh trong phwong phap mé hinh lai

Hinh 1.15 So d6 cta phuong phap P-HGM

Hinh 1.16 So d6 phwong phap dwoc phat trién béi Tang va cong su

Hinh 1.17 Cac (ng dung cta cau trac ludi trong linh vue hang khong vii tru
Hinh 1.18 Céc g dung cua ciu trac ludi trong linh vuc 6 to

Hinh 1.19 Cac rng dung cuia ciu tric lwdi trong linh vuee y sinh

Hinh 1.20 Phuong phap san xuét luéi truyén thong

Hinh 1.21 So d6 nguyén ly caa ki thuat SLM va EBM

Hinh 2.1 Sor d6 ctia phwong phap tao 6 don vi tw dong

Hinh 2.2 Cac phép toan Boolean sir dung dé tao 6 don vi

Hinh 2.3 So d6 cac budc ctua phuong phap dé xuat

Hinh 2.4 Céc 6 don vi khac nhau khi thay d6i kich thudc

Hinh 2.5 Cac 6 don vi co ban dang khéi 1ap phuong

Hinh 2.6 M6i quan hé gitra thé tich 6 don vi C va ban kinh thanh chéng
Hinh 2.7 M6i quan hé gitra thé tich 6 don vi D v&i ban kinh thanh chéng
Hinh 2.8 Mdi quan hé giira thé tich 6 don vi O va ban kinh thanh chéng



Hinh 2.9 Méi quan hé gitra thé tich 6 don vi V v&i ban kinh thanh chéng

Hinh 2.10 D6 thi biéu thi méi quan hé giira thé tich cta cac 6 don vi C,D,0,V véi
ban kinh thanh ch6ng

Hinh 2.11 Cac phwong phap tao ciu truc lwdi tir 6 don vi

Hinh 2.12 So d6 cia phwong phap tao cau tric lwéi tw dong

Hinh 1.13 Cac ciu truc lwdi duoc tao ra theo phwong phap tw dong
Hinh 3.1 Mét s6 cau tric ludi va 6 don vi

Hinh 3.2 Nguyén Iy in 3D va md phong in 3D cu tric ludi

Hinh 3.3 Cau trac luéi duoc ché tao boi céc ki thuat AM khéc nhau
Hinh 3.4 So d6 qua trinh in 3D cau trac ludi

Hinh 3.5 Cac mé hinh sé duoc chon dé thyc nghiém in 3D

Hinh 3.6 Cac mé hinh thuc nghiém in 3D tir chuwong trinh s

Hinh 4.1 So d6 nghién cau



DANH SACH CAC KY HIEU, CHU VIET TAT

CHU VIET TAT:

AM: Additive Manufacturing

CAD: Computer-aided Design

FEM: Finite Element Method

CAM: Computer Aided Making

CNC: Computer Numerical Control
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Numerical models and numerical programs of some types of lattice
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Experimental models are 3D printed from digital models built in the
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Chuong 1:
TONG QUAN TINH HINH NGHIEN CUU TRONG VA NGOAI NUOC

1.1 CAu tric luéi.

C4c vat liéu té bao tu nhién nhu xuong, t6 ong, nam, gd...(hinh 2.1) da duoc sir
dung trong nhiéu thé ki trudc bai trong legng nhe va do bén cao, xuat phat tir y tueng
vé md phong cau trlic caa té bao ty nhién vao ciu tric caa vat liéu ki thuat hién dai da
duoc cac nha nghién ctu hién thuc héa. Cau tric ludi 1a mot dang cau tric té bao duoc
dé xuat dau tién bai Gibson va Ashby [1] vao nim 1997, 1a ciu trac duoc tao thanh tir
mot mang ludi cac tim hozc thanh chdng két ndi véi nhau.

a)
Hinh 1.1: Vi du vé cAu trdc té bao ty nhién: a) cau triic xuong [2]; (b) Cau tric t6 ong
[3]; () Nam [4]; (d) Cau trdc go [5]

Dhruv Bhate [6], Tao va Leu [7] da phan c4u tric té bao thanh ba loai: 12 bot, t6
ong va cau trac ludi. Trong do:

- CAu trdc bot 1a cau trac duogc tao thanh tir cac 6 don vi ¢6 hinh dang ngau nhién, cau
trdc bot dugc phan loai thanh bot té bao ma (hinh 1.1a) va bot té bao kin (hinh 1.1b);

- Cau trlc o ong la cu triic duoc tao thanh tir cac 6 don vi hai chiéu ¢6 hinh dang
dong nhat va co6 cung kich thudce (hinh 1.1c).

- Céu trac ludi 1a cdu tric ba chiéu dugc tao thanh tir mot hodc nhiéu 6 don vi lap lai
theo cac truc trong khéng gian ma khéng c6 khoang trong gitra cac 6 (hinh 1.1d).

:‘»; ;g?',\’o’l"""

a) b) c)
Hinh 1.2: Phan loai cau tric té bao [6]

Céu trac ludi v6i kha nang tiy chinh dic tinh co hoc bang cach thay doi lién két
6 don vi hoic cac théng s hinh hoc (kich thudc 6 don vi va kich thuéc thanh chng)
dugc cho 13 vuot troi hon so véi cau trdc bot va to ong trong nhiéu tng dung. Trudc
day cau trac ludi bi gioi han boi cac cong nghé gia cong truyén thong (duc mau chay,
phuong phap han, dét day, tao hinh bién dang...). Tuy nhién, sy ra doi va phét trién
nhanh chdng cua cdng nghé in 3D (AM) cho phép ché tao cac cau trac ludi voi hinh
dang hinh hoc phirc tap ma cic phuong phap san xuat truyén thong khdng thé thuc
hién duoc. Do vay céu trac ludi cang tré nén noi bat va dugc st dung nham dat dugc
nhitng muc tiéu sau:
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(1) Giam luong vat liéu va nang lwong sir dung trong qué trinh san xuat;
(2) T6i wu hoa hiéu suat co hoc cua vat thé dong thoi giam thiéu trong lugng cta no.

Hé théng phan loai céu tric ludi hién nay van chwa hoan thién do sy da dang vé
hinh thai va cau tric caa nd. Cac cau trac ludi thuong dugc dic trung bai su 1ap lai cac
6 don vi trong khong gian, tuy nhién sy siap xép va lién két giira cac 6 don vi ndy c6
thé bién doi thy thudc vao vat liéu va phuong phép ché tao. Trong ky thuat, cau tric
lu6i thuong duoc phan loai thanh hai nhém chinh: cau trac ludi dya trén thanh chong
va céu trac ludi dya trén bé mat téi thiéu dinh ky ba chiéu (Triply periodic minimal
surface - TPMS) (hinh 1.3).

Cau tric lwdi

CAu tric lwdi dwa trén CAu tric lwdi dwa trén
thanh chéng b& mat TPMS

Body centred
cubic
TPMS dang tadm TPMS dang khung

Hinh 1.3: Phan loai cau trac ludi [8]
1.1.1 Cau triic lwéi dya trén thanh chéng
Cau trac ludi dua trén thanh chong: 1a tap hop cac thanh c6 tiét dién 1 hinh tron,
hinh vudng, hinh chix nhat, hinh elip hay hinh tam giac...lién két véi nhau tao nén mot
cau trac dang ludi. Hinh 1.4 biéu dién mot so cau trac luéi dua trén thanh chong va tén
goi twong ung thuong gap trong k¥ thuat.

. Body-centered cubic All face-centered cubic BCC with Z strut
Cubic (BCC) Octet-truss (AFCC) Truncated cube Iso truss (8CC2)
\ ( b A4
| B ' \s A » 7,
r \ 1 / E —.,a"of\; . // 4 \
- fiod b Face-centered cubic FCC with Z strut G7 FCC + BCCZ FBCCZ with X and Cub. hed z
ealedroniased (FCC) (Fccz) (FBCCZ) Y struts (FBCCXYZ) pboctaledron

- \5@ < o=

=

Rhombic dodecahedron Kelvin cell Auxetic Octahedron Diamond Truncated cuboctahedron

Hinh 1.4: Cu trc luéi dua trén thanh chéng [5]
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CAu tric luéi dya trén thanh chéng 6 thé duoc phan loai dya trén murc d6 trat tu
ctia cac 6 don vi. Néu cac 6 don vi c6 cung hinh dang, kich thudc va sip xép theo mot
mé hinh 13p lai trong khong gian ba chiéu, ta goi d6 1a ciu trtc ludi tuan hoan (Hinh
1.5a). Nguoc lai, néu cac 6 don vi 6 su bién ddi vé hinh dang, kich thudc va khong tuan
theo mot quy ludt sip xép cu thé, ta goi d6 1 ciu trac ludi ngu nhién (Hinh 1.5b). Su
khac biét vé& ciu trac ndy dan dén nhirng tinh chat co hoc va vt 1y khac nhau cho timg
loai ciu truc.

a) Cau truc ludi tuan hoan b) Cau trac ludi ngau nhién
Hinh 1.5: Cau trac luéi tudn hoan va cau trac ludi ngiu nhién [9]
1.1.2 Céu tric lwéi dya trén bé mit téi thiéu dinh ki 3 chiéu

Céu trac ludi dya trén bé mat téi thiéu dinh ki 3 chiéu (TPMS): 1a cac cau tric
duoc tao bang cach sir dung céc cong thic toan hoc xac dinh ranh gidi bé mat gita
phan ran va phan rdng cua két cau. TPMS duge dinh nghia 1a mot bé mat trong khong
gian hyperbol c6 do cong trung binh bang 0 tai moi diém [10]. Ching duoc Hermann
Schwarz gidi thiéu lan dau tién vao nam 1865 va sau d6 duoc Alan Schoen phat trién
thém vao nam 1970 véi nhiéu bé mat TPMS hon. Mot s6 cau tric TPMS phd bién nhat
bao gém Gyroid, kim cuong, Schwarz, I-WP, Neovius, splitP [11]. Hai loai cdu trdc
luéi dya trén TPMS la: TPMS dang khung (Hinh 1.6) va TPMS dang tam (Hinh 1.7).

TPMS gyroid TPMS diamond TPMS Schwarz TPMS Neovius TPMS splitP TPMS I-WP

Hinh 1.6: Cau trac lugi TPMS dang khung [5]

YV ERE Y

TPMS gyroid TPMS diamond TPMS Schwarz TPMS Neovius TPMS splitP TPMS I-WP

Hinh 1.7: Céu trac luéi TPMS dang tam [5]
1.20 don vi

O don vi la phan tir nho nhat c6 thé duoc sir dung dé xay dung va mo ta toan bo
cau trac ludi [7], do do viéc thiét ké cau truc ludi bat dau tir thict ké 6 don vi. Ba
phuong phap thuong dung dé thict ké cac 6 don vi la:

- Tao 6 don vi tir c4c phép toan Boolean cua khéi hinh hoc nguyén thuy



[12] (d)

Hinh 1.8: Tao 6 don vi bang cac phép toan Boolean [7]

- Tao 6 don vi dua trén bé mit an, trong d6 bé mat cia 6 don vi dugc xac dinh
bang cac phuong trinh toan hoc [7], [13]. Phuong phap nay mang lai sy thuén tién cho
ngudi thiét ké can thiép vao md hinh c4u trac 6 don vi bang cach sira d01 cac phuong
trinh va duoc sir dung cho ciu trac lugi TPMS. Hinh 1.9 12 mot vi du vé 6 don vi cia
cau triic luéi TPMS.,

F(x.y,2)
= cos(2nx) + cos(2my) + cos(2nz)

+ a(cos(2mx)cos(2my)
+ cos(2my)cos(2mz)

+ cos(2nz)cos(2ax) i +h=0

Hinh 1.9: Tao mét 6 don vi cua ciu trac ludi TPMS [7]
- Tao 6 don vi dya trén tdi uu hoa cau tric lién két [14].

7 Load Area 0=250 MPa Step O Step 5 Step 10 Step 15
L1 Design Area

Face Centre Cube
(FCC)

Vertex Cube
(VvC)

Edge Centre Cube
(ECC)

Hinh 1.10: Céac 6 don vi dua trén thanh chdng duoc téi wu hoa vé mit ciu tric [14], két
noi thanh dugc t6i wu hoa lap di 1ap lai dya trén vi tri nat.

O don vi ciia cu tric ludi dya trén thanh chéng thé hién mot sy da dang vé
hinh thai, tir cAc cau truc don gian md phong theo mang tinh thé nhu 1ap phuong don
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gian (SC), lap phuong tam khdi (BCC), lap phuong tdm mat (FCC) dén cac hoén vi
chua chung [15], [16]. Bang cach thém céc thanh chdng theo hudéng X, y, z ¢ thé tao ra
cac cau truc phuc tap hon nhu BCCz, FCCz, FBCCz, FBCCxyz...[17], [18]. Céac cau
trac khac dugc thiét ké dua trén cac nguyén tic hinh hoc hoic dit tén theo cac nha
khoa hoc nhu Kelvin, Octet (OT), Gibson-Ashby (GA), Diamond, Tetrahedral,
Pyramidal, 3D-Kagome...[19], [20]. Ngoai ra, Ciu trac lugi dua trén thanh chéng ciing
c6 thé duoc tao ra thdng qua ti wu hoa bang phan mém phan tir hiru han [14], [21].

Khi loai vat liéu va mat do tuong d6i cua cau trac ludi da dugce xac dinh, cau
trdc lién két cua cac 6 don vi tré thanh yéu té quyét dinh hang dau dén cac tinh chat co
hoc cua vt liéu [22], [23]. Nhiéu nghién ctru da chi ra rang cach thac cac thanh chéng
lien két vai nhau trong mot 6 don vi ¢6 anh huong tryuc tiép dén do cting, do bén va
kha ning bién dang cua céu tric. Vi du Altamimi [24] da phat trién va thir nghiém 30
cau tric dya trén thanh chdng, bang céch két hop hai hoic nhiéu 6 don vi dé tao ra mot
6 don vi két hop goi 1a 6 don vi lai. Ho phét hién ra ring phwong phap tiép can ciu
trdc lién két lai nay c6 thé lam giam hanh vi di huéng va tang cuong cac tinh chat co
hoc. B¢ t6i wu hoa hiéu suat cia cau tric ludi, viéc hiéu rd mbi quan hé gitra cau trlc
lién két va cac tinh chit co hoc 1a vd cing quan trong. Diéu nay cho phép céac nha thiét
ké diéu chinh cau truc lién két dé dat duoc cac dic tinh mong mudn [25]. Mot tong
hop vé dic diém, tng dung cia 6 don vi cua cu tric ludi dua trén thanh chéng san
Xuat bang AM duoc Chen va cong su [26] tong hop tir nhitng nghién cau trude day
dugc trinh bay trong bang 1.1.

Bang 1.1 Pac diém va tng dung caa cac 6 don vi cua cau tric ludi san xuat bang AM .

Phuong

Tén goi Cau tric Dic diém phap SX tng dung
_ Péi xting theo truc X, Y, Hp tha nin
All face-centered cubic Z; ¢ cung cao; thich hop | SLM, luofr? é.léu tré;c
(AFCC) cho viéc hap thu ning EBM. ; grilhe.
Iuong. ;
\ Vg Déi xting theo truc XYZ;
dang huéng theo cac Lo £
Body-centered cubic y huvéng X.Y. Z. XY, YZ. SLM, | Cau tric nhe, hap
> \ XX XYZ- tam thanh EBM, thu nang lugng,
BCC 7 . ; tarm thar SLS. ciy ghép xuong.

chéng’duqc noi ¢ gitra
khoi lap phuong

BCC vai hon ¢t thép
thanh chéng Z; dang SLM,

hudng theo cac phuong EBM, Cau trdc nhe, hap

BCC c6 thanh chdng Z

(BCC2) X,Y,YZ XX:dihuong | sLs. | tnangluong.
theo cac hudng khéc.
Mot khung hinh khbi ’
. duoc tao thanh béi mudi SLM Cay ghép xuong,
Cubic hai thanh chong; su tap EBM. cau trdc xdc
Khéi trung tng suat co thé SLS E;J tac,hap thu nang
dién ra trong cau truc ' luong.

nay.




Ping huéng theo céc

Diamond huong XY, YZ, XX; qua SLM, Z .
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canh " khéi thu nang luong

Face-centered cubic Déi xting theo truc X, Y, i
(FCC) Z; dang hudng theo cac SLM, S;g t%gg%ﬁgor?égﬁ
Khéi lap phuong tam phuong X’Q{)’(Z’ XY, YZ, | EBM thy ning hrong.

mit .

’ FCC véi cot thép thanh Chv ohép xuon
Khéi 1ap phuong tam chong Z; dang hudng SLM hyélg thﬁ ndin &
mat véi thanh chong theo cac phuong X, Y, EBM7 luorrFl) cAut rﬁ c

Z(FCCZIPFCC) YZ, XX; di huéng theo : gr'me
cac hudng khac. v
A\\ FBCCZ c6 cét thép thanh A as
FBCCZ véi thanh T\ chdng X va thanh chéng Cay ghép xuong,
z s Z . . SLM, hap thu nang
chong XvayY Y; dang hudng theo cac EBM luona. cAu tric
(FBCCXYZ) huéng X, Y, Z, XY, YZ, : gr'm
XX, XYZ. &
Su két hop cua FCC va Chy ghép xuong
FCC véi BCCZ Bifiiﬂiigg hudng e | sLM, |  hip thu nang
(FBCCZ) XX: di huong theo cac EBM luqngr,] r(]):u trac
hudng khéc. 7
Cuong d6 tuong ddi thap | SLM, I
G7 v mé dun dan hi thap. | EBM | CAY ghép xuong.
Octahedron A o SLM .
BAt dien \ [ Hiém khi dugc su dung EBM, Cay ghép xuong.
> ,/"* Trao dbi nhiét
; AFCC dugc két hop Vi rao dot Phict,
Octet-truss khéi bét dién; do cun SLM, cay ghep
_ _ PR COCE | EBM | xuongkétciu
) > ) nhe.
Téi wu hoa Do cling cao; Cuong do SLM, Céy’ ghép xuong,
cao EBM cau tric nhe.




Rhombic dodecahedron Do cimg cao; hép thu SLM Céy ghép xuong,
IO ni lu'(yn, cao. EBM, hap thu nang
Khéi muoi hai mat hinh r nang lugng cao. luong
}- r
RN 3 ) ) Cay ghép xuong,
Tetrahedron ¥ (¢ Khéi voi ctthép thanh | SLM, | hép thu ning
T dien *f\,g 3 chdng chéo. EBM lugng, cau tric
v 'M I"Ihﬁ}.
Truncated Lt” A
cuboctahedron e, N\ . . SLM Hép thu nang
.. , ' f Kha nang chong moi ! % >
Khoi 1ap phuong cat <\ EBM, luong, cay ghép
ngén e
o I Hai 6 don vi FCC Cay ghé
Hai khéi lap on Vi FL- y ghep
~ - duoc két hop vai xuong, hap
phuong tdm mat A . | SLM, 9
X - X mot 6 don vi BCC; thu nang
ket hop theo kicu hap thu ning luong EBM luong, cau
BCC (F2BCC) 4 ang e o,
cao. tric nhe.

Cau trtc ludi dya trén thanh chéng duoc xem 14 loai ciu tric ludi phd bién va
duoc nghién ctu nhiéu nhat nho hiéu suat co hoc vuot troi, dé dang thiét ké va san
xuat. Do d6, loai ciu tric nay duoc chon lam d6i twong nghién ctiu chinh trong luan
van, voi muyc tiéu xay dung mé hinh s6 va mé phong co tinh dé phuc vu cho cong nghé

in 3D.

Miao va cong sy [8] da thuc hi¢n mot tong hop chi tiét vé cac loai 6 don vi va
cau trac ludi dya trén thanh chéng, cung cap mot cai nhin tong quan day da vé hinh
dang va cau tric cua loai cau trac ludi nay (bang 1.2).
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Bang 1.2: Tong hop 6 don vi va cdu tric ludi dua trén thanh chong twong tng dugc nghién ciu [27]
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1.3 Céac phwong phiap mé hinh héa hinh hoc ciu tric lwéi dwa trén thanh
chéng

Pé tan dung tinh linh hoat trong thiét ké ma AM mang lai, mot s phuong
phap thiét ké [28], [29], [30] cho cac cu trac ludi duoc ché tao bing quy trinh AM
da duoc phat trién. Tuy nhién du phuong phap thiét ké ciu tric ludi ndo dugc st
dung, md hinh hinh hoc luén dong mot vai trd quan trong vi nd 1a méi lién két giira
thiét ké, md phong va san xuat. Qua trinh nay thudng dwoc thuc hién boi cac nha
thiét ké véi su tro gilp cua cac cong cu CAD. Tuy nhién, dé xay dung md hinh hinh
hoc cua cac cau trac ludi voi o phuc tap cao khdng phai 1a mét nhiém vu dé dang
Vé6i cac cong cu CAD thong thuong. Dé giai quyét van dé nay, mot sé phuong phap
mo hinh hinh hoc di duoc dé xuét dé tao ra md hinh hinh hoc cua cac cu trac luéi.

1.3.1 M0 hinh Voxel

'Voxel' bat ngudn tir viéc két hop cac tir "Volume' (thé tich) va 'Pixel' (diém
anh), dai dién cho mét don vi thé tich roi rac trong khéng gian ba chiéu [31]. M
hinh voxel biéu dién déi twgng bang cach chia khong gian bao quanh thanh mot ludi
cac voxel, mdi voxel dugc gan mot gid tri nhi phan (0 hoic 1) dé xac dinh su c6 mat
hodc vang mat cua vat liéu (hinh 1.11). Cau tric dit liéu nay, twong ty nhu mot ma
tran ba chiéu, cho phép mé hinh hoa chi tiét cac hinh dang phuc tap, tuy nhién viéc
sir dung mo hinh voxel doi hoi ngudn lyc tinh toan 16n va dung lwong bo nhé dang
ké [32]. Nam 2017, Aremu va cong sy [33] da wng dung thanh cdng mé hinh voxel
dé tao ra cac cau trac ludi, mé ra tiém ning 16n trong linh vuc gia cong dap 16p.

¥

| N [1111] [1001]

N | 1001| |0000

] [ 1001]| |oooo

I " EE | (1111 [1001]

Lép 1 Lop 2 Lép1_ Lop2

x E = [ 1001 [1111

S B [8sse| [iest

ij | I [1001) |1111]

LSp 3 LSp 4 L6p3 Lop4

Hinh 1.11: O don vi cua ciu trac luéi dugc xay dung dwa trén md hinh voxel [34]

So i cac ki thuat biéu dién khac phuong phap 1ap mé hinh dya trén voxel
O nhitng wu diém sau [34]:

Thi nhat, Cac phép toan Boolean dwgc thuc hién dé dang, do d6 phuong
phap nay cho phép cat got hiéu qua cac cau trac ludi vai hinh dang phuac tap caa
khong gian thiet ke [33].

Thir hai, téc do xay dung mé hinh voxel cho cac cau tric lugi tuan hoan rat
nhanh. Nha thiét ké chi can xay dung md hinh voxel cia mét 6 don vi, sau do6 toan
bo cau tric ludi cd thé d& dang thu dwoc bang cach sao chép va chuyén dbi 6 don vi
nay thanh toan bd khong gian thiét ké.

Thi ba, cac phuong phap 1ap md hinh dya trén voxel cd thé xuét tryc tiép
tép cho quy trinh AM va quan trong hon phuong phap dua trén voxel cling cung cap
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kha nang dé thé hién da
vat liéu hoac phan loai chic nang [35].

Mic du cac phuong phap mé hinh hoa dya trén voxel ¢6 nhiéu wu diém day
hira hen d3 dugc tom tit & trén, nhung phuong phap nay ciing c6 mot s6 nhuoc
diém rd rang khién né khdng thé str dung rong rai trong thiét ké va ché tao ciu tric
lu6i cho AM [34]. Nhirng nhuoc diém nay dugc tom tat dudi day:

Tha nhat, md hinh voxel c6 thé mat théng tin cau trac lién két cua cau tric
luGi. Thong tin ndy rat quan trong dé xay dwng md hinh phan tich phan tir hitu han
(FEA) vai cac phan te dam.

Tht hai, phuong phap 1ap mo hinh dya trén voxel hién tai chi gidi han & mot
loai ciu truc ludi nhat dinh véi sy phan bd tuan hoan cua cac 6 don vi trong khéng
gian ba chiéu. N6 khong thé dugc ap dung cho cac ciu trac ludi ngau nhién [36],
[37].

Thir ba, phuong phap 1ap md hinh dya trén voxel c6 d6 phan giai ¢ dinh.
Can c6 qué trinh ldy mau lai ¢ md hinh voxel hoat dong cho cac may AM c6 do
phén giai khac nhau.

1.3.2 Phwong phap biéu dién ham

Nam 1995, Pasko va cong su [38] da dé xuat khéai niém mé hinh héa dua trén
chirc ning bang cach sir dung mot biéu dién ham (FRep). Trong phuong phap FRep
[38], cac ddi twong hinh hoc dwogc coi 1a tap con trong khéng gian Euclide n chiéu
(Eny v&i dinh nghia:

f(X1,X2, ..., xn) >0 vai f 1a mot ham thyc lién tuc dugce xac dinh trén En.

Mot k§ thuat md hinh héa ciu trac luéi dya trén bidu dién ham da duoc phat
trién bai Pasko cong su [39]. Trong phuong phap ndy, quy trinh mé hinh héa cac
c4u trc ludi tuan hoan bao gom hai budc. Pau tién, hinh hoc cua 6 don vi duoc xay
dung. Sau d6, mot chirc ning sao chép tudn hoan dwgc ap dung trén 6 don vi va anh
Xa N6 vao toan bo khdng gian thiét ké. Qua trinh nay c6 thé duoc mo rong hon nira
dé xay dung mé hinh hinh hoc cuia céc cau trac ludi vai cac cau tric ngau nhién
bang cach dua ra cac bién thé gia ngau nhién. Fryazinov va cong sy [40] da phat
trién ky thuat ndy bang cach dua ra mot sé phuong phap dé tao ra céc bién thé
khong gian trong ciu trdc vi mod, cho phép thuc hién tham s hoa vai toa do diém,
bién ddi giira cac 6 don vi khac nhau, noi suy giira cac loai lugi khac nhau vai cac
phan viing khéng gian nhat dinh va sao chép da quy mé.

Nam 2022, Letov va cong su [41] da trinh bay mot phuong phap mo hinh
hoa hinh hoc dya trén FRep va mé rong quyén tu do thiét ké cac cu tric ludi ngau
nhién. Céc tham sé cau tric lién két c6 thé kiém soat duoc vé mit chirc ning nhu
duong kinh, chiéu dai thanh chéng cé thé duoc mé hinh héa va kiém soat bang
phuong phap dé xuat (hlnh 1.12). Phuong phap dé xuat da duoc trién khai dudi
dang nguyén mau phan mém va duogc thir nghiém. Tuy nhién, cac khong glan thiét
ké duogc trinh bay trong nghién citu ndy bi gidi han & mac tiéu chuan va tuyén tinh.
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Hinh 1.12: Céu trtc ludi FCC véi kich thudc, tiét dién thanh chéng thay doi [41].

Nam 2023, Letov va cong su [42] dé xuat md rong phuong phéap tiép can
FRep dé thuc hién két néi nhiéu kiéu cau truc lién két trong cing mét cau trac ludi
(hinh 1.13). Nghién ciru da gidi thiéu mot thu vién ma nguén mé LatticeQuery sir
dung biéu dién ham (FRep) dé md hinh hoéa hinh hoc c6 thé tly chinh cac cau tric
luGi ngau nhién trong san xuat AM. Tuy nhién phuong phap nay gip nhitng thach
thae 16n trong viéc mé hinh héa cac cu tric ludi co do phic tap hinh hoc cao.

Hinh 1.13: Sy chuyén d6i giita cau tric FCC sang cau tric BCC véi 6 don vi hinh
khoi doc theo mat phang chuyén tiep [42]

So véi phuong phap 1ap md hinh dya trén voxel, phuong phap FRep mang
lai 6 linh hoat cao hon cho ngudi thiét ké trong viéc tao ra cac ciu trac ludi phuc
tap. Biéu dién FRep cung cap mot cach md ta chinh xac va gon gang cac ciu trdc
nay, cho phép truc quan héa [43] va san xuat truc tiép ma khdng can cac budc
chuyén dbi trung gian [40]. Diéu nay rat ngan dang ké quy trinh tir thiét ké dén san
xuat. Tuy nhién, giéng nhu phuong phap voxel, FRep ciing gap han ché trong viéc
bao toan thong tin lién két cau tric cta 6 don vi. Ham biéu dién hinh dang 6 don vi
trong FRep thuong kho truc quan hoa va diéu khién. Ngoai ra, FRep it twong thich
Véi cac dinh dang mé hinh théng dung nhu BRep, von dugc sir dung rong réi trong
cac phan mém CAD/CAE hién hanh

1.3.3 M0 hinh lai

MO0 hinh lai (Hybrid Geometric Modeling - HGM) la mgt phuong phap linh
hoat, két hop cac k§ thuat biéu dién hinh hoc khac nhau dé xay dung cac mé hinh
cau tric phac tap. Phuong phap HGM cho céu tric luéi duge dé xuat boi Wang,
Chen va Rosen [45], ho chia c4u trac thanh cac gian don vi co ban. Mdi gian don vi
duge mo hinh héa dudi dang mot khéi da dién. Sau d6, cac khdi nay duoc két hop
v6i nhau théng qua cac phép toan Boolean dé tao thanh céu tric tong thé. Phuong



13

phap nay cung cap mot cach tiép can hiéu qua dé tao ra cac mé hinh ludi phuc tap,
dac biét phu hop cho cac ng dung trong linh vuc san xuat. Hinh 1.14 thé hién céac
budc chinh cia phuong phap HMG.

—

/f//,!\_,,
Hinh 1.14: Céac budc chinh trong phuong phap moé hinh lai [45]

Gan ddy, mot phuong phap md rong cua phuong phap HGM da duoc dé
xuat bai Vongbunyong va Kara [44] goi 12 md hinh hinh hoc lai-tao sin
(Prefabrication Hybrid Geometric Modeling - PHGM). Thay vi tao cac khéi don vi
truc tiép tir cau trac ludi, PHGM tao ra cac 6 don vi tiéu chuén trude, sau do 1ap rap
ching lai dé tao thanh cau tric mong muédn (hinh 1.15). Cu thé, qua trinh thuc hién
phuong phap PHGM bao gém céc budc sau:

- Budc 1: M6 hinh hinh hoc (Hinh 1.15b);

- Bugc 2: Cat md hinh bang khéi hop gisi han (Hinh 1.15¢)

- Budc 3: Tao 6 don vi trong BRep bang céch cit got cac mat cu thé (Hinh 1.15d,e);
- Budc 4. Sép Xép cac 6 don vi BRep da duoc cat got dé tao thanh cac mo hinh ludi,
duoc coi 1a cac 6 don vi tao san (Hinh 1.15f);

- Bu6c 5: Tao cau trdc cudi cing bang cach dit cac 6 don vi tao san va ndi chung lai
véi nhau (Hinh 1.159)

So véi phuong phap HGM, phuong phap P-HGM nhin chung c6 thé dat duoc
tdc do tot hon vi no chi can xay dung 6 don vi mot lan. Tuy nhién, phuong phap nay
chi cé thé dugc 4p dung cho céc cu trac ludi tudn hoan, diéu nay han ché di tinh
linh hoat trong thiét ké cua céac cau trac ludi duoc ché tao bang quy trinh AM.

So véi cac phuong phap dua trén voxel va FRep, phuong phap moé hinh lai
cung cap maot giao dién truc quan hon, gitp cac nha thiét ké dé dang xay dung va
diéu chinh cac ciu tric ludi. Ngoai ra, tinh twong thich cao véi cac cong cu CAD
[45] hién c6 ciing 12 mot vu diém dang ké. Tuy nhién, md hinh luéi tao ra bang
phuong phép nay thudng c6 cau tric phic tap, bao gdm mot luong Ion cac mat tam
giac, gay kho khin cho cac thao tac sira d6i va cat xén, dic biét khi dbi mat véi cac
khong gian thiét ké phirc tap. Pay 1a mot han ché dang chi y ma hau hét cac phuong
phap mé hinh hinh hoc lai hién tai chua giai quyét mot cach hiéu qua. Tang va cong
su nam 2019 [34] di tdng hop va so sanh cac phuong phiap mé hinh héa thuong
dung dé mé hinh hoa cau trac ludi AM nhu bang 1.3.
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Hinh 1.15: So d6 cua phwong phap P-HGM [44]

Dé giai quyét cac van dé vé con ton tai caa cic phuong phiap mo hinh hoa
hinh hoc hién c6 cua cac cau tric ludi duoc tom tit & trén, mét mé hinh hinh hoc lai
cho cac ciu tric ludi da duoc phat trién boi Tang va cong su nim 2019 [34],
phuong phap dé xuét dua trén ba budc: (1) Tao khung ludi, (2) xay dung cac ham
hinh hoc va (3) chuyén déi tir cc ham hinh hoc thanh voxel (Voxelization). So d6
phuong phap dugc trinh bay nhu hinh 1.16

Bang 1.3: So sanh cac phuwong phap mo hinh héa hinh hoc ciu trac ludi [34]

Tén  phuong Toc do

Kich thwuéc Ché tao Té bao lattice Théng tin  Kha ning tuong

phap mé hinh truc tiép  bién dang hinh thai hoc  thich
M6 hinh hoéa Nhanh Lén Co Khéng Khéng Tét
dva trén voxel

M6 hinh héa Réatnhanh  Nho Co Co Khéng Kém
dya trén FRep

M0 hinh lai Nhanh Lén Khéng  C6 Cé Tét
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Hinh 1.16: So d6 phuong phap duoc phat trién boi Tang va cong su [34]

Bang céch tich hop mot s6 phuong phap moé hinh hinh hoc truyén thdng,
phuong phap dé xuat c6 nhirng uu diém sau:

- Mang lai su linh hoat cao cho cac nha thiét ké dé tao ra nhiéu ciu trac luéi
Vi cac muc dich khac nhau trong qua trinh thiét keé.

- Phuong phap dé xuat co thé xuat truc tiép cac hinh anh Iat cit cho céac ciu
trac ludi dé ché tao cau trac ludi bang cac cdng nghé AM ma khoéng can xir ly.

- Hb tro tao nhanh mé hinh FEA dé mé phong céc ciu trac ludi [51] tir d6 c6
thé rut ngan thoi gian mé phong ma khdng lam giam d6 chinh xac cua no.

Tuy nhién, phuong phap nay tao ra cac ciu truc ludi tir mot phuwong phap tao
khung ludi va stir dung phuong phap voxelization @€ tao cau truc, do d6 bi gidi han
& céc kiéu tao khung luéi co dinh va do phan giai cua voxel.

1.3.4 M@ hinh héa bing cac phan mém CAD-FEM thwong mai

Mot s tac gia da dé xuat mo hinh hda cac cau trdc phuc tap bang phan mém
CAD két hop véi céc cong cu t6i wu hoa [46], [47], [48], [49], [50], [51] cho phép
tao ra cac cau tric bang cach xap xi bé mit bo phan va cudi cing téi vu héa hinh
hoc biang cach sir dung cac cong cu t6i wu hoa [52]. Vi du nhu Gorguluarslan va
cong su [53] da s dung phan mém Abaqus dé mé hinh héa va phan tich cau tric
ludi, sau d6 ciu trdc toi wu héa duoc tao ra bang phan mém Netfabb. Mot tong hop
c4c phan mém CAD-FEM thuong mai dugc trinh bay ¢ bang 1.4.

Trén co s& cac phuong phap mé hinh hoa hinh hoc di duge dé xuat, gan day
cac nha nghién ctru da phat trién va khac phuc nhitng han ché ma cac phuong phap
trude do con ton tai. Bién hinh nhu:

Nam 2018 Savio va cong su [54] da dé xuat mot phuong phap dé mo hinh
hoa cac ciu trac ludi duoc toi vu hoa, phuong phap ndy md ra trién vong maéi trong
viéc phat trién cac cong cu CAD chuyén dung cho gia cong dip I6p. Tuy nhién,
phuong phap nay van can duoc cai tién dé phu hop véi cac hinh dang phuc tap hon.

Nam 2019, Nguyén Pinh Son [55] da trinh bay cach tiép can dé tao ra hai
loai cau trac ludi khac nhau (tudn hoan va ngiu nhién) trong méi truong CAD.
Phuong phap dé& xuat cho phép tao ciu trac ludi ty dong, tir d6 co6 thé gitp nha thiét
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ké san pham thay do6i bat ky tham sé nao ciia mé hinh ciu trac ludi va luu trit n6 &
dinh dang tép CAD. Tuy nhién, can m¢ rong thu vién cac 6 don vi cling nhu viéc
giam thoi gian xur ly va tiéu ton bo nhd van la mét thach thic.

Nim 2021 Azman va cong sy [56] da dé xuat mot mo hinh xwong sdng mai
dé tao va luu trir cac cdu trac lui. M6 hinh bao gom cac phan tir co ban duoc s
dung dé mo ta cau tric ludi: diém, duong, khép, mat cat va thuat toan mai duoc
phét trién dé tao mo hinh xuwong séng cta cac cu trac ludi. Piém ndi bat cua
phuong phap nay 1a khong can tao biéu dién ranh gi¢i cia cac md hinh CAD céu
tric ludi va cho phép may tinh biéu dién va luu trir dix liéu md hinh hiéu qua hon,
dong thoi ¢6 tiém nang duoc ma rong trong cac tng dung co sy hd trg cua may tinh
khac. Tuy nhién, viéc tich hgp mé hinh nay vao cac phan mém CAE va CAM can
duoc nghién ctu thém.

Bang 1.4: Cac phan mém CAD-FEM st dung trong mé hinh héa cau tric luéi

Phén mém
CAD-FEM

Cac tinh nang Tham
khao

nTop (nTopology)

Netfabb (Autodesk)

Fusion 360
(Autodesk)
Creo (Parametric
Technology

Corporation-PTC)
Gen3D Sulis (Altair)

Altair OptiStruct

3-matic

Ansys Additive
Suite  va  Ansys
Mechanical (Ansys)

SolidWorks

Abaqus  (Dassault
Systemes)

- Thiét ké, t6i uu héa, méd phong cau tric ludi; kha ning xuat cac dinh
dang CAD, STL

- Thiét k&, t8i wu héa, md phong cAu trac lién két; 6 sin thu vién 6 don

vi; ¢6 thé tly chinh kich thuéc, hd trg cac dinh dang CAD khéc nhau.
- Cac tinh nang thiét ké va mé phong cau trac ludi; tiy chinh va t6i wu
hoéa kich thudc va mat do 6 don vi; tich hop voi nTop cho két qua va tiy

chinh cao hon.

- Thiét ké, mé phong ciu tric ludi; tich hop voi cac cong nghé mai; két
hop v6i Ansys dé thiét ké dua trén mo phong va kha nang FEA cau trac

ludi.
- Ti uu héa céu triic lién két, thiét ké, mo phong ciu tric ludi.

- Cung cap cac giai phap md phong, tdi wu héa cau trac lién két va cac
tinh ning thiét ké cho gia cong dép 16p (DFAM).

- Thiét ké, toi wu héa va sira doi cac cap do ludi; tich hop véi cac phan mém FEA.

- M6 rong toan bd quy trinh lam viée tir DFAM dén san xuat; cong cu thiét ké va
mod phong duoc didu chinh cho cac quy trinh AM, tich hop véi cac ing dung ciia

bén thtr ba dé tao ludi va mo phong.
- Thiét k&, mo phong cau trac ludi.

- Céc cong cu md hinh hoéa cau triic ludi va mo phong tng xur cau trac ludi.

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]
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Nam 2024, Hoang Trong Hiéu, Nguyén Cong Hanh, Nguyén Dinh Son,
Nguyén Van Thién An, Nguyén Pha Duy [] d4 trinh bay mot cach mé hinh hda hiéu
qua bang cach sir dung ABAQUS/CAE va Python Script dé 1ap mé hinh ciu tric
lugi ty dong, tir d6 c6 thé phan tich co tinh cta cta cau tric ludi trong moi trudng
cuaa ABAQUS. Quy trinh lam viéc tich hgp nay nang cao d6 chinh xac va tan dung
cac kha niang cia ABAQUS dé phan tich hanh vi cau trac luéi toan dién. Tuy nhién,
phuong phap nay can dugc mé rong cho cac loai cau trac ludi phic tap hon va cac
tiét dién thanh chéng da dang hon nhu tiét dién tam giac, hinh vudng, hinh chir nhat,
hinh elip.

1.4 Ung dung va ché tao cu tric luéi
1.4.1 Ung dung céu tric luéi

Céu tric lugi 1a mot loai vat lidu tiém ning dang thu hat sy quan tam 16n
trong cac nganh cong nghiép doi héi tinh nhe va bén cao, nhu hang khong vii tru, 6
t6 va y sinh. Nho cac dic tinh wu viét nhu trong luong nhe, dé bén cao, kha ning
hip thu ning lwong tot va do cung cao, cu truc ludi di va dang dugc tng dung
rong rai trong nhiéu linh vuc.

Trong nganh hang khong vil try, cau tric ludi dong vai trd quan trong nhur:

- Giam trong Iuong may bay: Giup tiét kiém nhién liéu va ting tai trong hang hoa.

- Tang cuong hiéu suat dong co va cai thién h¢ thong nhiét: Cac bo phan dong co
nhu canh tuabin va budng d6t khi duoc ché tao tir cdu tric ludi s& c6 d6 dan nhiét
thap, gilp bao vé cac bo phan chiu nhiét cao va tang tudi tho dong co [13], [67],
[68], [69] Ngoal ra, cdu tric ludi con dugc s dung 1am bo trao d6i nhiét, tim lam
mét va tdm chan nhiét, giGp truyén va tan nhiét hiéu qua [67], [70], [71], [72] (hinh
1.17).

c)
Hinh 1.17: Cac ¢ng dung cua ciu trac ludi trong linh vue hang khéng vii tru (a)
DPong co day tén lta [71], (b) Cau tric canh cua phuong tién bay [70], (c) Mot bo
phan cua tryc thiang [7], (d) Gia d& thiét bi truyén dong [71]
Trong linh vuc & t6, cac nha san xuat c6 thé giam tong trong lwong cua
phuong tién bang cach str dung cau tric dang ludi, tir d6 giam muc tiéu thy nhién
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liéu va khi thai [7], [12], [13], [67], [73]. Hinh 1.18 minh hoa mét s6 (tng dung ngay
nay cua cau trac luéi trong linh vuc 6 t6 [7], [13], [67], [71].

c) d)
Hinh 1.18: Cac &ng dung cua cau tric ludi trong linh vuc 6 t6 (a) vo dong co dién
[71], (b) bo loc [7], (c) dau xi lanh xe dua [12], (d) I6p khong hoi nan hoa hinh luc
giéc [67].

Trong nganh y sinh cau trac ludi ¢ thé duoc thiét ké dé tao ra sy tich hop
xuong t6i uu va da dugc ching minh 14 ¢6 kha ning duy tri sy phét trién cia xwong
mot cach xuat sic va dat dugc hiéu suit cao trong cay ghép y té [74], [75]. Hinh
1.19 minh hoa c4c ung dung dién hinh hién nay cua cdu trac luéi trong linh vuc y
sinh  [7], [57], [67], [76].

c)
Hinh 1.19: C4c ung dung cta cdu trac ludi trong linh vic y sinh (a) ciy ghép chinh
hinh héng [67], (b) khung d& 16ng nguc [7], (c) tay gia [57] va (d) ciy ghép cot
séng [77].
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1.4.2 Ché tao céu tric ludi

Céu trac ludi trude day duoc tao ra bang cac phwong phap truyén théng nhu
duc, dap tao hinh, dun cat day, 1ap réap... Viéc tao ra c4c cau tric ludi thdng qua cac
phuong phap san xuat truyén théng (Hinh 1.20) chi gigi han & mot s6 loai cau tric
don gian, tao ra cac ciu trac ludi quy md Ién  nhung quy trinh ché tao tén nhiéu
thoi gian, yéu cau xir Iy hau ky kho khian, ting muc tiéu thu ning luong va lang phi
vat liéu dan dén chi phi san xuét tang [78], [79], [80]. Hon nita, cac phuong phap
nay gip kho khin trong viéc ché tao cac cdu tric ludi Vi cac dudng gan va tim
mong [81]. P c6 nhitng cdng nghé tao ra céu tric ludi tuy nhién hiéu qua mang lai
déu khong nhu mong mudn cho dén khi su xuat hién cua cac cong nghé gia cong
dap 16p (AM) c6 thé giai quyét cac nhuoc diém cua nhitng céng nghé truyén théng.

a ' M _— ; o z
(@ Polystyrene PU foam dipping Mould firing and Mould filling with Finish lattice

(PU) foam in mound slurry slurry sintering molten metal

PAPA,. PA AAT. WA S

—_— PR

O

KX

(b)  Stamping (c) Lattice after extrusion

Perforated sheet

NN\ .

Final assembled lattice

Hinh 1.20: Phuong phap san xuat ludi truyén thdng (a) Phuong phap duc [82], (b)
Phuong phép dap tao hinh [83], (c) Phuong phap dun cit day [84], (d) Phuong phap
lip réap [79]
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Gia cong dap 16p (AM) hay con goi 1a cong nghé in 3D la mét thuat ngir
khoa hoc dé mé ta cac cong nghé san xuat duoc phaét trién tir cac cong nghé tao mau
nhanh trong nhitng nam 1980. Nguyén tic co ban cua quy trinh gia cong dap 16p la
phu 1én ting 16p vat lieu mong cho dén khi tao thanh san pham cudi cing. Tur
nguyén 1y co ban ndy ma xuat hién cac loai cdng nghé khac nhau dé cé thé thuc
hién dugc quy trinh gia céng nay. Theo t6 chitc ASTM thi cdng nghé gia cong dap
I6p ¢6 thé dugc chia 1am bay loai khac nhau:

-Cong nghé quang hoa polymer (VAT Photopolymerization);
- Cong nghé phun vat liéu (Material Jetting);

- Cong nghé dun vat liéu (Material Extrusion);

-Cong nghé phun két dinh (Binder Jetting);

- Cong nghé nong chay vat liéu bot (Powder Bed Fusion);
-C6ng nghé gia nhiét truc tiép (Directed Energy Deposition);
-CoOng nghé dap 16p theo tim (Sheet Lamination).

Cong nghé gia cong dap 6p da mang lai kha ning dic biét dé ché tao cac ciu
trdc véi hinh dang phic tap ma trude day khong thé thuc hién duoc bang cac ki
thuat san xuat thong thudng ma khong lam ting chi phi san xuat. Biang cach phan
I6p vat liéu, AM mang lai nhung loi thé dang ké nhu tinh linh hoat trong thiét ké,
kha ning tuong thich v&i nhiéu loai vat liéu bao gom cao su, kim loai, hop Kim,
gém Vva soi..., cling nhu hiéu qua niang luong [85] [86], [87]. Nhin chung, hau hét
cac cong nghc ciia AM déu c6 kha ning tao ra cau trac ludi, mdi phuong phap déu
c6 diém manh va han ché tuy nhién cac ky thuat SLM, EBM (hinh 1.21) duoc st
dung phd bién hon bgi nhitng wu diém cua ching so véi cac ki thuat khac. Cac
phuong phap AM duoc st dung dé san xuét cau trac ludi duoc trinh bay tém tit nhu
trong bang 1.5.

Nguon laser Thiu kith Chim tialaser - Guong quét X-Y

B0 phén tao chim
tia electron ; i
Kinh phan ky
. Chum tia electron
C“"g‘"j '/ Khbjity

\ . N C‘hitiet Thiing chira bot
Thiing chita vit I i ; gla cong kim loai

léu bt _g &
s
—

Ket ciu gid 06

Thiing chita chi et Chi tiét gia cong

Thiing chira

Két ciu gid a5 chi tiét

Bé may

a) Phuong phap SLM b) Phuong phap EBM
Hinh 1.21: So d6 nguyén ly cua ky thuat SLM va EBM [88]
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Bang 1.5: Uu va nhuoc cua cac cong nghé AM [69]

Phuong phap Ky thuat | Uu va Nhuoc diém
- - Cbng nghé quang | -SLA - Toc do in nhanh
& héa polymer (VAT |-DLP - bo chinh Xac cao
K_/ Photopolymerization) | - CLIP - Chi phi vat liéu cao
- Cong nghé phun vat | -Polyjet - In duwgec da vat liéu
liu (Material Jetting) | - MJP - Chit lwong bé mat tot
- Vit liéu c6 do bén thap
- Cong nghé dun vat | -FDM - M4y in c6 chi phi dau tu thip
liu (Material | -FFF - In duwgec da vat liéu
Extrusion) -ADAM |- Do chinh xic dat twong ddi
- Nham bé mit tuong dbi cao
- - Cdng nghé phun két | -MJF - In céc vat thé da mau sic
i dinh (Binder Jetting) | - SPJ - Yéu cau tham thau trong qua trinh
- Xu ly sau Khi in
- Pham vi lgya chon vat liéu rong
- Do xbp cao
- Cbng nghé nong|-SLS - bo chinh Xac cao
& chay wvat liéu bot|-SLM - Cac ’bcf) phan dat hoan toan
(Powder Bed Fusion) | -DMLS - Téi che bot c6 cuong d6 riéng cao
- EBM - Can két cau phu trg
_ |- Cong nghé¢ gia nhiét | -LENS - Tc do lang dong cao so vai PBF
& N |trgc tiép (Directed |-EBAM | - D& dang sira chita thay thé khi hu
Energy Deposition) | -LMD-w | hong
-WAAM |- Yéu cau xa ly hau Ki
- In vat liéu dugc phan loai theo
chuc nang
- Cong nghé dap lép | -LOM -bo chinh Xac cao
D theo tdm  (Sheet |- UAM - Vit liéu, thiét bi c6 gia thanh thap
Lamination)

Cong nghé in 3D (AM) d3 mo ra nhitng tiém niang madi trong Viéc tao ra cac
cau trac ludi phuc tap va tiy bién cao. Tuy nhién, qué trinh san xuit céc cau tric
nay van con ddi mat véi mot sé thach thize dang ké. Mot trong nhitng han ché 16n
nhét 1a viéc xtr ly vat liéu hd tro. Di véi cac phuong phap st dung vat lidu hd tro,
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viéc thiét ké, in va loai bo vt liéu hd trg ¢6 hinh dang phirc tap sau khi in tén kém
vé thoi gian, chi phi va c6 thé 1am giam chat luong bé mat san pham cudi cung.
Ngoai ra, trong qua trinh in bot kim loai, viéc loai bo bot thira va dam bao su lién
két gitta cac hat kim loai ciing 13 nhitng vin dé nan giai, anh huéng dén tinh toan
ven cua cau trdc. Su khac biét giira cau tric ly thuyét va cau trac thuc té do céac yéu
t6 nhu co ngdt, bién dang va khuyét tat trong qué trinh in 1a mot van dé can dugc
nghién ctru sdu hon dé dam bao chat lugng san pham va tinh tin cay cua AM.

1.5 Két luan

Cong nghé in 3D (AM) d3 mo ra nhiing tiém ning méi trong thiét ké va ché
tao C&c cau tric phuc tap, dac biét la cac cau trac lugi. Tuy nhién, viéc md hinh hoa
chinh xé&c va hiéu qua cac ciu trac ludi nay van con la mét thach thac 16n d6i véi
cac nha nghlen ctru. Cac phuong phap mé hinh héa hinh hoc truyen théng thuong
gap han ché trong viéc bleu dlen chi tiét cac cu trac ludi ngau nhién va phuc tap,
ddng thoi gay ra cac van dé vé hiéu suit tinh toan khi xtr Iy cac mé hinh ¢ kich
thudc lon.

Dé khic phuc nhitng han ché trén, nhiéu nghién cau da dugc tién hanh nham
phét trién cac phuong phap mé hinh hoéa cau tric ludi hiéu qua hon. Mic du da dat
dugc nhitng tién bo dang ké, nhung van con nhiéu van dé can dugc giai quyét dé
khai théac téi da tiém ning ctia céng nghé in 3D.

Nghién ciru nay gioi thiéu mot phuong phap tu dong mai dé mé hinh héa cau
trac ludi trong ABAQUS bang PYTHON. Phuong phap nay cho phép linh hoat thay
d6i cac tham sb hinh hoc, tu dong xay dung mé hinh 6 don vi va cau trac ludi, nham
dat duoc cac muc tiéu sau:

-Tang tinh linh hoat: Cho phép tao ra da dang cac ciu tric ludi véi cac dic
tinh khéac nhau.

-Nang cao hiéu suat: Giam thiéu thoi gian tinh toan va tiéu thu tai nguyén
may tinh, dac biét khi xir ly cac mo hinh 1é6n va phuc tap.

-Tich hop qué trinh md hinh héa va mé phong: Viéc md hinh hoa va md
phong tng xir cu trac ludi ciing duoc thyc hién trén moi trudng cua phan
mém ABAQUS sg tiét kiém thoi gian va ting do chinh xac cua két qua
mo phong.

Qua d6, nghién ciru gép phan cung cap mét cong cu hiéu qua cho céc nha

thiét ké va ky su, gitip ho nhanh chong tao ra va phan tich cac cau trac ludi, tir 6
thuc day tng dung rong réi caa cdng nghé in 3D trong cac linh vuc cong nghiép.
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Chuong 2:
MO HINH SO CAU TRUC LUOI

2.1 Gigi thiéu chung

Trong k¥ huat, mot trong nhiing van dé lu6n thu hat sy quan tdm 16n ciia cac nha
khoa hoc 14 1am sao t6i wu hoa hinh dang va két cau chi tiét dé vira dam bao vé do bén,
d6 clmg vitng, d6 chiu dao dong nhung vira dam bao ti vu trong lwgng, chi phi ché
tao. Ngay nay, voi su phat trién va hd tro ciia cong nghé in 3D hay con goi 1a cong
nghé san xuat dép 16p AM (Additive Manufacturing), cac nha khoa hoc da dé xuat va
g dung ciu tric ludi trong thiét ké va ché tao chi tiét may nham ti wu hoa vé trong
lugng chi tiét ciing nhu tiét kiém chi phi vat lidu tiéu hao. Cau tric luéi duoc nghién
ctru, ing dung rong rai trong linh vuc cdng nghiép vé cai thién do bén va tinh chit co
hoc cua vat liéu, ky thuat nhiét, k§ thuat y sinh. Muc dich ctia nghién ctru nay la xay
dung va phat trién mo hinh s6 cta vat liéu dang cau trac ludi cho cong nghé in 3D st
dung phan mém phan tir hitu han (FEA) ABAQUS/CAE 2014. Diéu nay s& la tién dé
dé phat trién quy trinh trinh thiét ké va mé phong truc tiép trong ABAQUS. Loi ich
cua viéc su dung ABAQUS cho nghién ctru nay:

Tiét kiém thoi gian va cong ste: Viée thuce hién toan bo quy trinh trong ABAQUS
s& loai bo nhu cau chuyén d6i dir liéu giita cac phan mém, giam thiéu thao tac tha
cong va tiét kiém thoi gian.

Nang cao do chinh xac: ABAQUS 1a mot phan mém FEA manh mé véi kha ning
mo phong chi tiét cac cau tric dang ludi. Viéc xay dung va phéan tich mé hinh trong
cing mot mdi trudng phan mém s& dam bao do chinh x4c va nhat quan cao hon trong
két qua.

Tao ra cac phan tir ludi chat luong cao: ABAQUS cung cip cac cong cu tién tién
dé tao ra cac phén ttr lw6i chat lugng cao, c6 anh huong truc tiép dén d6 chinh x4c cta
mo phdong va hiéu qua tinh toan.

Nhin chung, viéc str dung ABAQUS cho ca viéc phén tich va xdy dung ciu trac
dang ludi mang lai nhiéu loi ich, bao gém tiét kiém thoi gian, nang cao do chinh xac
va tao ra mo hinh chat lugng cao. Ngoai ra, nhirng uu diém khac nhu: kha nang mo
phong nhiéu loai vat liéu va ciu trac khac nhau; d& st dung vo1 giao di¢n dd hoa truc
quan; cong doéng ngudi dung 16n va nhiéu tai litu hudng din sin co. Do do,
ABAQUS 1a mét cong cu manh mé va linh hoat cho viéc nghién ctru va phat trién cac
ciu tric dang ludi méi.

2.2 X4y dung mé hinh s6 6 don vi

Phuong phap dé xuét trong nghién ctru nay duoc thé hién nhu trong Hinh 2.1

Két qua

don v1 trong -/

Abaqus

Hinh 2.1: So d6 caa phuong phap tao 6 don vi tu dong
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» Tao mé hinh CAD cua 6 don vi trong Abaqus:

Trong nghién ctu nay 6 don vi duoc tao bang cac phép toan Boolean theo
nguyén ly nhu hinh 2.2 dya trén cac khoi hinh hoc nguyén thuy véi cac budc cu
thé nhu hinh :

A+B=E Q

E-c-D=F (]

Hinh 2.2: Cac phép toan Boolean str dung dé tao 6 don vi

Tao cau fan
triic 6 khéi
. RVE lap
don v1
i phuong
tu cac S
vol kich

Tao
khoi F=
E-C-
D trong

Tao khoi ;fﬁ" Tac khei
C=A-B o E=A+B

D=B-A
thanh : trong . trong
e modul 1ons modul

trong S
modul Elaclﬁg Assembl ?‘:;)s(llrlxib Assembl

Part cua y cua y cua
Abaqus Abaqus
va dat
tenla A

modul
Assemb
ly cua
Abaqus

ly cta
abaqus

thudc 6
don v1
va dat
tén la B

Abaqus

Hinh 2.3: So d6 céac budc caa phuong phap dé xuét

* Trich xuat dit liéu tir file co dinh dang .jnl va chuyén sang dinh dang .py

* Tir dit liéu thu duoc l4p trinh Python véi cac bién thiét ké cua 6 don vi c6 thé
la duong kinh thanh, kich thudc 6 don vi, goc nghiéng cua thanh, tiét dién thanh. ...

* Kiém tra chuong trinh Python thu duoc bing cach dwa chwong trinh vao
ABAQUS, sira 16i chuong trinh (néu ¢d) va thu nhan két qua.

M6t vi du khi &p dung phuong phap dé xuit dé xay dung 6 don vi dang khéi lap
phuong goi la cube véi cac bién dau vao la: thanh co tiét dién 1a hinh tron c6 béan
kinh re = 0.25mm; chiéu dai thanh 1a le = 4mm; kich thudc khoi RVE = 4x4x4mm?
duoc thuc hién theo 6 budc cu thé nhu hinh:
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Budc 2: Tao khéi RVE (B)

Budc 3: Tao khéi C=A-B

Budéc 5: Tao khéi E = A+B
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PO

Budc 6: Tao khéi F = E-C-D

Sau khi thu dugc 6 don vi hoan chinh, viéc trich xuat dir liéu tir file c6 dinh
dang .jnl trong thu muyc cuing tén cta dinh dang .CAE va chuyén sang dinh dang .py
dé 1ap trinh Python véi cac bién thiét ké cua 6 don vi c6 thé 1a duong kinh thanh;
chiéu dai thanh; kich thudc khdi RVE; goc nghiéng cua thanh; tiét dién thanh...cu
thé chwong trinh Python cua cac 6 don vi dugc trinh bay trong phan phu luc cua bao
céo.

from part impoxrt * P ,
from material impoxrt * Su dng cac thu
from section import * Vlén Sén Cé trong
from assembly impoxrt * AbaqUS

from step i1mport *

from interaction iImport *

from load impoxrt *

from mesh I1mport *

from optimization impoxrt *

from Job import *

from sketch impoxrt *

from visualization dimport *

from connectorBehavior imporxrt *

import numpy as np

Cau lénh vé vé& 6 don vi:
re=re+l. !
le=20

ndb.models['Model-1"].ConstrainedSketch(name=" profile ', sheetSize=200.0)
ndb.models['Model-1"].sketches[" profile '].CircleByCenterPerimeter (center=(
0.0, 0.0), pointl=(re, 0.0))

ndb.models['Model-1"].Part (dimensionality=THREE D, name='Part-1', type=

- DEFORMABLE BODY)
mdb.models['Model-l'].parts[‘Part-l'].BaseSolidExtrude(depth=1e, sketch=

| mdb.models['Model-1"].sketches[" profile '])

Cau lénh tao 6 don vi c6 ban kinh thanh thay dbi re va kich thudc cua 6 le.
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mdb.models['Model-1"].rootAssembly.features['A-1"].resume ()
mdb.models['Model-1"].rootAssembly.features['B-1"].resume ()
mdb.models['Model-1"].rootAssembly.features['A-2"'].suppress()
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut (cuttingInstances=(
mdb.models['Model-1"].rootAssembly.instances['A-1"], ), instanceToBeCut=
mdb.models['Model-1"].rootAssembly.instances['B-1"], name='D=B-A",
originalInstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.features['A-1"].resume ()
mdb.models['Model-1"].rootAssembly.features['B-1"].resume ()
mdb.models['Model-1"].rootAssembly.features['D=B-A-1"].suppress()
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge (domain=GEOMETRY,
instances=(mdb.models['Model-1"].roctAssembly.instances['A-1"],
mdb.models['Model-1"].rootAssembly.instances['B-1"]), name='E-A+B',
originalTInstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.features['C=A-B-1"].resume ()
mdb.models['Model-1"].rootAssembly.features['D=B-A-1"].resume ()
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut (cuttingInstances=(
mdb.models['Model-1"].rootAssembly.instances['C=A-B-1"],
mdb.models['Model-1"].rootAssembly.instances['D=B-A-1"']), instanceToBeCut=
mdb.models['Model-1"].rootAssembly.instances['E=A+B-1"], name='F=E-C-D',
originalInstances=SUPPRESS)

Cac cau lénh thyc hién viéc cit got khéi 6 don vi tu dong.
# Getting the mass properties of the part instance
mp = mdb.models['Model-1"].rootAssembly.getMassProperties(regions=[inst,])
volumeRVE=mp['volume']
# print (mp['volume'])
listVolume.append (volumeRVE)
listRad.append(re)
with open('danh sach.txt', 'w') as file:
¥ Chi tung phdn t0 vao file, mdi phdn t& trén mdt dong méi
for x, y in zip(listRad, listVolume):
file.write("{}, {}\n".format(x, y))

Cac cau lénh xuét két qua dic trung hinh hoc cta 6 don vi.

Bing cach thay ddi c4c bién thiét ké trong chwong trinh s& thu dugc cac 6 don vi
c6 duong kinh thanh va kich thudc 6 don vi khac nhau. Hinh 2.4 cho két qua cua
cac 6 don vi tu ddng co kich thudc khac nhau bang chuong trinh Python.

re=6mm;
le=16mm

re=2mm;
le=8mm

re=0.25mm;
le=4mm

Hinh 2.4: Cac 6 don vi khac nhau khi thay d6i kich thuéc
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Bang cach nay nghién ciru di xay dung cac 6 don vi co ban la C, D, O, V (hinh
2.5) va khao sat méi lién hé giita thé tich cua 6 don vi vé6i ban kinh thanh chdng
théng qua viéc xay dung bang sé liéu (phu luc 1) va vé d6 thi biéu dién ciing nhu
lap ham xap xi mdi quan hé giira 2 dai lugng trén cho bén 6 don vi co ban C,D,0,V
(hinh 2.9).

XP O

Hinh 2.5: Cac 6 don vi co ban dang khéi lap phuong

Méi quan hé giira thé tich 6 don vi C va ban kinh thanh chéng

8000 »

Ve=-11314r7+18851r-0.0133r- 8.10°
Ri=1

7000 o

6000 o

5000 o

4000 s

3000 o

Thé tich d domn vi C (mm?)

2000 o

1000 +

0 1 2 3 - 5 6 7 8 9 10

Bin kinh thanh chong (mm)

Hinh 2.6: Mdi quan hé gitta thé tich 6 don vi C va ban kinh thanh chdong
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Thé tich cia d don vi (mm?)

Thé tich d dom vi (mm?®)

Moi quan hé gitathé tich 6 don vi D v6i ban kinh thanh chéng

9000

Vb =-20.4531% + 245 37r1 + 294 08 - 164.55
R*=10.9993

8000

7000

(=1}
(=]
[
(=]

5000

4000

3000 o

2000 +

1000 o

0 1 2 3 kS 5 6 7 8 9 10

Bin kinh thanh chéng (mm)

Hinh 2.7: Méi quan hé giira thé tich 6 don vi D véi ban kinh thanh chong

Mobi quan hé giira thé tich 6 don vi O va ban kinh thanh chong

9000 1
2000 1 Vo =-16.09r°+ 142 981 + 899.79r - 442 31
7000 1
6000 +
5000 +
4000 9
3000 +
2000 +

1000 o

3 4 5 6 7 g 9 10
Ban kinh thanh chéng (mm)

Hinh 2.8: M4i quan hé giita thé tich 6 don vi O va ban kinh thanh chéng
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Thé tichd don vi (mm?)

Thé tichd dom vi (mm)

MGdi quan hé gitea thé tich 6 don vi V véi ban kinh thanh chong

9000 =
Vv =-25.459r% + 238 8417+ 782.85r - 433.61

9000 R2=0.096

7000 +
6000
5000 +

4000 +

2
[=]

2000 +

1000 +

0 1 2 3 - 5 6 7 8 9 10

Bin kinh thanh chéng (mm)

Hinh 2.9: Méi quan hé giira thé tich 6 don vi V véi ban kinh thanh chéng

Mbi quan hé giira thé tich ciia 6 don vi va ban kinh thanh chdng cia bon loai 6
don vi coban C,.D,0,V

9000 »
8000 1

7000 o

o
(=]
(=]
(=]

5000 9

4000 «

3000 o

2000 +

1000 1

0

0 1 9 10

) 3 4 5 6 7 8
® Thé tich d donvi C ® Theé tich 6 dmﬁ,;linq(mh thanﬁ l(fh%l;ic ]g]g?nvi_ (0] Thé tiché don vi V

(3]

[1]
=1

Hinh 2.10: 4 thi biéu thi mdi quan hé giira thé tich caa cac 6 don vi C,D,0,V
vé6i béan kinh thanh chéng
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Dua trén do thi duoc biu dién ¢ hinh 15 nhan thiy rang véi cing mét gia tri ban
kinh cia thanh chdng thi 6 don vi C ¢6 thé tich nho nhét, 6 don vi V ¢6 thé tich 16n
nhét, diéu nay c6 thé giai thich rang do 6 C c6 12 thanh, con 6 V c6 24 thanh. Mt
khac do phan thé tich bi cit got gitta cac 6 don vi khac nhau nén thé tich 6 don vi
phu thudc vao cau tric lién két 6.

2.3 Xay dung md hinh sé cau tric luéi

Sau khi thiét ké duoc 6 don vi, cAu tric ludi c6 thé duoc tao ra bang cach lap lai
6 don vi theo céc truc (hinh 2.11a); 1ap lai cac 6 don vi phu hop vai khong gian thiét
ké (hinh 2.11b) hozc tdi wu hoa cau trdc lién két (Hinh 2.11c). Hién nay c¢6 mot sé
lwgng han ché cac cong cu phan mém thuong mai ¢6 sin hd tro viéc thiét ké cau
truc ludi nhu Autodesk Inside Medica (Autodesk, Inc., USA), Materialize Magics
(Materialise NV), nTopology Element (nTopology, Inc., USA), CAD Simpleware
(Simpleware, Exeter, UK), STL 3-matic...Gan day, Autodesk di dugc tich hop
Netfabb va Inside dé tao ra Netfabb 2017.1 c6 thé thiét ké nhiéu loai cau trdc lién
két, ti uru hoa cau tric ludi.

Relative Density
Mapping (=01)

Topology
optimization

Hinh 2.11: Cac phuong phap tao cAu trac ludi tir 6 don vi [12]

Bai b4o nay gioi thiéu mot phuong phéap thiét ké ciu tric ludi bang phan mém
Abaqus dua trén thiét ké cac 6 don vi tw dong nhu da giGi thiéu ¢ phan trén. Phuong
phap nay dua trén viéc 1ap lai cac 6 don vi theo phuwong ctia cac truc, ¢ thé tao cau
trac ludi ty dong thay ddi sb lwong 6 don vi trén cac truc bang ngdn ngit lap trinh
Python. So d6 cua phuong phap duoc trinh bay cu thé nhu hinh 2.12.

Lua chon 6 g
don vi da Assembbl la
duoo thiét ké ‘ Abaqus chon pattern
theo phwong dé sao chép dé tao
phap tr cau triic luéi theo
dong cac truc

Két qua

Hinh 2.12: So d6 cua phwong phap tao cau trac ludi tu dong
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O donviC RVE 2x2x2

O donviD

..

O don vi O RVE 10x10x10

O donviV RVE 2x2x2 RVE 10x10x10
Hinh 2.13: Cac ciu trac ludi duoc tao ra theo phuong phap tu dong
2.4 Cac chwong trinh s6 ciia 6 don vi va ciu tric lwéi

2.4.1 Chwong trinh s6 6 don vi C
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# -*- coding: mbcs -*-

# Chuong trinh s cell C

from part import *

from material import *

from section import *

from assembly import *

from step import *

from interaction import *

from load import *

from mesh import *

from optimization import *

from job import *

from sketch import *

from visualization import *

from connectorBehavior import *

re=0.25

Le=4.0

# Tao thanh ban kinh 2,chiéu dai 4
mdb.models['Model-1].ConstrainedSketch(name="__profile__ ', sheetSize=200.0)
mdb.models['Model-1"].sketches[' _profile_'].CircleByCenterPerimeter(center=(

0.0, 0.0), pointl=(re, 0.0))
mdb.models['Model-1"].Part(dimensionality=THREE_D, name="'Part-1', type=

DEFORMABLE_BODY)
mdb.models['Model-1".parts['Part-1'].BaseSolidExtrude(depth=Le, sketch=

mdb.models['Model-1"].sketches['__profile__"])
del mdb.models['Model-1"].sketches[' __profile_ ']
mdb.models['Model-1"].rootAssembly.DatumCsysByDefault(CARTESIAN)
mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name="Part-1-1,

part=mdb.models['Model-1"].parts['Part-1")
# Nhéan thanh thanh 2 hang, 2 c6t, khoang cach 4
mdb.models['Model-1"].rootAssembly.LinearInstancePattern(direction1=(1.0, 0.0,

0.0), direction2=(0.0, 1.0, 0.0), instanceList=('Part-1-1', ), numberl1=2,

number2=2, spacingl=Le, spacing2=Le)

# Nhan 4 thanh vira tao thanh 2 hang 1 cét, khoang cach hang 4 (Khéng quan
tam dén cot)
mdb.models['Model-1"].rootAssembly.LinearInstancePattern(direction1=(1.0, 0.0,

0.0), direction2=(0.0, 1.0, 0.0), instanceL.ist=("Part-1-1',

‘Part-1-1-lin-1-2', 'Part-1-1-lin-2-1', 'Part-1-1-lin-2-2"), number1=2,

number2=1, spacingl=Le, spacing2=4.5)

# Xoay 4 thanh vira thu dugc 1 goc 90 theo phuong truc X
mdb.models['Model-1"].rootAssembly.rotate(angle=90.0, axisDirection=(1.0, 0.0,

0.0), axisPoint=(0.0, 0.0, 0.0), instanceList=('Part-1-1-lin-2-1-1",

‘Part-1-1-lin-1-2-lin-2-1', 'Part-1-1-lin-2-2-lin-2-1', 'Part-1-1-lin-2-1-lin-2-1"))

# Dich chuyén 4 thanh vira xoay vé khop véi 4 thanh di c6
mdb.models['Model-1"].rootAssembly.translate(instanceList=(
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'Part-1-1-lin-2-1-1', 'Part-1-1-lin-1-2-lin-2-1',

'Part-1-1-lin-2-2-lin-2-1", 'Part-1-1-lin-2-1-lin-2-1"), vector=(-Le, Le, 0.0))

# Nhan 4 thanh trude d6 thanh 2 hang 1 ¢6t, khoang cach hang la 4 ( khdng
guan tam cot)
mdb.models['Model-1"].rootAssembly.LinearInstancePattern(direction1=(1.0, 0.0,

0.0), direction2=(0.0, 1.0, 0.0), instanceList=('Part-1-1-lin-1-2',

'Part-1-1', 'Part-1-1-lin-2-2', 'Part-1-1-lin-2-1"), number1=2, number2=1,

spacingl=Le, spacing2=4.5)

# Xoay 4 thanh vira thu dugc goc 90 theo phuong truc y
mdb.models['Model-1"].rootAssembly.rotate(angle=90.0, axisDirection=(0.0, 1.0,

0.0), axisPoint=(0.0, 0.0, 0.0), instanceL.ist=(

'Part-1-1-lin-1-2-lin-2-1-1', 'Part-1-1-lin-2-1-2',

'Part-1-1-lin-2-2-lin-2-1-1', 'Part-1-1-lin-2-1-lin-2-1-1"))

# Dich chuyén 4 thanh vua xoay vé khop véi khéi da co
mdb.models['Model-1"].rootAssembly.translate(instanceList=(

'Part-1-1-lin-1-2-lin-2-1-1', 'Part-1-1-lin-2-1-2',

'Part-1-1-lin-2-2-lin-2-1-1', 'Part-1-1-lin-2-1-1in-2-1-1"), vector=(0.0,

0.0, 2*Le))

# Hop 12 thanh va dat tén la cell C chua cat (A)
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,

instances=(mdb.models['Model-1"].rootAssembly.instances['Part-1-11,

mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-1-21,

mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-11,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-21,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-1-1,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-1-2-lin-2-1,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-2-lin-2-1,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-1-lin-2-1,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-1-2-lin-2-1-1,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-1-2,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-2-lin-2-1-1,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-1-lin-2-1-1")

, name='"cell C chua cat (A)', originallnstances=SUPPRESS)

# Tao khdi rve 4x4x4
mdb.models['Model-1"].ConstrainedSketch(name="__profile__', sheetSize=200.0)
mdb.models['Model-1".sketches['__profile_"].rectangle(point1=(0.0, 0.0),

point2=(5.0, 5.0))
mdb.models['Model-1".sketches['__ profile__"].ObliqgueDimension(textPoint=(

2.42394256591797, -4.24855613708496), value=Le, vertex1=

mdb.models['Model-1"].sketches['__profile_"].vertices[3], vertex2=

mdb.models['Model-1"].sketches['__profile_"].vertices[0])
mdb.models['Model-1".sketches['__profile__"].ObliqgueDimension(textPoint=(

8.48381805419922, 3.0346794128418), value=Le, vertex1=

mdb.models['Model-1"].sketches['__profile_"].vertices[2], vertex2=
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mdb.models['Model-1"].sketches[' _profile_ "].vertices[3])
mdb.models['Model-1"].Part(dimensionality=THREE_D, name='khoi rve', type=
DEFORMABLE_BODY)
mdb.models['Model-1"].parts['khoi rve'].BaseSolidExtrude(depth=Le, sketch=
mdb.models['Model-1"].sketches[' _profile_ )
del mdb.models['Model-1"].sketches['__profile ']
# Instance A va khéi B va dich chuyén 2 khéi dé khép nhau
mdb.models['Model-1"].rootAssembly.Instance(dependent=0ON, name=
‘cell C chua cat (A)-2', part=
mdb.models['Model-1".parts['cell C chua cat (A)'])
mdb.models['Model-1"].rootAssembly.Instance(dependent=0ON, name='khoi rve-1',
part=mdb.models['Model-1"].parts['khoi rve')
mdb.models['Model-1"].rootAssembly.translate(instanceList=('khoi rve-1', ),
vector=(0.0, -1.0, 0.0))
# Tao khdi C=A-B
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(
mdb.models['Model-1"].rootAssembly.instances['khoi rve-11, ),
instanceToBeCut=
mdb.models['Model-1"].rootAssembly.instances['cell C chua cat (A)-11,
name='C=A-B', originallnstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.features['cell C chua cat (A)-1"].resume()
# Instance A va B va dich chuyén cho khép nhau rdi hop tao D=A+B
mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name=
‘cell C chua cat (A)-3', part=
mdb.models['Model-1"].parts['cell C chua cat (A)])
mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name="khoi rve-2',
part=mdb.models['Model-1"].parts['khoi rve'])
mdb.models['Model-1"].rootAssembly.translate(instanceList=('khoi rve-2', ),
vector=(0.0, -1.0, 0.0))
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,
instances=(
mdb.models['Model-1"].rootAssembly.instances['cell C chua cat (A)-11,
mdb.models['Model-1"].rootAssembly.instances['cell C chua cat (A)-21,
mdb.models['Model-1"].rootAssembly.instances['C=A-B-11,
mdb.models['Model-1"].rootAssembly.instances['cell C chua cat (A)-3'],
mdb.models['Model-1"].rootAssembly.instances['khoi rve-2), name='"D=A+B",
originallnstances=SUPPRESS)
# Dat tén sai doi tén D thanh E
mdb.models['Model-1"].rootAssembly.features.changeKey(fromName='"D=A+B-1',
toName='"E=A+B-1")
# Instance A va B, dich chuyén va cit tao D=B-A
mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name=
‘cell C chua cat (A)-4', part=
mdb.models['Model-1"].parts['cell C chua cat (A)])
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mdb.models['Model-1"].rootAssembly.Instance(dependent=0ON, name='khoi rve-3',
part=mdb.models['Model-1"].parts['khoi rve')

mdb.models['Model-1"].rootAssembly.features['E=A+B-1"].suppress()

mdb.models['Model-1"].rootAssembly.translate(instanceList=('khoi rve-3', ),

vector=(0.0, -1.0, 0.0))
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(

mdb.models['Model-1"].rootAssembly.instances['cell C chua cat (A)-41, ),

instanceToBeCut=mdb.models['Model-1].rootAssembly.instances['khoi
rve-31,

name='D=B-A’, originallnstances=SUPPRESYS)

# Instance C,D,E dé tao F = E-C-D (sai Vi -c, chua -D)
mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name='C=A-B-2,
part= mdb.models['Model-1".parts[ C=A-B'])
mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name='D=A+B-1,
part= mdb.models['Model-1"].parts[ D=A+B"])
mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name='D=B-A-2,
part= mdb.models['Model-1"].parts[' D=B-A"])
mdb.models['Model-1"].rootAssembly.features['D=B-A-1"].suppress()
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(
mdb.models['Model-1"].rootAssembly.instances['C=A-B-21,),
instanceToBeCut=mdb.models['Model-1"].rootAssembly.instances[' D=A+B-1"],
name='F=E-C-D', originallnstances=SUPPRESS)

# Instance C,D,E dé tao F = E-C-D ding
mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name='C=A-B-3,
part= mdb.models['Model-1"].parts['C=A-B'])
mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name='D=A+B-2',
part= mdb.models['Model-1"].parts|'D=A+B'])
mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name='D=B-A-3,
part= mdb.models['Model-1"].parts['D=B-A")
mdb.models['Model-1"].rootAssembly.features['D=B-A-2"].suppress()
mdb.models['Model-1"].rootAssembly.features['F=E-C-D-1"].suppress()
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(

mdb.models['Model-1"].rootAssembly.instances['C=A-B-31,

mdb.models['Model-1"].rootAssembly.instances['D=B-A-31), instanceToBeCut
mdb.models['Model-1"].rootAssembly.instances['D=A+B-2'], name=

'F=E-C-D dung’, originallnstances=SUPPRESS)

# Save by Admin on 2024 06 14-13.05.34; build 6.14-1 2014 06 05-05.11.02
134264

2.4.2 Chwong trinh sb ciu tric lwéi C (RVE2x2x2)
# -*- coding: mbcs -*-

# Chuong trinh s6 cdu tric lugi C (RVE2x2x2)

from part import *

from material import *
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from section import *

from assembly import *

from step import *

from interaction import *

from load import *

from mesh import *

from optimization import *

from job import *

from sketch import *

from visualization import *

from connectorBehavior import *

re=1.0

le=4.0

mdb.models['Model-1].ConstrainedSketch(name="__profile__ ', sheetSize=200.0)

mdb.models['Model-1"].sketches[' _profile_'].CircleByCenterPerimeter(center=(
0.0, 0.0), point1l=(re, 0.0))

mdb.models['Model-1"].Part(dimensionality=THREE_D, name="'Part-1', type=
DEFORMABLE_BODY)

mdb.models['Model-1".parts['Part-1'].BaseSolidExtrude(depth=le, sketch=
mdb.models['Model-1"].sketches['__profile__"])

del mdb.models['Model-1"].sketches[' __profile_ ']

mdb.models['Model-1"].rootAssembly.DatumCsysByDefault(CARTESIAN)

mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name="Part-1-1,
part=mdb.models['Model-1"].parts['Part-1")

mdb.models['Model-1"].rootAssembly.LinearInstancePattern(direction1=(1.0, 0.0,
0.0), direction2=(0.0, 1.0, 0.0), instanceList=('Part-1-1', ), number1=2,
number2=2, spacingl=le, spacing2=le)

mdb.models['Model-1"].rootAssembly.LinearInstancePattern(direction1=(1.0, 0.0,
0.0), direction2=(0.0, 1.0, 0.0), instanceL.ist=("Part-1-1',
'Part-1-1-lin-1-2', 'Part-1-1-lin-2-1', 'Part-1-1-lin-2-2"), number1=2,
number2=1, spacingl=le, spacing2=4.5)

mdb.models['Model-1"].rootAssembly.rotate(angle=90.0, axisDirection=(1.0, 0.0,
0.0), axisPoint=(0.0, 0.0, 0.0), instanceList=('Part-1-1-lin-2-1-1",
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'Part-1-1-lin-1-2-lin-2-1", 'Part-1-1-lin-2-2-lin-2-1',

'Part-1-1-lin-2-1-lin-2-1")
mdb.models['Model-1"].rootAssembly.translate(instanceList=(

'Part-1-1-lin-2-1-1', 'Part-1-1-lin-2-2-lin-2-1',

'Part-1-1-lin-2-1-lin-2-1", 'Part-1-1-lin-1-2-lin-2-1"), vector=(-le, le, 0.0))
mdb.models['Model-1"].rootAssembly.LinearInstancePattern(direction1=(1.0, 0.0,

0.0), direction2=(0.0, 1.0, 0.0), instanceList=('Part-1-1-lin-1-2',

'Part-1-1', 'Part-1-1-1in-2-2', 'Part-1-1-lin-2-1"), number1=2, number2=1,

spacingl=le, spacing2=4.5)
mdb.models['Model-1"].rootAssembly.rotate(angle=90.0, axisDirection=(0.0, 1.0,

0.0), axisPoint=(0.0, 0.0, 0.0), instanceL.ist=(

'Part-1-1-lin-1-2-lin-2-1-1', 'Part-1-1-lin-2-1-2',

'Part-1-1-lin-2-2-lin-2-1-1', 'Part-1-1-lin-2-1-lin-2-1-1"))
mdb.models['Model-1"].rootAssembly.translate(instanceList=(

'Part-1-1-lin-2-1-lin-2-1-1', 'Part-1-1-lin-2-1-2',

‘Part-1-1-lin-1-2-lin-2-1-1', 'Part-1-1-lin-2-2-lin-2-1-1"), vector=(0.0, 0.0, 2*le))

mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,

instances=(mdb.models['Model-1"].rootAssembly.instances['Part-1-11,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-1-21,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-1,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-21,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-1-1,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-1-2-lin-2-1,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-2-lin-2-1,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-1-lin-2-1,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-1-2-lin-2-1-1,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-1-2',
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-2-lin-2-1-1,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-1-lin-2-1-1")
, name="A", originallnstances=SUPPRESYS)
mdb.models['Model-1"].ConstrainedSketch(name="__profile__ ', sheetSize=200.0)
mdb.models['Model-1".sketches['__profile__"].rectangle(point1=(0.0, 0.0),
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point2=(le, le))
mdb.models['Model-1"].Part(dimensionality=THREE_ D, name="Part-3', type=
DEFORMABLE_BODY)
mdb.models['Model-1"].parts['Part-3'].BaseSolidExtrude(depth=le, sketch=
mdb.models['Model-1"].sketches[' _profile_ )
del mdb.models['Model-1"].sketches['__profile ']
mdb.models['Model-1"].parts.changeKey(fromName="Part-3', toName='B’)
mdb.models['Model-1"].rootAssembly.Instance(dependent=0ON, name="A-2'", part=
mdb.models['Model-1".parts['A])
mdb.models['Model-1"].rootAssembly.Instance(dependent=0ON, name='B-1', part=
mdb.models['Model-1.parts['B'])
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(
mdb.models['Model-1"].rootAssembly.instances['B-17, ), instanceToBeCut=
mdb.models['Model-1"].rootAssembly.instances['A-1], name="C=A-B',
originallnstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.features['C=A-B-1"].suppress()
mdb.models['Model-1"].rootAssembly.features['A-1"].resume()
mdb.models['Model-1"].rootAssembly.features['B-1'].resume()
mdb.models['Model-1"].rootAssembly.features['A-2"].suppress()
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(
mdb.models['Model-1"].rootAssembly.instances['A-1"], ), instanceToBeCut=
mdb.models['Model-1"].rootAssembly.instances['B-1], name='"D=B-A\,
originallnstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.features['A-1"].resume()
mdb.models['Model-1"].rootAssembly.features['B-1'].resume()
mdb.models['Model-1"].rootAssembly.features['D=B-A-1"].suppress()

mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,

instances=(mdb.models['Model-1"].rootAssembly.instances['A-1"],

mdb.models['Model-1"].rootAssembly.instances['B-1]), name="E=A+B’,

originallnstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.features['C=A-B-1"].resume()
mdb.models['Model-1"].rootAssembly.features['D=B-A-1"].resume()
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mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(
mdb.models['Model-1"].rootAssembly.instances['C=A-B-11],

mdb.models['Model-1"].rootAssembly.instances['D=B-A-1"),
instanceToBeCut=

mdb.models['Model-1"].rootAssembly.instances['E=A+B-1'], name="F=E-C-D',
originallnstances=SUPPRESS)

mdb.models['Model-1"].rootAssembly.LinearInstancePattern(direction1=(0.0, 0.0,
1.0), direction2=(0.0, 1.0, 0.0), instanceList=('F=E-C-D-1", ), number1=2,
number2=2, spacingl=le, spacing2=le)

mdb.models['Model-1"].rootAssembly.LinearInstancePattern(direction1=(1.0, 0.0,
0.0), direction2=(0.0, 1.0, 0.0), instanceList=('F=E-C-D-1',
'F=E-C-D-1-lin-1-2', 'F=E-C-D-1-lin-2-1', 'F=E-C-D-1-lin-2-2"), number1=2,
number2=1, spacingl=le, spacing2=2*le)

# Save by Admin on 2024_06_29-23.34.51; build 6.14-1 2014 _06_05-05.11.02
134264

2.4.3 Chwong trinh sb ciu tric lwéi C (RVE10x10x10)

# -*- coding: mbcs -*-

# Chuong trinh s6 cau trac ludi C (RVE10X10x10)

from part import *

from material import *

from section import *

from assembly import *

from step import *

from interaction import *

from load import *

from mesh import *

from optimization import *

from job import *

from sketch import *

from visualization import *

from connectorBehavior import *

re=1.0

le=10

mdb.models['Model-1"].ConstrainedSketch(name="__profile__ ', sheetSize=200.0)

mdb.models['Model-1".sketches['__profile_"].CircleByCenterPerimeter(center=(
0.0, 0.0), point1=(re, 0.0))

mdb.models['Model-1".Part(dimensionality=THREE_ D, name='Part-1', type=
DEFORMABLE_BODY)

mdb.models['Model-1".parts['Part-1'].BaseSolidExtrude(depth=le, sketch=
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mdb.models['Model-1"].sketches[' _profile_ )
del mdb.models['Model-1"].sketches['__profile ']
mdb.models['Model-1"].rootAssembly.DatumCsysByDefault(CARTESIAN)
mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name='Part-1-1',

part=mdb.models['Model-1"].parts['Part-1)
mdb.models['Model-1"].rootAssembly.LinearInstancePattern(direction1=(1.0, 0.0,

0.0), direction2=(0.0, 1.0, 0.0), instanceList=('Part-1-1', ), number1=2,

number2=2, spacingl=le, spacing2=le)
mdb.models['Model-1"].rootAssembly.LinearInstancePattern(direction1=(1.0, 0.0,

0.0), direction2=(0.0, 1.0, 0.0), instanceL.ist=("Part-1-1,

'Part-1-1-lin-1-2', 'Part-1-1-lin-2-1', 'Part-1-1-lin-2-2"), number1=2,

number2=1, spacingl=le, spacing2=4.5)
mdb.models['Model-1"].rootAssembly.rotate(angle=90.0, axisDirection=(1.0, 0.0,

0.0), axisPoint=(0.0, 0.0, 0.0), instanceL.ist=('Part-1-1-lin-2-1-1",

'Part-1-1-lin-1-2-lin-2-1", 'Part-1-1-lin-2-2-lin-2-1',

'Part-1-1-lin-2-1-lin-2-1")
mdb.models['Model-1"].rootAssembly.translate(instanceList=(

'Part-1-1-lin-2-1-1', 'Part-1-1-lin-2-2-lin-2-1',

'Part-1-1-lin-2-1-lin-2-1", 'Part-1-1-lin-1-2-lin-2-1"), vector=(-le, le,

0.0))
mdb.models['Model-1"].rootAssembly.LinearInstancePattern(direction1=(1.0, 0.0,

0.0), direction2=(0.0, 1.0, 0.0), instanceList=('Part-1-1-lin-1-2',

'Part-1-1', 'Part-1-1-lin-2-2', 'Part-1-1-lin-2-1"), number1=2, number2=1,

spacingl=le, spacing2=4.5)
mdb.models['Model-1"].rootAssembly.rotate(angle=90.0, axisDirection=(0.0, 1.0,

0.0), axisPoint=(0.0, 0.0, 0.0), instanceL.ist=(

'Part-1-1-lin-1-2-1in-2-1-1', 'Part-1-1-lin-2-1-2',

‘Part-1-1-1in-2-2-1in-2-1-1', 'Part-1-1-lin-2-1-lin-2-1-1"))
mdb.models['Model-1"].rootAssembly.translate(instanceList=(

'Part-1-1-lin-2-1-lin-2-1-1', 'Part-1-1-lin-2-1-2,

‘Part-1-1-lin-1-2-lin-2-1-1', 'Part-1-1-lin-2-2-lin-2-1-1"), vector=(0.0,

0.0, 2*le))
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,

instances=(mdb.models['Model-1"].rootAssembly.instances['Part-1-11,

mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-1-21,

mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-1,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-21,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-1-1,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-1-2-lin-2-1,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-2-lin-2-1,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-1-lin-2-11,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-1-2-lin-2-1-1",
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-1-21,
mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-2-lin-2-1-1",
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mdb.models['Model-1"].rootAssembly.instances['Part-1-1-lin-2-1-lin-2-1-1)

, hame="A', originallnstances=SUPPRESS)
mdb.models['Model-1].ConstrainedSketch(name="__profile_ ', sheetSize=200.0)
mdb.models['Model-1"].sketches[' _profile_'].rectangle(point1=(0.0, 0.0),

point2=(le, le))
mdb.models['Model-1"].Part(dimensionality=THREE_ D, name="Part-3', type=

DEFORMABLE_BODY)
mdb.models['Model-1"].parts['Part-3'].BaseSolidExtrude(depth=le, sketch=

mdb.models['Model-1"].sketches[' _profile_ )
del mdb.models['Model-1"].sketches['__profile ']
mdb.models['Model-1"].parts.changeKey(fromName="Part-3', toName='B’)
mdb.models['Model-1"].rootAssembly.Instance(dependent=0ON, name="A-2'", part=

mdb.models['Model-1".parts['A])
mdb.models['Model-1"].rootAssembly.Instance(dependent=0ON, name='B-1', part=
mdb.models['Model-1.parts['B'])
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(
mdb.models['Model-1"].rootAssembly.instances['B-17, ), instanceToBeCut=
mdb.models['Model-1"].rootAssembly.instances['A-1], name="C=A-B',
originallnstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.features['C=A-B-1"].suppress()
mdb.models['Model-1"].rootAssembly.features['A-1"].resume()
mdb.models['Model-1"].rootAssembly.features['B-1'].resume()
mdb.models['Model-1"].rootAssembly.features['A-2"].suppress()
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(
mdb.models['Model-1"].rootAssembly.instances['A-1"], ), instanceToBeCut=
mdb.models['Model-1"].rootAssembly.instances['B-1], name='"D=B-A,
originallnstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.features['A-1"].resume()
mdb.models['Model-1"].rootAssembly.features['B-1'].resume()
mdb.models['Model-1"].rootAssembly.features['D=B-A-1"].suppress()
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,

instances=(mdb.models['Model-1"].rootAssembly.instances['A-1"],

mdb.models['Model-1"].rootAssembly.instances['B-1"]), name="E=A+B’,

originallnstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.features['C=A-B-1"].resume()
mdb.models['Model-1"].rootAssembly.features['D=B-A-1"].resume()
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(

mdb.models['Model-1"].rootAssembly.instances['C=A-B-11,

mdb.models['Model-1"].rootAssembly.instances['D=B-A-1"),
instanceToBeCut=

mdb.models['Model-1"].rootAssembly.instances['E=A+B-1"], name="F=E-C-D',

originallnstances=SUPPRESS)

# Save by Admin on 2024 _06_15-08.39.53; build 6.14-1 2014 06 _05-05.11.02
134264
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2.4.4 Chwong trinh s6 cau tric 6 don vi D
# -*- coding: mbcs -*-

# Chuong trinh s6 Cau tric 6 don vi D

from part import *

from material import *

from section import *

from assembly import *

from step import *

from interaction import *

from load import *

from mesh import *

from optimization import *

from job import *

from sketch import *

from visualization import *

from connectorBehavior import *

re=0.25

le=4.0
mdb.models['Model-1"].ConstrainedSketch(name="__sweep__', sheetSize=200.0)

mdb.models['Model-1"].sketches['__sweep__"].Line(point1=((-le/2)*1.414215,
-le/2), point2=((le/2)*1.414215, le/2))

mdb.models['Model-1"].ConstrainedSketch(name="__profile__', sheetSize=200.0,
transform=(0.577350258948879, -0.816496588169027, 0.0, -0.0, 0.0, 1.0,
-0.816496588169027, -0.577350258948879, -0.0, -7.071068, -5.0, 0.0))

mdb.models['Model-1".sketches['__profile__"].ConstructionLine(point1=(-100.0,
0.0), point2=(100.0, 0.0))

mdb.models['Model-1".sketches['__profile__"].ConstructionLine(point1=(0.0,
-100.0), point2=(0.0, 100.0))

mdb.models['Model-1".sketches['__ profile__"].CircleByCenterPerimeter(center=(
0.0, 0.0), point1=(re, 0.0))

mdb.models['Model-1".sketches['__ profile__"].CoincidentConstraint(
addUndoState=False, entityl=
mdb.models['Model-1"].sketches['__profile__"].vertices[0], entity2=
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mdb.models['Model-1"].sketches[' _profile_ '].geometry[2])

mdb.models['Model-1"].Part(dimensionality=THREE_D, name="thanh cheo 1
type= DEFORMABLE_BODY)

mdb.models['Model-1"].parts['thanh cheo 1'].BaseSolidSweep(path=
mdb.models['Model-1".sketches[' _sweep 1, sketch=
mdb.models['Model-1"].sketches[' _profile_ )
del mdb.models['Model-1"].sketches['__profile ']
del mdb.models['Model-1"].sketches[' sweep ']
mdb.models['Model-1].ConstrainedSketch(name="__sweep_ ', sheetSize=200.0)
mdb.models['Model-1"].sketches[' _sweep _"].Line(point1=((le/2)*1.414215, -le/2),
point2=((-1e/2)*1.414215, le/2))
mdb.models['Model-1"].ConstrainedSketch(name="__profile_ ', sheetSize=200.0,
transform=(0.577350258948879, 0.816496588169027, -0.0, 0.0, 0.0, 1.0,
0.816496588169027, -0.577350258948879, 0.0, 7.071068, -5.0, 0.0))
mdb.models['Model-1"].sketches[' _profile_ "].ConstructionLine(point1=(-100.0,
0.0), point2=(100.0, 0.0))
mdb.models['Model-1".sketches['__profile__"].ConstructionLine(point1=(0.0,
-100.0), point2=(0.0, 100.0))
mdb.models['Model-1".sketches['__profile__"].CircleByCenterPerimeter(center=(
0.0, 0.0), point1l=(re, 0.0))
mdb.models['Model-1".sketches['__profile__"].CoincidentConstraint(
addUndoState=False, entityl=
mdb.models['Model-1"].sketches['__profile__"].vertices[0], entity2=
mdb.models['Model-1"].sketches['__profile__'].geometry[2])

mdb.models['Model-1"].Part(dimensionality=THREE_D, name="thanh cheo 2,
type= DEFORMABLE_BODY)

mdb.models['Model-1".parts['thanh cheo 2'].BaseSolidSweep(path=
mdb.models['Model-1".sketches['__sweep__ '], sketch=
mdb.models['Model-1".sketches['__profile__"])

del mdb.models['Model-1"].sketches[' _profile_ ']

del mdb.models['Model-1"].sketches[' __sweep_ ']

mdb.models['Model-1"].rootAssembly.DatumCsysByDefault(CARTESIAN)

mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name='thanh cheo
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1-1', part=mdb.models['Model-1".parts['thanh cheo 17)

mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name='"thanh cheo
2-1', part=mdb.models['Model-1"].parts['thanh cheo 2])

mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,

instances=(mdb.models['Model-1"].rootAssembly.instances['thanh cheo 1-11,
mdb.models['Model-1"].rootAssembly.instances[‘thanh cheo 2-1']), name=
‘chu X', originallnstances=SUPPRESS)

mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name='chu X-2',
part= mdb.models['Model-1".parts['chu X'])

mdb.models['Model-1"].rootAssembly.rotate(angle=90.0, axisDirection=(0.0, 1.0,
0.0), axisPoint=(0.0, 0.0, 0.0), instanceList=("chu X-2',))

mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,

instances=(mdb.models['Model-1"].rootAssembly.instances['chu X-11,
mdb.models['Model-1"].rootAssembly.instances['chu X-2']), name='D chua vat'
, originallnstances=SUPPRESS)
mdb.models['Model-1"].ConstrainedSketch(name="__profile__', sheetSize=200.0)
mdb.models['Model-1"].sketches['__profile__"].rectangle(pointl=(-le/2, -le/2),
point2=(le/2, le/2))
mdb.models['Model-1"].Part(dimensionality=THREE_D, name="rve', type=
DEFORMABLE_BODY)
mdb.models['Model-1".parts['rve'].BaseSolidExtrude(depth=le, sketch=
mdb.models['Model-1"].sketches['__profile__"])
del mdb.models['Model-1"].sketches[' _profile_ ']
mdb.models['Model-1"].rootAssembly.Instance(dependent=0ON, name='"rve-1', part=
mdb.models['Model-1".parts['rve’)
mdb.models['Model-1"].rootAssembly.rotate(angle=45.0, axisDirection=(0.0, 1.0,
0.0), axisPoint=(0.0, 0.0, 0.0), instanceL.ist=('D chua vat-1', ))
mdb.models['Model-1"].rootAssembly.translate(instanceList=("rve-1', ), vector=(
0.0, 0.0, -1e/2))
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(
mdb.models['Model-1"].rootAssembly.instances['rve-11, ), instanceToBeCut=
mdb.models['Model-1"].rootAssembly.instances['D chua vat-1'], name=
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'A=D chua vat-rve', originallnstances=SUPPRESYS)
mdb.models['Model-1"].rootAssembly.resumeFeatures(('rve-1', 'D chua vat-1'))
mdb.models['Model-1"].rootAssembly.features[A=D chua vat-rve-1'].suppress()
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(

mdb.models['Model-1"].rootAssembly.instances['D chua vat-11, ),

instanceToBeCut=mdb.models['Model-1"].rootAssembly.instances['rve-11],

name='B=rve-D chua vat', originallnstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.features['B=rve-D chua vat-1'].suppress()
mdb.models['Model-1"].rootAssembly.resumeFeatures(('rve-1', 'D chua vat-1"))

mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,

instances=(mdb.models['Model-1"].rootAssembly.instances['D chua vat-11,
mdb.models['Model-1].rootAssembly.instances['rve-1), name=
'C=D chua vat +rve', originallnstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.resumeFeatures((A=D chua vat-rve-1',
'‘B=rve-D chua vat-1))
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(
mdb.models['Model-1"].rootAssembly.instances[/A =D chua vat-rve-11,
mdb.models['Model-1"].rootAssembly.instances['B=rve-D chua vat-11),
instanceToBeCut=

mdb.models['Model-1"].rootAssembly.instances[C=D chua vat +rve-11,
name= "D thanh thang vat 3 mat', originallnstances=SUPPRESS)

# Save by Admin on 2024_11 10-08.39.21; build 6.14-1 2014 06 _05-05.11.02
134264

2.4.5 Chwong trinh s6 cau tric é dom vi O
# -*- coding: mbcs -*-

# Chuong trinh s6 cau trac 6 don vi O

from part import *

from material import *

from section import *

from optimization import *

from assembly import *

from step import *
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from interaction import *

from load import *

from mesh import *

from job import *

from sketch import *

from visualization import *

from connectorBehavior import *

re=0.46

le=4.0

mdb.models['Model-1].ConstrainedSketch(name="__profile_ ', sheetSize=200.0)

mdb.models['Model-1"].sketches[' _profile__'].CircleByCenterPerimeter(center=(
0.0, 0.0), pointl=(re, 0.0))

mdb.models['Model-1"].Part(dimensionality=THREE_ D, name="Part-1', type=
DEFORMABLE_BODY)

mdb.models['Model-1"].parts['Part-1'].BaseSolidExtrude(depth=le, sketch=
mdb.models['Model-1"].sketches['__profile__"])

del mdb.models['Model-1"].sketches[' __profile_ ']

mdb.models['Model-1"].rootAssembly.DatumCsysByDefault(CARTESIAN)

mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name="Part-1-1,
part=mdb.models['Model-1"].parts['Part-1")

mdb.models['Model-1"].rootAssembly.rotate(angle=45.0, axisDirection=(0.0, 1.0,
0.0), axisPoint=(0.0, 0.0, 0.0), instanceList=("Part-1-1', ))

mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name="Part-1-2',
part=mdb.models['Model-1"].parts['Part-1")

mdb.models['Model-1"].rootAssembly.rotate(angle=-45.0, axisDirection=(0.0, 1.0,
0.0), axisPoint=(0.0, 0.0, 0.0), instanceList=("Part-1-2', ))

mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,

instances=(mdb.models['Model-1"].rootAssembly.instances['Part-1-11,
mdb.models['Model-1"].rootAssembly.instances['Part-1-2']), name="Part-2',
originallnstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.Instance(dependent=0ON, name="Part-2-2',
part=mdb.models['Model-1"].parts['Part-2"])
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mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name='Part-2-3',
part=mdb.models['Model-1"].parts['Part-2"])

mdb.models['Model-1"].rootAssembly.rotate(angle=90.0, axisDirection=(0.0, 0.0,
1.0), axisPoint=(0.0, 0.0, 0.0), instanceList=("Part-2-3', ))

mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,

instances=(mdb.models['Model-1"].rootAssembly.instances['Part-2-117,
mdb.models['Model-1"].rootAssembly.instances['Part-2-2'],
mdb.models['Model-1"].rootAssembly.instances['Part-2-3']), name="Part-3',
originallnstances=SUPPRESS)

mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name='Part-3-2',
part=mdb.models['Model-1"].parts['Part-31)

mdb.models['Model-1"].rootAssembly.rotate(angle=180.0, axisDirection=(1.0, 0.0,
0.0), axisPoint=(0.0, 0.0, 0.0), instanceL.ist=('Part-3-2', ))

mdb.models['Model-1"].rootAssembly.translate(instanceList=('"Part-3-2', ),
vector=(0.0, 0.0, le))

mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,

instances=(mdb.models['Model-1"].rootAssembly.instances['Part-3-11,
mdb.models['Model-1"].rootAssembly.instances['Part-3-2']), name="Part-4',
originallnstances=SUPPRESS)
mdb.models['Model-1"].ConstrainedSketch(name="'__profile__', sheetSize=200.0)
mdb.models['Model-1"].sketches['__profile__"].CircleByCenterPerimeter(center=(
0.0, 0.0), point1=(re, 0.0))
mdb.models['Model-1"].Part(dimensionality=THREE_D, name="'Part-5', type=
DEFORMABLE_BODY)
mdb.models['Model-1".parts['Part-5'].BaseSolidExtrude(depth=le/1.4142, sketch=
mdb.models['Model-1"].sketches['__profile__"])
del mdb.models['Model-1"].sketches[' _profile_ ']
mdb.models['Model-1"].rootAssembly.features['Part-4-1"].suppress()
mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name="Part-5-1',
part=mdb.models['Model-1"].parts['Part-5)
mdb.models['Model-1"].rootAssembly.LinearInstancePattern(direction1=(1.0, 0.0,
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0.0), direction2=(0.0, 1.0, 0.0), instanceList=('Part-5-1', ), number1=2,
number2=2, spacingl=le/1.4142, spacing2=Ile/1.4142)
mdb.models['Model-1"].rootAssembly.rotate(angle=90.0, axisDirection=(0.0, 1.0,
0.0), axisPoint=(0.0, 0.0, 0.0), instanceL.ist=('Part-5-1-lin-1-2',
'Part-5-1-1in-2-2"))
mdb.models['Model-1"].rootAssembly.translate(instanceList=('"Part-5-1-lin-1-2",
'Part-5-1-lin-2-2"), vector=(0.0, -l1e/1.4142, le/1.4142))

mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,

instances=(mdb.models['Model-1"].rootAssembly.instances['Part-5-117,
mdb.models['Model-1"].rootAssembly.instances['Part-5-1-1in-1-2'],
mdb.models['Model-1"].rootAssembly.instances['Part-5-1-1in-2-1',
mdb.models['Model-1"].rootAssembly.instances['Part-5-1-1in-2-2']), name=
'Part-6', originallnstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.features['Part-4-1"].resume()
mdb.models['Model-1"].rootAssembly.rotate(angle=45.0, axisDirection=(0.0, 1.0,
0.0), axisPoint=(0.0, 0.0, 0.0), instanceList=("Part-6-1', ))
mdb.models['Model-1"].rootAssembly.rotate(angle=90.0, axisDirection=(1.0, 0.0,
0.0), axisPoint=(0.0, 0.0, 0.0), instanceList=("Part-6-1', ))
mdb.models['Model-1"].rootAssembly.translate(instanceList=('Part-6-1", ),
vector=(-le/2, 0.0, le/2))

mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,

instances=(mdb.models['Model-1"].rootAssembly.instances['Part-4-11,
mdb.models['Model-1"].rootAssembly.instances['Part-6-1']), name="A’,
originallnstances=SUPPRESS)

mdb.models['Model-1"].ConstrainedSketch(name="__profile__', sheetSize=200.0)

mdb.models['Model-1".sketches['__profile__"].rectangle(point1=(0.0, 0.0),
point2=(le, le))

mdb.models['Model-1"].Part(dimensionality=THREE_D, name='B’, type=
DEFORMABLE_BODY)

mdb.models['Model-1".parts['B'].BaseSolidExtrude(depth=le, sketch=
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mdb.models['Model-1"].sketches[' _profile_ )
del mdb.models['Model-1"].sketches['__profile ']
mdb.models['Model-1"].rootAssembly.Instance(dependent=0ON, name='B-1', part=
mdb.models['Model-1".parts['B'])
mdb.models['Model-1"].rootAssembly.translate(instanceList=('B-1', ), vector=(
-le/2, -1e/2, 0.0))
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(
mdb.models['Model-1"].rootAssembly.instances['B-1, ), instanceToBeCut=
mdb.models['Model-1].rootAssembly.instances['A-1"], name="Part-7',
originallnstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.features.changeKey(fromName="Part-7-1',
toName='C")
mdb.models['Model-1"].rootAssembly.features['A-1"].resume()
mdb.models['Model-1"].rootAssembly.features['B-1"].resume()
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(
mdb.models['Model-1"].rootAssembly.instances['A-1"], ), instanceToBeCut=
mdb.models['Model-1"].rootAssembly.instances['B-1"], name="D’,
originallnstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.features['B-1'].resume()
mdb.models['Model-1"].rootAssembly.features['A-1"].resume()

mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,

instances=(mdb.models['Model-1"].rootAssembly.instances['A-1"],
mdb.models['Model-1"].rootAssembly.instances['B-1"],
mdb.models['Model-1"].rootAssembly.instances['C"],
mdb.models['Model-1"].rootAssembly.instances['D-1"]), name="E',
originallnstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.features['D-1"].resume()
mdb.models['Model-1"].rootAssembly.features['C'].resume()
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(
mdb.models['Model-1"].rootAssembly.instances['C"],
mdb.models['Model-1"].rootAssembly.instances['D-1"]), instanceToBeCut=
mdb.models['Model-1"].rootAssembly.instances['E-1"], name="F',
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originallnstances=SUPPRESS)

# Save by ADMIN on 2024 06 18-09.51.50; build 6.14-1 2014 06 05-05.11.02
134264

2.4.6 Chwong trinh sd cdu tric 6 dom vi O

# -*- coding: mbcs -*-

# Chuong trinh s cau tric 6 don vi V

from part import *

from material import *

from section import *

from optimization import *

from assembly import *

from step import *

from interaction import *

from load import *

from mesh import *

from job import *

from sketch import *

from visualization import *

from connectorBehavior import *

re=0.25

le=4.0

mdb.models['Model-1"].ConstrainedSketch(name="__sweep__', sheetSize=200.0)

mdb.models['Model-1"].sketches['__sweep__'].Line(pointl=(-le/2, -le/2), point2=(
le/2, 1e/2))

mdb.models['Model-1"].ConstrainedSketch(name="__profile__', sheetSize=200.0,
transform=(0.707106781186548, -0.707106781186548, 0.0, -0.0, 0.0, 1.0,
-0.707106781186548, -0.707106781186548, -0.0, -2.0, -2.0, 0.0))

mdb.models['Model-1".sketches['__profile__"].ConstructionLine(point1=(-100.0,
0.0), point2=(100.0, 0.0))

mdb.models['Model-1".sketches['__profile__"].ConstructionLine(point1=(0.0,
-100.0), point2=(0.0, 100.0))

mdb.models['Model-1".sketches['__profile_"].CircleByCenterPerimeter(center=(
0.0, 0.0), point1=(re, 0.0))
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mdb.models['Model-1"].sketches[' _profile__"].CoincidentConstraint(
addUndoState=False, entityl=
mdb.models['Model-1"].sketches[' _profile__ "].vertices[0], entity2=
mdb.models['Model-1"].sketches[' _profile_ '].geometry[2])
mdb.models['Model-1"].Part(dimensionality=THREE_ D, name="Part-1', type=
DEFORMABLE_BODY)
mdb.models['Model-1"].parts['Part-1'].BaseSolidSweep(path=
mdb.models['Model-1"].sketches[' _sweep 1, sketch=
mdb.models['Model-1"].sketches[' _profile_ )
del mdb.models['Model-1"].sketches['__profile ']
del mdb.models['Model-1"].sketches[" _sweep ']
mdb.models['Model-1"].Part(name="Part-1-Copy', objectToCopy=
mdb.models['Model-1"].parts['Part-1'])
mdb.models['Model-1"].ConstrainedSketch(name="__edit__', objectToCopy=
mdb.models['Model-1"].parts['Part-1-Copy'].features['Solid sweep-1'].path)
mdb.models['Model-1"].parts['Part-1-Copy'].projectReferencesOntoSketch(filter=
COPLANAR_EDGES, sketch=mdb.models['Model-1".sketches[' _edit__ 1],
upToFeature=
mdb.models['Model-1".parts['Part-1-Copy'].features['Solid sweep-1")
mdb.models['Model-1"].sketches['__edit__"].rotate(angle=90.0, centerPoint=(0.0,
0.0),0bjectList=(mdb.models['Model-1"].sketches['__edit__"].geometry[2], ))
mdb.models['Model-1".parts['Part-1-Copy'].features['Solid sweep-1"].setValues(
path=mdb.models['Model-1"].sketches[' _edit__'])
del mdb.models['Model-1"].sketches['__edit_ ']
mdb.models['Model-1".parts['Part-1-Copy'].regenerate()
mdb.models['Model-1"].rootAssembly.DatumCsysByDefault(CARTESIAN)
mdb.models['Model-1"].rootAssembly.Instance(dependent=ON, name="Part-1-1,
part=mdb.models['Model-1"].parts['Part-1)

mdb.models['Model-1"].rootAssembly.Instance(dependent=0ON,
name="'Part-1-Copy-1',

part=mdb.models['Model-1"].parts['Part-1-Copy'])

mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,
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instances=(mdb.models['Model-1"].rootAssembly.instances['Part-1-117,
mdb.models['Model-1"].rootAssembly.instances['Part-1-Copy-1]), name=
'Part-2', originallnstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.LinearInstancePattern(direction1=(1.0, 0.0,
0.0), direction2=(0.0, 1.0, 0.0), instanceList=('Part-2-1', ), number1=3,
number2=2, spacingl=le, spacing2=le)
mdb.models['Model-1"].rootAssembly.rotate(angle=90.0, axisDirection=(0.0, 1.0,
0.0), axisPoint=(0.0, 0.0, 0.0), instanceL.ist=('Part-2-1-lin-2-1',
'Part-2-1-lin-2-2"))
mdb.models['Model-1"].rootAssembly.rotate(angle=90.0, axisDirection=(1.0, 0.0,
0.0), axisPoint=(0.0, 0.0, 0.0), instanceL.ist=('Part-2-1-lin-3-1',
'Part-2-1-1in-3-2"))
mdb.models['Model-1"].rootAssembly.translate(instanceList=('"Part-2-1-lin-2-2",
), vector=(-le/2, -le, 1.5*le))
mdb.models['Model-1"].rootAssembly.translate(instanceList=('"Part-2-1-lin-2-1',
), vector=(le/2, 0.0, 1.5*le))
mdb.models['Model-1"].rootAssembly.translate(instanceList=('Part-2-1-lin-1-2',
), vector=(0.0, -le, le))
mdb.models['Model-1"].rootAssembly.translate(instanceList=('Part-2-1-lin-3-2,
), vector=(-2*le, le/2, -1e/2))
mdb.models['Model-1"].rootAssembly.translate(instanceList=('Part-2-1-lin-3-1',
), vector=(-2*le, -le/2, le/2))

mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,

instances=(mdb.models['Model-1"].rootAssembly.instances['Part-2-11,
mdb.models['Model-1"].rootAssembly.instances['Part-2-1-lin-1-21,
mdb.models['Model-1"].rootAssembly.instances['Part-2-1-lin-2-1,
mdb.models['Model-1"].rootAssembly.instances['Part-2-1-lin-2-21],
mdb.models['Model-1"].rootAssembly.instances['Part-2-1-lin-3-11,
mdb.models['Model-1"].rootAssembly.instances['Part-2-1-lin-3-2]), name="A'
, originallnstances=SUPPRESS)
mdb.models['Model-1"].ConstrainedSketch(name="__profile__ ', sheetSize=200.0)
mdb.models['Model-1".sketches['__profile__"].rectangle(pointl=(le/2, le/2),
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point2=(-le/2, -le/2))
mdb.models['Model-1"].Part(dimensionality=THREE_D, name='B’, type=
DEFORMABLE_BODY)
mdb.models['Model-1"].parts['B'].BaseSolidExtrude(depth=le, sketch=
mdb.models['Model-1"].sketches[' _profile_ )
del mdb.models['Model-1"].sketches['__profile ']
mdb.models['Model-1"].rootAssembly.Instance(dependent=0ON, name='B-1', part=
mdb.models['Model-1".parts['B'])
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(
mdb.models['Model-1"].rootAssembly.instances['B-17, ), instanceToBeCut=
mdb.models['Model-1"].rootAssembly.instances['A-1], name="C',
originallnstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.features['B-1"].resume()
mdb.models['Model-1"].rootAssembly.features['A-1"].resume()
mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(
mdb.models['Model-1"].rootAssembly.instances['A-1"], ), instanceToBeCut=
mdb.models['Model-1"].rootAssembly.instances['B-1"], name="D’,
originallnstances=SUPPRESS)
mdb.models['Model-1"].rootAssembly.features['A-1"].resume()
mdb.models['Model-1"].rootAssembly.features['B-1'].resume()

mdb.models['Model-1"].rootAssembly.InstanceFromBooleanMerge(domain=GEOM
ETRY,

instances=(mdb.models['Model-1"].rootAssembly.instances['A-1"],
mdb.models['Model-1"].rootAssembly.instances['B-1]), name="E’,
originallnstances=SUPPRESS)

mdb.models['Model-1"].rootAssembly.InstanceFromBooleanCut(cuttinglnstances=(
mdb.models['Model-1"].rootAssembly.instances['C-1"],
mdb.models['Model-1"].rootAssembly.instances['D-1"]), instanceToBeCut=
mdb.models['Model-1"].rootAssembly.instances['E-1"], name="F',
originallnstances=SUPPRESS)

# Save by ADMIN on 2024_06_18-10.41.27; build 6.14-1 2014 _06_05-05.11.02
134264
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Chuong 3:
THIET KE, GIA CONG MOQT SO CAU TRUC LUOI
3.1 Thiét ké cAu tric ludi

Bang cach ung dung két qua nghién ciru phuong phap mé hinh héa 6 don vi va
cau tric ludi tu dong bang phan mém phan tir hitu han ABAQUS nhu di trinh bay &
chuong 2. Nghién ctru da phat trién va thiét ké mot sb cau trac ludi dya trén thanh
chéng mai véi tiét dién thanh chong thay doi nhu tiét dién hinh tron, tiét dién hinh
vuodng, tiét dién hinh chir nhat, tiét dién hinh tam giac... va cac tiét dién khac ciing
nhu cau tric lién két thay doi. Cac thiét ké 6 don vi va cau trac ludi trong nghién
ctru ndy duoc tong hop nhu hinh 3.1:

¥ @

O don vi C thanh chir nhat RVE 2x2x2 RVE 10X10X10
O don vi D thanh chix nhat RVE 2x2x2 RVE 10X10X10
O don vi O thanh chit nhat RVE 2x2x2 RVE 10X10X10

™

O don vi V thanh chit nhat RVE 2x2x2 RVE 10X10X10
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P @

O don vi C thanh vudng RVE 2x2x2 RVE 10X10X10

¥ %

O don vi D thanh vudng RVE 2x2x2 RVE 10X10X10

O don vi O thanh vuéng RVE 2x2x2 RVE 10X10X10

O don vi V thanh vuéng RVE 2x2x2 RVE 10X10X10

¥ &

O don vi C thanh tam giac RVE 2x2x2 RVE 10X10X10




¥ W

O don vi D thanh tam giac ~ RVE 2x2x2 RVE 10X10X10

R

O don vi O thanh tam giadc ~ RVE 2x2x2 RVE 10X10X10

W

O don vi V thanh tam giac RVE 2x2x2 RVE 10X10X10

Hinh 3.1: M6t s6 cau trac luéi va 6 don vi
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3.2 Gia cdng mot sb ciu triic lwdi

Do muc do phuc tap cao, rat kho dé ché tao hinh dang chinh xac cua cau trdc
té bao bang cac phuong phap san xuat truyén théng (tao hinh bién dang, han dong,
duc, gap tdm duc 15, v.v.). Gia cong bdi dap (AM) hay con goi 1a cdng nghé in 3D
c6 kha ning san xuat cao, c6 kha ning tao ra cac vat thé 3D tryc tiép tir mé hinh
CAD bang céch thém tieng 16p vat liéu ma khéng can sy tro gilp caa céng cu
chuyén dung (Hinh 3.2). Nhu di trinh bay ¢ chuong 1, hau hét tit ca cac phuong
phap AM déu c6 kha ning tao ra cac cau tric phuc tap (hinh 3.3).

3
'||||||||l'
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Hinh 3.2: Nguyén Iy in 3D va md phong in 3D cau trac luéi
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Hinh 3.3: Cau trac ludi dugc ché tao boi cac ki thuat AM khac nhau: (a) FDM ,
(b) SLA, (c) SLS, (d) SLM, (e) EBM, va () FFF.

So db qué trinh gia cdng ciu trac ludi dugc thé hién nhu hinh 3.4:

Machine
instructions

/ 3D printer

G code

Hinh 3.4: So d6 qua trinh in 3D ciu trac luéi
Trén co s& Cac Cau trac ludi di dugc xay dung md hinh sb, nghién ctru da chon
ra mot so cau ludi dé thuc nghiém in 3D nham so sanh, kiém nghiém mo hinh so6 da
xay dung. Cac mo hinh dugc chon nhu hinh 3.5:
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Hinh 3.5: Cac mé hinh sé dugc chon dé thuc nghiém in 3D

Két qua thuc nghiém cho thdy dat két qua chinh xac. Cac md hinh xuét tur
chuong trinh sb véi céc tham sé thay ddi cho céc kich thudc hinh hoc va hinh dang
tiét dién dang voi céc gia tri da dat trén mé hinh s6. Cac mé hinh thyc nghiém duoc
thuc nghiém in 3D nhu hinh 3.6:

% CtrI+ Tao File m4 r+Q Thoa :
Mlctre0 M@ File|Ctrl+shiftsC  Copy Merged

= Y T e
L FCtrI+W éng File| Ctri+Alt+C Canvas Size

¥ cues

Lu‘uFlIe ;7Ctrl+Alt+\ Sura size anh |

Hinh 3.6: Cac mé hinh thuc nghiém in 3D tir chwong trinh sb
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Chuong 4:
KET LUAN VA KIEN NGHI

4.1 Két luan

Céu trac ludi véi nhiéu vu diém da duge phan tich nhu: khéi luong thap, do bén
cao, c6 kha nang hap thu nang lugng...Cung vdi nhitng tién bd nhanh chdéng trong
cbng nghé AM da tao dieu kién thuan lgi cho viéc tao ra cac cau truc ludi ¢6 hinh
hoc phuc tap va tuy chinh cac dac tinh co hoc mong muon. Tuy nhién viéc tng
dung cau trac ludi vao cac san pham cong nghiép hién nay van con rat han ché bai
vi van con thiéu thong tin vé cac dic tinh co hoc, chién luogc thiét ké cua cau tric
luéi cling nhu dinh dang tép CAD va phan mém cho san xuat AM. Qua ra soat tai
liéu hién c6 nhitng ton tai dugc tom tat nhu sau:

Viéc mé hinh héa va mé phong co tinh ciu tric ludi 1a mot thach thirc dang ké
boi cac phuong phap hién nay dang gap kho khan vé toc do tinh todn va tiéu ton bo
nhé. Pa phan cdc nghién ctu tap trung vao cac cau truc ludi ¢ thanh chong thang
va tiét dién la hinh tron, it c6 nghién ctru khao sat dén cac cac cau triac ludi cé thanh
chong cé tiét dién tam giéc, hinh vudng, hinh chir nhat, hinh elip...

Hau hét c4c cau tric ludi duoc thiét ké tha cong, chua c6 phuong phap hé thdng
nao ¢ thé uéc tinh ciu trac 6 don vi duoc tao tu dong nham giam céng stc va thoi
gian xu ly.

Céac phan mém c6 cong cu thiét ké va téi uu héa ciu trac ludi cho san xuat AM
tuy phét trién trong thoi gian gan day nhung van con han ché. Hon nita, khong c6
phuong phap FEA nao dugc phat trién dic biét dé phan tich cau trac luéi.

Do d6, dé dat dugc tiém ning to 16n cua cong nghé in 3D va ang dung cau trlc
lugi trong cac san pham cong nghiép, nghién ctru nay tap trung vao viéc phat trién
maot phuong phap hiéu qua dé md hinh héa ciu trac luéi. Cy thé:

- Xay dung mo hinh sé: Phat trién mot md hinh sb dwa trén phan tir hitu han
c6 kha nang mé phong chinh xéac céc cau tric ludi véi kich thudc linh
hoat va hinh dang da dang.

- X&c thuc md hinh sé: So sanh két qua trén md hinh sb voi két qua thu
nghiém in 3D dé ¢am bao d¢ tin cay caa mé hinh.

- Xay dung co so dit liéu: Tao mot co sé dir liéu vé chuong trinh sé ciia cac
loai cu trac lugi khac nhau, phuc vu cho viéc thiét ké va téi uvu hoa.

Nghién cttu gop phan cung cip maot cong cu thiét ké hiéu qua cho cac nha

thiét ké, gitp ho nhanh chéng danh gia va lya chon cac cau trac ludi cho cac (ng
dung cu thé, tir d6 thuc day viéc ang dung rong rai cau trac ludi trong cong nghiép.
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4.2 Kién nghi

Viéc xay dung thanh céng mo hinh sb 1a mot thanh cong bude dau cua quy
trinh mo hinh héa va phan tich co tinh tu dong cua vat liéu dang ciu trac luéi cho
cong nghé in 3D. Ty dong hoéa qué trinh phan tich co tinh cdu tric ludi 1a mot muc
tiéu quan trong. Diéu nay s& gilp cac nha thiét ké nhanh chong va chinh xac danh
gia hiéu suat cua cac thiét ké moéi, thuc day wng dung rong réi cau trac ludi trong
cac linh vuc khac nhau.

Nhu thé hién trong hinh 4.1 d& hoan thién so d6 nghién cttu can thuc hién cac
nghién cuu tiép theo vé md phong ciu triic ludi, so sanh két qua véi thuc nghiém va
tich hop cau trac ludi va cac san pham co khi.
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Hinh 4.1: So db nghién ctu
Tuong lai s& tién hanh nghién citu md phong co tinh ciu trac ludi tu dong trén
co s& c&c mo hinh s6 da dugc xay dung trong nghién ciru nay, so sanh thuc nghiém
va tich hgp vao céac san pham tng dung cu thé.
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