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LOI CAM DOAN

To1 cam doan day la cong trinh nghién ctru cua to1.
Céc s0 licu, két qua néu trong Ludn an 1a trung thyc va chua tirng dugc ai cong bo

trong bat ky cong trinh nao khac.

Tp. Ho Chi Minh, ngdy thdng ndam 2026

Phan Thanh Vu



LOI CAM ON
Trude tién, em xin gtri 101 cam on chan thanh dén hai thdy huéng dan 1a PGS. TS.
Pham Huy Tuén va TS. Truong Vin Mén (Pai hoc Tra Vinh). Nho nhiing sy huéng dén,
hd trg va diu dat cua hai thz‘iy ma em méi c6 thé hoan thanh duoc luin an nay. Dac bi¢t,
PGS. TS. Pham Huy Tuén khong chi 13 ngudi thiy hudng dan khoa hoc v6i phong cach
lam viéc rat chuyén nghiép va khoa hoc, ma con 1a nguoi dong nghiép, ngudi anh véi

nhitng chia sé rat than tinh trong cudc song.

Em xin giri 16i cam on dén Ban lanh dao truong Dai Hoc Cong nghé K§ Thuat TP.
HO Chi Minh va Ban chi nhiém Khoa Co Khi Ché Tao May da tao diéu kién cho em trong
sudt qua trinh hoc tap. Em ciing xin giri 16i cam on dén TS. Nguyén Van Khién (PH Cong
Thuong TP.HCM) vi nhiing chia sé that bd ich. Xin cam on ThS. Tran Thai Son, ThS.
Nguyén Vin Son, PGS. TS. Pham Son Minh va TS. Tran Minh Thé Uyén di tao diéu kién
cho em dugc st dung cac thiét bi do luong thi nghiém. Em xin cam on cac thiy c6 gido
trong cac hoi ddng danh gia bao cao Tong quan, Chuyén dé 1, Chuyén dé 2 va Bao vé cip
Co s¢ da cho em nhitng gbp y chan thanh va quy bau. Xin gtri 101 cdm on cac em sinh vién

da ho trg mdt s6 cong viéc thuc nghiém cho luan an.

Cuoi cung, xin cam on nhiing nguodi than trong gia dinh, dac biét 1a vo va hai con
than yéu da luén dong hanh, chia s¢ kho khan trong su6t qua trinh nghién ctru va hoan

thanh luan an nay.
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TOM TAT

Co cAu dan hdi 6n dinh mo-men (CCTM) la mét loai co cAu c6 kha nang tao ra mo-
men dau ra gan nhu khong doi trong mot khoang chuyén vi goc quay dau vao. Pic diém
nay gitp CCTM tr& nén wu viét trong nhiéu tmg dung yéu ciu duy tri mé-men 6n dinh.
Khi duoc thiét ké dudi dang co cdu dan hoi, CCTM thira hudng cac wu diém quan trong
nhu ché tao nguyén khdi, khong ma sat, khong khe hd, khong can bodi tron va hoat dong
khong gay tiéng dn, tir d6 gitp giam chi phi san xudt va lip rap. Dic biét, kha ning thu nho
dé dang cta co cdu dan hdi mo rong pham vi ing dung ctia CCTM trong nhiéu linh vuc,
bao gdém thiét bj hd trg chirc ning khdp, tay gip on dinh luc, co ciu triét tiéu dao dong

X04an, v.v.

Mot trong nhirng loi ich quan trong cia CCTM 1a kha ning cai thién hiéu suat cua
céc thiét bi hd trg chirc nang. Khi tich hop vao cac thiét bi hd tro khép gbi, CCTM gitp
giam su phu thudc vao dong co va h¢ théng diéu khién, tao ra thiét bi nho gon, co dong
hon. So véi céc co ciu st dung 10 xo truyén théng, CCTM mang lai trai nghiém van dong

tir nhién hon nho duy tri mé-men hd tro 6n dinh trong sudt qua trinh di chuyén.

Pé ting cuong tinh tng dung thyc tién cia CCTM, nghién ciru nay tap trung vio
thiét ké cac co ciu co kich thuéc nhoé gon nhung van dam bao khoang 1am viéc 6n dinh
mo-men 16n. Pay 1a mot thach thirc do pham vi lam viéc rong c6 thé dan dén ung suat 1om,
vuot qua gidi han cho phép. Bén canh do, qué trinh phan tich va tinh toan vdi céc truong
hop bién dang rat 16n ciing gap nhiéu kho khian. Nham giai quyét cac van dé nay, luan an

dé xuét ba quy trinh tong hgp CCTM hoan toan ty dong trén phan mém MATLAB:
1. Két hop phuong phép phan tir hitu han trén ABAQUS véi giai thuat di truyén GA.

2. Két hop phuong phap mé hinh rang budc dam lién két (CBCM) dé tinh toan chuyén

vi goc quay, mod-men va Ung suat v6i giai thuat di truyén da muyc tiéu NSGA-II.

3. Két hop phuong phap CBCM véi phan tich d6 tin cdy FORM va giai thuat NSGA-

II nham t61 vu hoa thiét ké trong di€u kién c6 xét dén cac yéu to ngau nhién.

Vil



Két qua thu duoc tir cac quy trinh 12 bdn CCTM méi da dé xuat, trong d6 dang chu
¥ nhit 1a:

« CCTM-3 véi thiét ké don gian, khoang lam viéc 6n dinh moé-men 1én dén 80°,
khoang gia tai nho (chi 5°), tir 46 giup cho khoang lam viéc 6n dinh mo-men 16m,

chiém 94,1% tong pham vi 1am viéc.

e CCTM-4 v6i khoang 1am viéc on dinh mo-men dat 88°, sai sb nhé hon 3% so véi
gia tri mo-men mong mudn va kich thudc nhd gon vugt trdi so voi cac thiét ké trudc
day. Dic biét, qua trinh tdi vu hoa CCTM-4 da tinh dén sai sé gia cong gy ra boi

cac yéu t6 ngu nhién, dam bao d6 tin cay dat 99,88%.

Céc thyc nghiém ciing da duoc tién hanh dé danh gia lai cac két qua tinh toan ly
thuyét va mé phong, tir d6 mot 1an nita khiang dinh tinh chinh x4c va hiéu qua cua cac quy

trinh tong hop dugc dé xuit.

Ngoai ra, luin an cling dé xuat mot tng dung ciia CCTM trong co sinh hoc 13 thiét
bi hd trg chire niang khép gdi tich hop co cdu 6n dinh md-men c6 két cau don gian hon so
v6i cac thiét bi hd tro sir dung dong co két hop cam bién diéu khién. Thiét bi nay giup cho
nhirng ngudi 16n tudi, ngudi dot quy va nhirng ngudi bi yéu chirc ning van dong khép goi
thuc hién cac van dong hang ngay nhu di lai, di 1én xuéng ciu thang, di duong dbc, ... mot

cach dé dang va thoai mai.
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ABSTRACT

The compliant constant-torque mechanism (CTCM) is a type of mechanism capable
of generating an output torque that remains nearly constant over a range of input angular
displacements. This characteristic makes CTCMs highly advantageous for applications
requiring stable torque. When designed as a compliant mechanism, CTCMs inherit several
key benefits, including monolithic fabrication, zero friction, no backlash, no need for
lubrication, and silent operation, leading to reduced manufacturing and assembly costs.
Additionally, the ease of miniaturization in compliant mechanisms expands the
applicability of CTCMs across various fields, such as mobility-assisted devices, force-

stabilizing grippers, and torsional vibration isolators.

One of the significant advantages of CTCMs lies in enhancing the performance of
mobility-assisted devices. When integrated into knee joint mobility-assisted devices,
CTCMs reduce reliance on motors and sensor-based control systems, resulting in more
compact and portable devices. Compared to traditional spring-based mechanisms, CTCMs
provide a more natural movement experience by maintaining a nearly constant assistive

torque throughout the motion cycle.

To enhance the practical applicability of CTCMs, this study focuses on designing
mechanisms that are compact while maintaining a large constant-torque working range.
This presents a significant challenge, as increasing the working range often leads to higher
stress levels, potentially exceeding the range of elastic deformation. Additionally,
analyzing and computing large deformation cases in such mechanisms is complex. To
address these challenges, this dissertation proposes three fully automated CTCM synthesis
procedures implemented in MATLAB:

1. Combining the finite element method (FEM) in ABAQUS with the genetic
algorithm (GA).

2. Integrating the chained beam-constraint model (CBCM) for displacement, torque,

and stress calculations with the multi-objective genetic algorithm NSGA-II.

X



3. Combining the CBCM method with the first-order reliability method (FORM) and

NSGA-II to optimize designs under uncertain manufacturing conditions.
The synthesis results yielded four new CTCMs, among which the most notable are:

o CTCM-3, featuring a simple design, a constant-torque working range of up to 80°,
and a small preload range (only 5°), resulting in a large constant-torque working

range that accounts for 94.1% of the total operational range.

o« CTCM-4, with a constant-torque working range of 88°, a torque deviation of less
than 3% from the desired value, and a significantly more compact size than
previously published CTCMs. Furthermore, the optimization process for CTCM-4

incorporated manufacturing uncertainties, ensuring a reliability level of 99.88%.

Theoretical calculations and simulation results were validated through experimental
testing, further confirming the effectiveness and accuracy of the proposed synthesis

methodologies.

In addition, the dissertation proposes an application of the CCTM in biomechanics —
a wearable knee-assist device that integrates a CCTM and features a simpler structure
compared to motor-driven and sensor-controlled exoskeletons. This device assists elderly
individuals, stroke patients, and those with weakened knee joint function in performing
daily activities such as walking, climbing stairs, and moving on slopes more easily and

comfortably.



MUC LUC

LY LICH KHOA HOC ..ottt i
LOTCAMBOAN. ..., v
LOTCAM ON....iiiiiiiiiii e, vi
TOM TAT .. e, vii
AB ST R A CT ... e X
MUC LUC . .. e e e e e e e, Xi
DANH SACH CAC CHU VIET TAT.....oooiiiiiii e, Xiv
DANH MUC CAC HINH ANH. ...t XV
DANH MUC CACBANG . .......oooiiiiiiiiiiie e, xviii
MO DAU ..., 1
1oLy do Chon @8 tA1. ... eeee e, 1

2. MUC U CUA GG T, ... 2
3.Nhi€m vu nghin CUU. ..o e e 2

4. Pham vinghi€n ClUU. .......ooiiii e 3

5. Hudng tiép can va phuong phap nghidn clu...........oeiuueeie e 3

6. Y nghia khoa hoc va thyc tién ctia d& tai nghin ciu.............coeeveeeiieeeiieeeenn... 4

7. CAUIAC CUATUANI AN ..o 5
Chuong 1 TONG QUAN ......oooimiiieeeeeeeeeeeeeee e nesnaees 7
1.1 €O CAU GAN DO oo 7
[.1.1  Khai ni€m ChUNG ......oooiiiiiiiieii ettt 7

1.1.2 Uu diém ciia o CAU GAN NOT....veeeeeeeeeeeeeeeeeeeeeee e 9

1.1.3  Han ché ciia co CAU AN NOT....vveeeeeeeeeeeee e 9

1.14  Ung dung ctia co cAU dAN NOT....c..veveeeeeeeeeeeeeee e, 9

1.2 Co chu dan hdi On dinh MO-TNEN........oeeeeeeeeeeeeeeeeeeeeeee oo s s s e, 11
L2 1 GIOThICU ..ttt e e e eenne s 11

122 Co cau dan hoi dang cuc DO ........oveveeeeeeeeeeeeee oo 15

X1



1.2.3  Co cau dan hdi dang Phan tAN .............ooeveveeeeeeeeeeeeeeeeeeeeeee e 17

124  Co cau dan hdi mo-men dang 10 X0 Chit C....oveeeeeeeeeeeeeeeeeeeeeeeeeeeeeens 22
1.3 Danh gia vé co cAu dan hoi 6n dinh MO-MeN .........o.eveeveeeeeeeeeeeeeeeeeeeeeeean. 23
Chuong2 CO SO LY THUYET ..o 30
2.1 Duong cong BEZIET ........cooviiiiiiiiiiiiieeeeeteeeee et 30
2.1.1  Dang tong quat duong cong BEZICT ..........oooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeesenees 30
2.12  Dudng cong Bezier DAC NNAL ..........o.ovueveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 30
2.1.3  Duong cong Bezier bAc hal .......ccccevviiiiiiiiiiiiiiiieeeee e 31
2.1.4  Duong cong Bezier bAC ba .......ccceevviiiiiiiiieiiiiee e 32
2.1.5  Céc tinh chit ctia duUong cong BeZIeT:.........c.ovueeeeeeeeeeeeeeeeeeeeeeeeeeerenees 33
2.2 Giai thuat di truyen GA vA NSGA-IL. ..o, 34
2.3 Phuong phap phan tir RU NAN ......c.oveveeeeeeeeeeeeeeeeeee e 36
2.4 Phuong phap Chained Beam-Constraint-Model (CBCM) .........ccccceeevvieeenennn. 37
2.5  Téi uu hoa theo dd tin CAY rteeeteeeereeeeitteeeseteeesbeeesabeeesbee e e baeeabaeeerbeeesaeeesaaeanns 39
2.6 Phuong phap phén tich do tin cdy bac nhdt FORM...........cc.cccoovvuvveivirersenan, 42
2.7 VatlGu PEEK .....cciiiiiiie e 43

Chuong 3 THIET KE VA TOI UU HOA CO CAU PAN HOI ON PINH MO-MEN

DUA TREN GIAI THUAT DI TRUYEN ..ot 46
3.1  Phuong hudng Chung...........cocoiiiiiiiiiieeeeee e 46
3.2 Toiuuhoda co ciubang GA VA FEM.......oooioieeeeeeeeeeeeeeeeeeeeeeeeeeeees e 46

32.1 Cociu CCTM dung cho thiét bi luyén tap chic nang (CCTM-1).............. 48
322  Cociu CCTM hai giai doan (CCTM-2) .....coowmevemeeeeeeeeeeeeeeeeeeeeeseneean. 54
3.3 Téiuu hoa co ciu bang NSGA-IL vA CBCM .......o.oveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeae 62
33,1 GHOT thIBU . o..eeeeeeeeeeeee e 62

xii



3.3.2  Thiét ké va t61 ut hoa (CCTM=3) ..ouomeieeeeeeeeeeeeeeeeeeeee e 62
333 Kt qUA VA thA0 TUAN ...o.vevieeeeeeeeee e, 73
334  Khao sat moi s0 bd ctia co CAU CCTM..miemieoieeeeeeeeeeeeeeeeeeeeeee e 83

Chuong 4 THIET KE VA TOI UU HOA CO CAU PAN HOI ON PINH MO-MEN

DUA TREN DO TIN CAY ..o 86
A1 GEOTHIGU covoeoeeee e, 86
4.2 Thiét ké va t81 rt BO& (CCTM4) ..ot 87

421 Y tuONG thiBt K& ....o.oooeeeieeeoeeeeeeeee e 87
4.2.2  Phan tich mo hinh vO1 CBCM ..., 88
423  Tbiuwu hoda co ciu theo do tin CAY tevreeererreerreeesreeeeiteeeentteeessreeenaseeennseeennneas 96
43 KEt QUA O WU MO ..o, 103
4.4  Kiém chimg két qua v6i FEM va thuc nghidm .........coooveeveieeeeeeeeeeeeeeeeans 106

Chuong 5 UNG DUNG CO CAU PAN HOI ON BINH MO-MEN VAO THUC TE

116
5.1  Tiéu chuin vé tng dung cac thiét bi trong co sinh hoc ........oeveveveeeeeereeeene.. 116
5.2 Thiét bi hd trg chtrc NANG KNOP GO1 «.vevoveeeeeeeeeeeeee e 117

521 GO tRIBU ..o 117
522 Thibt K&, Che a0 ..o..oveoveoeeieeeeeeeeeeeeeeee e 120
5.3  Han ché trong viéc ing dung CCTM vao thyc BE e, 123

Chuong 6 KET LUAN VA HUONG PHAT TRIEN ......ooooimiieieeeeeeeeeeeeeeeeeae 126
6.1 KB TUAN ..o 126
6.2 HUGHE PRAL tHHEN ..., 128

TAILIEU THAM KHAO. ..o 129

DANH MUC CAC CONG TRINHCONG BO.........ooviiiiiiiiiiii e 143

Xiil



DANH SACH CAC CHU VIET TAT

Chir viét tit | Chir ddy dii (tiéng Anh) ' Nghia tiéng Vigt
BM Bistable Mechanism Co cAu On dinh hai vj tri
CBCM | Chained Beam-Constraint-Model | Mo hinh rang budc dim theo chudi |
CCTM | Compliant  Constant-Torque | Ca céu dan hdi én dinh mé-men
Mechanism :
CPM | Constant-Force Mechanism | Cochuéndinhle
CNC | Computer Numerical Control | Didu khién s bing mdy tinh
CM  CompliantMechanism | Cocudinhdi
CTM  Constant-Torque Mechanism | Cocudndishmo-men
CoV | Cocfficientof Variation | Hesébiénthien
FEM | Finite Blement Method Phuong phép phin ti hiru han
GA Genetic Algoritm | Giaithuatdiruydn
MEMS | Microelectromechanical Systems | Hé théng vicodignte
Nes . Nehencwsin

__________________________________________________________________________________________________________________________

NSGA-II ;Non—Dominated Sorting Genetic Thuat toan di truyén sip xép

Algorithm II khong bi chi phéi 1T
PEEK | Polyether Ether Ketone |
RBDO | Reliability-Based ~ Design | Téi wu hoa thiét ké dua theo do tin-

Optimization cay
STD | Standard Deviation  |Polechchuin

X1V



DANH MUC CAC HINH ANH

Hinh 1.1 Co cu 6n dinh lyc dang co cdu khau cimg truyén théng [1].....c.ceeveeveeeeeeenee. 8

Hinh 1.2 Co c4u 6n dinh luc dang co cdu dan hoi ding 6n dinh luc cho robot danh bong

L2 ettt h e bbbttt e a e e h b e bt e bt e bt et e et en b e ehteehe e bt e beenee 8
Hinh 1.3 Thiét bi hd tro phuc hdi chire nang su dung dong co va hé diéu khién hoi tiép [52]
........................................................................................................................................... 12
Hinh 1.4 D6 thi mé-men xo0dn — gdc quay cua co cAu 6n dinh mé-men................c.......... 13

Hinh 1.5 Céc tng dung tiém ning cia CTM: (a) Co ciu can bang trong lyc, (b) Thiét bi hd

trg di chuyén, (c) Thiét bi tap luyén phuc hoi chirc ning, (d) Can bang dong mé-men xoin

L8 ettt ettt bbbt b et e a bt e at e e at e h e e bt e bt e b et eateeanes 13
Hinh 1.6 Phan 108 €0 CAU CTM ....couvummriireireriieseiseessesessesessessssessssssssesssesessessssessens 14
Hinh 1.7 Co cdu CTM Két hop A0 CUNE [8] «-vuvvveeeeeeeeeeeeeeeeeeeee e 15
Hinh 1.8 Co cu CTM dUNg M [8] ...vuvveeeeeeeeeeeeeeeeeeeeeee oo 16
Hinh 1.9 Co céu 16 xo quay phi tuyén 6n dinh mo-men [68].........ooeveveeveemeeeeeeeereeeeereans 16
Hinh 1.10 Co cAu CTM 0h Ma SAt [8] ...vuveeeeeeeeeeeeeeeeeeeeeeeeeeeseee e eeeeeeseeeeeeeeeeeeeeseseees 17
Hinh 1.11 Céc co cdu CCTM dUng thanh CONE .........vmveveeeeeeeeeeeeeeeeeeeere s e 19
Hinh 1.12 Co cidu CCTM dung trong diéu Khién vi tri .......oo.ovoeveeeeeeeeeeeeeeeeeeee e 20
Hinh 1.13 Co cdu CCTM ¢6 mo-men bang KNONE ..........c.ovevieeveeeeeeeeeeeeeeeeeeeeeeees 21
Hinh 1.14 Co cdu CTM dung trong kim phau thuat............co.oveveiueeeeeeeeeeeeeeeeeeeeeans 21
Hinh 1.15 Céc loai 16 xo0 6n dinh md-men dang chlt C.....coooviiiiiie e, 22
Hinh 2.1 Céc dang duong cong BeZIeT..........cceeeiiiiiiiiiieeiiieciieeeee et 32
Hinh 2.2 6 thi ham co so clia dudng cong Bezier bAC ba .........co.oveveveeeeeeeeeeeeeeeeeans 33
Hinh 2.3 Luoc d0 iai thUAt GA ..ot 35
Hinh 2.4 M6 hinh dim c6ng x6n phan tich bang CBCM [103]....c.ovvvieveieeeceeeeen. 37
Hinh 2.5 M6 ta mot két qua x * bat ky ctia bai toan tdi uu hoa [105]....eeveeeeeeeeeeeeee. 41
Hinh 2.6 M6 ta mot két qua t6i wu x * bat ky cta bai toan t6i vu héa RBDO [106]........ 42
Hinh 3.1 Luu d6 thuét toan t6i wu hoa bang giai thudt di truyen ...........coeeevveeveeeeveeenne. 47
Hinh 3.2 a) M6 hinh thiét bi luyén tap chirc ning, b) phuong an thiét ké CCTM-1......... 48

XV



Hinh 3.3 So d6 céc bién thiét ké va diéu kién bién mot nhanh ctia CCTM-1 .........onne.ee. 49
Hinh 3.4 Pudng cong Bezier cua co ciu CCTM-1 (a) va két qua mé phong tir ABAQUS

() OO P USRS 52
Hinh 3.5 M6 hinh 3D ctia ¢0 cAU CCTM-=1 oo 52
Hinh 3.6 D6 thi mbi lién hé gitta Mo-men — Goc quay ctia CCTM-1 ..o 53
Hinh 3.7 Méi quan hé ctia Mé-men — Goc quay cua co ciu CCTM hai giai doan.......... 54
Hinh 3.8 Y tudng thiét ké co cdu CCTM hai giai doan a) Mo ta trang thai bién dang “bat”
(buckling) ctia mét thanh va b) ¥ tuong két cau cia CCTM-2 ....oo.veeeeeeeeeeeeeeeeeeeeae. 55
Hinh 3.9 Bién thiét ké va diéu kién bién mot nhanh ctia co cAu CCTM=2 ....ooveeeeeen.. 56

Hinh 3.10 Bién dang dudng cong Bezier cia CCTM-2 (a) va két qua mo phong 1D tir

ABAQUS (D) 1ttt ettt ettt et st sttt et ettt ettt e b et et e enaeeeeenseenee 59
Hinh 3.11 M6 hinh 3D ctia co ciu CCTM-2 (a) va sy bién dang cta cac phan tir dan hoi &
MO hiNh 3D (D) oo 59
Hinh 3.12 Két qua mo phong mdi lién hé gitta Mé-men — Goc quay cia CCTM-2......... 61
Hinh 3.13 Y tudng thiét ké co cau CCTM khoang 6n dinh 10n. ........cc.coovevveeeerverennnnnn. 63
Hinh 3.14 Bién thiét ké ctia dudng cong BeZieT...........o.eveeureeeeeeeeeeeeeeeeeeeeeeeeeeeeeesre s 65

Hinh 3.15 Chia phﬁn ttr cho dam tai & trang thai chua bién dang tai vi tri ban dau (a) va vi

T AA XOAY A1 (D) cvvieeiiiieeiiie et ettt e e e e e e e nbaeeeaaeeenraeas 67
Hinh 3.16 PhAn t thiT § .......ovvveeeeeeeeeeeeeeeeeeeee e 67
Hinh 3.17 Luu d6 qui trinh t6i wu héa NSGA-II dya trén CBCM...........coocovvverrerennnnn. 73
Hinh 3.18 Sy phan bd dan sé ctia mot vai thé hé trong qua trinh tién hoda........................ 75
Hinh 3.19 Pudng cong Bezier téi wu (a) va mo hinh 3D ctia CCTM (b) ...voveeeeeeennn 76
Hinh 3.20 Két qua tir qua trinh t6i wu héa NSGA-II dya trén CBCM ........cocvvveeeeean 76
Hinh 3.21 Két qua mo phong tir phan mém ABAQUS .......ovveeeeeeeeeeeeeeeeeeeeeeeeeens 77
Hinh 3.22 Co cau CCTM ché ta0 thirc t€ ..........coovvveeeeeeeeeeeeeeeeee e 78
Hinh 3.23 Thiét 14p thi nghiém: (a) thiét k&, (b) thuc t€ ......o.oveveeeeeeeeeeeeeee e 78
Hinh 3.24 Tua vit dién tor GLK 060 ctia hing KTC (NQuon: ktc.jp) «....oeveeeeeeeeeeeeeene. 79

Hinh 3.25 CCTM & céc vi tri khac nhau: (a) vi tri ban ddu goc quay 0°, (b) vi tri bién dang
ZOC QUAY 859 ittt ettt ettt ettt e e e et e et e e et e e e n bt e et e e e nbee e bt e e anbeeeebaeeenaeeens 81

XVi



Hinh 3.26 Céc két qua tir CBCM, FEM va thurc nghidm ..........cc.cocooevvveeveiveeeeseeeennn. 81
Hinh 3.27 M4y thtr nghiém méi cho co cdu CCTM: (a) mé hinh thiét ké trén CAD; (b) thiét

DI TIUC 1€ 1.ovoiveiee sttt 84
Hinh 4.1 Y tudng thiét ké CCTM-4 véi (a) co cau hoan chinh va (b) mot nhanh............ 87
Hinh 4.2 C4c bién thiét ké ctia co cAu CCTM4 ......coivonriiriererieeieeesesess s 89
Hinh 4.3 Céc thong s6 dung dé mo hinh hoa €O CAU.........vevveeeeeeeeeeeeeeeee e 89

Hinh 4.4 Gian db lyc ctia cic phan tir (a) phan tt 1, (b) phan tir 2, (¢) phan tir 3, (d) phan

190 0 OSSO PUP SRR 90
Hinh 4.5 Gian d0 Iwc cla PRAN T 5 ... 91
Hinh 4.6 Chia phan t0r cho dAm CONE ..........ovveeeeeeeeeeeeeeeeeeee oo 92
Hinh 4.7 Phan t0 thit § 02 dAm CONEG........vveeeeeeeeeeeeeeeeeeeeeee e 92
Hinh 4.8 Luu d6 giai thuat t6i wu hoa theo do tin ciy bang NSGA-IL.........cccooeevemn.... 101
Hinh 4.9 Két qua mo-men, (mg suat thu dugc tir toi wu hoa theo do tin cdy .................. 105
Hinh 4.10 Phan tich cac thanh phan tmg sudt theo CBCM .........cooviuieeeveeeeeeeeeeeen. 105
Hinh 4.11 Két qué toi vu mot nhanh va mé hinh 3D clia €O CAU .....vvvevveeeeeeene, 106
Hinh 4.12 Két qua mo phong trén ABAQUS ..o oo 107
Hinh 4.13 (a) Quét bién dang 3D co ciu va (b) so sanh bién dang 2D cua co cau thuc té va
€O CAU THIEE K& ...ttt 107
Hinh 4.14 Thiét 13p thi nghiém do MO-TMEN ........coueveeeeeeeeeeeeeeeeee et 110
Hinh 4.15 Hinh anh CCTM-4 & vi tri ban dau va bién dang ¢ 50° va 100° .................... 110
Hinh 4.16 So sanh m6-men gitta CBCM, FEM va thuc nghiém .............ccccoeeiiiennnnnne. 111
Hinh 4.17 Géc bo tai giao diém ba dam khi gia cong thyre t€ ..........cc.oveevveeeeeeeeeeean. 113
Hinh 4.18 So sanh co cdu CCTM-4 véi cdc CCTM d3 cOng bO ..o, 114
Hinh 4.19 Su phat trién ctia luan 4n thong qua bon CCTM di tong hop.......ceeeeeenee.... 115
Hinh 5.1 Pai trg luc khop gbi Power Knee (Nguon: besport.vn) ...........oeeeeeeeeeeen.... 119
Hinh 5.2 Thiét bj hd tro chirc ning khép gdi tich hop co cdu CCTM dang duoc mang trén
chan nguoi (a) va cach thire thiét bi hoat dONE (D) .......ovevveeeieeeeeeeeeeeeeeeeee e 120
Hinh 5.3 CAu tao thiét bi hd tro chtrc ning khdp gdi tich hop CCTM......oeeeeeeeene. 122
Hinh 5.4 Thiét bi hd trg chirc nang khép gbi tich hgp CCTM duoc ché tao thyc té ...... 122

XVil



DANH MUC CAC BANG

Bang 1.1 Phén loai va tng dung cia co cAu dan NOi.........c.oouveeveeeeeeeeeeeeeeeeeeeeeeeeas 10
Bang 1.2 Tom tit cac CCTM tong hop tir viéc tdi vu hda cac dAm cong..........co.vee....... 25
Bang 3.1 Mo hinh t6i wu hoa ctia €0 cAu CCTM-A1 oo 50
Bang 3.2 Gia trj toi uu cac bién thiét ké ctia CCTM-1....ovieieeeeeeeeeeeeeee e 51
Bang 3.3 Mo hinh t6i wu hoa ctia €0 cAu CCTM=2 ... 57
Bang 3.4 Gia trj toi wu cac bién thiét ké ctia CCTM=2......o.ovmvieeeeeeeeeeeeeeeeeeeeeeeeees 58
Bang 3.5 Sai 86 gid tri MO-MEN QAU TA ....oeoveeeeeeeeeeeeeeeeeeeeeeee e 62
Bang 3.6 Mo hinh téi wu hoa ctia co cdu CCTM hanh trinh 16m.......c.ooeveeeeveeeeeeeeeeean 74
Bang 3.7 Gia tri toi wu cac bién thiét ké cia CCTM hanh trinh 16n .............coovvevveennenee. 75
Bang 3.8 Sai $6 gid tri MO-MEN QAU TA ....eoveeeeeeeeeee e 82
Bang 3.9 So sanh co cdu CCTM-3 va cac CCTM d3 cONE DO ..o 83
Bang 4.1 Mo hinh t6i wu hoa CCTM-4 theo d0 i CAY «....v.vvveeeeeeeeeeeeeeee e 98
Bang 4.2 Gia trj toi wu cac bién thiét ké ctia CCTM4......vovieeeeeeeeeeeeeeeeeeeee . 104
Bang 4.3 Danh gia bé rong ctia c4c dam dAn DO ..........ovevveeeeieeeeeeeeeeeee e 108
Bang 4.4 Danh gia sai 1éch vi tri ctia cac dam cong thuc t.........o.ovvevveeeeeeeeeeeeea. 108

Xviil



MO PAU

1. Ly do chon dé tai

Co céu dan héi (Compliant Mechanism — CM) 1a loai co cdu c6 kha ning truyén
hodc bién d6i chuyén dong dua trén sy bién dang dan hoi, cho phép tich trir va giai
phéng ning luong bén trong chinh cac phan tir cu triic. Nho vao diac diém nay, co
céu dan hoi c6 thé duoc ché tao nguyén khéi, gitip giam thiéu ma sat, mai mon, don
gian hoa qué trinh lap rap va ha thip chi phi ché tao so véi cac co cdu khau ctng
truyén théng. Dic biét, ddi vai cac ung dung c6 yéu cau thu nho kich thudc, viée st
dung co cdu dan hdi mang lai loi thé dang ké, boi trong truong hop nay, ché tao va
lap rap céc chi tiét nho theo phuong phap truyén thong s& gap nhiéu khé khin va
thach thurc.

Co ciu 6n dinh mo-men (Constant-Torque Mechanism — CTM) 1a co ciu c6 kha
ning tao ra mot mo-men gan nhu khong d6i trong mot khoang goc quay dau vao nhit
dinh. Nho dic tinh nay, CTM tro thanh mot giai phap hiéu qua cho céc thiét bi can
kiém soat moé-men ma khéng phu thudc vao hé théng cam bién hay diéu khién phirc

tap, tir 46 gop phan don gian hoa két ciu va giam chi phi thiét bi.

Khi CTM duoc thiét ké dudi dang co cAu dan hoi, ta ¢6 co cdu dan hoi 6n dinh
mo-men (CCTM — Compliant Constant-Torque Mechanism). CCTM két hop duoc
ca vu diém cia co cdu dan hdi 1an kha ning duy tri m6-men khong d6i, khién né trd
thanh mot hudng nghién ctru day tiém ning trong linh vuc co sinh hoc. Trong thap
ky qua, mic di co cdu dan hoi 6n dinh Iyc (Compliant Constant-Force Mechanism —
CCFM), von hoat dong véi chuyén vi tinh tién, d3 nhin duoc nhidu su quan tam
nghién ctru, nhung CCTM — véi dau vao 1a chuyén dong quay — van chua duoc khai
thac dﬁy du. Pac biét, CCTM c6 thé ung dung hi€u qua trong cac thiét bi hd tro phuc
hdi chuc ning khop, gitip giam trong lwong, ting tinh co dong va cai thién hiéu sut

hoat dong cua thiét bi.

Tuy nhién, mot trong nhing han ché 16n ciia co ciu dan hoi néi chung va CCTM

n6i riéng 1a pham vi hoat déng bi gidi han do phai lam viéc trong vang dan hdi cua



vat lidu. Didu nay lam giam dang ké tinh tmg dung cia CCTM trong thyc té. Do do,
viéc nghién ciru va phat trién céac thiét ké CCTM c6 khoang lam viéc 16n, dong thoi
van dam bao Gmg suét trong gidi han cho phép va két cu nho gon, 13 mot yéu cau cp
thiét.

Mit khéac, hau hét cac CCTM c¢6 khoang 6n dinh 16n hién nay déu duoc ché tao
bang phuong phap phay CNC tir vat liéu nhya. Qua trinh gia cong nay c6 thé giy ra
sai léch hinh hoc cua cac dim dan hoi do luc cét tac dong, tir d6 anh hudng dén kha
ning hoat dong va hiéu suit cta co cu. Tuy nhién, cho dén nay, chua c6 nghién ciru
nao xem xét mot cach toan dién anh hudng cua yéu té gia cong dén chat luong thuc
té cia CCTM trong qua trinh thiét ké toi wu. Do d6, ngoai viéc tim ra cac giai phap
thiét ké nhadm mé rong pham vi hoat dong ciia CCTM, can phai nghién ctru thém céc
yéu t6 ngu nhién xay ra trong qua trinh gia cong dé dam bao rang co cu sau ché tao
van dat dugc cac yéu cau thiét ké dé ra.

2. Muc tiéu cuaa dé tai

Muc tiéu chung

Nghién ctru thiét ké va tdi wu hoa co cdu CCTM c6 khoang 6n dinh 16n va kich
thude nhod gon, phu hop dé ng dung trong cac thiét bi co sinh hoc. Giai phap thiét
ké phai dam bao co cdu duy tri duge dic tinh 1am viéc mong mudn ngay ca khi xut
hién céc sai s6 ngiu nhién phat sinh trong qua trinh gia cong, thong qua tiép can tdi
uu héa dya trén phan tich do tin cdy.

Muc tiéu cu thé

- Dé xudt va mo ta tdi thiéu 23 cau hinh thiét ké méi cia CCTM nham ting

chuyén vi géc quay 6n dinh mé-men (hon 65°) va giam kich thudc dudng kinh
ngoai ciia co cau (khong qua 100 mm) so voi cac thiét ké hién co.

- Phat trién mé hinh tinh toan nhanh, chinh xac cho chuyén vi, mé-men va ung

suit cia CCTM dura trén phuong phap mé hinh rang budc dam lién két CBCM

(Chained Beam-Constraint Model), c6 kha ning mo ta bién dang 16n.



3.

Thiét 1ap quy trinh phan tich d6 tin ciy (dwa trén FORM) dé danh gia va dua

rang budc do tin cdy vao qua trinh thiét ké.

Tich hgp CBCM va FORM vio giai thuat téi wu da muc tiéu NSGA-II dé thyc

hién t6i wu hoa theo d6 tin cy.

Ché tao mau thir nghiém, thuc hién thir nghi€ém do dac dé so sanh két qua mo

phéng va xac nhén tinh hi€u qua cua thiét ké to1 uu.

Dé xuét, thiét ké it nhit mot ung dung thuc té trong thiét bi co sinh hoc c6 tich

hop CCTM.

Nhiém vu nghién ciru

b¢é dat dugc cac muc ti€u nghién clru trén, ludn an nay thyc hién cac nhi€ém vu

nghién clru sau day:

Thu thap, hé thong héa cac nghién ciru lién quan dén co cau 6n dinh mo-men
va tmg dung trong co sinh hoc, tir d6 xac dinh cac tiéu chi thiét ké.

Dé xuit cac thiét ké méi cho CCTM c6 kha ning giam (ng suét tip trung nham
tang chuyén vi goc quay ma van giit dugc sy nho gon cia co cau.

X4y dung mo hinh tinh toan chuyén vi, mé-men va tng suit cia CCTM dua
trén phuong phap CBCM.

Phén tich d6 tin cdy cho CCTM duya theo phwong phap do tin cdy bac nhat
(FORM).

Tich hgp mo hinh tinh toan CBCM va phan tich d6 tin cay FORM vao giai
thuét t6i wu hoa da muc tiéu NSGA-IL.

Thiét ké t6i vu héa CCTM theo db tin cdy dwa trén phuong phap CBCM bing
giai thuat NSGA-II.

Ché tao CCTM theo phuong an t6i uu va tién hanh thir nghiém do mo-men,
chuyén vi.

Thiét ké tich hop CCTM vao it nhdt mot ing dung co sinh hoc. Tién hanh danh

gi4 ban dau va thao luan vé kha ning trién khai tiép theo.

. Pham vi nghién ctru



Poi twong nghién ciru

o Céc chu triic co cAu dan hoi on dinh mo-men c¢6 chuyén vi 16n va ngudn bién
dang chinh 14 uén thanh/dam.

« Uu tién céc cdu tric c6 kha ning tich hop vao thiét bi co sinh hoc (hinh dang
va kich thuéc nhé gon, pham vi goc chuyén d6i phu hop).

Phwong phap va cong cu

e Phan tich tinh va tinh dong hoc dya trén CBCM dé mo ta chuyén vi lon; so
sanh danh gia bang phan tir hitu han (FEM) khi can.

« Phan tich d9 tin cay sir dung phuong phap FORM cho rang budc thiét ké.

o T6i uu hoa da muc tiéu st dung NSGA-II v6i tich hop rang budc do tin cay.

o Thiét ké, md phong va ché tao mau thir nghiém dé xac nhan mé hinh.

Vit ligu va diéu kién 1am viéc

o Xem xét cic vat liéu dan hdi phu hop va lga chon cu thé dua trén yéu cu tung
truong hop thiét ké.

« Nghién ctru tap trung & diéu kién tai tinh.

Gia thiét va giéi han

« Phan tich do tin cdy tap trung vao ngudn bién thién chinh 14 sai s hinh hoc va
kich thuéc dam do cac nguyén nhan ngiu nhién phat sinh trong qua trinh gia
cong ché tao.

e Pham vi thtr nghiém gidi han & mtc chirng minh nguyén 1y va thyc hién trong
diéu kién tai tinh. Cac tac dong vé téc d6 quay khi thir nghiém khong dugc xét
dén.

Loai trir

o Céc nghién ctru vé diéu khién dién - dién tir, hé thong diéu khién cha dong,
hodc phan tich toan hé thdng y sinh phtrc tap vugt ngoai muc tiéu co ban vé
thiét ké co cAu CCTM.

5. Hwéng tiép cin va phwong phap nghién ciru

Luan an ké thura cac nghién ctru hi¢n c¢6 dé chon lgc, hinh thanh y tudng va tién

hanh thiét ké, t6i vu hoa theo muc tiéu dé ra. Qua trinh thuc hién duogc tién hanh tir



tr qua cac budc: Ban dau sé 1a thiét ké t6i vu mot CCTM méi, sau do phat trién 1én
thanh CCTM véi khoang lam viéc 16n va cudi cing 1a mét CCTM véi khoang 1am

vi€c 16n co xét dén cac sai sO ngau nhi€n xay ra trong qua trinh gia cong.

Pé dat duoc cac muc tiéu trén thi luan an s& st dung song song hai phuong phap:
phuong phap giai tich va phuong phap s6 dé tdi wu hoa. Véi phuong phap giai tich,
luan an s& sir dung mé hinh CBCM. Phuong phap s s& duwa trén phén tich phan tir
hitu han nho vao phan mém ABAQUS két hop véi tdi wu hoa bang giai thuat di truyén
NSGA-II véi sy tro giup cia MATLAB. Cudi cung sé tién hanh thuc nghiém dé kiém

chtng lai két qua mo phong.
6. Y nghia khoa hoc va thuc tién ciia dé tai nghién ciru
Y nghia khoa hoc

- Luan an d3 dé xuat duoc cac thiét ké CCTM mdi ¢o khoang lam viéc l6n va
nho gon hon so vdi cac nghién ciru trude ddy. Trong s6 d6, mot sd két cau co
¥ nghia trong viéc cung cap cic ¥ tudng tiép tuc phat trién CCTM, gitp ting
khoang 1am viéc 6n dinh mo-men va giam tng suat nhu: str dung ndi tiép cac
dam dan hoi bién dang tuan ty hodc sir dung cac dam thing dong vai tro nhu
khép xoay linh hoat thay cho viéc ngam ¢ dinh mot dau ciia dam dan hoi.

- Phan tich tinh dong hoc bang phuong phap CBCM cho CCTM dugc dé xuét
va tich hop vao giai thuat di truyén da muyc tiéu NSGA-II nham tin dung wu
diém vé thoi gian tinh toan cta phuong phap nay dé ting sé luong thé hé tién
hoa cua giai thuat tir d6 giup thu duge cac thiét ké tot hon nhanh hon.

- Két hop phuong phap phan tich do tin cdy FORM, mé hinh hoa theo CBCM
va toi wu hoa theo giai thuat di truyén NSGA-II dé tao thanh bai toan thiét ké
t6i wu hoa da muc tiéu theo do tin cay cho CCTM. Mo hinh tdi wu hoa nay
gitip thu dugc CCTM c6 xét dén cac yéu td ngau nhién xay ra trong qué trinh
gia cong, dam bao cho CCTM sau khi gia cong dat cac muc tiéu thiét ké.
Phuong phap nay s& mé ra xu huéng nghién ciru méi vé viée thiét ké tbi vu

theo d0 tin cdy cho cac co cau dan hoi néi chung va co cau CCTM ndi riéng.



- Phuong phap phan tich danh gia sai s6 vé hinh dang va kich thudc sau khi gia
cong cho cac dam mong c6 dang cong bat ky da duoc dé xuat. Phuong phap
nay giup danh gia dwgc do chinh xac gia cong cta cac co cdu dan hdi véi
nhirng dang hinh hoc phurc tap vén khong thé kiém tra bang cic dung cu do

luong co khi thong thuong.
Y nghia thue tién

- Luinan da dé xuit ung dung CCTM trong co sinh hoc: Thiét bi hd trg chirc
nang khép gbi tich hop CCTM gitp ngudi suy giam chirc nang khép gdi thuc
hién cac hoat dong di lai hang ngay dé dang hon.

- Két qua ciia nghién ctru ndy s& 1a mot tai liéu tham khao cho cac nghién ctru
tiép theo trong linh vyc co cdu dan hdi noi chung va co cdu dan hodi 6n dinh
mo-men noi riéng.

7. Céu tric ciia luin 4n

Lu4n 4n bao gdm phan M¢ du va 6 Chuong.

- Mo dau

- Chuong 1: Téng quan

- Chuong 2: Co s& ly thuyét

- Chuong 3: Thiét ké va t6i wu héa co ciu dan hoi 6n dinh mo-men dya trén giai
thuat di truyén

- Chuong 4: Thiét ké va t6i uu hoa co cAu dan hdi dn dinh mo-men dya trén do
tin cdy

- Chuong 5: Ung dung co cau dan hdi 6n dinh mé-men vao thyc té

- Chuong 6: Két luan va huéng phat trién



Chuong 1
TONG QUAN

1.1 Co ciu dan hoi
1.1.1 Khai niém chung

Co cdu 1a mot nhom cac khau lién két bai cac khop co nhiém vu truyén hay
bién d6i chuyén dong, luc hay mé-men. Co cdu khau cimg truyén théng gém nhimng
khau cung tuyét doi lién két v6i nhau bang cac khop truyén thong nhu khdp ban 18,
khép tinh tién, khop tru, khop cau, khép cac-ddng,... Mot vi du vé co cdu truyén
théng dugc trinh bay trén Hinh 1.1 1a co cdu 6n dinh luc duge st dung khép ndi

Sarrus v6i banh rang va 1o xo [1].

Co ciu dan hodi hay con goi 14 co cdu mém (flexure mechanism/compliant
mechanism) ciing cho phép truyén hay bién ddi chuyén dong, luc va mo-men. Tuy
nhién khong giéng co cau cimg truyén théng, co ciu dan hdi cé thé thuc hién it nhat
mot hoac mot vai chuyén dong nho vao su bién dang cua cac khép dan hoi (flexure
joints) chtr khong chi dua vao cac khép dong thuong dung. Mot vi du minh hoa cho
co cAu dan hoi nhu thé hién & Hinh 1.2. Co cdu ndy van c6 kha ning 6n dinh luc
nhung duoc thiét ké nguyén khdi bang co cdu dan hoi nén két cdu don gian hon so
v6i co cAu khau cimg trén Hinh 1.1, nho d6 n6 c6 thé tich hop vao robot danh bong

gitip luc tic dung tir ddu danh bong 18n chi tiét gia cong gan nhu khong thay doi [2].

Co céu dan hoi c6 thé phan thanh dang dan hoi mot phan hodc dan hoi hoan
toan bao gdm: (1) co cdu dan hdi do dung khép dan hoi, (2) co cau dan hdi do dung
khau dan hoi. Loai (2) ¢ cdu tao bao gdm cac khau ctmg va dan hdi xen k& nhau.
Tinh “dan hoi” cta co cdu & day 1a sy két hop giita cac khdp dong truyén théng (khdp
xoay, khop truot, ...) voi cac khau dan hoi dé thuc hién chuyén dong cua n6d. Co cAu
dan hdi hoan toan thi phu thudc hoan toan vao su bién dang cua cac khau dan hoi khi

thue hién mot chuyén dong nao do.



Chuyén dong cta co cau dan hoi lam cho cac khau cua no6 bién dang va tich trix
nang luong dan hoi. Phan nang lugng nay sau d6 s€ dugc giai phong dé gitp co cau

thyc hién mot chirc nang nao do.

Hinh 1.1 Co cau 6n dinh lyc dang co cdu khau cimg truyén thong [1]

Dam tao
dd cung am

Dam tao
dd cung duong

L két n6i

va1 truc chinh
Cac 16
L5 két ndi véi
dau danh bong

L3 két ndi
véi ray truot

Hinh 1.2 Co céu 6n dinh lyc dang co ciu dan hoi dung 6n dinh luc cho robot danh

bong [2]



1.1.2 Uu diém ciia co cau dan hoi

- Viée str dung céac co cdu dan hoi sé gitp giam sai s6 nhd giam s chi tiét trong
qua trinh lip rap, don gian hoa qua trinh san xuit nhung van c6 kha ning ting hi¢u
qua st dung nho tang duoc do chinh xac do loai trir dugc khe hé tai cac khdp ndi nhu
& cac khop truyén théng, giam mai mon do khéng co sy truot twong ddi gitra cac khau
nbi véi nhau.

- Mot loi thé nita ctia co cdu dan hoi d6 1a kha nang thu nho cia thiét bi.

- Tinh chat dan hdi ludn c6 sin trong tung loai vat li¢u, tao diéu kién thuan loi

cho viéc ché tao khdop ndi dan hoi tir cac loai vat liu tuy theo yéu cau cu thé.

- Co chu dan hoi dugc ché tao nguyén khdi nén khong gay ra tiéng on khi hoat
dong, khong ma sat, khong khe ho va khong can béi tron dinh ky.
1.1.3 Han ché cia co cau dan hoi

- Co cau dan hoi van c6 mot sé6 nhuoge diém: khong bén néu tai 16n qua, van dé

g suat dic biét trong truong hop bién dang 16n.

- Ngoai ra, co cdu dan hdi con cé mot han ché nita 13 quy trinh thiét ké, tong
hop co cAu van chua duoc théng nhét va tiéu chuén. Tir d6 dan dén viéc nd rd cc
phuong phép thiét ké khac nhau cia m&i nhom nghién ctru. Day ciing 1a huéng khai
thac ma cac nhém nghién ciru trén thé giGi tap trung trong nhitng nim gan day.

1.1.4 Ung dung cia co ciu dan hdi

Tdong hop vé su phén loai va (mg dung co cau dan hoi duoc mo ta trong Bang 1.1
bén dudi. Co cdu dan hoéi on dinh mo-men 1a mot hudng nghién ciru duge quan tim
nhiéu hién nay va no ciing 1a hudng nghién ciru cta luan an, s& dugce trinh bay k¥ hon

& phan tiép theo.



Bang 1.1 Phan loai va tmg dung cia co cdu dan hdi

A. Phan loai

Mo ta

1. Theo mirc
do dan hoi

Co chu dan hdi
mot phin
(Partially
Compliant)

Két hop ca phan ctirng va phan dan hoi, st dung
bién dang dan hoi & mot s6 khu vuc dé tao ra

chuyén dong [3, 4].

Co cAu dan hoi
hoan toan
(Fully
Compliant)

Hoan toan dwa vao bién dang dan hoi dé tao
chuyén dong, khong st dung khop cung.
Thudng c6 két cAu nguyén khéi, giup ting do

tin cay va d& ché tao [5].

Pan hdi tap

Tinh dan hoi tap trung tai cac khu vuc cu thé

trung (Lumped | (nhu ban 1&/rinh dan hoi), phan con lai cia két
2. Theo sw | Compliance) ciu 1a ctng [6].
phéan bo T Y ; o T A 1K At A Tx Y
\ R Dan hoi phan Tinh dan hoi phan bo trén toan bo hodc phan lon
vung dan ) o q
hoi bo (Distributed | két cau, mang lai chuyén dong muot ma va tang
Compliance) d6 bén véi tai trong tuan hoan [7, 8].
Co céu hai vi C6 hai vi tri can bang 6n dinh, cho phép chuyén
tri 6n dinh ddi giira cac trang thai ma khong can ning
(BM) lugng duy tri [9-12]
] . C6 nhiéu hon hai vi trf can bang 6n dinh, thich
Co cau nhiéu vi hom cho che e d sy chu chuvd nai
3. Cic loai op cho cac ting dung yéu cau chuyén trang thai

co cau dan
hoi dac biét

tri on dinh

linh hoat [5, 13-18].

Co cau on dinh

lwe (CFM)

Tao lyc dau ra gan nhu khong doi trong mot
khoang chuyén vi xac dinh, phu hop vdi cac tng
dung yéu cau ti€p xac nhe hodc can kiém soat

Iue tiép xuc [2, 19-28].

10




Co cau 0n dinh

mo-men (CTM)

Cung cip mo-men xoan déu trong sudt qua trinh
quay, ung dung trong cac hé thdng quay chinh
xac [8, 20, 27, 29-33].

B. Cac
hwdng ng
dung cua co
ciu dan hoi

San phim dan

Ban 1& trong hang tiéu dung, co ciu kep, thiét bi

dung gap [34].
Thiét bi chinh H¢ théng can chinh quang hoc, thiét bi dinh vi
xac do phan gidi cao [6, 35-38].
Dung cu phau thuat [39, 40], chan tay gia [41],
, co ciu gip siéu nho (micro grippers), hé théng
Thiét bi y sinh

phan phdi thudc, cac Gmg dung cdy ghép bén
trong co thé [42].

Gia cong co khi

Hé thong ga [43], cach ly rung dong [44], dung
cu cat dan hoi [45].

MEMS (H¢ vi

co dién tir)

Thiét bi dan hoi si€u nhé dung cho cam bién, co

ciu chip hanh va co ciu loc [46-48]

Cong nghé

nano

Bo dinh vi nano [49, 50], can do cua kinh hién

vi lyc nguyén tor (AFM) [51].

1.2 Co ciu dan hdi 6n dinh mé-men
1.2.1 Giéi thi¢u

Thong thuong, dé tao ra duge su 6n dinh luc dé bao vé qua tai do tang luc thi

nguoi ta hay str dung cac cam bién lyc két hop véi cac hé théng diéu khién hoi tiép

[52-55] nhu vi du Hinh 1.3. Cac hé thong nay ludn phai cin ngudn ning luong dé

duy tri cho cac dong co va cam bién. Néu chung dugc sir dung trong céc thiét bi hd

trg tap luyén phuc hdi chirc nang thi s€ lam cho thiét bi tré nén céng kénh, kém co

dong va gia thanh dat do. Néu hé thdng diéu khién nay sir dung trong cac tay may

hoic tay kep (kim) c6 kich thudc nhé thi cang 1am ting cac nhuwgc diém néu trén cua

nd vi yéu cau cam bién phai co6 kich thudc nho phu hop dé gan Ién cac thiét bi dau

cudi nay.
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BY truyén
dong
Harmonic

-

Khau
diéu chinh
chiéu dai

Ban chan
thiét bi

Hinh 1.3 Thiét bi hd trg phuc hdi chire ning sir dung dong co va hé diéu khién hoi
tiép [52]

Dé c6 thé tao ra mot sy 6n dinh lyc ma khong can tGi hé théng diéu khién nhu
trén thi khai niém vé co cdu 6n dinh luc ra doi. Co ciu nay khong tuan tha theo dinh
luat Hooke nhu céc co cu dan hoi thong thuong. Ching s& gitp duy tri mot gia tri
luc nhat dinh trong khoang 1am viéc ctia co cu, do d6 co cdu ny con dugc goi 1a co
cAu c6 do ctimg gan bang khong (quasi-zero stiffness mechanism). Ddi voi co cau dan
hoi 6n dinh luc, do can phai c¢6 nang lugng dé lam bién dang cac phan tir dan hdi nén
trude khi dat sy 6n dinh, co ciu sé& trai qua giai doan dat tai trong ban dau (preload
region hodc pre-stress region). Co cdu 6n dinh lyc thuong duoc gin vao cac tay may
dé ngan ngira qua tai khi thay d6i kich thudc kep hodc gip [2, 21, 22, 25, 56-62].

Hoic n6 ¢o thé duoc tng dung trong cac kim phiu thuat ndi soi nham tranh su qua
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luc gay ton thuong cac bo phan ndi tang trong co thé bénh nhan [27, 63, 64]. Ngoai

ra, n6 con dugc ung dung vao céac bd dinh vi diéu khién chinh xac vi tri [9, 65, 66].

L\ Gidi han cho phép Thiét ké khong dat
Te ;: — e = (."" ]
Thiét ké dat

A

Khoang 6n dinh mé-men

Khoang
gia tai

o [-—r_——.— - - =

0

~
a)
//’/7 Truc quay Vanh ngoai
{ \
\‘\ \ TD CT™M _Tl A
A\
\) By,
\ CTM
’/——
\ Mo6-men Mo-men
0) d)  dauvao dau ra

Hinh 1.5 Céc ng dung tiém ning ciia CTM: (a) Co cdu can bang trong lyc, (b)
Thiét bi hd trg di chuyén, (c) Thiét bi tap luyén phuc hdi chic ning, (d) Can bang

dong mo-men xoin [8]
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CTM la mot dang cia CFM, thay vi céc phﬁn ttr dan hoi duoc bién dang do
chuyén dong tinh tién cta co cdu, thi & dy chuyén vi dau vao s& 1a chuyén dong quay
quanh mot tryc. Giéng nhu mo ta & trén, sau khi vugt qua giai doan gia tai, co cAu s&
khong thay doi gid tri mo-men xoan mic du goc quay tiép tuc ting. Hinh 1.4 mo ta
dic tinh cta co cAu dan hdi 6n dinh mé-men. Co ciu 6n dinh mod-men c6 rat nhiéu
tmg dung [8, 67] tir cac thiét bi trong doi sbng hang ngay: cudn thudc ddy, can cu
c4, day an toan trén xe 6 t0; dén cac ung dung trong k¥ thuit nhu co cdu 6n dinh mo-
men dong gitp 1am 6n dinh mé-men khi mé-men dit vao c6 dao dong (Hinh 1.5); cac
mg dung trong y hoc nhu trong cac thiét bi phuc hdi chic niang [30].

Céc phan tich trén cho thay CTM 1a giai phap co khi thy dong diy tiém ning
dé tao mo-men 6n dinh ma khong can hé thong diéu khién, nhung hiéu qué ciia chiing

phu thudc chit ché vao thiét ké hinh hoc va dic tinh dan hoi ciia co ciu.

Co cau 6n dinh m6-men (CTM)

Dang dan hoi cuc bd Dang dan hoi phan tan Dang lo xo chir C
. L . (C-shaped spring

(Lumped compliance) (Distributed compliance) mechanism)
ke P}o'p &) Cac thanh cong Lo xoon digh

cing ! mo-men

Dlung cam Rt h’qp dd
cing
DUng ma sat

Hinh 1.6 Phan loai co cAu CTM

Tiép theo, ta s& tién hanh téng hop cac cong trinh nghién ctru lién quan dén co
cdu CTM, tir 6 dua ra cac danh gia dé xac dinh huéng nghién ctru cho luan an. Vé

téng quat, co cidu CTM duoc tao ra theo hai dang 1a sur dung cac phﬁn tr dan hdi cuc
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bo hodc dan hoi phén tan. Trong mbi kiéu lai duge tong hop theo cc cach khac nhau

va dugc trinh bay trén Hinh 1.6.

1.2.2 Co cdu dan hdi dang cuc bd

Co cau dan hoi dang cuc bd (lumped compliance) 1a dang co cAu dan hdi ma sy
bién dang dan hdi tap trung tai mot vai diém trong co ciu. Cac diém bién dang nay
d6i voi co cu dan hoi hoan toan (fully compliant mechanism) duge goi 1a cac khép
dan hoi (flexible hinge), con ddi véi cac co cau trinh bay phia dudi thi d6 1a cac 16
x0. Céc phan con lai ctia co cdu dugc coi nhu khau cimg dung dé dan huéng, gitp 6n
dinh cAu tric hodc két ndi cac phﬁn cla co ciu. Co cdu CTM dang cuc bg nay dugc

chia ra ba dang 1a co cau két hop do cung, co cau dung cam va co cau dung ma sat.

1.2.2.1 Co céu két hop dd cirng

Co cau loai nay 1a sy két hop giita cac phan tir tao ra d6 cimg 4m va cac phan
tlr tao ra do cung dwong dé cho ra co cdu c6 moé-men dau ra khong ddi, dugc biéu
dién nhu do thi trén Hinh 1.7. Vi cac Hinh 1.7 a) dén c), co céu tao ra do cing 4m
1a cac 10 xo tinh tién (linear spring) s& két hop véi co cau tao ra do cing duong 13 10
X0 x0an (torsion spring). Hinh 1.7 d) ciing twong tu nhung ca do cing duong va am

duoc ra tir cac 10 xo xoan.

dr/ d

K
N/

Hinh 1.7 Co cau CTM két hop do cing [8]

1.2.2.2 Co ciu diing cam

Véi viée thiét ké bién dang cam phu hop, két hop véi cac 10 xo thi co cdu nay
cling tao ra dugc khoang c6 moé-men khong d6i (Hinh 1.8) [8]. Mot co cu 6n dinh
mo-men khac st dung cam két hop c6 khoang lam viéc on dinh 1én dén 270° duoc

trinh bay trong tai liéu [68] va thé hién nhu Hinh 1.9.

15



dT/do=0

Hinh 1.9 Co céu 16 xo quay phi tuyén 6n dinh mo-men [68]

1.2.2.3 Co ciu ding ma sat

Vi co chu nay, cac 1o xo da duoc gia tai trudc. Hinh 1.10 a), cac 10 xo mot
dau duoc gfm vao tryc bén trong, dau con lai déy vao céc chi tiét ¢p ma sat vao vanh
ngoai c¢b dinh. Khi do, truc phia trong muén quay duoc can phai thing duoc moé-men
ma sat do cac chi tiét ép nay voi vanh ngoai. Hinh 1.10 b) twong ty nhung ¢ day 1a
ma sat duoc tao ra tir con ldn gin véi 10 xo dang ép 1én truc quay phia trong. Co ciu
kiéu nay khong c6 khoang gia tai ban diu, mo-men hoan toan khong thay doi trong
sudt qua trinh lam viéc cia co cdu (Hinh 1.10 ¢). Co ciu nay hay dugc sir dung khi
can su 6n dinh cho co céu, nghia la néu mo-men tac dong khong 16n hon mo-men ma
sat thi co cdu s& van khong dich chuyén. Mot tng dung c6 thé ké dén ban 1& ma sat

(frictional hinge) [69].
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(a)

Hinh 1.10 Co cAu CTM nho ma sat [8]

Mic du cac CTM dang cuc bd ¢ nguyén 1y don gian nhung cac han ché vé ma
sat, 1ap ghép va do bén khién hudng tiép can nay it phu hop cho cac tng dung yéu

cau do chinh xac va d¢ tin cdy cao.

1.2.3 Co ciu dan hdi dang phin tin

Nguoc lai véi co cAu dang cuc by & trén, co cAu dan hdi dang phan tan
(distributed compliance) c6 su bién dang cua toan bd cac phan tir dan hoi, thong
thuong d6 1a cac thanh mong. Nho kha nang bién dang 16n va phan bd ung suét tot,
cac CCTM dang dan hoi phan tan duoc xem 1a hudng tiép can trién vong nhat dé dat
khoang lam viéc 6n dinh mé-men 16n. Co céu kiéu nay duoc sir dung nhiéu trong cac
co cdu CCTM va duoc tong hop theo hai phuong thic sau: co cdu ding cdc thanh

cong va co cau ket hop do cung.

1.2.3.1 Co ciu dung cac thanh cong

Véi nhém nay, cac thanh cong dan hdi s& duge lua chon, tdi wu hinh dang va
kich thuéc dé tao ra dugc mo-men dau ra khong thay d6i. Trong nhém ndy c6 hai loai
duong cong, mot 1a dudng cong c6 bé day (tiét dién cit ngang) khong d6i [8, 30, 31,
33, 70-72] va loai c6 bé day thay d6i [32].

Diu tién phai ké dén thiét ké cua Hou C.W va cong su [8]. Trong cong trinh
nay, cac tac gia da dé xuat hai két cdu cia CCTM str dung cac thanh cong (Hinh 1.11
a). Sau d6 mot két cau duoc chon dé tién hanh gia cong thuc nghiém béng ba loai vat

liéu 1a POM, PEEK va PEEK-GF30. Két qua cho thay vat liéu PEEK va PEEK-GF30
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¢6 cac co tinh phu hop véi CCTM va d6 6n dinh clia co cu cia nghién ciru nay dat
duogc kha tét, tir 20° — 70°. Tuy nhién, co ciu CCTM trong nghién ctru niy ¢ bé rong
kha nho, chi 0,4 mm nén gia tri mo-men dat duoc nhoé va ciing gitp giam tng suit
trong co cdu. Cac co cdu cuia nghién ciru ndy duogc gia cong bang phuong phap phay

CNC.

Nhom nghién ciru ciia Zhou H. cung céac cong su dd cong bd 4 co cdu CCTM

nhu sau:

- Nam 2016, dimg dau 1a tac gia Prakashah H. N. da cong bd mot co cu
CCTM sir dung cac dudng spline c6 bé day thay ddi [32] (Hinh 1.15 b).
Co ciu nay dugc in 3D bang vat liéu Stratasys PolyJet cho ra d6 6n dinh
tuong ddi trong khoang tir 20° — 60°.

- Niam 2017, dimg dau 1a tac gia Reddy B. P. di cong bd co cdu CCTM hoat
dong theo hai chiéu, nghia 13 co cdu c6 thé 1am viéc khi quay cung chiéu
hozc ngugc chiéu kim ddng hd. Cac co ciu trong nghién ctru nay dugc thiét
ké theo dudng cong spline v6i bé day khong thay doi va duge ché tao bang
phuong phap in 3D (Hinh 1.11 ¢). Co cdu nay lam viéc trong khoang kha
nho, tir 0 — 40° va khoang 6n dinh mo-men khong thue sy tét [70].

- Nam 2018, nhém nay cong bd hai co ciu CCTM sir dung cac thanh duong
cong dd nén san (precompressed beams) [33, 72]. Véi dic diém nay, co
ciu s& khong phai trai qua giai doan gia tai ban dau ma dat duoc ngay gia
tri dn dinh mo-men mong mubn. O day, cac thanh théng s€ duoc nén lai
thanh cac thanh cong va tiép tuc duogc tdi wu dé udn nin tao thanh dudng
cong cho ra gia tri mo-men dau ra khong d6i. Hai co cdu nay khac nhau &
chd, mét co cu chi hoat dong theo mot chiéu (Hinh 1.11 d), co cAu con lai
hoat dong theo hai chiéu quay (Hinh 1.11 e). Co ciu hoat dong theo hai
chiéu quay duoc tao thanh bang cach ghép chdng hai co ciu quay theo mot
chiéu nén két ciu kha phurc tap. Ung suét ciia cac co cdu dang nén sin nay
kha 16n nén vat liéu duoc st dung 1a thép 10 xo gia nhiét xanh AISI 1095
(blue tempered spring steel).
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Hinh 1.11 Céc co cau CCTM dung thanh cong

Niam 2022, mot co cdu CCTM sir dung dudng cong dang cung tron dugc cong
bd [71]. O day, tac gia ghép chdng ba két cau lai v6i nhau, trong d6 mdi két cau bao
g6m mot duong cong dang cung tron két hop véi vong tron trong va vong tron ngoai.
Ba két cau nay chong 1én nhau véi khoang cach 120° dé tao thanh mét co cau CCTM
xoay quanh mot truc (Hinh 1.11 f). Néu nhu cac cong trinh khac vé co ciu CCTM
chi st dung phuong phap phan tir hitu han dwa trén phan mém ANSYS hoic
ABAQUS két hop cac cong cu tdi wu cia MATLAB dé ti wu két cdu thi ddy 1a cong
trinh sir dung phuong phap phan tich mé hinh héa két cau. Phuong phap mé hinh hoa
duoc sir dung 12 phuwong phap mo hinh vat thé gia cimg (pseudo-rigid-body model -
PRBM). Co céu nay ciing di duoc ché tao bang phuong phap in 3D cho ra khoang
6n dinh trong khoang tir 12° — 38°.

Céc nghién ctru trén cho thidy dam cong cho phép mo rong khoang lam viée
ctia CCTM, tuy nhién viéc t6i wu hoa hinh dang phirc tap va chi phi tinh toan 16n van

la rao can chinh can dugc khac phuyc.
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1.2.3.2 Co chu két hop dd cirng
Co ciu CCTM sé& duge tao ra nho sy két hop gitra co cAu c6 dd cung am va co
cAu co do cung duong. Po cing am duogc tao ra béng: (1) co cAu 6n dinh hai vi tri,

(2) str dung cac 10 xo di dugc nén lai, (3) cac thanh dan hdi da dugc nén san.

Niam 2018, Wang P. va cong su dd nghién ctru ra co cdu 6n dinh mo-men bang
cach két hop do cung, trong d6 do ciing am duoc tao ra nho vao co cAu On dinh hai
vi tri (bistable mechanism) [73]. Vi co cdu 6n dinh hai vi tr, khi n6 “bat” dé chuyén
sang vi tri on dinh tiép theo thi d6 ctng s& giam. Khi 46, két hop véi do cimg duong
duoc tao ra tir cac thanh dan hoi dang thflng s€ tao ra dugc md-men c6 gia tri khong
d6i (Hinh 1.12). Vi co cu nay sir dung cac thanh thing nén sy bién dang cua céac
thanh s& bi gidi han hon so v&i co cdu dang thanh cong tir d6 1am giam goc do 1am

viéc cua co ciu (40°).

\/
€\

Hinh 1.12 Co cau CCTM dung trong diéu khién vi tri

Nam 2020, nhom tac gia Bilancia P. va cdng su da dung cac thanh mong dan
hdi dwgc nén sdn dé lam co ciu c6 d6 cimg am (Hinh 1.13). Cac thanh nay duoc két
hop véi céc hai loai co clu c6 do cung duong dé tao ra co cAu 6n dinh mo-men. Diéu
dic biét hon, co cdu CCTM duogc tinh toan dé c6 gia tri mo-men bﬁng 0 trén toan bo

khoang lam viéc ctia n6 tir 0 — 40° [74].
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Hinh 1.13 Co cdu CCTM c6 mé-men bang khong

Mot tng dung ciia dang két hop nay dugc dung trong kim gép phau thuat nhu
Hinh 1.14. O day, bg phan tao ra do cung duong 1a 160 xo va d¢ cung am duogc tao ra

boi mot thanh dan hdi da dugc t6i vu hoa [27].

(A)

Hinh 1.14 Co cdu CTM dung trong kim phau thuat

So véi co cdu diung dam cong, cac CCTM két hop do ctng thuong co hanh
trinh 1am viéc han ché hon, do d6 it phu hop véi cac tmg dung yéu cau goc quay 16n

va két cau nho gon.
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1.2.4 Co ciu dan héi md-men dang 10 xo chir C

Co ciu 16 xo chir C gém ba dang: 16 xo 6n dinh mé-men, 10 xo luu trit ning
lugng (power spring) va co cdu xich va banh con (fusee and chain) [29]. Trong d6 10
x0 luu trlr ndng luong chi giup luu trir va giai phong nang luong nén khong phai 1a
co cau 6n dinh mé-men. Co cdu xich va banh c6n c6 kha ning 6n dinh mé-men bang
cach tinh toan bu trir md-men cua cic co cau co khi nén khong duge xem 1a co cu
dan hoi.

Loai A

Loai B

Hinh 1.15 Céc loai 16 xo 6n dinh mé-men dang chit C

Lo xo On dinh mo-men dang chit C dugc xem la co cdu dan hoi 6n dinh mo-
men. N6 duge ciu tao gém mot dai thép dan hdi cudn quanh tryc luu trir va sau do
duoc dan ra, cudn vao quanh truc dau ra. Khi kéo dai thép bung ra khoi truc luu triv
va bit dau chuyén tiép sang truc dau ra, né c6 xu huéng dan hdi dé tré lai hinh dang
cudn ban dau. Luc dan hdi nay gan nhu khong ddi trén toan bo khoang bién dang cia
10 x0 tao ra mé-men khong ddi. Loai 10 xo nay con duoc goi la dong co 16 xo 6n dinh
mo-men (spring motor), gdm hai dang bé tri chinh 1a loai A (A-motor) [75] va loai B

(B-motor) [76], khac nhau vé hudng truyén mé-men giita truc luu trit va tryc ddu ra,
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nhu mo ta trén Hinh 1.15 . Loai co cdu nay da dugc thuong mai hoa, ban san trén thi
thuong voi wu diém quay dugc nhiéu vong, nén c6 nhiéu ing dung trong thuc té nhu
trong ddy dai an toan trén xe 6 t0, co ciu quin rém cira tu dong hodc trong thudc

cudn, ...

Maic du da dugc thuong mai hoa, céc co céu 16 xo chir C co kich thudce va
nguyén 1y hoat dong khac biét so voi CCTM dang truc quay don, nén khong phai la
trong tdm nghién ctru cua ludn an.

1.3 Panh gia vé co cau dan hdi 6n dinh mé-men

Céc phan tir dan hoi trong cac co cdu CCTM phai hoat dong trong giéi han dan
hdi cua vat liéu. Hon nita, trude khi dat dén gia tri 6n dinh, co cAu CCTM phai trai
qua giai doan gia tai, khoang nay thuong chiém khoang mot phan ba téng khoang
chuyén vi ciia co cAu. Diéu nay 1am han ché cac linh vuc 1am viéc va kha ning tmg
dung cua co cdu CCTM. Mot vai nghién ctru dé loai bo khoang gia tai nay, sit dung
céc thanh nén sin (pre-compressed beams), tuy nhién cac két qua nhan dugc van chua
tt [33, 72, 74]. Ngoai ra, khoang 1am viéc cta nhitng co cAu CCTM nay ciing khong
vuot qua 60°. Voi co cAu CCFM/CCTM loai két hop d6 cling, mot cach tiép can khac
dé mo rong khoang lam viéc 1a sir dung cac loai co cAu do cing am nhiéu giai doan
[9, 22] hodc nbi tiép cac thanh cong dé cho chung bién dang tuan tu [31]. Két qua,

cac khoang lam viéc cta nhitng co cau nay bi chia ra lam nhiéu giai doan.

Céc thanh cong c6 nhitng wu diém cua bién dang 16n va su phan bd tng suét
ddng déu hon so véi cac dang thanh thing [77, 78]; do d6, ching dugc dung rong rai
trong cac co cau CCTM. Vi thé, m hinh hoa bién dang phi tuyén 13 nhiém vy chinh
trong thiét ké cac co cdu CCTM. Sau nhém phwong phéap chinh dé thuc thi nhiém vu
nay dugc trinh bay trong tai liéu tham khao [79], bao gdm (1) phwong phap vt thé
gia cung, (2) md hinh rang budc dam (beam constraint model) (BCM), (3) cac giai
phap tich phan elip (elliptic integral solutions), (4) phwong phap phan t hitu han phi
tuyén tinh, (5) thuit toan chudi (chain algorithm) va (6) cac giai phap dua trén cuc

tiéu nang lugng (energy-minimization-based solutions).
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Gan day, mo hinh CBCM da dugc phat trién dé xac dinh mdi quan h¢ luc — bién
dang cua cac truong hop bién dang 16n. Pay 1a mot phuong phép duoc bat ngudn tir
mo hinh rang budc ddm BCM (beam-constraint model), cai ma chi dang cho bién
dang nho va vira (bién dang khong quéa 10% chiéu dai dam) [80, 81]. M6 hinh CBCM
dd duogc chirmg minh 13 mot phuong phap don gian va chinh xac trong phén tich bién
dang 16n cho céc thanh thang [82], ddm cong dang cung tron [21], va cac ddm cong
bat ky [83]. Hon nira, thoi gian tinh toan ctia n6 di dugc xac nhan nhanh hon phuong
phap phan tich phan tir hitu han phi tuyén [24, 82, 83], diéu nay rat c¢6 loi cho viéc
két hop n6 véi cac giai thuat toi vu hoa nham tang s vong lp tim kiém dé cho két
qua tot hon khi thiét ké cac co cdu CCTM. Do d6, CBCM 1a phuong phap phu hop
dé mo hinh hoa bién dang 16n ctia dAm cong véi d6 chinh x4c cao va chi phi tinh toan

thap, rat thich hop dé tich hop vao cac bai toan tdi wu hoa CCTM.

Nhu da té)ng hop ¢ trén, da s6 co cdu CCTM duoc tao nén tir viée tdi uu hoa
cac dam cong vi n6 cho két cdu nhé gon va khoang lam viéc 16n hon so véi co cu
kiéu két hop d cing. Bén canh do, cic co cidu CCTM loai nay hoat dong dya trén
mot truc quay duy nhat nén nho gon hon loai 10 xo 6n dinh mé-men dang chir C. Day
cling 12 muc tiéu va hudng nghién ctru cia ludn 4n. Do do, dé c6 cai nhin truc quan
hon, nghién ctru sinh (NCS) d3 xem xét cac CCTM hién c6 (loai CCTM tong hop tir
dam cong dugc t6i vu hoa), duge thé hién trong Bang 1.2. Prakashah [32] di dung
mot dudng spline bac ba voi nam diém ndi suy dé hinh thanh nén dudng cong. Hou
[8] d4 dé xuat hai loai dim cong. Loai I 1a dudng cong gdm ndm cung tron ghép lai.
Loai II don gian hon khi thay thé ba cung tron ¢ gita bang mét doan thang tir d6 tao
nén loai dim cong dugc ghép ndi tir cung tron-duong thang-cung tron (circular-line-
circular beam). Prakashah [32] d4 str dung mot dudng cong spline bac ba ¢ bé rong
thay doi véi nim diém noi suy dé xay dung dam. Cac dam co bé rong thay ddi can
nhiéu tham sé hon dé kiém soat chiéu rong cia ching, vi vy cac dam nay phuc tap
hon so v6i cac dam c6 chiéu rong khong doi. Qiu [71] da xay dung co cdu CCTM
dua trén cac dudng cong kha don gian bang cach ghép ndi doan thang-cung tron-doan

thing; tuy nhién, xét vé tong thé cu tric cta co cau thi kha phirc tap vi nd phai lip
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ghép kha nhiéu chi tiét v6i nhau. Diéu nay 1am mat di tinh wu viét cia CM d6 1a tinh

nguyén khoi.

Bang 1.2 Tom tit cac CCTM tong hop tir viée tdi vu héa cac dim cong

" N . Khoang 6 Pudr Vit li¢
Cong  Dicdiém cia ddm  Phuong phap t6i - 10ang on Do thin i
. sopAs , dinh mo-men kinh ngoai
trinh dan hoi uu hoa n
(d9) (mm)
i\lfimLcun.gI tron ghép Generalized 50 90
ai (Loai D) Multiple Shooting POM,
Meth PEEK,
Hou [8] Cung tron - duong ethod PEEK-
thing -cung tron + finincon Khoéng duoc ché tao GF30
(Loai IT) (MATLAB)
Prakashah FEA (ANSYS) + Stratasys
[32] Spline béc ba fimincon 40 80 PolylJet
(MATLAB) (in 3D)
Thanh thing — cong  Mb hinh khau gia
_ M /. + o A
Qiu [71] thanh thang clrlng (g}al thuat 2% 60 PAL2
L Al toi uu khong dugc
(ket cau lap rap) . .
trinh bay)
Gandhi Dung dim thing nén  Cong cu tbi wu truc Thép 10 xo0
[33] lai tao d4m cong tiép trén ANSYS 60 80 1095 — ram
Workbench xanh
Reddy Sgline V(?i 9 diém C@ng cu tbi wu truc + 40 Nhuya k¥
[70] dicu khién tiép trén ANSYS N 100 thuat (in
Workbench (quay 2 chiéu) 3D)

Vi bién dang rat 16n ctia co cdu CCTM thi vat liéu dé ché tao 1a mot van dé rat

quan trong. Vat li€u d6 phai c6 gia tri 0, /E cang 16n cang t6t dé dam bao kha ning

ubn ctia vat liéu 16n nhat trudce khi bude qua giai doan chay déo [34]. Qua rat nhiéu

cong trinh nghién ctru d cong bd vé CCTM, hau nhu vét lidu polyme 13 phit hop nhit

v6i loai co cau nay. Tuy nhién, néu m6 dun dan hoi E cua vat liéu qua nho s€ 1am cho

gi4 tri mo-men dau ra cia CCTM nho, tir d6 lam giam su da dang trong tmg dung

loai co cau ndy vao thyc té. Hién tai thi polyether ether ketone (PEEK) van 1a loai vt

liéu tot nhat dé ché tao CCTM vi ¢6 mo dun dan hoi 1o6n hon so véi cac loai nhya

khac (nhu POM, TPU, ABS) va gi6i han chay kha 16n nén duoc nhiéu tac gia sir dung

dé thiét ké cac co cdu CCTM c6 hanh trinh 1am viéc 16n nhu [8] hodc cac cong trinh
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thoi gian rat gan ddy (nim 2024-2025) [84-86]. Pay ciing 1a loai vat liéu dugc ding

dé ché tao cac CCTM hanh trinh 16n trong ludn 4n nay.

Mic du PEEK c¢6 co tinh rat pht hop nhung viéc gia cong vat liéu nay voi cac
thanh dam mong dan hoi 1a mot thach thire. Vi 1 nhya nén khong thé dung phuong
phap khong c6 luc cat nhu gia cong bang tia lira dién. Hon nita, véi ddc diém bién
dang 16n cua co cdu CCTM, cac ddm dan hdi thuong s& co bé rong khong 16n hon
0,7 mm va bé day (kich thudc hudng ra khoi mit phing) khong nhd hon 5 mm dé
dam bao cac phan tir dan hoi chi bién dang udn trong mit phang [8, 84, 85]. Vi su
chénh léch bé day va bé rong 16n nhu vy thi ciing khong thé sir dung phwong phap
gia cong bang tia laser cho loai co cu nay. Hién tai phuong phép in 3D di phat trién
rat nhanh véi da dang cac loai vat liéu va hinh thtrc in cho do chinh xac cao. Tuy
nhién, v&i vat liéu nhya PEEK c6 bé day khong qué 0,7 mm thi qua in thir nghiém ta
thiy cac co so in 3D & nude ta khong thé in bang phuong phap FDM vi khi d6 céac
so1 nhya s€ tach ra, khong lién két duoc voi nhau nén khong st dung dugc. Voi
phuong phap in 3D bang cong nghé thiéu két vat liéu thi ciing chi in dugc nhya c6 co
tinh twong tw PEEK véi bé day tdi thiéu 1a 0,8 mm. Do d6, phuwong phép gia cong
phay trén may CNC van dang duogc sir dung dé gia cong nhua PEEK cho cac co cu
CCTM. Nhuoc diém cia phwong phap nay 1a c6 luc cit tac dong, sé lam thay ddi vi
tri cac diém trén cac dim dan hoi tir d6 lam thay doi bién dang ctia cac dim cong nay.
Chua ké bé rong ctia cac dam cong ciling ¢ thé anh hudng vi cac nguyén nhan ngiu
nhién lam cho lyc tic dong khong déu nhau trén chidu dai ciia ddm. Hau hét cic sai
1éch sinh ra khi thyc nghiém co ciu CCTM so v&i cac gia tri tinh toan mo phong déu
c6 nguyén nhan chinh 14 do sai s6 gia cong va cac nguyén nhan ngiu nhién khac nhu
co tinh cua vat liu hodc su sai I¢ch trong thao tac do kiém [8, 74, 84-86]. Néu cac
nguyén nhan giy sai s6 ngiu nhién nay khong duoc xét dén nhu cac rang budc trong
qua trinh t6i uu thi c6 thé co cau khi gia cong xong khong con giir dugc dic tinh 6n
dinh mé-men cta né nita. Piéu nay co thé xay ra vi cac bai toan tdi vu thong thuong
thuong s& cho ra gia tri t6i uu nam ¢ ranh gigi ctia mién an toan va mién khong an

toan. Chi can mdt sai Iéch nhd nam trong su phan bo ngau nhién cua cac bién so toi
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vu ciing 1am cho thiét ké roi vao mién khéng an toan. Do d6 viéc dam bao cac gia tri
t6i wu nhan duoc phai nam sau trong mién an toan dé chac chin dat dugc cac yéu cau
cua co cdu khi xay ra cac yéu t6 ngau nhién nhu trinh bay & trén 1a diéu rat can thiét.
Diy dwoe goi la bai todn ti wu cé xét dén dé tin ciy. Mdc di téi wu héa theo dp
tin cdy da dwoc phdt trién réng rii trong co hoc két ciu, hwéng tiép cin nay hau
nhw chwa dwoc dp dung cho CCTM, tao ra mét khodng trong nghién civu ma lugn
dn hwong tdi giai quyét.

Bai toan toi wu hoa da muc tiéu dua trén do tin cay RBDO (Reliability-based
Design Optimization) doi hoi chi phi tinh toan kha 16m vi phai thuc hién hai chu trinh
tinh toan: chu trinh t6i wu hoa va chu trinh danh gia do tin cay. C6 nhiéu phuong phap
khac nhau duoc dé xuat dé giai quyét cac van dé phan tich do tin cdy, trong d6 phd
bién nhét 13 cac phuong phap do tin ciy bac nhat (FORM - First Order Reliability
Method), phuong phap d0 tin cdy bac hai (SORM - Second Order Reliability Method)
[87] va phuong phap mo phong Monte Carlo (MCS - Monte Carlo Simulation) [88].
Pé 10ng ghép hai chu trinh tim kiém t6i wu va phén tich do tin ciy nham tao nén bai
toan RBDO, ba phuong phép chinh da duoc dé xuat: giai thuat vong lap kép (DLM -
Double Loop Method) [89], giai thuat vong 1ap d6i tach (DDLM - Decouple Double
Loop Method) hay con dugc goi 1a giai thuat vong lip tudn tr SORA (Sequential
Optimization and Reliability Assessment) [90], va giai thuat vong lap don (SLDM -
Single Loop Deterministic Method) [91]. Trong ba giai thuat nay, giai thuat vong lap
kép 1a phuwong phap truyén thong va don gian nhat nhung chi phi tinh toan cao hon
so v&1 hai phuong phap con lai. Giai thuat vong 1ap don dugce xem la mot trong nhiing
phuong phép hiéu qua nhét vi loai bé duoc chu trinh phén tich do tin ciy trong qua
trinh t6i wu héa nhd vao viée chuyén ddi khong gian thiét ké kha thi thanh khong gian
thiét ké tin cdy rdi tién hanh thyc hién chu trinh t6i wu héa x4c dinh thong thuong bi
rang budc boi khong gian thiét ké dang tin cay [92]. Tuy nhién, viéc lap trinh tinh
toan cho phuong phéap nay tuong ddi phirc tap.

Trong linh vuc co sinh hoc, viéc tao mé-men hd trg cho cac khép co thé duoc

thuc hién théng qua nhidu hudng tiép can khic nhau, bao gom cac hé thong hd tro
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chu dong sir dung ngudn ning luong ngoai (powered assist) [93-95], cac co cau ban
chu dong hodc bién thién d6 climg (variable stiffness, quasi-passive) [96-98], va céc
co céu dan hoi bj déng [99, 100]. Cac hé thdng hd trg chii dong cho phép diéu khién
mé-men linh hoat theo tirng pha chuyén dong, tuy nhién thuong c6 két cau phuc tap,
khéi lwong 16n, tiéu thu ning lwong cao va dit ra cac yéu cau nghiém ngit vé an toan
khi trong tac v6i ngudi st dung. Cac co cdu bién thién d6 cing hodc ban chu dong
gitp cai thién hi€u qua s dung ning lugng so voi hé chi dong, nhung déac tinh mo-
men hd tro van thay ddi theo chuyén vi hodc trang thai diéu khién, do d6 khé dam
béo chuyén dong on dinh va nhat quén trong toan bg khoang lam viéc. Nguoc lai, co
cAu CCTM cho phép duy tri gia tri m6-men hd tro gan nhu khong ddi trong mot
khoang chuyén vi xac dinh nh¢ déc tinh co hoc ndi tai, khong phu thudc vao hé¢ diéu
khién phuc tap. Loi thé ndy dic biét quan trong trong céc ing dung co sinh hoc, noi
su on dinh cia mo-men giup chuyén dong tré nén muot ma, tw nhién va an toan hon
khi tuong tac truc tiép voi co thé nguoi. Do do, so véi cac phuong phap xtr 1y mo-
men bién thién, hudng tiép cin dua trén co cdu CCTM cho thiy nhiéu tiém ning trong

viéc nang cao hi€u qua va do tin cdy cua cac thiét bi ho trg van dong.

Tom lai, vé& hudng nghién ctru thiét ké tdi wu co cAu CCTM ta thdy con ton tai

mot sO van dé sau:

- Viéc t6i wu cac co cdu CCTM sir dung cac diam cong con phirc tap, lam
tang sd luong bién thiét ké dan dén bai toan tdi wu s& phuc tap, chi phi tinh
toan 1on.

- Kich thudce cac co cAu CCTM van con 16n, khoang lam viéc on dinh mo-
men con nho tir d6 1am giam kha ning tng dung cua co ciu.

- Mot s6 CCTM két cau phirc tap, phai lap rap lam mat di tinh wu viét cia
co cau dan hdi 1a tinh nguyén khdi.

- Chwa c¢6 cong trinh nao tich hop CBCM vao gidi thudt t6i wu dé khai
thac hiéu qua tinh toan ciia phuwong phap ndy nhim giam chi phi tinh toan

cho bai toan t61 vu hoa.
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- Chwa cé cong trinh nao xem xét sw thay doi ciia cdc yéu té ngdu nhién
anh hwong lam thay doi hinh ddng, kich thwéc da téi wu tir 36 1am cho
co cau co thé khong dam bao cac muc ti€u thiét ké hodc té hon la mét di

tinh on dinh mo-men.

Tt nhitng han ché néu trén, luan an duoc dinh huéng phat trién cac co ciu
CCTM méi c6 két cAu don gian, nhé gon, ché tao nguyén khéi, dat khoang lam viéc
6n dinh mo-men 16n (trén 65°), ddng thoi két hop cac phuong phap phén tich va tbi

uu hoéa tién tién nham nang cao hi¢u qua tinh toan va do tin cay cua thiét ke.

Trén co s& d6, luan an tap trung giai quyét bai toan thiét ké t6i vu CCTM theo
huodng khéc phuc cac han ché cua cac cong trinh da cong bd, dic biét 1a van dé do
phtre tap két cau, hidu qua tinh toan va do tin cay cuta thiét ké. Khac véi cac nghién
clru trude chu yéu dia trén mo phong phan tir hiru han thuan tay hodc cac két cdu lap
ghép, luan an tiép can theo hudng tich hop phuong phap phan tich dam theo 1y thuyét
CBCM truc tiép vao cac giai thudt toi wu, tir 36 nang cao hiéu suat tinh toan va cho
phép tong hop cac CCTM nguyén khdi, nhoé gon, c6 khoang lam viéc 6n dinh mo-

men 16n.

Céc dong gop méi cia luan an thé hién & viée dé xuit cac quy trinh téng hop va
t6i wu hoa CCTM dya trén CBCM, bao gém ca tdi wu hoa da muc tiéu va tdi wu hoa
theo d6 tin cdy, cho phép xét dén anh hudng cua cac yéu td ngau nhién trong ché tao.
Nhirng két qua nay khong chi mang y nghia phuong phap luan trong thiét ké co cau
dan hdi ma con mé ra tiém ning tmg dung ciia CCTM trong cac thiét bi hd trg chirc

ning khép, gop phan nang cao tinh thuc tién cia co cau.
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Chuong 2
CO SOLY THUYET

2.1 Dudng cong Bezier
Bezier 1a mot k¥ su cua hang 6 t6 Renault nude Phap, dua ra cong thirc xac dinh
duong cong tham sb Bezier vao nhitng nim 1960. Cac dang cua dudng cong Bezier

duoc thé hién nhu sau:

2.1.1 Dang tong quat dwdng cong Bezier
Puong cong Bezier ¢6 cac diém diéu khién hodc dinh diéu khién, 1a mét tap
hop ¢6 thir ty cac diém (Cy, ..., C,), dwa vao d6 dé xdp xi duong cong, dudng cong

Bezier c6 dang ham da thiic bac n, duoc xac dinh boi n + 1 diém didu khién:

Q@) = ) CiBin(@) .
i=0

trong do, cac véc-to C; biéu diénn + 1 diém diéu khién.
Ham B;,(g) 1a ham co s¢ cua duong cong Bezier va dugc mod ta bang da thuc
Bernstein:

Bin(q) =Vig"(1 — )™ 0<qg<1 (2.2)

trong d6 n 1a bac cua da thuc va

) n! i=20..,n
Vl=— ) ) )
"ol (n=1)! (2.3)

14 hé s6 nhj thiec.

2.1.2 Pudng cong Bezier bic nhit
Truong hop c6 hai diém diéu khién C,, C,, khi d6n+ 1 = 2, nén bac n cua

da thic 12 1 (Hinh 2.1a). Khai trién phuong trinh (2.1):

Q(q) = CoBo1 + CoBy 4 (2.4)
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Dua trén da thirc Bernstein (phuong trinh (3.2)), ta c6 2 ham co s6:

By1 = °A-q)'=010-9q)

114
ol : (2.5)
By = Tror? '1-9°=q
Tir ddy suy ra phuong trinh doan thang x4p xi hai diém:
Q(q) = (1 —q)Co + qC, = Cy + q(C1 — Co) (2.6)
Biéu dién & dang ma tréan:
_ -1 11[Co
ew=1a uf7 ol[¢] @)

2.1.3 Duwong cong Bezier bac hai
Truong hop ba diém diéu khién C,, C;, C,, khi d6n + 1 = 3, nén bac n cua da
thire 14 2 (Hinh 2.1b). Khai trién phuong trinh (2.1):
Q(q) = CoBop + C1Byp + (385, (2.8)
Dua trén da thirc Bernstein (phuong trinh (2.2)), ta ¢6 3 ham co s6:

Boz = 5514° 1 —0)* = (1 -q)°
21
Bip =41 -@)' =2q(1~q) (2.9)
21
B, = 2,0, *(1-q)°=q*
Tir ddy suy ra phuong trinh dudng cong bac hai xap xi ba diém:
Q@) = (1 —q)*Co+2q(1 — q)C1 + q°C, (2.10)
Biéu dién & dang ma tréan:
1 -2 111G (2.11)
Q@ =Iqg*> q 1]|-2 2 0]|G
1 0 0lLC,
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Co X Co c, X Co C, x
a) BAc nhat b) Bic hai c) Bacba
Hinh 2.1 Cac dang duong cong Bezier

2.1.4 Duwong cong Bezier bac ba
Truong hop ba diém diéu khién C,, C;, C,, C3, khidon + 1 = 4, nén bacn
cua da thirc 1 3 (Hinh 2.1¢). Khai trién phwong trinh (2.1):

Q(q) = CoBos + C1By 3+ (3By3 + (3835 (2.12)
Dua trén da thirc Bernstein phuong trinh (2.2), ta ¢6 4 ham co sé (Hinh 2.2):

31
Bys = mq‘)(l -q)*=01-¢)°

3]
Bz = ﬁql(l —q)* =3q(1 —q)?
|

BTET

(2.13)
B, 7°(1-q) =3¢°(1—q)

B;s = méﬁ(l -)°=q¢°

Thay cac phuong trinh nay vao phuong trinh (2.12), suy ra:

Q@) = (1 - q)°Co+39(1 — q)°C, +3¢°(1 - q)C, + ¢°C;  (2.14)

Biéu dién ¢ dang ma tran:

-1 3 -3 1 go
3 -6 3 0

Q(Q):[q3 qz q 1] -3 3 0 0 C: (2.15)
1 0 0 0llc
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Hinh 2.2 D6 thi ham co so ciia dudng cong Bezier bic ba

DO thi cac ham co sé cua duong cong Bezier bac ba trén Hinh 2.2. Moi diém dic¢u
khién c6 trong s0 bang ham co s& lién két véi n6d va anh hudng ciia moi diem duogce

thay d6i nhu cac bién tham sb g thay d6i tir 0 dén 1.

2.1.5 Cic tinh chit ciia dwong cong Bezier:

Ndi suy diém cudi: Duong cong di qua cac diém cubi (Hinh 2.1):
Q(0) = G vaQ(1) = G,

Céc ham co s¢ Bezier B;,(q) tao ra mét da thirc bac n cho n + 1 diém dicu
khién va budc duong cong Bezier di qua cac diém dic¢u khién dau va cudi.

Tiep tuyeén cac diem cuoi: Cac ham co s& con budc dudng cong Bezier tiép
xuc véi cac doan thang noi hai diém, diém diéu khién dau tién va cudi cung.
Q(0) = n(C; — G)vaQ' (1) = n(C, — Cy-1)

Neéu di€m dau va diém cuoi cia da giac dicu khién trung nhau thi dudng cong

s& khép kin.
Cic tinh chét ciia da thirc Bernstein:
- Luon duong:

Bin(Q) =20 v6ii=0,..,nva0<qg<1 (2.16)
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- Tinh chit d6i xtmg:

Bi—l,n(CI) = Bi,n(l - Q) Vél l = 0! "';n (217)

- Tinh chét chuin héa:

n
ZBi,n(q) —1 Vio<g<1 2.18)
i=0

- Dbéquy:
Pa thirc Bernstein bac n ¢6 thé biéu dién qua da thic bac n — 1:

0 voii=0,..,n

trong do B—l,n—l(q) =0va Bn,n—l(q) =0

Khi di chuyén vi tri cia mot diém diéu khién s& lam thay doi hinh dang cua toan

bd duong cong hay noi cach khac dudng cong Bezier thiéu sy diéu khién cuc b.

Viéc sir dung duong cong Bezier trong mo ta bién dang co cdu dan hoi khong
chi thuan loi vé hinh hoc va dai sd, ma con mang lai cac loi ich gian tiép vé co hoc:
giam tap trung tmg suat nho bién dang tron, dé diéu chinh dé dat phan bd d6 cung tbi
vy, va giam sé bién hinh hoc trong qua trinh t6i vu hoa co hoc. Nhitng yéu t6 nay

gitp cdi thién hi€u suat va tudi tho ctia co cau so véi cac dang duong cong khac.

2.2 Giai thuat di truyén GA va NSGA-II

Giai thuat di truyén (Genetic Algorithm) 1a mot phuwong phéap t6i wu héa dua
vao quy luat ddu tranh sinh ton trong ty nhién. Y twéng ctia nd xuit phat tir quan niém
cho ring qua tinh tién hoa ty nhién 13 qué trinh hoan hao nhét, hop 1y nhét va ty no
da mang tinh tdi wu. Sinh san va chon loc tu nhién 12 hai qué trinh co ban cua tién
hoéa tu nhién, nham tao ra cac thé hé sau tot hon thé hé trude dé thich nghi vdi sy thay
ddi cua mdi trudng. Nhitng ca thé nao khong dap tmg duoc s& chiu sy dao thai ty
nhién cua moi truong. Do do, cang tién hoa thi s& cang tao ra dugc cac thé hé t6t hon,

khoe manh hon, hoan chinh hon.

Thé hé cha me tién hanh lai ghép dé tao thé hé con. Thé hé con co thé mang

cac dac diém giong bo me, dugce goi 1a di truyén; hodc cling c6 thé c6 nhitng dac diém
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hoan toan méi so v6i bd me, duoc goi la dot bién. Mic du x4c suit xay ra dot bién 1a
kha nhé so véi di truyén, tuy nhién né dong vai trd rt quan trong trong qua trinh tién
hoa. Do dé, c6 thé noi di truyén va dot bién co vai tro quan trong nhu nhau trong qué
trinh tién hoa. Nhin chung, cac thuit toan tién hoa co thé co nhitng diém khac biét
nhau nhung déu mé phong bdn qua trinh co ban: lai ghép, dot bién, sinh san va chon

loc tu nhién.

CAu trac cua mot giai thuat di truyén duogc trinh bay tong quat nhu Hinh 2.3.
Pau tién, dua vao céc thong s6 dau vao, gidi thuat s€ tién hanh khéi tao thé hé dau
tién va tinh toAn ham muc tiéu dé danh gia do6 thich nghi ca cac ca thé trong thé hé
nay. Kiém tra diéu kién két thiic giai thuat c6 thé 1a muc do hoi tu hodc s6 thé hé tién
hoéa t6i da. Néu cac diéu kién nay chua thoa thi gidi thuat tiép tuc chon loc dé tao thé
hé moi thong qua hai qua trinh lai ghép va dot bién cho dén khi dat dugc didu kién

két thuc giai thuat.

Khai tao dan so

Panh gia do
thich nghi

Tao th& hé méi

K&t thac gidi thut

Hinh 2.3 Luogc do giai thuat GA

Néu GA chi dung dé giai quyét cho cac bai toan téi uu mot muc tiéu thi cac
phién ban phat trién ciia n6 1a NSGA (Non — Dominated Sorting Genetic Algorithm)
va NSGA-II lai dugc dung dé tbi wu hoa cho cac bai toan da muc tiéu. Trong d6

NSGA chi khac phuong phap GA & budc lya chon nén nod ké thira duoc nhitng wu
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diém cta phuong phap GA. Tuy nhién, phuong phap NSGA van t6n tai nhiing han
ché nhu: hiéu suét tinh toan, phu thugc tham sb diéu khién va kha nang duy tri sy da
dang trong quan thé. Dé khic phuc nhitng han ché cua NSGA, giai thuat di truyén
sap xép khong vuot troi IT (Non — Dominated Sorting Genetic Algorithm — II) da
duoc dé xuat [101]. Phuong phap nay véi nhiu ki thuat nang cao giup cai thién hiéu
suat va chit luong giai phap, dam bao su da dang va duy tri dugc cac ca thé tot qua

cac thé hé.

Déi vé6i viée toi wu hoa co cdu CCTM theo giai thuat di truyén trong luan 4n
nay, viéc khoi tao dan s6 dugc MATLAB thuc hién béng cach thay ddi cac gia tri toa
do cua cac diém diéu khién dé tao nén cac dam dan hoi khac nhau. Cac gia tri toa do
nay duogc rang budc nam trong khong gian thiét ké. Do thich nghi dugc danh gia thong

qua viéc so sanh cac gia tri myc tiéu cua bai toan toi wu hoa.

2.3 Phwong phap phan tir hiru han

Phuong phap phan tir hitu han (FEM) 14 phuong phap sé gan ding dé giai cac
bai toan duoc mé ta boi cac phuong trinh vi phan dao ham riéng trén mién xac dinh
c6 hinh dang va diéu kién bién bat ky ma nghiém chinh xac khong thé tim duoc bang

phuong phap giai tich.

Co sé cua phuong phap nay 13 1am roi rac hda mién xac dinh cua bai toan, bang
céch chia n6 thanh nhiéu mién con (phén tir). Cac phan tir nay duoc lién két voi nhau
tai cac diém nat chung. Trong pham vi ctia moi phﬁn tur, nghiém duoc chon 1a mot
ham s nao d6 duogc xac dinh thong qua cac gia tri chua biét tai cac diém nit cta phan
ttr goi 1a ham xAp xi thoa man diéu kién can bang ctia phan tir. Tap tat ca cac phan tir
cochuy dén diéu kién lién tuc cta su bién dang va chuyén vi tai cac diém nut lién
két giira cac phan tir. Két qua dan dén mot hé phuong trinh dai s6 tuyén tinh ma an
sO chinh 1a cac gi4 tri ciia ham x4p xi tai cdc diém nit. Giai hé phuong trinh nay sé
tim dugc céc gia tri cia ham Xép X1 tai cac diém nat cia mdi phﬁn tir, nho @6 ham Xép

xi hoan toan dugc xac dinh trén moi mdt phan tur.
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Trong bai todn phan tich mdi quan hé mé-men va ung suat voi chuyén vi goc
quay dau vao, phuong phap phan tir hiru han trong phan mém ABAQUS s& dugc sir
dung dé tich hop vao phén mém MATLAB thuc hién qua trinh tdi uu hoa hodc 1a mot
cong cu dé kiém ching su chinh x4c ciia mé hinh tinh toan bang phén tich 1y thuyét
v6i CBCM. Dé c6 sy thong nhat voi phan tir dang hai nat ciia phuong phap CBCM
hodc dé tang toc khi sir dung ABAQUS viao qua trinh t6i uu hoa, phan tir tuyén tinh
hai nat B21 trong ABAQUS s& duogc sir dung.

2.4 Phwong phap Chained Beam-Constraint-Model (CBCM)

Tac gia Chen va cac cong sy dd dua trén BCM dé phat trién phuong phap
CBCM dé xac dinh mdi quan h¢ lyc — bién dang cua cac truong hop bién dang 16n
[82, 83, 102, 103]. Hinh 2.4 thé hién mot dam cong x6n c6 chiéu dai L, bé rong W va
chiéu day (huéng ra ngoai mit phang) 1a T. O dau tu do cta dim chiu tic dong cua
cac luc P,, F, va mé-men M, lam cho dam bi bién dang thé hién bang cac dai lugng

tuong ung la X,,Y, va goc ¢,.

LYo

L (bé day ddm T)

Hinh 2.4 M6 hinh ddm c6ng x6n phan tich baing CBCM [105]
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Trong phuong phap CBCM, dim duoc chia thanh N phéan tir, mi phan ttr co
chidu dai L; va duoc ap dung md hinh BCM [104]. Phén tir thir i (0;0;,,) s& gan voi
mot hé toa do cuc bd 0,X;Y; tai nut O;, va chiu céc luc P;, F; va mo-men M; tai nut
0;,1. Goi AX;, AY; va a; 1a cac bién dang theo truc X;, Y; va goc quay sau bién dang

ctia phan tir thir i.

Moi quan hé Iyc — bién dang ctia mdi phan tir nhan duge tir BCM [106]:

‘ - i 6/5 —1/10 i .
L e B

,[—1/700  1/1400 1[8y;]

TP 11400 —11/6300] | ; |

t?p; 6/5 —1/101[dy; (2.20)

1
%=1 "2 A0 2715 e

—pildy: ail [_/11/188 _11/11/1203(())0] [iﬂ

trong do cac thong so vé luc F;, P;, M; va cac thong so veé bién dang AX;, AY;, a; clua

phan tir thtr i d3 duoc chuan héa (normalized) nhu sau:

PL? FiL? M;L; AX; AY;

Pi= g JiT g ™M T gy L, L,

Tuong tu cho toan bo dam:

_BLy . ELY MLy, AX, AY,

bo = ; Oxg = —; 5)’0=E?ao

ToZo - 222
El o T g M T Ty L, @ (222)

Méi quan hé giita cac phan tir dugc thé hién bang cac phuong trinh can bang tinh.
Phuong trinh c4n bang tinh ctia dau dam nhu sau:

b1 = Do, fi = fom, =my (2.23)
Phuong trinh can bang tinh giita phan tir th nhit va phan ta tha i (i =

2,3, ..., N) nhu sau:
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cosQ; sing; 0
—sing; cosp; O

(2.24)

fi fi
HEE
m; mi_q

Vi ¢@; 1a goc xoay di cua hé truc toa do cuc bg 0,X;Y; so voi hé toa dd toan cuc

0XY va duoc thé hién nhu sau:

i-1
@, =0,¢; = Z a (@ = 273,..,N) (2.25)
k=1
Céc phuong trinh thé hién céc rang budc hinh hoc cta toan bo dam duoc xéac dinh
nhu sau:
N
[cosgol- —sin<pi] [(1 + &x;)
sing; cos@; 8y;
=1

- [’;Z] (2.26)

l

N
Y@=, (2.27)
i=1

Céc phuong trinh (2.19 - 2.20), (2.23 - 2.24) va (2.26 - 2.27) tao thanh cac phuong
trinh cia CBCM, gdm c6 (6N + 3) phuong trinh. Nhu vay, trong téng sb 6 thong sb
luc va bién dang: p,, f,, My, X,, Y, V& @,, chi cin cho ba thong sb ta ¢ thé xac dinh
duoc 3 thong s6 con lai [105].

Vay, ban chat ciia mo hinh tinh todn theo CBCM la chia nh6é dam thanh cac phan
tir, moi phﬁn ttr s& tinh toan mdi quan hé lyc — chuyén vi theo BCM. Khi do6, cac phﬁn
ttr s& duogc lién két v6i nhau thong qua cac phuong trinh can bang tinh va rang budc
hinh hoc. Pay 1a diém khac biét ctia mdi mo hinh va ciing 1a déng goép méi ctia luan
an nay khi 4p dung CBCM vao cac dam cong Bezier ciia co cdu CCTM.

2.5 T6i wu hoa theo dd tin ciy

Mot md hinh bai toan tdi uu hoa thong thuong c6 thé dugc dinh nghia nhu sau:

Muc tiéu Min/Max f,,(x) m=12,...M (2.28)
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Chiu rang budc

g](x)so j=1121--'r] (2.29)
h,(x)=0 k=12,....K (2.30)
ximi" < x; < x"X i=12,...,n (2.31)

Trong do6:
x 12 vec-to chira cac bién thiét ké

min
X:

M x ™ 1a can trén va can dudi cia bién thiét ké thur i

fimn(x) 1a cac ham muc tiéu

gj(x) < 01a cac ham rang budc dang bét ddng thuc

hy(x) = 0 lan lugt 1a cac ham rang budc dang dang thirc

Y nghia cta bai toan 1a tim kiém cdc gia tri cua bién thiét ké trong khong gian
thiét ké sao cho dat duoc cyc tiéu hodc cuc dai cac ham muc tiéu £, (x) thoa man cac
diéu kién rang budc g i (x) va hy(x). O day, cac gi trj thiét ké hay tham s6 ctia mo
hinh bai toan 13 nhitng gia tri ¢d dinh va khong thay di trong qué trinh thiét ké hay
str dung va mot nghiém toi wu bat ky ciia bai toan nay duoc biéu dién nhu Hinh 2.5.
Ta thdy, cac két qua t6i vu nhan dugc thuong s& nam ¢ ranh gidi ciia cac rang budc
hoac ranh gidi cia mién an toan va khong an toan. Do d6, khi cac bién thiét ké hodc
cac thong sb trong mo hinh bai toan thay ddi ngau nhién c6 thé lam cho két qua tbi

uu roi vao mién khong an toan.
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X, |

Hinh 2.5 M6 ta mot két qua x* bat ky cta bai toan ti wu hoa [107]

Vi nhitng phan tich trén thi viéc xem xét sy thay d6i ngau nhién cua cac bién
thiét ké hodc cac thong sb trong mo hinh bai toan tdi wu nhu cac rang budc bo sung
1a diéu can thiét, gitp dua cac két qua t6i vu nhan duoc dam bao nam siu bén trong
ving an toan. Bai toan nay dugc goi 13 tdi uu hoa theo d6 tin cdy RBDO (Reliability
Based Design Optimization). Cac rang budc trong bai toan tdi vu theo do tin cdy nay
con dugc goi la cadc ham trang thai gidi han, phan chia gitra ving pha huy va vung an

toan cua két cau.

M0 hinh cta bai toan RBDO dugc mo ta nhu sau [108]:

Muc tiéu Min/Max f,,(d,x,p) m=12,...M (2.32)
Bién thiét ké DVs = {d,u}
Chiu rang budc Prob{g;(d,x,p) < 0} =1/ i=12,....,L (2.33)

Trong do6:

x 13 vec-to chira cac gia tri vira 13 bién thiét ké vira 1a bién ngdu nhién

p 13 vec-to chira cac tham sb ngiu nhién

d 1a vec-to chira cac bién thiét ké khong phai bién ngiu nhién

fm(d, x, p) 1a cac ham muyc tiéu (c6 M ham muc tiéu)
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Prob{g;(d,x,p) < 0} = r;" 1a cic ham rang budc c6 xem xét dén sy thay ddi cua
cac yéu tb ngau nhién dé dam bao bai toan dat duoc do tin cay r;. Gia tri phﬁn tram

do tin cay r;* duoc tinh thong qua chi s6 do tin cay f* véi s = &(B*).

Y nghia cta bai toan RBDO ciing twong ty nhu bai toan t6i wu hoa thong thudng
d6 1a tim gia tri cia cac bién thiét ké trong khong gian thiét ké thoa man cac rang
budc nham dat duoc gia tri cuc tiéu hodc cuc dai cia cac ham muc tiéu. Tuy nhién,
vi ¢ xét dén sy thay ddi ctia cac dai luong ngiu nhién nén gitip dua cac gia tri thiét
ké vao sdu trong ving an toan v6i phan trim d9 tin cay cho trude (phin mau xanh

nam phia trén ham rang budc g;(d, x, p) nhu biéu dién trén Hinh 2.6).

Hx2 )
T W WP, A N X*
\ Prob{gj(d,x,p)SO}Zr;‘

|
|
|
> Y'Y
»
|
|
|
|
|
|
1
1
|
|
|

i 9,(dx,p)=0

f(x)

>
W X;

Hx1

Hinh 2.6 M6 ta mot két qua ti wu x* bat ky cta bai toan t6i wu héa RBDO [108]

2.6 Phuwong phap phan tich dd tin ciy bac nhit FORM

Phuong phap phén tich d6 tin cdy bac nhdt FORM st dung khoang cach ngén
nhat tir diém gdc toa do O trong khong gian chuin hoa U dén ham trang thai gi6i han,
xac dinh théng qua cac diém thiét k& nim trén ham trang thai nay. Dé thyc hién
phuong phap, ham trang thai gi6i han s& dwgc xap xi tuyén tinh véi diém lira chon
ban dau va cac diém trung gian cho dén khi tim ra diém thiét ké. Qua trinh xac dinh
diém thiét ké s& trai qua cac budc 1ip lai ciia phuong phap nay. Phuong phap FORM

c6 thé dugc mo td mdt cach ngan gon nhu sau:

42



Dau tién, thiét 1ap ham trang thai gioi han g(x) trong khong gian X véi cac bién
x;. Sau d6, chuyén ham trang thai nay sang khong gian chuan héa U bang cong thirc
u; = (xX; — Hy,)/Ox, VO ly,, 8y, 1an luot 12 gid tri trung binh va do 1éch chuan cua
bién ngau nhién x;. O ddy, u; 1a cac bién chuan héa khong thir nguyén c6 gié tri trung
binh 1a 0 va d6 léch chuén la 1.

Dua trén khai trién chudi Taylor bac mot, ham trang thai gidéi han g(u) trong

khong gian chuan héa U duoc xap xi nhu mot ham tuyén tinh:

gw) =gw) +Vgu)u—u’)" (2.34)
trong d6 u* = (u}, u, ..., uy,) 1a vecto chita cac gia tri hién tai ciia bién chuin hoa
u;; Vg(u*) la gradient cia g(u) tai u*, va dugc xac dinh bdi cong thuc

dg 0dg dg
ouy 0u,” "' Ouyd .

gu’) = (2.35)

FORM s& tim diém thiét ké MPP u* (Most Probable Point) 1a diém c6 mat do
xéac sudt hu hong cao nhit trén ham trang thai giéi han g(u) =0. Khi 4o, viéc tim

diém thiét ké MPP u* twong dwong véi viée giai bai toan tdi uu:

minf(u) = \/uf + us+...+ul chiu rang buoc g(u) = 0 (2.36)

Qua trinh x4c dinh diém thiét ké MPP u* ta thu duoc chi sb d6 tin cdy 8 théng
qua két qua cia bai toan toi uu hoa (2.34) Tir chi s6 d6 tin cdy B, xac suat hu hong

P cua két cau s€ duge xac dinh bang ham tich iy Gaussian ti€u chuan nhu sau:

P~ ®(B) V6 D(2) = e-Zdt 2.37)

L
2.7 Vatliéu PEEK

Vit liéu dong vai tro then chdt trong thiét ké cac co cAu dan hdi, dic biét ddi
v6i co cAu CCTM vén lam viée trong diéu kién bién dang 16n va chiu tai 1ap. Trong
luan an nay, vat li¢u duoc lya chon 1a polyether ether ketone (PEEK) khong gia cuong
(unfilled PEEK), mot loai polyme nhiét déo ban tinh thé thudc nhoém

polyaryletherketone (PAEK), véi cac thong sé co hoc dugc tong hop tir cac tai lidu
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va datasheet di cong bd [8, 109, 110]. PEEK duoc biét dén véi su can bang giita 6
bén co hoc, kha ning bién dang dan hoi 16n, d6 6n dinh nhiét va tinh tro hoa hoc,
ddng thoi dd duoc ching nhan 1a vat lidu twong thich sinh hoc (biocompatible) trong
nhiéu tmg dung y sinh. Do d6, da duoc Gng dung rong rii trong linh vyc y sinh, ching

han nhu cdy ghép chinh hinh va thiét bi hd trg phuc hdi chirc nang [111, 112].

Vé mit co hoc, PEEK ¢6 d6 bén kéo trung binh khoang 110 MPa, giéi han
chay trong diéu kién udn nim trong khoang 172 — 210 MPa, mo-dun dan hoéi khoang
3,6 — 4,0 GPa va do gian dai khi dut dat 20 — 40%. Trong luan an nay, gia tri mé-dun
dan hdi duoc 14y 210 MPa, 1a giéi han chay cua vit liéu trong diéu kién udn, phu hop
v6i trang thai 1am viée cha yéu cta cac phan tir dan hoi trong co ciu CCTM. Cac dic
tinh nay cho phép PEEK duy tri kha ning chiju tai 6n dinh trong khi van dap tng yéu

cau bién dang 16n cua co cau.

Ngoai ra, PEEK c6 kha niang khang moi va mai mon tét, ty trong thap (khoang
1,30 g/cm?®) va duy tri tinh chit co hoc trong dai nhiét do 1am viéc lién tuc 1én dén
250-260°C, mang lai loi thé 5 rét so véi kim loai trong cac ing dung can giam khdi
luong va 1am viée 1au dai duéi tai dong. Dic biét, ddi véi co cAu CCTM hanh trinh
16m, ti€u chi lya chon vat ligu o, /E dugc xem 12 mot chi ) quan trong phan anh kha
ning bién dang dan hdi cho phép. So vdi cac vat lidu polyme ki thuat phd bién khac
nhu POM hay PEEK gia cuong soi thuy tinh (PEEK-GF30), PEEK khong gia cuong

cho gia tri g,,/E 16n hon, qua d6 phu hop hon véi yéu cau lam viéc cua co cdu [8].

Can luu v ring viéc lua chon vt liéu c6 ty 18 g, /E 16n cling ddng nghia véi
viéc chdp nhan mo-dun dan hoi twong ddi thap, dan dén do cing tong thé cia co cdu
giam. Tuy nhién, trong luan an nay, sy danh ddi nay dugc can nhic mét cach c6 chu
dich nham wu tién kha ning bién dang 16n va 6n dinh mé-men cua CCTM, trong khi
cac yéu ciu vé d6 bén va do cing tong thé duge dam bao thong qua thiét ké hinh hoc

va to1 vu hoa két cau.

Két luan: Chuong nay di tong hop cac kién thirc nén tang cho viéc thiét ké

t6i uu co cau CCTM bao gom cac kién thirc vé duong cong Bezier, giai thuat di truyén

44



GA va NSGA-II, phuong phap CBCM, phuong phap phan tir hitu han, bai toan tbi
uu hoa theo do tin cdy, phuong phap phan tich do tin cdy bang FORM va vat liéu ché
tao CCTM.
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Chwong 3
THIET KE VA TOI UU HOA CO CAU PAN HOI
ON PINH MO-MEN DUA TREN GIAI THUAT
DI TRUYEN

3.1 Phwong hwéng chung
Qui trinh thiét ké t6i wvu CCTM dua trén giai thuat di truyén duogc thuc hién theo

cac budc sau:

- Bude 1: Dé xuit két cAu so bd cta co ciu

- Budc 2: Xac dinh cac bién thiét ké cua co cau

- Budc 3: Xac dinh gidi han bién cho cac bién thiét ké

- Budc 4: Xac dinh ham muc tiéu va cac ham rang budc khac

- Budc 5: Cai dit cac thong sb va tién hanh chay giai thuét tdi vu

- Budc 6: Poc dit liéu va danh gia két qua

Trong qua trinh thyc hién t6i vu hoa, mbi quan hé gita tng sut, mé-men dau
ra va chuyén vi goc quay sé& duogc tinh todn thong qua FEM hodc tinh bang mé hinh

CBCM. Chwong nay sé trinh bay cdc thiét ké dwoc t6i wu bang cd hai cich nay.

3.2 T6i wu héa co ciu bang GA va FEM

Trong hudng nghién ciru ndy, cac bién thiét ké duoc tham sé héa va tdi wu bang
giai thuat di truyén dé tim ra kich thudc va hinh dang cua cac phan tr dan hdi. Qua
trinh t8i wu hoa duoc thuc hién tu dong béng MATLAB va ABAQUS thong qua luu
d6 dugc trinh bay ¢ Hinh 3.1.

Dua vao cac thong sb6 so bo ban diu, mot phién ban thiét ké dau tién s& duogc
hinh thanh bang cach sir dung MATLAB. Dong thoi, phuong phap phén tich phan tir
hitu han bdi ABAQUS duoc st dung dé tim dugc do thi mdi quan hé giira mé-men
va chuyén vi dau vao (goc quay). Ung suit clia cac phan tr dan hoi s& duoc danh gia

dé dam bao co cdu hoat dong trong ving gidi han dan hoi.
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Hinh 3.1 Luu d thudt toan tdi uvu hoa bang giai thuat di truyén

Thong s6 dau vao dé thyuc hién t6i wu hoa GA dugc chia ra thanh hai khdi nham
gitip cho ngudi doc dé dang hiéu dwgc luu d6. Khdi “Thong sé dau vao” va “Thong
s6 GA” 1an lugt dé xéac dinh cho hinh dang cua co cAu va cac thong sb cua giai thuat
GA. O vong dau tién, MATLAB s& xuat ra tap tin code “CTM_input.inp” dé dinh
nghia cho md hinh mé phong dua trén thong s thiét ké dugc tao ra boi GA. M6 hinh
duéi dang code nay sau d6 dugce dua vao ABAQUS dé thyc hién qué trinh phan tich.
Do thi m6 ta mbi quan hé gitra m6-men xodn va goc do duoc xuit ra tir file mé phong
dé danh gia theo ham muc tiéu da dinh nghia. Sau d6 n6 dugc GA tinh toan dua vao
gia tri phu hop (fitness value) dé sap xép thiét ké nay trong thé hé hién tai. Giai thuat
di truyén NSGA-II tao ra con chau bang viéc st dung mot dang cu thé cua lai ghép
(crossover) hoac dot bién (mutation) va sau d6 chon loc thé hé ké tiép. Giai thuat két
thuc khi hiéu sé cia ham muc tiéu giita hai thé hé lién tiép nho hon dung sai, su tién

héa héi tu hodc dat s6 vong 1ap (maXiter).

Trong phan nay, NCS s& tng dung phuong phap nay cho hai trudng hop nghién
ctru cu thé dé thiét ké t6i wu ra hai co cdu CCTM, goi 1a CCTM-1 va CCTM-2.
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3.2.1 Co ciu CCTM ding cho thiét bi luyén tap chirc niing (CCTM-1)

Bénh nhén sau khi phiu thuét cac khép, & giai doan phuc hoi, cac khép can phai
duoc hoat dong dé chdng xo cting khép. Trong truong hop nay, cac thiét bi luyén tap
hd tro phai kiém soat luc dé khong giy dau dén cho bénh nhan khi tap luyén. Viéc
kiém soat luc nay cé thé duoc thyc hién mot cach don gian bang mot khép quay co

vai trd 6n dinh mé-men nhu Hinh 3.2(a) [30].

Piém diéd

(a) (b)

Hinh 3.2 a) M6 hinh thiét bi luyén tip chirc ning, b) phuong 4n thiét ké CCTM-1

3.2.1.1 Thiét ké CCTM-1
Co cdu CCTM-1 gdm ba nhanh, mdi nhanh 1a su két hop cua ba dudng cong
Bezier nhu Hinh 3.2(b). Vanh tron ngoai cia co ciu s& dugce ¢ dinh, khi d6 tac dong
mot goc quay vao truc cua n6 s€ nhan dugc mot moé-men co gia tri tang dan, khoang
nay duogc goi 1a giai doan gia tai ban dau. Khi hét giai doan nay, mic du goc quay
tiép tuc ting ta van s& nhan dugc moé-men c6 gia tri gidng nhau, ddy 1a khoang lam

viéc cua co cau (Hinh 1.4).
Vi co cau gébm ba nhanh d6i xtmg qua tdm nén ta chi can s dung mot nhanh dé
phan tich tim ra bién dang cho duong cong Bezier. Pé tim duoc bién dang duong
cong Bezier, ta tién hanh tham s hoa toa d6 cac diém diéu khién cia nd. Cac toa do

nay dugc goi 1a cic bién thiét ké. Trong thiét ké nay, mdi nhanh cua co cau bao gom
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ba duong cong Bezier véi tong cong mudi diém diéu khién dwoc ky hiéu
C;(x,y) (i = 0+ 9). Caba dudng cong ndy déu la duong cong Bezier bac ba véi bon
diém diéu khién cho mdi dudng va cung c6 chidu rong bang nhau ky hiéu 1a w. Diém
Cs duoc bd tri nim ngay trén duong tim ding va 1a diém chung cua ca ba duong
cong. Céc diém nay duogc gii han trong khoang lam viéc hay con goi 1a gii han bién
cua két cdu, duogc thé hién trén Hinh 3.3. O day, vong tron ngoai cua co clu cb ga"ln
hai diém Co va Cs duoc xem nhu mot phan cua gidi han bién. Diém Co s& dugc quay
quanh duong tron c6 ban kinh R. Day ciing 1a noi dé dit truc quay cho co ciu khi

hoat dong.

Khéng gian ‘
thiét ké

| )

Hinh 3.3 So dd céc bién thiét ké va diéu kién bién mot nhanh cia CCTM-1

3.2.1.2 Tbi wu héa CCTM-1

Thiét ké nay c6 20 bién thiét ké bao gdm chiéu rong dong nhét cia cac duong
cong Bezier (w) va 19 gid tri x, y 14 toa do ctia 10 diém diéu khién cua ba dudng cong
trong mot nhanh vi diém Cs chi c6 mét toa dd y con toa d x cia nod béng 0. Tht tu
céc bién thiét ké toi wu cua cac duong cong Bezier dugc thé hién trén Hinh 3.3. Nhiém
vu t6i vu 13 1am sao giam sy thay doi moé-men trong khoang lam viéc cta co cdu bat

ké sy thay doi ciia goc quay dau vao v6i ham muc tiéu theo phwong trinh (3.1).
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Minf(6) = [.(T - T,)> d6 (3.1)
MO hinh tbi vu cua thiét ké dugc thé hién trén Bang 3.1 bén dudi. Trong do, gia
tri R dugc chon trude 1a 15 mm. Ham rang budc g, nham dam bao vi tri cta cac diém
diéu khién, tranh viéc cac diém diéu khién thay ddi tht tu 1am cho dudng cong s&
khong kha thi trong thyc té. Ham rang budc g, khdéng ché chiéu rong cua cac duong
cong hay chinh 14 cac phan tr dan hdi bién dang. Ham rang budc g; nham dam bao

co cau hoat dong trong vung gi6i han dan hoi.

Bang 3.1 Mo hinh téi wu hoa cta co ciu CCTM-1

1. Muc tiéu:

— Cyc tiéu sai s6 mo-men dau ra theo phuong trinh (3.1)

2. Bién thiét ké:
—Piém diéu khién: C;(x,y) (i = 0 +9)

— Bé day trong mit phang (In-plane thickness): w

3. Rang bujc:
.91 C(x)<0(@=0+2;7);Ci(x)>0(i=4+6;8)
il. g,:0.7 <w < 1.5 (mm)

iii. Ung suat 16n nhat trong CCTM, gs: O max < oy /SF

3.2.1.3 Két qua CCTM-1

Thong qua giai thuat di truyén, ta str dung phin mém MATLAB va ABAQUS dé
t6i wu hoa bién dang va kich thudc chiéu rong ctia co cau. Trong qua trinh t6i wu hoa,
s6 lwong thé hé duoc thiét 1ap 13 25 va dan sb ciia mdi thé hé 1a 40. Két qua gia tri toi

wu ciia cac bién thiét ké cho co cau nay dugc trinh bay trong Bang 3.2.

Mo phong phén tir hitu han duogc thuc hién bang phdn mém Abaqus/Standard, sir
dung bo giai an (implicit) cho bai toan tinh phi tuyén (Static, General) véi tiy chon

tinh ning phi tuyén hinh hoc (Non-linear Geometry) nham xét dén anh hudng cua

50



bién dang 16n cua céc dam dan hdi. Cac bd phan cua co cdu dugc mo hinh hoa béng
phan tir dam tuyén tinh hai nat B21, cho phép mo ta chuyén vi 16n trong khi van gia

thiét bién dang nho. Vat liéu duoc gia thiét 1a dan hoi tuyén tinh, déng hudng.

Tai tac dung dugc ap dit theo dang didu khién chuyén vi (displacement-
controlled) nham dam bao tinh 6n dinh s6 trong qua trinh phan tich phi tuyén. Vanh
tron ngoai cua co cAu duoc cd dinh hoan toan, loai bo céc chuyén dong vat ran khong
mong mudn. Dé tao chuyén dong quay kich thich co cdu, mot diém tham chiéu duoc
dit tai tAm hinh hoc cta co ciu va duoc lién két dong hoc (kinematic coupling) voi
cac nut twong Ung cua co ciu dan hdi. Chuyén vi goc duoc gan tai diém tham chiéu,
tir d6 duoc truyén tdi cac dam dan hoi thong qua rang budc coupling, gy ra bién
dang cta co ciu.

Hé phuong trinh can bang phi tuyén duoc giai theo tirng budc gia tai ting dan
bﬁng bo giai Abaqus/Standard véi cac tiéu chuin héi tu mac dinh. M6-men phan luc
tai diém tham chiéu duoc trich xuat dé x4y dung quan hé mé-men — goc quay cta co

cau.

Bang 3.2 Gia tri toi uu cac bién thiét ké cia CCTM-1

Bién thiét ké Gia tri (mm) | Bién thiét ké Gia tri (mm)
Co(x,y) (-20,69; 89,76) Cs(x,y) (21,99; 68,23)
C.(x,y) (-20,56; 73,49) Ce(x,y) (20,80; 89,64)
C,(x,y) (-13,68; 71,76) C,(x,y) (-16,96; 41,85)
C;(x,y) (0,00; 77,37) Cs(x,y) (21,74; 40,95)
C,(x,y) (21,80; 68,00) Co(x,y) (14,43; -4,10)

w 0,90

Bién dang cac duong cong Bezier va hinh anh mé phong Gmg suét bang phuong
phap phan tir hita han thong qua ABAQUS duoc thé hién nhu Hinh 3.4. Chiéu day

(chiéu cao) cua co cau ¢ day co gia tri t = 10 mm. Gid tri ¢ nay s€ anh hudng dén
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gi4 tri mo-men dau ra cua co ciu. Cang ting t thi mé-men cang ting va nguoc lai.
Két qua mo phong cho thiy tng sut 16n nhat ciia co cau xap xi 63 MPa, nam trong
gidi han cho phép cua ham rang budc gs: ey < 0,,/SF = 63,3 MPa, trong do

o, = 76 MPa la gi6i han dan hdi cua vat liéu POM, con SF = 1,2 13 hé s an toan.

S, Mises
4 Bottom, (fraction = -1.0) »
(Avg: 75%)
r 4

100 T T T

80

60

+6.283e+04
40 r 1 +5.761e+04
+5.240e+04
+4.719e+04
. +4.197e+04
+3.676e+04 |
+3.155e+04
. +2.633e+04
+2.112e+04
+1.591e+04
. +1.069e+04
+5.478e+03
+2.650e+02

20 t

0+r

Toadd Y (mm)

-100 -50 0 50 100
Toa do X (mm)

(a) (b)

Hinh 3.4 Pudng cong Bezier cua co cdu CCTM-1 (a) va két qua mo phong tir
ABAQUS (b)

Hinh 3.5 M6 hinh 3D ctia co cAu CCTM-1

bé tang tinh chinh x4c cho co cau trudce khi tién hanh ché tao thuc té, mot md

hinh 3D ctia co cdu CCTM-1 (Hinh 3.5) dua trén két qua t6i wu hoa & trén dugc xay
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dung va tién hanh mo phong dé so sanh véi mé hinh 1D. Céc diéu kién bién cia mo
phong 3D giéng nhu trén, chi thay doi phan tir dang solid C3D10. Két qua mé phong
ctia ca phan tir solid 3D va phan tir thanh 1D dwogc thé hién trén Hinh 3.6. Két qua
cho thiy c6 sy twong thich kha tét gitta hai mé hinh. P9 6n dinh mé-men cua co cu
dat duoc 2/3 so voi toan bo khoang chuyén vi cua goc quay dau vao, tir 20° dén hon
60°. Gia tri mo-men trén mo hinh 3D hoi 16n hon so v&i mo hinh 1D, véi gia tri mo-
men 6n dinh 1an luot 1a 247 Nmm va 242 Nmm cho hai mé hinh. Su sai 1éch mé-men
giita hai mo hinh c6 thé xuét phat tir nguyén nhan do ctmg ctia cac dam trén mé hinh
3D cao hon do c6 cac cung bo (fillet) tai giao diém giita cac dam va giita dam véi
vong trong va vong ngoai. Trong khi d6, cac giao diém nay trén mo hinh 1D chi la
mot diém 1y tudng. Sai s6 16n nhat ciia mé-men dau ra trong khoang 6n dinh mé-men
s0 voi gia tri mo-men on dinh 13 5% tai vi tri goc quay 20° ciia md phong 1D. Gia tri
mo-men 6n dinh co thé thay d6i cho phu hop véi nhu cau ing dung bang cach ting

gidm chiéu day ¢ ciia co cau. Gia tri ftang s€ lam tang gid tri mé-men va nguoc lai.

300 : : ' ' | |
250 S N R I R ]
|
I
e — Mb phong 1D-FEA
5200 — M phong 3D-FFA I -
< :
=150 | |
£ |
§ 100 , Khoang on dinh md-men i |
I
I |
50 | .
i :
0 ' I . ! | | ;

Goc quay (d9)

Hinh 3.6 D6 thi méi lién hé giita Mo-men — Goc quay ciia CCTM-1
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3.2.2 Co ciu CCTM hai giai doan (CCTM-2)
3.2.2.1 Thiét ké CCTM-2

Co cidu CCTM-1 & trén, giéng voi cac co ciu dan hoi on dinh moé-men khéc,
khoang 1am viéc ciia co c4u thudng khong 16m vi bi gidi han bai gidi han dan hdi cua
vat lidu. Dicu ndy lam giam kha ning ing dung ciia co cdu CCTM trong cac truong

hop can khoang 6n dinh 16n hon.

Dua trén y tudng co cdu CFM c6 khoang 6n dinh 16n cua tac gia Qingsong Xu
[9], mdt co cAu dan hoi 6n dinh mé-men hai giai doan (two-stage CCTM) dugc dé
xuat thuc hién & thiét ké nay (Hinh 3.7). Co cdu nay gitp lam ting khoang lam viéc
bang cach ndi tiép cac dAm manh bién dang thanh hai 16p va bién dang tuan tu, tir 46

giup lam tang khoang lam viéc cta co cau.

o
L r a
A g e Binh luat Hooke
5| = T(0)
T T i
1 \L : I
pCocdudndinh | |
: momen } |
| | :
. Ny L3 |
i |
Khoang : Giai doan 1 I Giaidoan2 | Goc quay
gatsi | CTM | cu | (©0)
l -
0 a b C

Hinh 3.7 Médi quan hé cia Mé-men — Géc quay cua co cdu CCTM hai giai doan

Phuong an thiét ké cta co ciu CCTM hai giai doan dugc mo ta nhu Hinh 3.8,
trong d6 cac dam dan hoi duoc chia 1am hai 16p. Cac phan tir dan hdi nay duge tham
sO hoa tir duong cong Bezier, khi bién dang s& bi “bat” sang hinh thai 6n dinh khac.
Khi cac duong cong nay “bat” sang trang thai khac (Hinh 3.8 (a)) thi d§ clirng n6 sé
giam (d6 cimg am) va s& duoc két hop véi doan d6 climg ting (46 cimg duong) cia

cac thanh & 16p khac 1am kéo dai khoang 6n dinh mé-men cho co cu.
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Hinh dang ban dau
(Pudng cong Bezier)

Truc quay

\\\\\\— | -
(b)+

Hinh 3.8 Y tudng thiét ké co cAu CCTM hai giai doan a) M6 ta trang thai bién dang
“bat” cia mot thanh va b) y tuong két cdu cia CCTM-2

Két ciu ciia co cdu dan héi CCTM-2 goém hai 16p, mdi 16p 1a ba duong cong
Bezier nhu Hinh 3.8 (b). Ba thanh cong cta 16p tht 1 s& c6 mot dau duge gin vao
mot vong tron. Vong tron nay 1a noi s& lp truc dé nhan chuyén dong quay tic dong
vao co cau. Cac dau con lai ctia 3 thanh nay s& duoc ndi voi mot khung ctimg. Khung
climg ndy co tac dung truyén chuyén dong quay cua 3 thanh ¢ 16p 1 ndy sang cho 3

thanh & 16p 2 & bén ngoai. Cac dau con lai ctia 3 thanh cong bén ngoai ndy dugc cb
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dinh trén vanh tron ngoai cung cia co cau. Cac thanh ngoai nay s€ ti€p tuc quay khi

nhan dugc chuyén dong quay dau vao tir khung ctng.

Kich thuéc va hinh dang cua cac dudng cong cua co cdu nhan duoc théng qua
phép tdi wu hoa bang giai thuat di truyén GA sir dung bo cong cu tdi wvu cia MATLAB
va md phong tng suat, bién dang bang phuong phap phan tir hitu han nho vao phan
mém ABAQUS. Vi co cdu ddi ximg qua tdm nén ta chi can sit dung mot nhanh & mdi
16p dé phan tich tim ra bién dang cho dudng cong Bezier. Dé tim dugc bién dang
duong cong Bezier, ta tién hanh tham sé héa toa d6 cac diém diéu khién cua nd (Hinh
3.9). Cac toa d6 nay duoc goi 1a cac bién thiét ké. Trong thiét ké nay, tit ca cac duong
cong ¢ hai 16p déu 1a duong cong Bezier bac bon voi nam diém diéu khién cho mdi
duong duoc diéu khién bang cac diém Cij(x,y) (i=1,2;j =0+4) va cung c6
chiéu rong bang nhau ky hiéu 1a w. Diém C,, dugc b tri ngay trén dudng tim ding
va nam trén duong tron R48. Cac diém C,, va C,, 1an luot duoc dit trén cac duong
tron R10 va R24 va s& duoc xac dinh nhd vao cac goc a, va a,. Cac diém nay duoc
gidi han trong khong gian thiét ké hay con goi 1a giéi han bién cua két cau, duoc thé

hién trén Hinh 3.9.

Khong gian thiét ké
rd

R e - Co dinh
- | |
\ R48 Qo Dam 2
\ I v
A | '\‘
. Fd C2|\\\ N : \
a r | \
. N
Dam 1 / 12 \: \
' /-7 Q3 |\ '\
l 2
Ca I\ \

Hinh 3.9 Bién thiét ké va diéu kién bién mot nhanh cua co cdu CCTM-2
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3.2.2.2 T6i wu héa CCTM-2

Nham rang budc cho giéi han bién cling nhu giam bét bién thiét ké dé giam bt
thoi gian mo phong tinh toan ctia phan mém, ba gia tri ban kinh cia cac dudng tron
R48, R24 va R10 s& duoc chon trude 1an luot 12 48 mm, 24 mm va 10 mm. Nhu vay,
trong thiét ké nay c6 17 bién thiét ké bao gdm chiéu rong dong nhét cua cac duong
cong Bezier (w) va 14 gid tri x, y 1a toa d6 cua 3 diém Cii,y) i=1j=1+3)
cua cac dudng cong trong 16p 1 va cua 4 diém Cij(x,y) (i=2;j =0+ 3) cua cac
duong cong & 16p 2. Mdi diém C;, va C,4 s& chi co mot bién thiét ké do 1a cac goc
@, va a,. Nhiém vu t6i vu héa cua thiét ké nay 1a giam su bién dong ctia moé-men
xung quanh céc gia tri dat trudc dé dat dugc sy On dinh mo-men trong khoang lam
viéc ctia co cdu bat ké s thay doi cua goc quay ddu vao. Phuong trinh (3.2) bén duéi
1a ham muyc tiéu cua co cdu CCTM-2.

Min[£(6)] = ["(T — T;)2d6 + [ (T — T,)2 6 (3.2)

Bang 3.3 Mo hinh téi wu hoa cta co ciu CCTM-2

1. Muc tiéu:

— Cyec tiéu sai s6 mo-men dau ra theo phuong trinh (3.2)

2. Bién thiét ké:

—Diém diéu khién: Cjj(x,y) (1=1+2,j=0+4)
—Bé day trong mit phang (In-plane thickness): w
- Goc: aq, a,

3. Rang bujc:
i.g: C1(x) <0;
ii. go: Cj(x0) < C;(x) (j=0+4)
iii. g5:0.7 < w < 1.5 (mm)
iv. g,:m/18 < a < m/1.5 (rad)
v. Ung suat 16n nhat trong CCTM, gs: om < Gy/SF

Mo hinh t6i wu cua thiét ké duoc thé hién trén Bang 3.3 bén dudi. Haim rang budc

g1 va g, nham dam bao vi tri cua cac diém diéu khién, tranh viéc cac diém di€u khién
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thay d6i thtr ty 1am cho duong cong s& khong kha thi trong thyc té. Ham rang budc
gs va g, xac dinh gi6i han cho chiéu rong cua cac thanh dan hoi va goc do dé xac
dinh cac diém C,, va C,,. Him rang budc gs nham dam bao co cdu hoat dong trong
ving giéi han dan hoi.
3.2.2.3 Két qua CCTM-2

Dé don gian cho qua trinh mo phong, cac phan tir khung ctng s& duoc thay thé
bﬁng cac phén tir 2 nat dang thanh. Khi tim céc gia tri bién thiét ké, chi cAn mot nhanh
ctia mdi 16p vi do tinh ddi xtng ciia co cau. Tuy nhién, trong qua trinh mo phong
phan tir hitu han, dé x4c dinh ding mdi quan h¢ giita mé-men véi chuyén vi thi yéu
cau diém Cio phai quay xung quanh dudng tron R48. Do d6, & ddy khi dua qua
ABAQUS, tit ca 6 thanh dudng cong s& dugc dung dé phan tich, khi d6 méi mo ta
dung mdi quan hé ctia cac thanh dan hoéi. Trong qua trinh t6i wu héa, sé lugng thé hé
duoc thiét 1ap 1a 30 va dan s6 ciia mdi thé hé 1a 40. Két qua tdi wu duoc chon ra tir
thiét ké thir 2 ¢ cac gia tri ctia bién thiét ké nhu Bang 3 4.

Bang 3.4 Gia tri toi uu cac bién thiét ké cia CCTM-2

Bién thiét ké Giatri Don vi
Cio(x,y) (0,00; 48,00) mm
Ci1(x,y)  (-0,90; 25,47) mm
Cio(x,y) (1,00; 32,53) mm
Ciz:(x,y) (1,79; 32,53) mm
Ciis(x,y) (9,62; -2,74) mm
Co(x,y) (12,70; 58,13) mm
Cy1(x,y)  (35,23;58,13) mm
Cyr(x,y)  (12,70; 35,60) mm
Cy3(x,y)  (43,03;15,90) mm
C,u(x,y)  (742;22.83) mm

aq 105,88° do
a, 18,00° do
w 0,80 mm
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Bién dang cac dudng cong Bezier va hinh anh mo phong bang phuong phép phan
tir hita han thong qua ABAQUS duoc thé hién nhu Hinh 3.10. Chiéu day ciia co cdu
& day co gia tri £ = 5 mm. Gia tri ¢ ndy s& anh hudéng dén gia tri mo-men dau ra cua

co cau. Cang tang ¢ thi mé-men cang tang va nguoc lai.

60
S, Mises
Bottom, (fraction = -1.0) X
(Avg: 75%) Bién dang .
40 ¢ +1.110e+02 Ban dau
+1.018e+02
+9.253e+01
+8.329e+01
+7.405e+01
— +6.481e+01
c +5.557e+01
€ +4.633e+01
= +3.709e+01
> +2.785e+01
© +1.861e+01
= +9.372e+00
o +1.329e-01
o
=
Y
-40 1 Zt—» X \
-60 L L L L L
-60 -40 -20 0 20 40 60
Toa do X (mm)
(a) (b)

Hinh 3.10 Bién dang dudng cong Bezier cia CCTM-2 (a) va két qua mé phong 1D
tr ABAQUS (b)

(b)

Hinh 3.11 M5 hinh 3D cua co cdu CCTM-2 (a) va sy bién dang cta cac phan
tir dan hdi & mé hinh 3D (b)
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bé tang tinh chinh xéc cho co cAu trude khi tién hanh ché tao thuc té, mot mo
hinh 3D ctia co cdu CCTM-2 (Hinh 3.11) dya trén két qua t6i uvu hoa ¢ trén duoc xay
dung va tién hanh mé phong dé so sanh véi mé hinh 1D. O day, hai 16p cua co cdu
duoc bd tri & hai ting dé dam bao du khong gian cho cac thanh dan hdi bién dang va
khéng gian dé lip truc quay. Toan bd gia thiét mé hinh va diéu kién bién trong céac

mo phong FEM 1D va 3D nay hoan toan twong ty nhu mé phong co cdu CCTM-1.

Viéc chon mot vat li€u thich hop la rat quan trong ddi véi cac co ciu bién dang
16n. Vat liéu dugc chon phai c6 ty sb g, /E cang l6n cang tdt, thé hién kha nang cho
phép udn cua vat lidu trude khi chay déo [34]. So voi POM da dung cho CCTM-1 thi
vat lidu polyether ether ketone (PEEK) ¢6 ty s6 g, /E 16n hon rat nhiéu, v6i mo dun
dan hoi (E) va gi6i han chay (0y) ctia PEEK dugc liy twong tmg 14 3,58 GPa va 210
MPa. Do d6, PEEK dugc chon lam vat li¢u trong thiét ké nay. Gia tri hé s6 Poisson
v, = 0,3.

Két qua mod phong ctia ca phan tir solid 3D va phan tir thanh 1D duoc thé hién
trén Hinh 3.12. Két qua cho thy gi4 tri mo-men trén mé hinh 3D hoi 16n hon so véi
m6 hinh 1D nhung nhin chung c6 su twong thich kha tdt giira hai mé hinh. Twong tu
nhu CCTM-1, su sai 1éch md-men gitta hai mé hinh c6 thé xudt phat tir nguyén nhan
d6 cimg cua cac dam trén mo hinh 3D cao hon do ¢6 cac cung bo tai giao diém giita
cac dam va giita dam voi vong trong va vong ngoai. Trong khi dé, cac giao diém nay

trén mo hinh 1D chi 1a mot diém 1y tudng.

Bén canh do, khoang 6n dinh mo6-men bi chia tach ra lam hai giai doan tai vi
tri goc quay 58°. Bén canh d6, khoang 6n dinh mé-men cia CCTM-2 bi chia tach
thanh hai giai doan tai ving géc quay xap xi 58°. Hién tugng nay xuét phat tir dic
trung két cau ndi tiép giita cac dam trong co cau. O giai doan dau, khi goc quay tang
tir 0 dén khoang 56°, cac dam 1 hau nhu chwa bién dang dang ké va cha yéu dong vai
tro truyén chuyén dong qua khung cimg sang cac dam 2. Do d6, bién dang va tng
sut tap trung chii yéu tai cac dam 2, voi Gng suét twong duong Von Mises cuc dai

xudt hién tai ving tiép giap giita ddu dam 2 va khung cing.
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Khi goc quay tiép tuc ting, cac dam 1 bit dau tham gia bién dang manh va xuat hién
hién tuong dao chidu quay cuc bo tai dau dam 1 tiép xuc v6i khung cimg do bién dang 16n
hinh hoc. Hién tuong nay lam giam mirc d6 rang budc cua khung cimg ddi v6i cac dam 2,
tir 46 dan dén sy giai phong tng suat trén cic dam 2 va gy ra pha giam mo-men quan sat
dugc trén do thi.

Khi goc quay dau vao vuot qua khoang 58°, do cung hinh hoc cua cac dam 1 ting
1én du 16n dé kéo khung cimg va cac dam 2 quay trd lai cung chiéu véi chuyén vi dau vao.
Tu d6, co cau budce sang giai doan 6n dinh mo-men thir hai, tao nén su chia tach rd rét cua
duong dac tinh mo-men—goc quay cuia CCTM-2.

Sai sb cuia gid tri mé-men dau ra clia co cdu trong toan bd khoang lam viéc tir
30° dén 110° 1an luot 1 3,8% va 4,3% cho mo hinh 1D va 3D. Céc gia tri nay duoc
thé hién trong Bang 3.5 dudi day. Két qua mod phong ciing cho thay tng suit 16n nhit
clia co ciu 1a 128,6 MPa. V&i hé s6 an toan SF = 1,2, ta ¢6 gia tri img suat cho
phép bang o,/SF =175 MPa, diéu nay chung to co ciu hoat dong an toan trong

vung gidi han dan hi cua vat liéu PEEK.

160
160 [~ o
i : 1120
120 ' —
: | L] &
Z I | Mo phéng 1D | %
=t / I A Mb phong 3D | 180 &
2 80 —O— Ung suét 7
g | | | )
<& | | I 4 .
2 [ | | | -
| | I i
40 - | | | 40
| | |
H | | | 7
I I I |
0 I a| I b [l I I C 0
0 20 40 60 80 100 120
Goc quay (d9)

Hinh 3.12 Két qua mo phong mdi lién hé gitra M6-men — Goc quay ctia CCTM-2
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Béng 3.5 Sai s0 gié tri mo-men dau ra

Mb Giatritrung  Nhé nhidt  Lénnhdt  Sai s6 16m nhat
hinh binh (tai 30°) (tai 110°) (%)
(tai 40°) (Nmm) (Nmm)
(Nmm)
1D 164,5 158,6 170,8 3,8
3D 167,1 160,5 1743 4,3

3.3 T6i wu héa co ciu bang NSGA-II va CBCM
3.3.1 Gioi thiéu

Vi két qua ciia co cdu CCTM-2 bén trén, muyc tiéu thiét ké mot co ciu CCTM
c6 khoang on dinh moé-men 16n xem nhu dat duoc. Tuy nhién, khi xét vé két cAu thi
CCTM-2 c6 két ciu kha phirc tap va quan trong hon su 6n dinh mé-men chua tét.
Trong khoang 6n dinh mo-men d6 c6 su xuét hién ctia mot diém “mat 6n dinh” do su
chuyén tiép cua hai giai doan khi cac dim dan hdi “bat” sang giai doan tiép theo. Do
do, luan an tiép tuc di tim kiém mot co cAu CCTM c¢6 két cdu don gian hon, mot giai
doan (single-stage) v&i khoang lam viéc duoc kéo dai nhiéu nhit co thé. Bé dat duoc
muc dich nay, NCS két hop gittra mo hinh tinh toan CBCM vdi giai thuat di truyén
NSGA-II (non-dominated sorting genetic algorithm II) dé khai thac cac dic diém
vugt trdi cua cd hai cong cu. NSGA-II 1a thuat toan da muc ti€u dya trén ban chét
danh cho cac bai toan t6i uu toan cuc véi cac ham muyc tiéu phi tuyén tinh. CBCM
gia tang toc d6 tinh toan dd thi moé-men — goc quay, qua d6 cho phép trién khai NSGA-
11 v6i s6 lugng 16n thiét ké trong ciing mot thé hé va cho phép thuat toan phat trién
qua nhiéu thé hé¢ ma khong ton qua nhiéu thoi gian.
3.3.2 Thiét ké va t6i wu héa (CCTM-3)
3.3.2.1 Y tuong thiét ké

CCTM duoc dé xuat, nhu trong Hinh 3.13, dugc thiét ké dya trén phuong phap

t6i uru hoa hinh dang cia dim cong. Thanh dim cong dugc tham sb hoa bang ham
Bezier dé thu4n tién trong qua trinh thiét ké. Puong cong Bezier 1a dudng cong tham

s6 dugc diéu khién boi cac diém didu khién. Khong gidng nhu dudng spline, 1a dang
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duong cong noi suy, duong cong Bezier la dang dudng cong xap xi. N6 khong di qua
tat ca cac diém kiém diéu khién ma chi di qua diém dau tién va diém cubi cung. Dic
diém nay tao diéu kién thuén lgi cho viéc thuc hién céc thay ddi hinh dang téng thé
ciia dudng cong ma khong cin qua nhiéu bién. Thanh cong Bezier trén dugc ghép
thanh ba nhanh xung quanh mdt truc quay dé dam bao hoat dong ddi ximg truc cua
co cau. Mot dau cua mdi dam duge gén trén mot thanh clirng ¢ dinh vao mot truc dé
nhan chuyén dong quay dau vao. Pau con lai duoc gin vao vong ngoai ¢ dinh. Khi
tac dong mot mo-men xodn dau vao lam quay truc, cac dam cong bi bién dang. Sau
khi vuot qua vung gia tai ban dﬁu, co cAu tién dén vung lam viéc, tai do gia tri mo-
men xo0dn gan nhu khong thay ddi khi gbc quay cua truc ting 1én, twong tu nhu co

cAu CCTM-1 d3 mé ta ¢ phan trudc.

Diém diéu khién

dan hoi

Buwdng cong
Bezier

C6 dinh

Hinh 3.13 Y tudng thiét ké co cdu CCTM khoang 6n dinh 16n.
3.3.2.2 Phan tich mé hinh véi CBCM
Ta thay, néu sir dung cac dudng cong bac cao thi ¢6 kha ning sé tao ra nhiéu thiét
ké méi la hon nhung ciing dé dan t6i cac hién twong “miii nhon” (cusp) hodc “vong

1ap” (loop) trong hinh dang ctia dam, diéu ndy din dén nhiing thiét ké khong kha thi
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trong thuc té [32, 113]. Dé tranh nhiing hién tugng d6, mé hinh can thém nhiéu rang
budc hon, tir d6 1am cho bai toan toi wu héa tré nén phuc tap hon. Do do, dé ¢6 chu
trac don gian va tranh nhitng hién tuong trén ma khong 1am cho bai toan tdi wu hoa
phtre tap hon, trong thiét ké nay NCS di sir dung duong cong Bezier bac hai véi ba
diém diéu khién Co(x0,Y0), C1(x1,71), C2(x5,¥2), dugce thé hién trong Hinh 3.14.

Vi thiét ké di xtmg nén chi mot nhanh cua co ciu duoc dung dé phén tich. Thanh
dam cong c6 bé rong w va bé day t déu khong thay ddi trén sudt chiéu dai ctia dam.
Tu dota théy, dé thay ddi hinh dang cua dam cong vo1 muc tiéu dat dugc tinh 6n dinh
mo-men, md hinh s& phai thay ddi tam bién thiét ké bao gom sau toa do cuia ba diém
diéu khién cung v6i hai thong s6 w va t. Tuy nhién, dé giam s luong bién thiét ké,
diém C,, gin trén vanh tron ngoai c6 ban kinh R,, dugc giéng nam trén dudng tim
nam ngang; vi thé, toa do ciia nd (xo,yo) trg thanh (—R,, 0). Piém C, duoc gin trén
vong tron bén trong ban kinh R; va dugc xac dinh bdi géc y. Ban kinh R; cling duoc
rang budc nham du khong gian dé lap rap truc quay trén do. Vi vay, toa do cua diém
C, (xz,yz) s& duoc tham sb hoa lai theo diém & cudi dudng cong Bezier lién két véi
tryc quay. Toa d6 ctia né 1a (R;siny, R;cosy). Do ¢6, mé hinh sé& chi ¢ sau bién thiét
ké gom toa do (xl,yl) cta Cy, cac ban kinh R, R;, goc y, va bé rong dong nhat (bé
rong trong mit phing) w cua dam. Bé day (hay chiéu cao cta co cau khi dit nim
ngang trong mit phang) ¢ chi anh huéng dén d6 16n cia mé-men ma khong lam thay

ddi dac tinh cta dd thi moé-men [8, 114] nén s& khong 13 mot bién thiét ké.

Trong nghién ctru ndy, co cdu di duge mo hinh bang CBCM [82, 83] dé dat duoc
mbi quan hé giira chuyén vi gbc quay va mo-men. Pudng cong tham sb Bezier thuong
duoc xay dung tir cac diém diéu khién C;, trong d6 hai dudng da giac ndi diém dau
va diém cudi cua dudng cong triung voi hai vecto tiép tuyén cua duong cong tai cac
diém nay. Dé trién khai mo hinh tinh toan CBCM cho dam cong, diém diéu khién C,
duoc chon 1am gbc cua hé toa d tong thé XOY (Hinh 3.15(a)). Nham tao thuan loi
cho viéc tham sb hoa timg diém trén dudng cong Bezier, duong tiép tuyén C,C; hoic

truc 0X dugc xoay mot goc sao cho ndé nam ngang trong mit phang (Hinh 3.15(b)).
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C6 dinh - vong trong (R:)
Hinh 3.14 Bién thiét ké cua dudng cong Bezier
Khi giai phong lién két khoi thanh ctrng nhu Hinh 3.15(b), dau tu do bén phai cua
dam cong chiu tac dung cua luc hudng tim F,, luc tiép tuyén P, va md-men M,,. Cac
tham s6 ctia dam bao gém do day ngoai mat phang t, do day trong mat phang w va
d6 dai Ly, Ly, tuong Gmg doc theo cac truc X va Y. M6 dun dan hoi cua vat lidu 1a

E va md men quan tinh cua mat cat caadamla I = tw3/12.

Trong phuong phap CBCM, dam dugc chia thanh mét sb lugng hitu han phan tir
sao cho mdi phan dugc 4p dung boi BCM [104]. Cang chia nhiéu phan tir, két qua co
thé thu dugc cang chinh xac; tuy nhién, diéu nay ciing lam tang thoi gian tinh toan.
Mot nghién ctru vé su hoi tu da duoc thuc hién, két luan réng viéc phan chia mdi dAm
thanh 20 doan la du.

Mbi phﬁn tir dugc lién két véi mot hé toa do cuc bo. Phan tir thir i g@)m hai nut
0,0;,, c6 hé toa d6 0,X,Y; dat tai nut i; truc X; 1a @6 dbc va di chuyén doc theo dau
tu do cua phﬁn ttr thr (i — 1). Mdi toa d6 cuc bd tao mot goc B; voi toa do toan cuc,
trong d6 0,X,Y; dugc chon trung véi OXY hay ; = 0. Cac goc con lai S; dugc xac

dinh nhu sau:
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B = arcos( |Gy = 21)- iy — %) + 2 — Y1) Oiea — Y0 ) (3.3)

\/(xz —x1)*+ (2 — )’1)2-\/(xi+1 —x)% + (Viz1 — ¥i)?
(i=23,..,n+1)

Chiéu dai L; cta phan tir tht i duoc do doc theo truc 0;X;:

Li = (xie1 — %)% + Qir — ¥1)? G4
Khi do6 ta co:
" (3.5)
Lyo = z L; cosp,
i=1
(3.6)

n
LYO == Z Ll Slnﬁl
i=1

Phuong trinh dudng cong Bezier bac hai vi ba diém diéu khién C,, C;, C,
dugc thé hién nhu sau:

Q(q) = (1 — q)*Co +2q(1 — @)C; + q°C, (3.7)
trong d6 q € [0,1]. Néu duong cong dugc chia thanh n ph?m tu, gia tri cua q s€ dugc
chia theo budc 1/n. Véin = 20,tacd 21 gia tri cua q trong khoang 0 t&i 1 voi bude
0,05. Thé nhitng gia tri ¢ nay va toa do cua cac diém diéu khién vao phuong trinh
(3.7), ta thu dugc toa do (x;,y;) cia cac diém trén dudng cong dé tir d6 tinh toan

duoc cac goc va cac chidu dai dya vao phuong trinh (3.3) va (3.4).

66



Thanh cirng

Yy X

Lxo >

M M (b) r 1
Hinh 3.15 Chia phan tr cho dam tai & trang thai chua bién dang tai vi tri ban dau (a)
va vi tri da xoay di (b)

A

Hinh 3.16 Phén tir tht i
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Goc gitra thanh ndi cung va truc OX & vi tri ban dau va vi tri sau (vi tri bién
dang cia CCTM) dugc ky hi¢u lan luot 1a 0, va 6. Do do, chuyén vi ctia co cdu s& 1a
goc chay tir 0 dén (6 — 6,) nhu thé hién trén Hinh 3.15(a).

Hinh 3.16 thé hién phan tir thir i ¢ trang thai ban dau va bién dang. Chuyén vi
theo phuong X va Y 1an luot 1a AX; va AY;. Goc xoay di ctia phan tir thtr i so véi vi
tri ban dau ctia n6 duogc ky hiéu 13 a;, va do doc ¢; cua phan tir thir i sau khi nd bién
dang so voi hé toa d¢ toan cuc dugc xac dinh nhu sau:

- (3.9)

=B+ ) a
k=1

Moi quan hé Iyc — bién dang ctia mdi phan tir nhan duge tir BCM [106]:
fi]=[12 —6] c?yi]_l_ [ 6/5 -=1/10 c?yi] (3.9
mi| " =6 4lla;]TP|-1/10 2/15 ||«

2 [~1/700  1/1400 [éyl]
Pi11/1400 —11/6300]] «;
t’p; 1 6/5 —1/101[5y; (3.10)
5xi_12Lg_§[5y" all 110 215 [ai]
e 1[-1/700  1/1400 §yi]
Piloyi “‘][ /1400 —11/6300 [ai
trong d6 cac thong sd vé luc F;, P;, M; va cac thong sb vé bién dang AX;, AY;, a; cia

phan tir tht i d3 dugc chuan héa (normalized) nhu sau:

P,L? F;L? M;L; AX; AY; (3.11)
B R TRy T A (A

pi L, L,

Méi quan hé giira cac phan tir dugc thé hién bang cac phuong trinh can bang tinh.
Phuong trinh c4n bang tinh ctia dau dam nhu sau:

P1 = Do, fi = formo =my (3.12)
Phuong trinh can bang tinh giita phan tir tha nhit va phan ta tha i (i =

2,3, ...,n) nhu sau:
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cos; sing; (3.13)
—sing; cos@; [ ] [ ]

Céc phuong trinh thé hién céc rang budc hinh hoc ctia toan bo dam duoc xéac dinh

nhu sau:

zn: “cosq)i —sin(pl L (1 + 6x; )” [ — R;cosB, + R;cos0O (3.14)
LY, —

sing; cos<pl L;dy; R;sin6, + R;sinf

Z":a. _ (3.15)

i=1
Khi dat vao mot goc quay dau vao, mo-men phan lyc nhan dugc dugc bicu thi
nhu sau:

T = F,R;cos(0— @,,) — P,R;sin(0— ¢@,,) + M, (3.16)

Ung suét phap tuyén cua ting phan tir duoc xac dinh nhu sau:

o(x) =o,(x) + g, (3.17)
trong d6 o, (x) 14 Ung suat udn tai vi tri x tinh tir goc toa do ciia mdi phan tir va dugc
chuén hoa theo chiéu dai L; va g, 13 tmg suat kéo do lyc doc truc P.

Ung suat udn tai vi tri x (thuong xay ra 16n nhat tai vi tri ngoai cling ctia mat cit
ngang w/2) nhan duoc mot khi chuyén vi AY; duoc xac dinh [82]:

M(x)w EAY"w (3.18)
I 2 2L €0;1]

op(x) =

trong d6 M (x) 1 ing suat udn bén trong tai vi tri x

AY;" 14 6 cong (curvature) va dugc chuan héa theo chiéu dai L;. AY;" dugc

xac dinh tng v&i hai truong hop:

néup; >0, (r=./p;)
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A" = tanh r cosh(rx) — sinh(rx) i+ cosh(rx) (3.19)
T coshr

i

néup; <0, (r=./-p;)

,, tanrcos(rx) — sin(rx cos(rx 3.20
ar () —sinGx) . cos(r) (3.20)
T cosrT

Ung suét kéo duoc tinh theo biéu thirc:

| P |Pi|W2 (3.21)
Oqg =—=F 5
A 12L;

v6i A = wt 1a dién tich mit cit ngang cua dam.
Nhu véy, két qua ciia qua trinh tinh toan st dung CBCM gdm mé-men xoén thu

duoc tir phuwong trinh (3.16) va tng suit thu duoc tir phwong trinh (3.17).

3.3.2.3 Téiwu héa

Nghién ciru nay nham muc dich phét trién mét CCTM duya trén duong cong
Bezier bac hai véi hanh trinh cang 16n cang tot va do 1éch nho nhat gitra mo-men
x0dn do CCTM tao ra va gia tri mé-men xodn mong mudn trong pham vi khong gian
gidi han cia R, va R;. Cac tham s thiét ké t6i vu thu dugc bang cach tdi wu hoa
NSGA-II dya trén CBCM dugc thyc hién trong MATLAB. Hai ham muc tiéu phai
duoc thoa man trong bai toan tdi wu hoa: 1) cuc dai hoa hanh trinh S trong pham vi
mo-men xodn khong d6i, nhu duoc biéu thi trong biéu thic (3.22); 2) giam thiéu d6
1éch giira mo-men dau ra va mé-men mong mudn theo biéu thirc (3.23).

Maximize(S) (3.22)

véiS=b—a

b
Minimizef (0) = f (T —T,)?d6 (3.23)

Trong phuong trinh (3.22) va (3.23), a va b la ranh gidi cia vung lam viéc, nhu
thé hién trong Hinh 1.4 (Chuong 1). Trong pham vi hoat dong ciia mét CCTM ly

tuong, gia tri mé-men 6n dinh mong mudn, T, dugc duy tri bat ké goc quay ting
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giam. Tuy nhién, ty thudc vao cau hinh cu thé cua tirng thiét ké, cac gia tri cua a va
b dugc thiét 1ap sao cho cac gia tri mo-men xodn T(a) and T (b) nam trong dung sai
+5% cua T,. Do d6, cac tham s6 nay khong dugc xac dinh trudce cho qua trinh tbi wu

hoa.

Mo hinh t6i wu héa duge trinh bay trong Bang 3.6. Trong d6, bay ham rang
budc véi cac muc dich khac nhau duoc thiét 1ap nham diéu khién va gidi han qua

trinh to1 wu hoa.

e Ham g, dam bao duy tri khong gian can thiét dé 1ap mot truc tai tim co
cAu, ddng thoi gidi han duong kinh ngoai cta co ciu khong vuot qua 100
mm nhim dam bao tinh nho gon cua thiét ké.

e Ham g, quy dinh pham vi di chuyén cua diém C, (x;, y;)trong ving vanh
khan duoc gidi han boi hai ban kinh (R;, R,).

e Ham g, xac dinh gidi han goc y ctia thanh ndi climg, qua d6 xac dinh vi tri
diém C,(R;siny, R;cosy).

e Ham g, dicu khién bé rong dong nhét cua cac dam, véi cac gia tri duoc
tham khao tir két qua nghién ctru cia cac co cau CCTM-1, CCTM-2 va
cc co cAu CCTM khac ché tao tir vat liéu nhya d3 duoc cong bd trong [8,
27, 71].

e Theo khao sat trong Bang 1.2, khoang 6n dinh mo-men 16n nhét cia cac
co cdu quay mot chiéu da dugc cong bd dat khoang 60°. Do d6, ham gs
duoc dua vao dé hudng thuat toan tim kiém cac thiét ké co khoang lam
viéc 16n hon 65°, nhim dat dugc co ciu co khoang on dinh md-men vuot
troi so voi cac CCTM hién co.

e Ham muc tiéu (3.23) duoc sir dung dé danh gia do dao dong ctia mo-men
trong ving lam viéc T(6) so v6i gia tri mo-men mong mudn T,. Trong
qua trinh t&i wu, ham g, gidi han gia tri T, trong khoang 190 - 210 Nmm.
Gia tri mé-men nay dugc chon niam trong khoang trung binh so vdi cac

CCTM khac d3 cong bd va duoc so sanh trong cac tai liéu [20, 85].
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e Cuoi cung, ham g, dam bao co cau hoat dong trong vung dan hoi, véi hé

s6 an toan (SF) dugc dat 1a 1,3.

Qua trinh t8i wu hoa, di dugce xac minh 13 phu hop dé giai quyét cac van dé phi
tuyén tinh rang budc, duoc hién thi trong Hinh 3.17; né dugc thuc hién ty dong béng
MATLAB. Céc tham sb dau vao dugc xac dinh trude, bao gém cac thudc tinh vat
liéu, d6 day ngoai mit phang, khong gian thiét ké va goc quay téi da cua co ciu.
Ngoai ra, cac tham s6 GA phai duoc xac dinh cho hoat dong cua thuat toan, dugc thé
hién trong hdp “Thong s6 GA”. Pau tién, su dung cac gia tri dau vao so bd, MATLAB
tao ngau nhién cac thiét ké thir nghiém véi N = 40 tng vién. Mdi thiét ké s& duoc coi
12 kha thi néu n6 dap tng tit ca cic rang budc trong Bang 3.6 trudce khi cac ham muc
tiéu cua chiing dugc danh gia bang phuong phap CBCM. Céc thiét ké cua thé hé dau
tién nay sau d6 dugc dua vao thuat toan NSGA-II dé thuc hién qué trinh tién hoa. Sb
thé hé tién hoa tbi da duoc cai datla M = 100. Trong mdi vong lip, thuat toan NSGA-
1T xuét cac gia tri cia tit ca cac tham sd thiét ké cia CCTM. Sau d6, cac tham s nay
14 dau vao cho mé hinh phan tich dua trén phwong phap CBCM dé c6 duoc mdi quan
hé goc quay va moé-men x0én cia CCTM hién tai. Tiép theo, cac gia tri mo-men X04n
lién quan dén goc quay tir phan tich CBCM duoc st dung dé danh gia boi cac ham
muc tiéu. Cudi cting, NSGA-II tinh toan gia tri phu hop (fitness value) cua thiét ké
nay dé so sanh va sip xép thém véi cac thiét ké khac trong thé hé hién tai. Con cai
duoc taora bﬁng cach st dung mot loai trao ddi chéo (lai ghép) hoac dot bién cu thé.
Duya trén so sanh khoang cach phan bd (crowding distance) va sap xép khong bi chi
phéi, NSGA-II chon nhitng c4 thé phu hop nhét cho thé hé tiép theo. Thuat toan két
thiic khi théa man mot trong hai diéu kién sau: 1) su tién hoa hoi tu hodc hiéu gitra
hai thé hé lién tiép cua ham muc tiéu nhé hon dung sai; 2) thoa man s6 thé hé ban dau
(max;ter).

Trong nghién clru nay, polyether ether ketone (PEEK) dugc chon lam vat liéu

cho co cau. Bo6i vdi mo hinh dang hudng va dan hoi tuyén tinh, mé dun dan hoi (E)
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va h¢ sb Poisson (v,) clia PEEK duoc lay twong tmg 1a 3,58 GPa va 0,3. P9 day

ngoai mat phang cia co cau dugc chon 8,0 mm.

Théng so dau vao »| CBCM
- Bé day
-Goéc: Bmax Nhap Xuat
- Vat liéu
- Khéng gian thiét k&
CTM_input

CTM_output

(théng s6 dau vao cho .
(momen - géc quay)

rng vién thuar i

\ g )
A ¢Nhap

Théng s6 GA At

- Bién thiét ké

- 56 thé hé (M) ——>»| Gidi thudt NSGA-Il |«

- Dan sé (N)

- Dung sai

- Rang budc

Y A8)-/8), ; < dung sai
hodc
Kh&i tao quan thé cho i = MaXyer No

NSGA-II

- Khéi tao ngiu nhién cho
thé hé thi nhat.

- Banh gid muc tiéu cho moi
thiét k& dwa trén CBCM.

Hinh 3.17 Luu d6 qui trinh téi vu héa NSGA-II dya trén CBCM

3.3.3 Két qua va thao luin
3.3.3.1 Két qua tbi wu héa

Trong nghién ctru ndy, t6i wu hoa NSGA-II dya trén CBCM da dugc trién khai
bang phan mém MATLAB. Cac gia trj tdi uu cta cac bién thiét ké cia dam 1a két qua
qua trinh tién hoa cta 65 thé hé. Khi thuc hién tdi wu hoa da muc tiéu trong NSGA-
I, ta khong can chon trong s6 cho cac muc tiéu ma thudt toan s& tim tap nghiém
Pareto (Pareto front), tuc 1a tdp cac nghiém khong trdi (non-dominated solutions),
mdi nghiém 12 mot cach can bang khac nhau giira cac muc tiéu. Sau khi chay xong,
nhin vao su phan bd cta cac diém trén do thi Pareto ma ta chon thiét ké nao tuy theo

wu tién. Mot vai thé hé cua qua trinh tién hoa duoc thé hién trén Hinh 3.18. Mot trong
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nhimng CCTM t6i uu trong thé hé cudi cing duoc lwa chon trinh bay trong Bang 3.7.
Thiét ké t6i wu cua dam dugc thé hién trong Hinh 3.19(a) va mé hinh 3D ctia CCTM-
3 dugc thé hién trong Hinh 3.19(b).

Bang 3.6 Mo hinh t6i wu hoa ctia co cdu CCTM hanh trinh 16n

1. Ham muc tiéu:
— Cuyc dai khoang 6n dinh mé-men theo phuong trinh (3.22)

— Cuyc tiéu sai s6 moé-men dau ra theo phuong trinh (3.23)

2. Bién thiét ké:

- Piém diéu khién: C;(x,y)

—Bé day trong mit phang (In-plane thickness): w
—Ban kinh: R,, R;

—-QGoc: vy

3. Rang budc:
1. g:10<R; <R, <50 (mm)

ii. gR}<x?+y?<R?
iil.  gy:%<y<Z(rad)
iv. 84:05<w<10(mm)

V. gs: b—a> 65(dj)

vi. g6 190 < T, < 210(Nmm)

vii.  Ung suat 16n nhat trong CCTM, g,: 0, < gy /SF

Két qua ctia qua trinh t6i wu hoa duoc trinh bay trén Hinh 3.20. D& dang thiy

r'?mg CCTM-3 da dat duoc khoang 6n dinh mé-men rat tét va hanh trinh 6n dinh mé-
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men rat 16n véi 80°, trong khoang tir 5° dén 85°. Pham vi gia tai twong ddi nho 1a 5°,
ty 18 ctia khoang mo-men xodn khong doi dat 94,1%. Ung suét tdi da cua co cdu 1a
128,16 MPa, xay ra ¢ goc quay 85°. Vi gia tri gidi han chay cia PEEK 1a 210 MPa
vahésdantoan SF = 1,3, dam bao rang hoat dong cia CCTM-3 dién ra trong ving

dan hoi cua vat liéu.

1073
17 X T T pay
M AA A M A
i A Thé hé 10 A
X  ThEhés0 A
16 - O Théhees 7
® Thiét ké duoc chon A A
” B _
o
w15 x b4 B
S 0 WD A
E | oooocaxoo x A A .
g oD OO O A
T 14 - @0 DX O ap o |
» A
MK
L b 4 A _
A AN
A A A
13 - X A A M -
= AA AA A
12.5 s ‘ LR e :
102 103 104

Ham muc tiéuj;

Hinh 3.18 Sy phan bd dan sé cia mot vai thé hé trong qua trinh tién hoa

Bang 3.7 Gia tri tdi uu cac bién thiét ké cia CCTM hanh trinh 16n

Bién thiét ké Gia tri Pon vi
Ci(x,y) (-30,9; 1,9) mm
R; 16,4 mm
R, 48,8 mm
w 0,66 mm
y 110 do
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12 I;

10 +

| Dudng Bezier

bac hai o N
Truc quay

Toado Y (mm)
[¢)}

2 - e 4
~ 7 X piém digu khién
0 le& - - : :
-50 40 -30 20 -10 0 10
Toa do X (mm)
(a) (b)

Hinh 3.19 Pudng cong Bezier t6i uu (a) va mo hinh 3D cia CCTM (b)

250 T T 140
o=t
_ e 1 120
200 | gnt L
l 4"’ |
' " I -100—
E : a"" : g
E1so ! ol . s
£ ! . i 18
c : e Momen - CBCM-GA : i
g | 7 ==« Ung suét - CBCM-GA . -4
S 100 | -7 | 160 £
= : e i : S
| o, |
| |40
l»’ I
I — i
P Khoang lam viéc ! 20
r :‘ ’:
0 3 | 1 1 I 1 I 1 1 i 1 0
0 10 20 30 40 50 60 70 80 90

Chuyén vi dau vao (dd)
Hinh 3.20 Két qué tir qué trinh t&i wu héa NSGA-II dya trén CBCM
3.3.3.2 Kiém chimg két qua véi FEM va thyuc nghiém
Mo phong bang FEM va céc thi nghiém da duogc tién hanh dé xac minh thém cho
két qua ctia mo hinh phan tich bén trén. Céc diéu kién bién ctia mod phong niy twong
tu nhu cac md phong cua hai co ciu trén. FEM phi tuyén da duoc sir dung dé xéc
minh bang phin mém thuong mai ABAQUS. Dam manh duoc chia thanh 40 phan tir

dang dam tuyén tinh 2 nat B21. Tuong tw, thanh ndi cing ciing dwoc md hinh dudi
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dang phan tir hai nut. Ty chon phi tuyén hinh hoc (geometric nonlinearity option)
duogc chon. Vat liéu dugc gia thiét 1a dan hoi tuyén tinh, dang hudéng, thong nhét véi
cac gia thiét duoc stir dung trong mo hinh giai tich CBCM. Céch tiép cin nay nhim
dam bao tinh nhat quan gitra m6 hinh FEM va mé hinh CBCM, qua d6 cho phép danh
gi4 va kiém ching truc tiép anh huéng cua phi tuyén hinh hoc va céu trac co ciu 1én
quan hé mé-men — bién dang, trong khi cac hiéu tng nhét dan hdi (viscoelastic) phu

thudce thoi gian cua vt liéu khong dugc xét dén trong pham vi ddi sanh nay.

O phan trén, cac cong thirc CBCM st dung dé tinh tng suat un va kéo, dugc
phat trién ban dau tr mé hinh dim Euler-Bernoulli. Tuy nhién, phan tir dam B21
trong ABAQUS la dam Timoshenko, day 1a loai dam c6 tinh dén bién dang truot.
Tuy nhién bién dang trugt chi anh huong dang ké dén cac dam ngén, to. Trong trudng
hop co cdu dan hdi sir dung dam manh, cac két qua tir CBCM va FEM véi cac phan
tir dam Timoshenko d3 dugc chirng minh 13 twong dong nhau [24, 103]. Trong nghién
ctru nay, két qua ciing trong dong gitta CBCM va FEM. Nhu thé hién trong Hinh
3.21, ing suét chinh 16n nhit nhan duoc tir mod phong FEM véi gia tri 123,9 MPa,
thip hon mot chut so v6i phuwong phap CBCM, xay ra tai ntit 29 cta phan tir 28.

Truc quay N

S, Max. Principal (thanh néi Cl:fhg)\ ~_ B }

Bottom, (fraction = -1.0) .
(Avg: 75%) Chua bién dang
+1.239e+02 ~
+1.239e+02
+1.136e+02
+1.033e+02
+9.296e+01
+8.263e+01
+7.230e+01
+6.197e+01 _—

+3.099e+01

~
+5.164e+01 X\
+4.131e+01 \ _
+2.066e+01

+1.033+01
+0.000e+00 76.73

/9 N
Max: +1.239e+02 Y 1117 Bién dang
Elem: PART-1-1.28 :
Node: 29 X 123.9
z

Hinh 3.21 Két qua md phong tir phan mém ABAQUS
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il | : .> )
[t
Hinh 3.22 Co cdu CCTM ché tao thuc té

a DAau phan dé .
(a) au phan doé Mam cip

/

T O e

Hinh 3.23 Thiét 1ap thi nghiém: (a) thiét ké, (b) thyc té

78



o

Hinh 3.24 Tua vit dién t& GLK 060 ctia hing KTC (Nguon: ktc.jp)

Dé danh gia thong qua két qua thuc nghiém, mot co cdu CCTM bang vit liéu
PEEK di dugc ché tao bang phuong phap phay CNC, nhu thé hién trong Hinh 3.22.
Thiét 1ap thuc nghiém dugc thé hién trong Hinh 3.23. Vong ngoai cia CCTM duoc
¢ dinh vao do ga dang tam d& dimg. Pd ga ndy va dau phan do dugc ¢ dinh vao
ban cach ly rung dong bang bu 16ng dé chéng rung tir mat dat. Phan tru ngin o tim
co cau dugc lap theo mdi 1ap hod vao 15 trén than d6 ga, dam bao cho cac dam dan hoi
chuyén dong quay xung quanh tdm cta co ciu. O ddy, gia tri md-men dugc ghi nhan
thong qua tua vit dién tir k§ thuat s6 GLK060 (hdng KTC, Nhat Ban) (Hinh 3.24)
theo thoi gian thuc. Day 1a thiét bi do mé-men xoédn c6 khoang do tir 12 — 60 cNm
v6i do phan giai 0,05 cNm (hay 0,5 Nmm), phu hop véi mirc mo-men lam viéc cua
co cau CCTM duoc nghién ctru. Trude khi tién hanh thi nghiém, thiét bi do dugc
kiém tra va hiéu chuan theo khuyén c4o cta nha san xuat nhim dam bao do tin cay
ctia két qua do. Phan tay cam cia tua vit c6 dang tru, dugc g4 vao mam cip ba chiu

ty dinh tim cua dau phan do Vertex BS-0-J-5.

Quy trinh thu thap dit liéu duoc thuc hién bang cach quay co cau CCTM ting
budc véi bude goc 1° théng qua dau phan do, ddng thoi ghi nhan gia tri mo-men xoan
tuong Gng tai mdi vi tri goc quay bang tua vit do mé-men. Géc quay duge xac dinh
dua trén dia chia truc tiép cua dau phan do. Tai mdi vi tri goc, gia tri mé-men dugc

doc truc tiép trén man hinh hién thi cua thiét bi do va dugc ghi nhan dé xay dung
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duong dic tinh mo-men — goc quay cua co cau. Qua trinh do duoc thyc hién theo mot
chiéu quay nham han ché anh huéng ciia mo-men ma sat tai cac méi tiép xuc khi dao
chiéu quay, ciing nhu hién tuong tré co hoc cua hé théng. Phép do duoc lap lai 5 lan
va gia tri trung binh dugc st dung cho phan tich. Hinh anh cia CCTM-3 & trang thai
ban ddu va trang thai bién dang & goc quay 85° dugc thé hién trén Hinh 3.25.

Céc ngudn sai sb trong thi nghiém chua yéu bao gdm d6 chinh xac cua thiét bi
do mo-men, sai s6 doc goc ctia ddu phan do va anh hudng ciia ma sat tai cac mdi lap
ho gitra phﬁn tru ctia co cAu va than do ga. Bén canh do6, do co cAu duge ché tao tur
vét liéu PEEK c6 dic tinh nhét dan héi, gia tri mé-men do duoc co thé phu thudc nhe
vao thoi gian gift tai tai mdi gdc quay, tir d6 giy ra sai léch nho trong qua trinh do.
Tuy nhién, do toan b thi nghiém dugc thuc hién trong cung mot diéu kién va cung
mot quy trinh do, cac sai s nay duoc xem la c6 anh hudng twong d6i dong déu 1én
toan bo tap dir liéu va khong lam thay ddi xu hudng dic trung cia dudng cong mo-

men do duoc.

Két qua cia md hinh phan tich CBCM, mé phéng FEM va thi nghiém duoc
thé hién trén Hinh 3.26. C6 thé nhan thdy muc do trung khép rat cao gitta két qua cua
mo hinh CBCM va mé phong FEM trong toan bd dai lam viéc. Sai sb 16n nhat giita
hai phuong phap, khoang 4%, xuét hién tai budc dau tién twong mg véi goc quay
0,85°. Nguyén nhan chinh l1a do m6 hinh CBCM chi dugc xay dung tai cac gia tri goc
nguyén (1°, 2°, 3°, ...), trong khi cac gia tri tai 0,85° va 2,55° (v6i sai s6 khoang
1,3%) duoc xac dinh thong qua ndi suy dé phit hop véi bude gia ting nho hon cua
mo hinh FEM. Ngoai ra, do khoang gia tai cia CCTM-3 chi khoang 5°, d6 déc cua
dd thi trong vung nay rt 1on, gan nhu dung ding, din dén viéc sai sé twong dbi bi
phong dai mic du vé mit truc quan, hai dudng cong gan nhu trang khép. Tai cac goc
quay con lai, sai sO gitta CBCM va FEM déu nho hon 1%, khfmg dinh d¢ chinh xac

cao cta mo hinh phan tich dé xuat.

So v6i mo hinh FEM, két qué thyc nghiém cho théy sai s6 1on hon, dic biét

tai cac budc dau trong ving goc quay nho cia giai doan gia tai. Nguyén nhan cha yéu
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1 do d6 ddc 16n ciia dudng cong trong ving nay két hop véi gia tri mo-men nho, 1am
cho sai sb tuong d6i ting 1én. Ngoai ra, cac sai 1éch trong qua trinh gia cong thyc té,
dic biét 1a sy xuét hién cua cac cung bo tai giao diém gilra cac dam dan hoi (khong
dugc xét dén trong mo hinh FEM), c6 thé 1am thay ddi do cing cuc b cta co cAu va
anh huong dén két qua trong viing moé-men nho. Cac ngudn sai s6 do di phan tich &
trén cling gop phan tao ra su sai khac giita két qua thyc nghiém va mé phong. Tuy
nhién, trong phan 16n dai goc quay lam viéc 6n dinh mo-men, két qua thuc nghiém
van cho thdy su phi hop tt véi mo phong FEM, ca vé xu hudng bién thién va do 16n

mo-men, vai sai sd duy tri trong khoang khong qua 3%.

Hinh 3.25 CCTM ¢ cac vi tri khac nhau: (a) vi tri ban dau goc quay 0°, (b) vi tri
bién dang gbc quay 85°

220 — 20
200 S it ——m
116
g 160 i g
~ Mb-men FEM 112 ~:{g
< 120 === M6-men CBCM o0
5 = .= Mo6-men Thyc nghiém i g
= Sai s6 CBCM |g 2
L 80: 00000 | Sai s0 Thuc nghiém 0
, o
%5}
40 l. ...... '~ | 4
0 -.-...;............I........I.........I..:.'.'::-.,,_..-_-.-'-7“-.._...-.--,-.'.‘.'.-:::. 0
20 30 40 50 60 70 80 90

Goc quay (d9)
Hinh 3.26 Cac két qua tir CBCM, FEM va thuc nghiém
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Xét riéng vé do on dinh mo6-men, sai sb cua gia tri mé-men thuc nghiém so
v6i gid tri trung binh 16n hon so vdi cac sai s6 du doan theo 1y thuyét. Nguyén nhan
chinh c6 thé dugc quy cho sai sd trong qua trinh gia céng cac dim dan hodi. Do d6
day cua cac thanh dan hdi wtwong dbi nho, viée gia cong chinh xac 14 thach thirc dang
ké, dan dén su thay ddi cuc bo vé do day va sai l¢ch vi tri ctia cac thanh trong thuc té.
Trong bdi canh cong nghé in 3D chinh xac cao cho vt liéu PEEK ddi voi céc chi tiét
mong nhu co cau trong luan 4n nay hién chua pho bién trong nude, cac sai léch do
gia cong CNC 1a kho tranh khoi va can duge xem xét trong cac nghién ctru tiép theo.
Do léch mo-men dau ra trong pham vi hoat dong lan luot 1a 1,5%, 0,7% va 3,7% d6i
v6i mo hinh CBCM, mé phong FEM va mé hinh thyc nghiém, nhu dugc tong hop
trong Bang 3.8. Trong d6, gia tri trung binh dugc xac dinh dua trén gia tri 16n nhét

va nhé nhat twong tng cia moi trudng hop va duoc sir dung lam chuan dé tinh toan

sai s6.
Bang 3.8 Sai s6 gia tri m6-men dau ra
Gia tri Nhé nhit Lén nhat
X . o . oz0 Sai léch
Mo hinh tr?ﬁlgnzg‘h (tai 5°) (tai 85°) 16m nhat
(Nmm) (Nmm) (%)
CBCM 199,35 196,4 202,3 1,5
FEM 198,3 196,9 199,7 0,7
Thyc nghiém 201,5 194,0 209,0 3,7

Luu ¥ rang két cdu cang 16n thi goc quay cua co cdu dat duge sé cang 16n vi
khoang cach giira cac vong bén ngoai va bén trong 16n hon s& cho phép cac dam dan
hdi bién dang nhiéu hon véi tng suat thip hon. V6i muc tiéu thiét ké mot CCTM
khoang 6n dinh 16n ma van nhé gon, két qua cua nghién ctru ndy duoc so sanh véi
két qua ciia cac CCTM trong danh muc tai liéu tham khao (Bang 3.9). Gia tri
$* (d6/mm) cua hanh trinh 1am viéc so véi kich thudc tong thé cua co cau [24, 115]

dugc dung lam tiéu chi danh gia:
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S
.5 (3.24)
D,

v6i S 13 hanh trinh coa co cdu, D, = 2R,, va R, duoc thé hién trén Hinh 3.14.

Bang 3.9 So sanh co cdu CCTM-3 va cac CCTM da cong bd

Cong trinh S (d9) D, (mm) S* (d6/mm)
Bilancia [74] 40 100 0,40
Qiu [71] 26 60 0,43
Prakashah [32] 40 80 0,50
Hou [8] 50 90 0,56
Gandhi [33] 60 80 0,75
CCTM-3 [7] 80 97,6 0,82

Nhu thé hién trong Bang 3.9, CCTM-3 dat duoc gia tri 16n nhit voi hanh trinh S
va gia tri $* 16n nhat. Didu nay cho thiy rang thiét ké duoc dé xuat hoan thanh muc

tiéu pham vi 6n dinh mé-men 16n hon trong khi van dam bao cau triic nhé gon.

3.3.4 Khao sat méi so bd ciia co cdu CCTM

Mic du cac co cau dan hdi ngdy cang dwogc sir dung rong rai trong thiét ké ki
thuat nho nhimg wu diém so vé6i cac co cdu cing truyén théng, ching van tiém an
nguy co hong hoc do moi va tap trung tmg suét tai cac ving chiu bién dang 16n. Diéu
nay dic biét dang luu ¥ d6i véi cac co cau dan hoi c6 hanh trinh lam viéc 16n, trong
d6 tmg sudt c6 thé phan bd khong dong déu trong sudt chu ky chuyén dong. Do do,
viéc xem xét ing xtr moi 1a mot khia canh quan trong trong qué trinh thiét ké va danh
gi4 co cAu dan hoi.

Trong khudén kho luén an nay, mdt khao sat moéi so bo da duoc thuc hién trén
co cAu CCTM-3 nham danh gia budc dau kha nang lam viéc 1ap lai va su on dinh dic
tinh mé-men cia co cau. Thi nghiém duogc tién hanh bang mot may thr moi chuyén
dung do tac gia thiét ké va ché tao, nhu minh hoa trong Hinh 3.27. Nguyén 1y tac
dung tai theo chu ky duoc thé hién trong Hinh 3.27(a), trong d6 xi lanh khi nén truyén
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chuyén dong thong qua co cau thanh ring — banh ring dé tao chuyén dong quay lap

lai cho CCTM, md phdng di€u kién lam vi¢c du kién cua co cau.

Co céu dugc van hanh lién tyc trong khoang 10.000 chu ky tai. Két qua cho thay
co céu khong xuat hién hu hong hinh hoc hay pha huy trong subt qua trinh thir
nghiém. Nhu trinh bay trong Hinh 3.26, dic tinh 6n dinh mé-men cia co ciu vé co
ban van duoc duy tri sau thir nghiém moi. Tuy nhién, gia tri mé-men dau ra ghi nhan
su suy giam nhe, khoang 1,7% so voi trang thai ban dau. Hién tuong nay co thé lién
quan dén su suy giam do cung hi€u dung cua vat licu PEEK dudi tac dong cua tai 1ap

lai, pht hop véi dic tinh nhét dan hoi va Gmg xir méi cua vat liéu polyme.

Thanh rang -
Banh rang

May nén khi
(a) (b)
Hinh 3.27 May thtr nghiém moi cho co:céu CCTM: (a) md hinh thiét ké trén CAD;
(b) thiét bi thuc t&

Mic du s chu ky khao sat con han ché va chua du dé danh gia dy da tudi tho
moi clia co cdu, két qua thu dugc van cung cap nhiing thong tin dinh tinh quan trong
vé xu hudng thay ddi dic tinh co hoc va do 6n dinh cia CCTM trong diéu kién lam
viée 1ap lai. Cac két qua nay dong thoi cho thiy tiém ning ung dung thuc té cia co
cAu va 1a co sé cho cac nghién ctru tiép theo, trong d6 viéc bd sung tiéu chi lién quan
dén moi va giam tap trung Gmg suét c6 thé duogc tich hop vao qua trinh t6i wu hoa da
muc tiéu (vi du nhu st dung thuat toan NSGA-II) nham nang cao dd bén va do tin

cay lau dai cua co cau dan hoi.
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Két luan: Chuong nay da dua ra hai qui trinh tong hop co cdu CCTM duoc
thuc hién hoan toan ty dong béng phén mém MATLAB két hop vo1 ABAQUS hoac
phan tich CBCM. Két qua thu dugc 13 ba thiét ké CCTM dugc tong hop, trong d6 ndi
bat 14 co cAu CCTM-3 v6i két cAu mot giai doan, don gian, nhé gon, pham vi hoat
dong 6n dinh mé-men 16n (khoang 80°) va khoang gia tai nho (khoang 5°). So sanh
v6i cac cong trinh khac ma NCS duoc biét, day 1a co cdu c6 pham vi 6n dinh mé-men
16n nhat va nho gon nhét tinh dén thoi diém coéng bd. Co ciu v6i pham vi lam viée
dugc mo rong va thiét ké mot giai doan ndy mé ra co hdi cho nhiéu tmg dung trong
d6 CCTM duogc st dung nhu mdt cong cu dé kiém soat moé-men xodn trong qua trinh
van hanh san phém. Mic du két qua thu dugc ¢ co cidu CCTM-3 1a kha tot, tuy nhién
céc sai sO ngiu nhién xay ra trong qua trinh gia cong 1a diéu khong thé tranh khoi,
dic biét voi phuong phap gia cong co luc cit tac dong nhu phay. Sai sb nay c6 thé
lam cho co ciu thyuc té nhan duoc sau gia cong khong dat cac myc tiéu thiét ké. Van

dé nay s& dugc tiép tuc nghién ctru & Chuong 4.
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Chuwong 4
THIET KE VA TOI UU HOA CO CAU PAN HOI
ON PINH MO-MEN DUA TREN PO TIN CAY

4.1 Giéi thiéu

HAu hét céc sai 1éch sinh ra khi thuc nghiém CCTM so véi cac gia tri tinh toan
mo phong déu c6 nguyén nhan chinh 1a do sai s gia cong va cac nguyén nhan ngau
nhién khac nhu co tinh cua vat li¢u hodc sy sai I¢ch trong thao tac do kiém [7,8, 74,
84-86]. Néu cac nguyén nhan gy sai sé ngau nhién nay khong dugc xét dén nhu cac
rang budc trong qua trinh tdi wu thi c6 thé co cu khi gia cong xong khong con giir
duge dic tinh 6n dinh mo-men cta né nita. Diéu nay co thé xay ra vi cac bai toan tbi
vu théng thudng thuong sé cho ra gia tri toi vu nim & ranh gi6i ciia mién an toan va
mién khong an toan. Chi cAn mt sai 1éch nhé nam trong su phan bd ngiu nhién cua
céc bién s6 tdi uu ciing 1am cho thiét ké roi vao mién khong an toan. Do d6 viéc dam
bdo cac gia tri t6i wu nhan duoc phai nam siu trong mién an toan dé chic chin dat
duoc cac yéu ciu cua co cdu khi xay ra cac yéu té ngdu nhién nhu trinh bay & trén 1a

di€u rat can thict. Pay dugc goi la bai toan to1 wu c6 xét dén do tin cay.

Khi xem xét bai toan tdi wu theo d6 tin cdy cho CCTM, ngoai cic yéu to ngiu
nhién anh hudng boi lyc cat trong qué trinh gia cong lam thay ddi hinh dang hoic bé
rong cia cac dim cong dan hdi thi cac yéu td ngiu nhién lién quan dén vat liéu nhu
mo dun dan hoi, hé sb Poisson, gidi han chdy ciing nén dugc xem xét. Tuy nhién, dé
giam bot bién thiét ké, bién ngiu nhién va su phtrc tap ctia mo hinh t6i vu hoa, CCTM
duoc trinh bay trong chwong nay chi xét dén sy thay d6i ngau nhién cic toa do va bé
rong cua dim cong c6 thé xdy ra anh hudng dén hinh dang va kich thudc cua dam do

cac sai sO ngau nhién trong qua trinh gia cong.
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4.2 Thiét ké va t6i wu héa (CCTM-4)
4.2.1 Y twong thiét ké

Muc tiéu thiét ké CCTM trong chuong niy van 13 co cau nho gon véi khoang
6n dinh 16n. Ngoai ra, qué trinh t6i wu hoa co cdu nay con xét dén cac yéu to ngiu
nhién xay ra trong qua trinh gia cong nham dam bao do tin cy cho thiét ké. Mudn
dat dugc muc tiéu nay, CCTM duoc cAu tao gém ba nhanh ddi xtrng quanh tdm duogc
dit gitta vong ngoai ¢b dinh va truc quay bén trong nhu thé hién trén Hinh 4.1 (a).
MJi nhanh dugc tao thanh tir ba phan tir dan hoi, nhu Hinh 4.1 (b), bao gdbm mot
thanh dim cong g dong vai trd bién dang chinh va hai dim thang I,va [, déng vai trd
nhu cac khép dan hoi gitp giam tmg suit cho co cau tir d6 c6 thé dat duoc khoang
6n dinh 16n va co ciu nho gon. Mot dau cta mdi dam théng s& dugce ¢b dinh v&i vanh
ngoai tai cac diém A va C. Ba dudng cong giao nhau tai diém B dé tao thanh mot
nhanh ctia co cau. Dau con lai cia ddm cong g ndi v6i thanh cing k tai diém D. Thanh
clmg nay ciing chinh 1a tryc quay co cau hoan chinh nhu thé hién trén Hinh 4.1 (a).
Khi tac dong mdt mo-men T vao thanh cimg k s& gdy nén chuyén dong quay quanh
tam 0, 1am cho cac dAm dan hoi bién dang. Sau khi vuot qua doan gia tai, mo-men
sinh ra cila co ciu s& gan nhu khong d6i voi mot khoang goc quay nhat dinh (Hinh

1.4) duoc goi 1a khoang lam viéc 6n dinh mo-men.

C6 dinh

(@) (b)

Hinh 4.1 Y tudng thiét ké CCTM-4 véi (a) co cau hoan chinh va (b) mot nhanh
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4.2.2 Phan tich mé hinh véi CBCM

Vi co cdu duoc thiét ké c6 tinh ddi xtrng nén chi ding mot nhanh dé phan tich,
nhu Hinh 4.2. Cac dam dan hoi co gia tri bé rong khong ddi, véi wy va w,lan luot 1a
bé rong ctia dam thang va dam cong. Ca ba dam nay déu co bé day t bang nhau va
khéng ddi trén sudt chiéu dai cua ching. Dam thiang bén duéi (1,) s& di qua hai diém
Cy(x1,v1) va Cy(x,,y,). Dam thang bén trén (I;) sé di qua hai diém C,(x,,y,) va
C3(x3,v3). Dam cong (g) 1a dudng cong Bezier bac ba, s& dugc xac dinh bai bon
diém diéu khién C,(x,,y,), C4 (%4, Vs), Cs(xs, ys) va Cg(xe, y6). Ta thay, dé thay doi
kich thudc va hinh dang cua co cAu dé dat duoc muc tiéu thiét ké, mo hinh s& phai
thay d6i 15 bién thiét ké bao gém 12 toa do cua cac diém tir C; dén C, va ba bién w,,
W,, t. Tuy nhién dé giam bét sb lugng bién nham giam thoi gian tinh toan, diém C,
duoc gin trén duong tAm ndm ngang nén toa do (x,, y,) tré thanh (x,, 0). Piém C;
duoc gin trén vong tron bén trong ban kinh R;,, va duoc xac dinh bai goc y. Ban kinh
R;,, duoc rang budc nham du khong gian dé lip rap truc quay trén do. Vi vay, toa do
cua diém Cg(xg, v) s& dugc tham s hoa lai theo diém & cudi dudng cong Bezier lién
két v6i truc quay. Toa do cia né 1a (R;siny, R;cosy). Tuong tu nhu cac co ciu trude,
bé day (hay chiéu cao cua co cau khi dit ndm ngang trong mit phang) ¢ chi anh huéng
dén d6 16n cia mo-men ma khong lam thay ddi dic tinh cua do thi mé-men nén sé&
khong dugc chon 1a mot bién thiét ké. Nhu vay, mo hinh s€ c6 13 bién thiét ké gém
cac toa dd Xy, V4, X2, X3, V3, X4, Ya» X5, Vs, ban kinh R;,, goc ¥ va bé rong dong nhit

wy, W, cua cac dam nhu Hinh 4.2.

Vi cac wu diém ndi bat nhu d3 chi ra & cac phan trén nén phwong phap CBCM
tiép tuc duogc st dung dé mo hinh hoa co cdu CCTM-4 nay nham tinh toan mdi quan
hé giira chuyén vi goc quay va mo-men, ing suat. Dé thuan loi cho viéc mé ta mod
hinh, cac dau dam dugc gan cac diém A, B, C va D nhu Hinh 4.3, tuong tu nhu Hinh
4.1. Ba ddm nay giao nhau tai diém B, hai diém A va C duoc ¢ dinh. Piém C duge
chon lam géc cua hé toa do téng thé CXY. Theo két qué cua mot khao sat hoi tu, cac

dam thiang AB va BC s& duoc chia 1am hai phan tir, ddm cong BD duoc chia thanh
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15 phan tir. Nhu vay, ddm BC s& gom hai phan tir 1 va 2, dim AB s& gom hai phan

ttr 3 va 4, ddm BD s& bao gdm céc phan tir tir 5 dén 19.

Vong ngoai /./Z.\__ISh()vng gian thiét ké
Row)  Xa” .
/‘/ /'/
G(x3.53) Cy(xs,Vs) //

4
.' / 4 C6
Co dinh Cy(x,, X ’%Th‘anh cung
\3\ g\ , X
Vong trong
(Rin)

Hinh 4.2 Céc bién thiét ké ctia co cAu CCTM-4

(@)
| LX,\p N >:c
g ~
N A
4) \
eo \\
B L
/
//
2 S)
~
(D
Y

< >

Hinh 4.3 Céc thong sb dung dé mo hinh hoéa co ciu

Nhu thé hién trén Hinh 4.4 va 4.5, sau khi gidi phong lién két, dat cac luc tac
dung vao cho céc ph?m tor 1,2, 3, 4, 5 kém theo hé toa do cuc bg 0,X;Y; gén vOi moi

phan tor (i = 1,2,...,5). Mdi hé toa d6 cuc bd tao mot goc f8; voi toa do toan cuc
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CXY. Chuyén vi theo phuong X; va Y; 1an luot 1a AX; va AY;. Goc xoay di cua phan
ttr thr i khi bién dang so véi vi tri ban dau cua né do theo phuong cua truc X; duoc
ky hiéu 14 a;. Chiéu dai cia mdi phan tir do theo truc X; dugc ky hiéu 1a L;. Theo diéu

kién can bang tinh, ta thu dugc cac biéu thuc tir (4.1) dén (4.9).

Hinh 4.4 Gian d6 lyc ctia cac phan tir (a) phan tir 1, (b) phan tir 2, (c) phan tir 3, (d)
phan tir 4

P, = P,cosa; — F,sina, 4.1)
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F, = F,cosa; + P, sina, (4.2)

M; =M, + F,(L, + AX,) — P,AY, (4.3)
P; = P,cosas — F, sina, 4.4)
F; = F,cosa; + P,sina; 4.5)
M; = M, + F,(Ly + AX,) — P,AY, (4.6)

Hinh 4.5 Gian d6 lyc cta phan tir 5

P, cos(B, + a;) — F, sin(B, + a;) + P, cos(B, + a3) — F, sin(B, + a3) +
Pscos(fBs +a; + a,) — Fscos(Bs +a; +a,) =0 4.7)

—P, sin(B, + a;) + F, cos(B, + a;) + P, sin(B, + a3) + F, cos(B, + a3) +
Pssin(Bs + a; + ay) + Fscos(Bs +a; +a,) =0 (4.8)

Mz + M4_ - M5 + P5AY5 - F5(L5 + AXS) = 0 (49)
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Goc giita thanh cimg OD so v6i phuong ngang & vi tri ban du va vi tri sau (vi
tri bién dang cua CCTM) duogc ky hiéu lan luot la 6, va 6. Do do, chuyén vl cua co

cAu s& 1a goc quay chay tir 0 dén (8 — 6,) nhu thé hién trén Hinh 4.3.

Giai phong lién két dam cong BD vdi thanh cig OD bang cach dit cac luc F,,
P, va md-men M, vao dau D. Dam cong dugc chia 1am 15 phan tir (tir phan tr 5 d&én
19), mdi ph'?ln tr v6i chiéu dai L;sé gén vo1 mot hé truc toa d 0,X;Y; dat tai dau bén

phai va tao voi hé toa do toan cuc mot goc fB; (Hinh 4.6).

Bién dang

Hinh 4.7 Phan ttr tht i cua dam cong

Céc phuong trinh can bang tinh giita phan tir thir 5 va cac phan tir thir i (i =

6,7, ...,19).
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cos (p; —Bs) —sin(p; —Bs) O|1P; Ps
sin(p; —Bs)  cos(p;—PBs) O||Fi|=]| Fs (4.10)
—AY; (L +AX) 1Ml LM,

Goc xoay di cua phan tir thir i so voi vi tri ban dau cua n6 dugce ky hiéu la «a;,
nhu Hinh 4.7. Bg doc ¢; ctia phan tir thr i sau khi n6 bién dang so vdi hé toa do toan
cuc duoc xac dinh nhu sau:

i—
=4+ ) a (4.11)
k=5
M&bi quan hé luc — bién dang ctia mdi phan tir nhan dugc tir BCM [106]:

A el S

2 [1/700  1/1400 [3%]
Pi11/1400 —-11/6300]] «;
t’p; 1 6/5 —1/101[dy; (4.13)
M= 7Y w10 215 ai]
—1/700  1/1400 [y,
Piloyi “l][ /1400 —11/6300 [ai]
trong d6 cac thong sd vé luc F;, P;, M; va cac thong sb vé bién dang AX;, AY;, a; cla

phan tir thtr i d3 duoc chuan héa (normalized) nhu sau:

P12 F,12 M;L; AX; AY, (4.14)
R TR TR R

Cudi cung, dé c6 thé tinh toan duoc mbi quan hé giira chuyén vi goc quay va
mo-men ddu ra, chung ta can thém cac rang budc vé hinh hoc cia mé hinh. Véi O 1a
tam ciia co cau (chinh 14 tim cta vong tron ban kinh R;,,), A va C 1a cac diém cd dinh.
Khi d6, cac khoang cach OA va OC chiéu 1én cac phuong X va Y cua hé toa do toan
cuc 1a ¢b dinh bit ké cac phan tir dan hoi & trang thai ban dau hay di bién dang. Do

do6 ta c6 thém céac phuong trinh rang budc hinh hoc nhu sau:
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cos(p; +a; +ay) —sin(p; +a; + a,) L;AY;

l

- “cos(q)i +as;+a,) —sin(e;+a;+ a4)] [Li(l + AXi)”
=5

(4.15)
_ [LXap — Rincos8, + R cos0
~ |LXcp — Ricos0, + R, cos6

Ls(1 4+ AX3)sinfs + L3AYscosBs + Ly (1 + AX,) sin(B, + a3)
+ L,AY,cos (B, + a3)

n

— Z[sin(q)i +a; + a,)L;(1 + AX;)

=5 (4.16)
+ cos (¢; + az + a,)L;AY;]

= LY,p + R;sinf, — R;,sinf

L;(1 + AX,)sinfB; + LAY, cosB, + L,(1 + AX,) sin(B, + a;)
+ L,AY,cos(B, + a;)

n

— Z[sin(goi + a; + ay)L; (1 + AX;) (4.17)
i=5

+ cos (@; + a; + a,)L;AY;]
= LYcp — Rjpsinf, + Ry, sinf

n
a1+a2+2ai=¢9— 6, (4.18)

i=5
n
a;, = 06— 6, (4.19)
i=3

Twr d6 ta xac dinh duwgc mé-men phan luc nhan dugc khi tic dong mot goc quay

dau vao, tinh theo biéu thirc sau:
T = F,R;,cos(0— a;—a, — ¢19) — P,R;sin(0— a;—a, — ¢9) + M, (4.20)

Trong do6:
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R;,, 12 ban kinh vong tron trong ciia co cau hay chinh 1a chiéu dai cta thanh cimg
OD.

LX,p, LXcp, LY,p, LY 13 cac khoang cach AD va CD lan lugt chiéu 1én cac
phuong X va Y cua h¢ toa do toan cuc & trang thai chua bién dang (Hinh 4.3) va duoc

xac dinh nhu sau:

LX,p = LXgp — LXap (4.21)
LXcp = LXgp — LXcp (4.22)
LY,p = LY,5 — LYpp (4.23)
LY.p = LYc5 + LXgp (4.24)

O day cac ky hiéu LX va LY thé hién cho cac khoang cach giita cac diém A, B,
C, D véi nhau chiéu 1én cac phuong X va Y cua hé toa do toan cuc ¢ trang thai chua

bién dang, thé hién nhu Hinh 4.3 va duge x4c dinh nhu sau:

LXCB = L1COSﬂl + LzCOSﬂZ (425)
LYCB = Llsinﬁl + Lzsinﬁz (4.26)
LXAB = L3COS3 + L4C05ﬁ4 (4~27)
LY;;B = L3Sin3 + L4Si7’l,34 (428)
19
LXsp = ) Licosf; (4.29)
i=5
19
LYgp = Z L;sinp; (4.30)
i=5

Trong d6 L; 13 chiéu dai cta phan tir thir i dugc do doc theo truc 0;X;:

Ly = /(i1 — )2+ Gizr — ¥1)? (4.31)

Goc xoay f; cua céac hé toa d cuc bd so vdi hé toa dJ toan cuc (so véi truc 0X):
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B = arccos( |41 — %] )
l \/(xi+1 — %)%+ (Vi1 — Yi)?

(i=1,2..19)

(4.32)

Toa d6 x;,y; cia cac di€ém nam trén dam cong BD duoc xac dinh tir phuong

trinh dudng cong Bezier bic ba véi bon diém diéu khién C,, C,, Cs, Cy, :
Q@) =1 -q)°C+3q(1 —q)°C, +3q*(1 — q)Cs + q°C4 (4.33)

trong d6 q € [0,1]. Néu duong cong dugc chia thanh n phan tir, gia trj cta g s& dugc
chia theo budc 1/n. Véin = 15, tacd 16 gia tri cua q trong khoang 0 téi 1 voi bude
1/15. Thé nhitng gi tri g nay va toa do cua cac diém diéu khién vao phuong trinh
(4.33), ta thu dugc toa d6 (x;,y;) cua cac diém trén duong cong dé tir d6 tinh toan

duoc cac goc va cac chidu dai dwa vao phuong trinh (4.31) va (4.32).

Ung suit cua co ciu duoc tinh trong ty nhu CCTM-3 d3 trinh bay trong chuong
3, tir biéu thire (3.17) dén biéu thirc (3.21).

4.2.3 Téi wu héa co ciu theo d9 tin ciy
Muc tiéu tdi wu hoa & day van 1 tim mot ra co cAu co khoang mo-men on dinh

cang 16n cang tot v6i d6 1éch nhoé nhit gitta mo-men xoin do CCTM tao ra va gié tri
mong mudn. Tuy nhién, quan trong hon 1a phai dam bao dwoc do tin ciy cho céac gia
trj t6i wu khi c6 su thay d6i ngau nhién cua cac bién thiét ké.

Véi cac vu diém d3 duoc phan tich khi téi wu CCTM-3, giai thuat t6i vu NSGA-
II dya trén CBCM tiép tuc duoc lua chon dé thuc hién qué trinh tdi uu hoa co ciu
CCTM-4 trong chuwong nay. Hai ham muyc tiéu trong bai toan tdi vu hoa niy van 1a:
1) cuc dai hoa hanh trinh S trong pham vi mo-men xoan khong d6i, dugc biéu thi
trong biéu thirc (4.34); 2) giam thiéu d¢ l1éch giita md-men dau ra va mo-men mong
mudn theo biéu thirc (4.35).

Maximize(S) (4.34)

véiS=b—a
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b (4.35)
Minimizef (0) = f (T —T,)*do
a

Véi a va b 1a ranh gidi cia vung lam viéc on dinh mo-men, nhu thé hién trong
Hinh 1.4 (Chuong 1). T, 1a gia tri mé-men 6n dinh mong mudn trong khoang lam
viéc d6. Tuy nhién, tuy thudc vao cAu hinh cu thé cta tung thiét ké, cac gia tri cua a
va b dugc thiét 1ap sao cho céac gia tri mo-men xoan T'(a) and T(b) nim trong dung
sai +3% cua T,. Do d6, cac tham sé nay khong duoc xac dinh trude cho qua trinh tbi
wu héa. Bé xac dinh duoc gia tri mo-men T, mot diéu kién da dugce su dung dé kiém
tra so b tinh kha thi cta céc thiét ké trong qua trinh tdi wu hoa. Dua vao do6, nhiing
thiét ké co d6 thi mé-men va goc quay c6 dang nhu hinh sin, nghia 14 mé-men cua co
cAu phai ting ¢ giai doan dau, sau d6 giam va lai tiép tuc tang 1én (twong tu nhu d6
thi trén Hinh 1.4) thi dugc xem la kha thi. Khi do, gia tri T, s& 1a gia tri mo-men lon
nhét & giai doan di 1én déu tién. Ngoai ra, viéc lya chon a va b phai théa man rang

budc vé gid tri cuc dai cia vung 6n dinh mo-men.

Md hinh t6i vu hoa duoc trinh bay trong Bang 4.1. Tam ham rang budc tir g, dén

gs V61 cac muc dich khac nhau dugc dua vao dé diéu khién qua trinh t61 uu hoa.

e Ham g, dam bao khong gian dé lap mot truc quay & tAm cia co ciu.

e Ham g, rang budc cho cic diém tir C; dén C5 duoc ty do di chuyén bén
trong hinh vanh khan gii han boi cac ban kinh (R, Ryy:) va dam bao
kich thudc duong kinh ngoai ctia co ciu khong qua 100 mm.

e Ham gs va g, rang budc cho cac diém diéu khién nam dung tha ty mong
mudn, tranh tao ra cac thiét ké khong kha thi.

e Ham g5 gi6i han khoang tim kiém goc (y) cua thanh ndi cing nham xac
dinh diém C4(R;siny, R;cosy).

e Ham g, gidi han bé rong dong nhit cta cac dam.

e Ham g, diéu khién thuat toan tim kiém cac CCTM véi gia tri T, ndm trong

khoang 230 — 260 (Nmm).
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e Ham gg dam bao co céu hoat dong trong ving gidi han dan hdi, trong d6

hé sd an toan (SF) 1a 1,2.

Ngoai hai ham muc tiéu va cic ham rang budc nhu t6i wu hoa thong thudng da
gidi thidu & trén, bai toan toi wu hda ndy con cd thém cac ham trang thai gidi han (*)
dung cho budc phan tich d tin cdy. Vi viée thém bude nay vao bai toan tdi wu hoa
s& giup dam bao cac gia tri tdi wu nhan dugc ndm sau trong mién an toan véi do tin
cdy 99%. Hai ham trang thai giéi han gy va g;, duoc thém vao diéu kién rang budc
trong d6 ham g, dam bao cac co cdu CCTM nhan dugc c6 khoang 6n dinh mé-men
16n hon 70°, ham g;, dam bao sai s6 mo-men dau ra so vdi mo-men mong mudn T,

khong qua 3%.

Céc gié tri rang budc trong bai toan toi vu héa nay cé co sé twong tu nhuw CCTM-
3, trong d6 mot sb gia tri dugc tang 1én dé tim kiém mot CCTM c6 kha nang ung
dung t6t hon CCTM-3. Duodng kinh 16n nhét ctia vanh tron ngoai van dang dugc kiém
soat dé khong vuot qua 100 mm nhung gié tri 6n dinh mé-men dugc rang budc ting
1én nham ting kha ning tng dung vao nhitng co cdu can lyc 16n hon. Khoang 6n dinh
mo-men ciling dugc rang budc voi gia tri 16n hon nham ting hiéu sudt 1am viéc va
tinh nhé gon cua co cau khi so sanh khoang 6n dinh mé-men véi kich thuéc duong

kinh ngoai.

Bang 4.1 Mo hinh t6i wu hda CCTM-4 theo d6 tin cdy

1. Ham muc tiéu:
— Cuyc dai khoang 6n dinh mé-men theo phuong trinh (4.34)
— Cyc tiéu sai s6 moé-men dau ra theo phuong trinh (4.35)

2. Ham trang thai giéi han (*):
- {GX) — Dy <0} = D(p) (4.36)
— V6i tam bién ngdu nhién: {X;} = {x,, Vo, X4, Va, X5, Vs, Wy, Wy}

—bo tincay R = 99%
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3. Bién thiét ké:

—Toa dd cac diém diéu khién: X1,Y1,X2,%X3,Y3, X4, V4, X5, Vs
—Bé day cac dam: wy, w,

—Ban kinh vong tron trong: R;,

— Goc xéc dinh tryc quay ¢ vi tri ban dau: y

4. Rang budc:
i. g1:8<R;, <12 (mm)
ii. g R?<x?+y? <Rour® (Roye <50vai=12,..,5)
. g3ixy, < x4 < Xg
v. gy <0<y,

V. gs:

- A

<y <= (rad)
vi. g6:0,5<w; <1,0(mm) (i=12)
vii. g, 230 < T, < 260(Nmm)
viii.  Ung sut 16n nhit trong CCTM, gg: 0, < g, /SF
ix. Khoang lam viéc 6n dinh mé-men (d6): (*)
go: S—=70<0
X.  Sai sb ciia mé-men dau ra: (¥)

g0t IT—=Te| —0,03.T, <0

Trong md hinh t6i vu hoa theo d9 tin cdy nay, theo kinh nghiém nghién ctru nhiéu
co cau CCTM, NCS nhan théy mot sd bién thiét ké c6 anh huong 16n dén cac muc
tiéu thiét ké s& duoc chon lam cac bién ngiu nhién (Bang 4.1). Trong ba dam lién két
v6i nhau tao nén mot nhanh cta co cdu thi dim dong vai tro quan trong nhat, giit vai

trd bién dang chinh 1a ddm cong. Tuy nhién diém Cs ndm trén vong tron bén trong,
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chd clmg viing ciia co cdu nén sai s6 khi gia cong nho. Hon nita diém nay thong
thuong khong anh hudng nhiéu dén dic tinh ctia co cdu CCTM nén céc gia tri xac
dinh diém nay gdm R;, va y sé khong duoc chon lam bién ngiu nhién. Toa do v,
mic du duoc ¢b dinh bang 0, tuy nhién diém C, 1a diém chung ciia ba dim nén né c6
anh huong 16n dén hinh dang cta toan b co cAu nén nd s& 13 mot bién ngiu nhién
trong phan phan tich do tin cdy véi gia tri trung binh bang 0. Gié tri bé rong dam
thong thuong chi anh hudng dén gia tri mé-men va tng sudt, tuy nhién néu sir dung
nhiéu dam két hop dé tao thanh mot nhanh co cau nhu trong truong hop nay thi moi
tuong quan giita gia trj bé rong cua cac dim anh hudng 16n dén muc tiéu va do tin

cdy cua thiét ké. Do dé cac gia tri w; va w, s€ dugc chon la cac bién ngau nhién.

V&i phan phan tich trén, cac bién ngau nhién trong bai toan tdi wu hoa theo do tin
cay ndy s& bao gdbm cac toa dd X, y,, X4, V4, Xs, Vs va hai gia tri bé rong dam wy, w,.
Vi cac bién ngiu nhién nay ciing 1a bién thiét ké nén cac gia trj trung binh cua ching
khi phan tich d¢ tin cay s& chinh bang gia trj cia bién tng vai thiét ké dang xét. Sau
khi do ludng gid tri bé rong ciia dam trén mot sé mau di gia cong cua cac co cau
CCTM ma NCS da ché tao, ta xac dinh dugc do 1éch tiéu chuan (STD) 14 0,05 (mm).

Do d6, gia tri STD nay sé dugc dung cho tat ca cac bién ngau nhién cia mo hinh.

V&i ham muyc tiéu 1a ham an va phirc tap nhu bai toan nay thi cic phuong phap
phu hop cho budc phan tich d tin cdy 1a phuong phap phan tich do tin cay bac nhat
(FORM), phéan tich d0 tin cdy bac hai (SORM) va phuong phap mod phdng Monte
Carlo. Tuy nhién, phuong phap FORM hiéu qua hon vé thoi gian tinh toan nén dugc

chon dé tinh toan do tin cay trong budc ti uu nay.

Luu d6 thuat toan qua trinh tdi wu hoa da muc tiéu theo do tin cay duoc thé hién
trén Hinh 4.8. Qua trinh nay gém hai buéc tich hgp vao nhau duoc thyc hién ty dong
béng MATLAB. Céc tham s dau vao duoc xac dinh trude, bao gém cac thudc tinh
vat ligu, d§ day ngoai mat phéng, khong gian thiét ké va g6c quay tdi da ctia co cau.
Ngoai ra, cadc tham s6 GA phai dugc xac dinh cho hoat dong cua thuat toan, dugc thé

hién trong hop “Thong s6 GA”. Pau tién, st dung cac gia tri dau vao so bo, MATLAB
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tao ngau nhién cac thiét ké thir nghiém véi N = 40 (mg vién. Mdi thiét ké duoc coi la
kha thi néu n6 dap tng tat ca cic tm rang budc dau tién (g, — gg) trong Bang 4.1.
Céc thiét ké sau d6 duoc tién hoa lip di lip lai bang thuit toan NSGA-IL v6i mdi
vong lap danh gia dic tinh mé-men xoédn theo goc quay théng qua CBCM va db tin
cay thong qua phuong phap FORM. S6 thé hé tién hoa tbi da duoc cai datla M =
100. Trong mdi vong lap, thuit toan NSGA-II xuit ra cac gia trj cua tit ca cac tham
s6 thiét ké cia CCTM. Sau d6, cac tham s6 nay 1a dau vao cho mé hinh phén tich dwa
trén phuong phap CBCM dé c6 duoc mbi quan hé goc quay va mo-men xoan cua
CCTM hién tai. Tiép theo, cac gia tri mo-men xoan va gbc quay tir phan tich CBCM
duoc sir dung dé danh gia boi cac ham muyc tiéu.

+ | Cac toan tir di truyén

- Tao con chau

A

Théng sé thiét ké ¢
-t,Omax, E, v
- Khéng gian thiét ké

Panh gia muc tiéu xac dinh va
cac ham rang budc (dung CBCM)
- Cac ham muc tiéu

Y - Céc ham rang budc (g1-g8)
Théng sé GA
- S6 thé hé (M) Y —
- Dan s& (N) DVs m¢i
- Bién thiét ké& (DVs) Phan tich d6 tin cay (FORM)
- Bién ngiu nhién - Tim ki€m diém MPP
- b6 tin cay yéu cau R=99% - Danh gia cadc ham trang thai
- Dung sai gidi han (g9, g10)
Y
Khai tao quan thé cho Cam tra Aoy
NSGA-II B kién hoi tu
- Kh&i tao ngau nhién thé
hé th& nhat.

Hinh 4.8 Luu d6 giai thuét t6i wu hoa theo d6 tin cdy bang NSGA-II

Trong mdi thé hé cua qua trinh tién hoa, sau khi mot tap hop cac nghiém tdi uu
duoc tim théy boi khéi Tdi vu hoa xac dinh (danh gid muyc ti€u xac dinh va cdc ham

rang budc ding CBCM), mdi diém thiét ké c6 mudi ba bién thiét ké (DVs) di thoa
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man cac ham rang budc trude d6 (g; — gg). Tiép theo, tdm bién ngau nhién {X;} duogc

trich ra tir tap thong so thiét ké nay s& duoc phan tich sau hon vé do tin cay bang cach

xeét

dén sy khong chic chin cua dir liéu dau vao thong qua khdi Phén tich do tin cay

theo phuong phap FORM. Budc phan tich ndy s& kiém tra hai rang budc cudi (duoc

goi

1a cac ham trang thai gidi han) go va gs, trong Bang 4.1. Néu cac rang budc nay

duoc thoa man, chi sé do tin cay (B) s& dugc tinh bang phuong phap FORM [88],

nham dam bdo rang du ton tai sai sO trong qua trinh ché tao thuc té cac bién ngau

nhién, co cdu CCTM t6i vu van c6 thé duy tri hi¢u suat v4i do tin cay 99%.

Vé mat ly thuyét, quy trinh ma trdn cia phuong phap FORM bao gém céc budc

sau [88]:
1. Thiét 1ap hai ham trang thai gi6i han, go va g4, 13 cdc ham 4n cia tAm bién ngiu
nhién {X;}.
2. Chon mot diém thiét ké ban dau {x;} cho cac bién ngau nhién X; (thuong chon
gia tri trung binh y;).
3. Xac dinh cac bién quy ddi {z;} twong tmg voi diém thiét ké {x;} theo cong thirc:
z; = xla—xflx‘ (4.37)
4. Xéc dinh cac dao ham riéng cia ham trang thai gi6i han theo cac bién quy doi
bang:
{G} ={G, G, ...Gg}T (4.38)
trong d6 = 29 _ %% %

ag;

5.

P = = = g,.
¢ aZl' axl- aZi axl- i

tai diém thiét ké
Véi cac ham an, go va g,0, stt dung k¥ thuét sai phan hitu han dé tinh dao ham
/3 %, theo cong thirc:

% _ gi(xiltz_ii diém thiét ké T Axi) — Yi (xiltai diém thiét ké)

4.39
0x; Ax; ( )

Tinh toan gia tri wéc luong cua chi sé do tin cay 8 theo cong thuc:
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i

Bt = Bea + s
méi cii GG (4.40)
6. Tinh vector cot chita cac hé s6 d6 nhay (sensitivity factors) theo cong thuc:
{G}

{a} = m (4.41)
7. Xac dinh diém thiét ké méi trong khong gian bién quy ddi v6i n = 8 bién ngiu
nhién, theo cong thirc:
z; = AiPmei (4.42)
8. Tinh céc gia tri diém thiét ké twong Gmg trong hé toa do ban dau cho tam gi4 tri
tir Bu6e 7 bang:
X; = py, t Z; Oy, (4.43)

9. Lap lai cac Budc tir 3 dén 8 cho dén khi B va diém thiét ké {x;} hoi tu.

Cubi ciing, NSGA-II tinh toan gié tri phii hop cua thiét ké nay dé so sanh va sap
xép thém véi céac thiét ké khac trong thé hé hién tai. Con cai duoc tao ra bﬁng cach
st dung mot loai trao ddi chéo (lai ghép) hoac dot bién cu thé. Dya trén so sanh
khoang cach phan bd va sip xép khong bi chi phdi, NSGA-II chon nhiing c4 thé phu
hop nhat cho thé hé tiép theo. Thuat toan két thiic khi théa man mot trong hai diéu
kién sau: 1) su tién hoa hoi tu hodc hiéu gitra hai thé hé lién tiép cua ham muc ti€u
nhé hon dung sai; 2) thoa man s6 thé hé ban dau (max;;,,).

Trong nghién ctru nay, PEEK tiép tuc dugc chon lam vt liéu cho co cAu. Pi
v6i mo hinh dang hudng va dan hoi tuyén tinh, moé dun dan hdi (E) va hé sé Poisson
(vp) cua PEEK duoc léy tuong ung la 3,58 GPa va 0,3. B§ day cia co cAu duoc chon
10,0 mm.

4.3 Két qua tdi wu hoa

Két qua cua qua trinh t6i wu hoa theo dd tin cdy duoc trinh bay trong Bang 4.2
voi gia tri chi s6 d0 tin cay B = 3,0281 tuong duong voi do tin cay 99,88%. Vi dinh
nghia gia tri T, 14 vi tri c6 mé-men 16n nhat trong khoang goc quay ban dau dugc cai

dat 1a 20°, ta duoc T, = 80,68 Nmm (day 1a gia tri T, trén mot nhanh cua co ciu).
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Viy co cdu c6 khoang 6n dinh mé-men 16n véi 88°, voi cac gid tri mo-men 1a
79,11 Nmm tai 17° va 82,95 Nmm tai 105°. Trong khoang nay, sai sb tai vi tri co
mo-men 16n nhit 82,95 Nmm (tai 105°) va vi tri ¢6 md-men nho nhit 78,48 Nmm
(tai vi tri 79°) lan luot 1a 2,8% va 2,7% so voi mo-men mong mudn. Do dé, co ciu

dat yéu cau vé sai sO mo-men dau ra la 3%.

Gia trj ing suat 16n nhét cia co cdu theo tinh toan tir CBCM 1a 141,1 MPa dat
tai vi tri goc quay 105°. Véi giéi han chay ciia PEEK 1a 210 MPa, hé s6 an toan
SF = 1,2, (mg suét sinh ra trong co cau théa man (mg suat cho phép 175 MPa, dam
bao cho co cu hoat dong trong vung bién dang dan hoi. Cac két qua mdi quan hé

gitra mo-men, rng suat voi goc quay dau vao duoc thé hién trén Hinh 4.9.

Bang 4.2 Gia trj toi wu cac bién thiét ké cia CCTM-4

Bién thiét ké Gia tri Pon vi
(x1,5,) (-39,88; -15,42) mm
Xy -38,05 mm
(x3, }’3) (-30,58; 16,45) mm
(x0.5,) (-30,64; -14,36) mm
(x5, 7¢) (-8,63; 19,88) mm
wy 0,53 mm
w3 0,60 mm
R;y, 10,50 mm
y 120 do

Nhu quan sat trén Hinh 4.9, trng suét ctia co cau c6 doan giam trong khoang goc
quay tir 20° dén 37°. Dé giai thich hién twong nay, hai thanh phan tng suit cu thanh
nén Gng sut trén Hinh 4.9 duoc tach riéng nhu trén Hinh 4.10, bao gdm tng suit kéo
(0,) va ung suat udn (o). Viéc tach riéng hai thanh phan nay nham muc dich phan
tich dinh tinh déng gop cua ting co ché bién dang trong qua trinh 1am viéc cia co
cAu, qua do gitip 1y giai hién twong giam ng suat tong quan sat duoc trong khoang

goc quay tir 20° dén 37°.
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Hinh 4.9 Két qud mo-men, Ung suat thu duoc tir tdi vu hoa theo do tin cay
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Hinh 4.10 Phan tich cac thanh phan (mg suét theo CBCM
Két qua cho thdy trong giai doan dau (goc quay nhod hon 20°), ing suat kéo ting
nhanh do lyc doc truc 16n, trong khi (g suat udn chiém wu thé tai cac ving cong cuc
b6. Khi co céu tiép tuc bién dang dén khoang 20° - 37°, phan tir dan hdi bit dau dudi

ra, ddn dén giam d6 cong va giam luc doc truc twong Gmg. Hé qua 13 thanh phan tng
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suat kéo gan nhu khong tang va ung suat udn lic nay gia tri con nhd, tao nén xu

hudng giam tong thé ctia rng sut tong trong ving nay.

Can luu ¥ rang, trong md hinh CBCM, hai thanh phan g, va o}, khong doc lap
tuyén tinh do 4nh huéng ciia hinh hoc phi tuyén va diéu kién rang budc chudi phan
ttr. Vi vy, tong dai sd cua hai gia tri thanh phan nay chi thé hién xu huéng bién thién
chtr khong hoan toan trung khép véi gia tri tng suét tong thu duoc tir mo hinh nhu
Hinh 4.9. Tuy nhién, viéc tach riéng cac thanh phan van c6 ¥ nghia quan trong trong
viéc minh hoa co ché 1am viéc va sy tai phan bd Ung suét trong qua trinh bién dang

16n cua co cau.
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Hinh 4.11 Két qua t6i wu mot nhanh va mé hinh 3D cia co céu

Duya trén cac gia tri tdi wu, ta co6 duge hinh dang cua cac dam trong mot nhanh
ctia co ciu va mo hinh 3D hoan chinh cua co ciu duoc thé hién trén Hinh 4.11.
4.4 Kiém chirng két qua véi FEM va thuce nghiém

Mo phong bang FEM va céc thi nghiém da duoc tién hanh dé xac minh thém
cho két qua ctia mé hinh phan tich bén trén. FEM phi tuyén dd duogc sir dung dé xac
minh bang phan mém thuong mai ABAQUS. Dam cong dugc chia thanh 40 phan tir
va moi dam thang duoc chia thanh 30 phan tir dang dam tuyén tinh hai nat B21.

Tuong tu, thanh ndi ctng cling dwge md hinh dudi dang phan tir hai nat. Tuy chon
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S, Max. In-Plane Principal

Bottom, (fraction =-1.0)

(Avg: 75%)
+1.400e+02
+1.283e+02
+1.167e+02
+1.050e+02
+9.333e+01
+8.167e+01
+7.000e+01
+5.833e+01
+4.667e+01
+3.500e+01
+2.333e+01
+1.167e+01
+0.000e+00

A Dim cong 1

— Ché tao,
—- Thiet ké

Hinh 4.13 (a) Quét bién dang 3D co cdu va (b) so sanh bién dang 2D ciia co cdu

thuc té va co cau thiét ke
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phi tuyén hinh hoc dugc chon. Cac gia thiét va diéu kién bién cho mé phong nay

tuong tu nhu cac mod phong ¢ phan trudc.

Tuong ty nhu co cdu CCTM-3, trong nghién ciru ndy, két qua thu dugc ciing cd
su twong dong rat cao gitta CBCM va FEM (Hinh 4.9). Nhu thé hién trong Hinh 4.12,
g suat chinh 16n nhat nhan dugc tir mo phong FEM véi gia tri 140,0 MPa, thap
hon mét chit so voi phuong phap CBCM (04 = 141,1MPa).

Pé tién hanh thuc nghiém do mo-men, mdt co cdu CCTM béng vat liéu PEEK
duoc gia cong bang phuong phap phay CNC. Trude khi thuc nghiém do mé-men, co
cAu dugc kiém nghiém lai d6 chinh x4c gia cong nham dam bao sai sb gia cong thoa
mén STD nhu sb liéu da dung & phén phan tich do tin cdy. Co cAu thuc té s& dugc
scan 3D dé so sanh v&i mé hinh thiét ké. Qua trinh quét bién dang dugc thuc hién
trén may scan ATOS Core 300 (GOM, Germany) nhu Hinh 4.13 (a). Hinh anh cta
bién dang gia cong thuc t& va bién dang thiét ké dugc thé hién trén Hinh 4.13 (b).
Viéc so sanh nay duoc thuc hién nham danh gia kich thuéde bé rong cua cac dam va

hinh déng ctia cac dam cong.

Bang 4.3 Panh gia bé rong cia cac dam dan hoi

Nhénh 1 Nhénh 2 Nhénh 3

Dam g ge | Pam pp pp | P Gy omk
cong 1 cong 2 cong 3

Trung
binh 0,572 0,506 0,495 0,568 0,494 0485 0,578 0,504 0,495
(mm)
STD 0,025 0,007 0,004 0,033 0,009 0,004 0,017 0,009 0,004
(mm)

CoV 4511 1,510 0,837 5997 0,820 2,099 3,099 1,816 0,843

DAu tién, kich thuée s& dugc danh gia thong qua bé rong xac dinh tai 10 diém

trén dam thing va 20 diém trén ddm cong. Sau d6 ta tinh duoc gia tri trung binh, STD
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va hé sb bién thién (CoV) cua kich thudc nhu Bang 4.3. Vi bé rong ti wu ddi véi
cac beam théng l1a 0,53 mm va beam cong la 0,60 mm, STD tinh toan 0,05 mm thi
cac gi tri bé rong trung binh déu dat yéu cau. Trong do, gia tri bé rong cua cac beam
cong c¢6 STD 16n hon kha nhiéu so v6i cac beam thing. Gia trj bé rong trén cac beam
cong cling bién thién nhiéu hon, dic biét & cac vi tri bat dau cta cac beam. Piéu do
chtng t6 viéc gia cong chinh xac bé rong ddng déu trén sudt chiu dai cho cac beam

thang 1a dé dang hon.

Bang 4.4 Danh gia sai léch vi tri ctia cac dam cong thuc té

Dam cong 1 Dam cong 2 Dam cong 3
Trung binh (mm) 0,133 0,046 0,101
STD (mm) 0,038 0,043 0,048
CoV 28,589 94,206 48,059

Nhu d3 n6i & phan trén, vi cac dam thang chi c6 tic dung giam tng suat, khong
anh huong nhiéu dén dic tinh cta co ciu nén toa do dé xac dinh hinh dang, vi tri cua
chung khong dugc chon lam bién ngiu nhién dé danh gia do tin cay. Do do, tiép theo
ta s& kiém tra sai 1éch vé hinh dang ctia cac dam cong bang cach danh gia sai léch vi
tri cia ching so voi thiét ké. Cac dam cong thyuc té va thiét ké s& duoc dai dién boi
cac dudng cong nam giira bé rong w cua chung. Ta sé& xac dinh khoang cach giita cac
diém trén dudng cong thyc té va dudng cong thiét ké tai 20 vi tri. Cac gid tri sai léch
nay duoc tinh toan dé cho ra gia tri sai léch trung binh, STD va CoV nhu trén Bang
4.4. Két qua cho thdy, dudng cong 1 ¢o sai 1éch vi tri nhiéu nhét so véi thiét ké, tuy
nhién cac gia tri STD va CoV cho théy duong cong nay dugc dich chuyén léch mot
luong déu so véi thiét ké trén sudt chiéu dai ctia né. Pudng cong 2 c6 sy tring khép
cao nhat vé vi tri so vai duong cong thiét ké. Tuy nhién, gia tri CoV cua no thé hién
su bién thién 16n trong cac gia tri khoang cach tir dudng cong thuc té so voi thiét ké.

Vi tri cua dudng cong 2 sai I1éch nhi¢u ¢ doan dau, phan doan cong gan ti€p giap voi
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tryc, sau d6 gan nhu tring khdp véi dudng cong thiét ké. Xét tong thé thi STD vé vi
tri cia ca ba dudong cong déu nam trong STD cho phép 0,05.

Hinh 4.15 Hinh anh CCTM-4 & vi tri ban du va bién dang ¢ 50° va 100°

Thiét 1ap thuc nghiém duoc thé hién trong Hinh 4.14. Co cdu CCTM dugc dinh
vi ndm béc tu do bang mat phang va khéi tru ¢ tim nhdm dam bao cho co cdu quay
quanh tdm cta nd. Vong ngoai cia CCTM (1) dugc ¢b dinh vao mot tim ga (2) gin
trén dé ga dung. Pong co bude (5), dugc diéu khién boi Arduino (6) két ndi véi may

tinh (7), s& truyén dong qua bod truyén truc vit banh vit (4) lam quay tua vit dién tir
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(3), ttr do 1am cho co ciu CCTM hoat dong. Céac gia tri mo6-men xoan duge ghi nhan
lai mg v&i mdi budc 5° bang tua vit dién tir k¥ thuat s6 GLK060 (hdng KTC, Nhat
Ban) (nhu dé giéi thiéu & Chuong 3). Tuy nhién, tay cam cta tua vit dugc théo ra dé
gin truc tiép vao truc cia banh vit. Dé ¢ gia tri so sanh khoang 6n dinh theo tinh
toan ly thuyét va thuc té, gia tri mo-men tai vi tri 17° cling dugc thu thap. Qua trinh
do dugc 1ap lai nam lan tir d6 xac dinh gia tri trung binh va céc sai s kém theo. Hinh
4.15 thé hién co ciu & vi tri ban dau va cac mot vai trang thai bién dang thuc té & cac

vi tri gdc quay 50° va 100°.

Cac thi nghiém do mo-men trong luan an nay duoc thuc hién nham kiém ching
dap tmg co hoc ctia co cdu CCTM va so sanh v6i két qua mo phong 1y thuyét. Qua
trinh do dac duoc thyuc hién theo cac nguyén tic do ludng co ban, phu hop vé6i thong
1¢ thuong duge ap dung trong cac nghién ctru thue nghiém vé co cdu dan hoi noi
chung va co cAu CCTM noi riéng nham dam bao tinh lip lai va tinh so sanh cia két

qua.
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Hinh 4.16 So sanh m6-men gitra CBCM, FEM va thyc nghiém
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Céc két qua ctia mo hinh phan tich CBCM, mé phong FEM va thyc nghiém
duogc thé hién trén Hinh 4.16. Céc gia tri mé-men tinh toan theo CBCM va md phong
FEM da duogc nhan ba cho phu hgp véi mé-men do trén co cAu thuc té. C6 mot su
trung khép rét cao giira két qua cia CBCM va FEM. O doan gia tai, sai sb cia CBCM
so v6i FEM 16n hon so véi khoang 6n dinh mo-men, voi gia tri 16n nhat 1a 2,4%. Sai
sO ndy c6 nguyén nhan tir d6 doc 16n cuia d6 thi trong doan gia tai két hop véi gia tri
mo-men nho trong doan nay lam phong dai sai s6 tuong dbi. Tuy nhién, quan sét thyc
té ta c6 thé thay hai d0 thi ndy van rat tring khép trong doan nay. Khi vao khoang
gdc quay On dinh mo-men, sai s6 gitta CBCM va FEM con kha nho, dudi 1%, thé

hién su chinh xac cua moé hinh phan tich.

Két qua thuc nghiém ciing c6 sy thong nhat kha tot véi cac gia tri phong doan
theo 1y thuyét. Sai sd cua thuc nghiém so véi md phong FEM co gia tri 1on ¢ giai
doan goc quay nho, nhung giam dan va trd nén khong dang ké (khong qua 2%) o giai
doan 6n dinh mé-men. Ngoai cac nguyén nhan gay ra sai s6 16n & giai doan dau tuong
ty nhu d giai thich cho mé hinh CBCM & trén, két qua thue nghiém con bj anh huong
bai ma sat, dic tinh nhét dan hoi cta vat liéu PEEK va sai sd gia cong. Sai s6 do gia
cong s€ duoc phan tich k¥ hon & bén dudi. Bén canh do, sai sb6 cia CBCM va thuc
nghiém c6 thé con dén tir sy ndi suy cac gia tri gdc quay theo cac budc gia ting cua

mo phong FEM.

Dénh gia vé su 6n dinh cia mo-men, ta théy sai sO 16n nhit ciia mo-men thuc
té 12 1,67% xay ra tai vi tri goc quay 20°. Gia trj trung binh ctia mo-men thue nghiém
trong khoang tir 17° dén 105° 1a 240,4 Nmm. Sai s6 16n nhat 2,9% cua gia tri trung
binh so v&i gia tri mong mudn xay ra tai vi tri géc quay 30° véi gid tri mo-men tai
day 1a 247,39 Nmm. Vi sai s6 nho hon 3% thi co cau thuc té nam trong sai s cho

phép va dam bao yéu cau dit ra.

Maic du co cau thdéa man dugc cadc muc tiéu dé ra voi do tin cdy cao tuy nhién
voi thiet ké gom ba dam lién két voi nhau tai diém €, nham gidm Gng suat s¢ gay ra

sai sO gia cong 16m hon so vai cac thiét ké khong cé giao di€ém nhu vay. Sai sO xdy ra
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tai day 1a do khi tinh toan 1y thuyét theo CBCM va mo phong FEM bang phan tir 1D,
giao diém nay chi 1a mot diém. Tuy nhién khi gia cong thuc té bang phuong phap
phay thi s& phai c6 cung bo & vi tri giao diém nay. Néu cung bo qué nhé thi dung cu
khéng dap tng duoc vé dudng kinh dao cling nhu chiéu dai phan cit dé cit hét bé
day cua co cAu. Hién tai co cdu thuc té dang gia cong véi goc bo c6 ban kinh 1,0 mm

nén vi tri C, nay sé€ co6 kich thudc 16n hon so vai gia tri mo phong (Hinh 4.17).

Bén canh d6 sai s6 cua két qua thuc nghiém con c6 thé do sy khong ddng nhét
trong bé rong w cua cac dam, ddy duoc coi 1a thong sb nhay cam nhat khi thiét ké
dang co cdu nay [8, 86]. Vi bai toan phan tich do tin cdy & trén, ta chi xét sy thay
d6i ngdu nhién gia tri w trong d6 1éch chuan nhit dinh va van coi né 1a théng nhat
trén sudt chiéu dai ctia ddm. Ngoai ra, sai s6 trong qua trinh gia cong c6 thé gay ra sy
bat d6i xtrng ctia ba nhanh trén co ciu thuc té. Diéu nay ciing chua dugc xem xét dén.

Céc van dé nay s& duoc tiép tuc nghién ctru trong trong lai.

Hinh 4.17 Géc bo tai giao diém ba dam khi gia cong thyc té

Pé xem xét tinh nho gon ciia co ciu so v6i khoang lam viée, ta van st dung
cong thirc (3.24, Chuong 3) dé tinh toan gia tri S* cia CCTM-4 va cac CCTM khac
da cong bd. V6i duong kinh D, = 85,51 mm 1a dudng kinh ngoai cung di qua diém
diéu khién C,, ta thdy co cAu CCTM-4 ¢6 S* 16n nhat so véi cac CCTM di cong bd
(Hinh 4.18). Bén canh d6, mot thong sé quan trong khac cia co ciu CCTM 1a sai sd
ctia mo-men dau ra duoc tinh theo cong thic (4.44). Qua d6 co thé thay thiét ké da

hoan thanh dugc muc tiéu thiét ké mot co cdu CCTM nho gon, co khoang lam viéc
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16m véi sai s60 mo-men dau ra trong doi nho va co xét dén cac sai sO ngau nhién trong

qua trinh gia cong.

Sai s6 momen = 1 — min (4.44)

Tmax

VO1 Tppin VA Ty 18 mé-men nho nhat va 16n nhat trong khoang 6n dinh mé-men.
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Hinh 4.18 So sanh co cdu CCTM-4 véi cac CCTM da cong bd

Két ludn: Chuong 4 trinh bay mét quy trinh téng hop co cdu CCTM hanh trinh 1am
viéc 10n bang phuong phap thiét ké tdi vu hoa theo dd tin ciy c6 xét dén cac yéu tb
ngau nhién xay ra trong qué trinh gia cong. Bang cach két hop mo hinh hoéa véi
CBCM, danh gia do tin cdy theo FORM va t6i uu hoa bang giai thuat di truyén
NSGA-II, phuong phap dé xuét da dat duoc co cdu CCTM véi do tin cady cao
(99,88%) véi khoang lam viéc 6n dinh mé-men 16n (88°) va sai sé mo-men dau ra
nam trong sai s6 3%. Véi két cau CCTM sir dung khép xoay dan hoi bang hai dim
thang & diu dim cong giup giam tng suét tir d6 dat dwge muc tidu co ciu nho gon va
hanh trinh 1am viéc 16n khi so sanh véi cac CCTM khac da cong bd. Tuy nhién, viéc

st dung két cau nay lam tang sai s gia cong. Do do, bai todn td1 wu hoa theo do tin
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ciy c6 xét dén cac sai s ngiu nhién cang thé hién y nghia trong truong hop nay. Su
phat trién cua ludn 4n duoc thé hién thong qua bdn co ciu da tong hop trén Hinh 4.19.
D& dang thay rang cac CCTM cang vé sau cang c6 hanh trinh 6n dinh mé-men 16n

hon véi két ciu nho gon hon va do chinh xac ciia mo-men dau ra tét hon (Hinh 4.18).

Hinh 4.19 Sy phét trién ctia luan an thong qua bon CCTM d4 tong hop
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Chwong 5
UNG DUNG CO CAU PAN HOI ON PINH MO-
MEN VAO THUC TE

5.1 Tiéu chuén vé ieng dung cac thiét bi trong co sinh hoc

Viéc thiét ké va tmg dung céc co cdu dan hdi trong linh vuc co sinh hoc doi
hoi tuan thi nghi€ém ngat cac tiéu chuin ky thuat nham dam bao an toan sinh hoc, do
tin cdy co hoc va tinh an toan khi thiét bi twong tac véi con ngudi. i véi cac co cdu
dan hdi 6n dinh mo-men duoc st dung trong thiét bi ho tro chirc nang khop hoac hé
théng trg lyc deo ngoai, vi¢c tudn thu céc ti€u chuin quéc té va quéc gia la co so dé

danh gia, ching minh va hoan thién tinh ing dung clia san pham.

Trude hét, nhém tiéu chuan vé danh gia sinh twong thich déng vai trd nén tang
cho moi thiét bi y sinh c6 tiép xuc truc tiép hodc gian tiép voi co thé ngudi. B tiéu
chuén ISO 10993 “Biological evaluation of medical devices” quy dinh phuong phap
danh gid an toan sinh hoc cua vat li€u va linh kién trong méi trudong co thé. Cu thé,
tiéu chuan I1SO 10993-1:2018 néu rd khung danh gia rui ro sinh hoc tong thé, xéac
dinh cac thir nghi¢m can thiét nhu doc tinh té bao, kich ung, nhay cam da, dgc tinh
toan than hodc tuong thich huyét hoc. O Viét Nam, tiéu chuan nay da duoc chuyén
d6i thanh TCVN 7391-1:2023, dugc sir dung nhu can cir dé danh gia va kiém dinh
vat li€u trong ché tao thiét bi y sinh. Viéc ap dung ti€u chuin nay dac bi¢t quan trong
dbi voi cac co cau dan hoi co vat liéu polyme, silicon hay chat dan hoi (elastomer) co

kha néng tiép xuc lau dai véi da hoac m6 mém cua nguoi st dung.

Bén canh d6, viéc x4c dinh déc tinh co hoc clia vat li¢u dan hdi can tuan theo
céc tiéu chudn thir nghiém duoc qudc té cong nhan. Tiéu chuan ISO 37:2017 (TCVN
4509:2020) quy dinh phuong phap do tng suit - bién dang ciia cao su luu héa hoic
nhya dan hdi nhiét déo trong thur kéo, giup xac dinh cac dai lugng co ban nhu mo-

dun dan hoi, 6 bén kéo dut va do gidn dai.
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Déi véi céc thiét bi deo hd tro van dong hodc twong tac truc tiép vl nguol s
dung, can xem xét thém tiéu chuin vé an toan cua robot va thiét bi hd tro ca nhan.
Tiéu chudn ISO 13482:2014 “Robots and robotic devices - Safety requirements for
personal care robots” (TCVN 13231:2020) quy dinh cac yéu cau an toan co ban khi
robot hodc thiét bi tro luc hoat dong trong moi trudng cd con nguoi, bao gém gioi
han luc, ap suét, mé-men va tdc do chuyén dong cho phép. Viéc tuan thu ti€u chuin
nay giap dam bdo thiét bi hd tro co sinh hoc van hanh an toan, giam thiéu nguy co
chan thuong hodc qua tai co hoc cho ngudi st dung trong cac tinh hudng twong tac

1ap lai.

Ngoai cac tiéu chuin néu trén, cic yéu cau vé hé thong quan 1y chét luong va
quy trinh thiét ké san pham ciing can dugc tuan tha. Tiéu chuan ISO 13485:2016
(TCVN ISO 13485:2017) quy dinh hé¢ théng quan 1y chat lugng danh cho thiét bi y
té, bao gdm quy trinh thiét ké, thir nghiém, truy xuat nguon gdc va kiém soét rui ro

trong suot vong doi san pham.

Nhin chung, cac tiéu chuan ISO va TCVN hién hanh di cung cip mot khung
tham chiéu twong d6i ddy du cho viéc danh gia va phat trién cac co ciu dan hoi trong
linh vyc co sinh hoc. Viéc ap dung d@)ng bd céc tiéu chuén vé sinh tuong thich, dac
tinh co hoc, an toan robot va quan 1y chat lugng khong chi ¢dam bao tinh an toan va
hiéu qua ciia viéc img dung co ciu CCTM vao thiét bi co sinh hoc ma con tao tién dé
cho viéc chuyén giao két qua nghién ciru vao thuc té san xuit va tmg dung 14m sang
tai Viét Nam.

5.2 Thiét bi hd tro chirc ning khép goi
5.2.1 Giéi thi¢u

Khép gbi dong vai trd quan trong trong viée nang d& co thé va thuc hién cac
hoat déng hang ngay nhu di bo, leo cau thang, ngdi xudng ding 1én, dap xe va tham
gia cac hoat dong thé thao. Khi khép gdi bi ton thuong, thoai hda hodc suy giam chirc

nang, viéc di chuyén tréd nén kho khan, lam gidm chat lugng cudc song. Do do, céac
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thiét bi hd trg chirc niang khop gdi 1a giai phap can thiét nhim giam tai va cai thién

kha nang van dong ctia nguoi dung.

Céc thiét bi hd trg chirc ning khép gbi c6 thé duge phén loai thanh hai nhom
chinh 13 thiét bi hd trg chu dong va thiét bj hd tro bi dong. Thiét bi hd tro chu dong
st dung ngudn ning luong ngoai (ching han nhu dong co dién, khi nén hoic thuy
luc) dé tao ra mé-men hd trg truc tiép cho khdp [93-95]. Nho tich hop hé théng cam
bién, bo diéu khién va co cau chép hanh, céc thiét bi nay c6 kha nang diéu chinh luc
hoidc mé-men theo pha chuyén dong, qua d6 ting do chinh xac va kha ning thich tng
v6i nguoi dung. Tuy nhién, nhugce diém cia loai thiét bi nay 1a kich thudc va khi
luong 16n, ti€u thu nang luong cao, cAu tric phtc tap, va yéu cau hé théng diéu khién

tinh vi d€ ddm bdo an toan va hi¢u qua khi str dung.

Gia tri m6-men ho trg trong cac thiét bi nay duoc so sanh trong hai tai li¢u [94,
95], phén 16n ndm trong khoang dudi 20 Nm, mot vai thiét bi c6 gia tri 16n hon va
16n nhat 1én dén 81 Nm. Mot thiét bi hd tro chirc ning khép gbi dang chu dong tro
gitip viée di lai cua hing Keeogo dd duoc thuong mai héa [116]. Theo hd so ndp 1én
FDA (Hoa Ky) thi thiét bi nay sir dung hai dong co voi gid tri mo-men 16n nhét 1én
dén 40 Nm. Gia tri moé-men nay kha 16n so véi thiét bi hd tro cua hang Honda véi 4

Nm [117].

Nguoc lai, cac thiét bi hd tro bi dong khong sur dung nguén nang lugng ngoai
ma tan dung nang lugng co hoc sinh ra trong qua trinh van dong ctia nguoi dung
thong qua cac phan tir dan hoi nhu 10 xo [99, 100]. Loai thiét bi nay c6 ciu trac don
gian, khdi luong nhe va d& ché tao, dong thoi khong can hé théng diéu khién phuc
tap. Tuy nhién, kha ning hd trg cia thiét bi bi dong thuong phu thudc vao dac tinh
co hoc ) dinh cua ph'?m tr dan h@)i, nén tinh linh hoat va hiéu qua ho trg han ché so
v6i thiét bi chi dong. Trong nhirng nim gan day, mot sd nghién ctiru dd phat trién
thiét bi hd trg ban chu dong [96-98], két hop co cdu dan hoi bi dong voi phan tir diéu
khién mé-men nho nham diéu chinh dic tinh dan hoi theo thoi gian thuc, gop phan

cai thién hiéu qua ho trg ma van duy tri vu di€ém gon nhe cua hé bi dong.
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Hinh 5.1 Pai tro luc khop gbi Power Knee (Nguon: besport.vn)

Hién nay, mét s6 loai dai trg luc khép géi da duogc thuwong mai trén thi truong
chu yéu str dung luc dan hoi cua 16 xo dé hd tro chuyén dong (Hinh 5.1). Tuy nhién,
co ché nay yéu ciu ngudi dung phai tic dung luc dé nén 10 xo, va luc nay ting dan
theo d6 gap ctia khop gdi. Piéu nay khién thiét bi chi phu hop véi cac hoat dong can
trg luc 16n nhu tap luyén thé thao, bé vac vat nang hoac cac chuyén dong toan than
nhu ngdi xudng - dimg 1én. Ddi véi cac hoat dong thudng ngay nhu di lai, di trén mat

duong dbc, di 1én - xudng cau thang thi thiét bi tro luc nhu trén khong phu hop.

Trong khi d6, thiét bi hd trg tich hop co cdu CCTM mang lai nhiéu wu diém
vuot trdi. Co cau nay gitp duy tri mé-men hd trg gan nhu khong doi trong subt qua
trinh gap - dudi khép gdi, giup chuyén dong muot ma va tu nhién hon. Ngoai ra,
CCTM con gitp giam lyc phan hoi dot ngot, gitip chuyén dong 6n dinh hon, chang
han trong céc tinh hudng di xudng cau thang, diéu ma 10 xo thong thuong khong 1am
duoc. Do d6, thiét bi hd tro chirc ning khép gdi tich hgp CCTM dic biét phu hop véi
nhimg nguoi bi ton thuong, thoai héa hodc suy giam chic ning khop gdi, gitp ho
thuc hién cac hoat dong hang ngay dé dang va thodi mai hon. Vi cac dic tinh trén,

thiét bi hd trg khép gbi tich hop CCTM sé& gitip cai thién dang di cho ngudi sir dung.
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5.2.2 Thiét ké, ché tao

Hinh 5.1 mé ta thiét bi hd trg chtrc nang khép gbi tich hop co cdu CCTM.
Trong d6 Hinh 5.1 (a) thé hién thiét bi dang dugc mang trén chan ngudi va Hinh 5.1
(b) thé hién rd hon vé cach thirc thiét bi hoat dong.

@) (b)

Hinh 5.2 Thiét bi hd tro chirc nang khép gdi tich hop co cdu CCTM dang duoc
mang trén chan ngudi (a) va cach thire thiét bi hoat dong (b)
Ban vé& phan ra trén Hinh 5.3 cho thay rd hon cach ma co cau CCTM duoc tich

hop trén thiét bi hd tro chirc ning khép gdi. Thiét bj gobm khung 6m bép dui 1 va
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khung 6m bap chan 12. Cac khung nay s& lan luot 6m vao bap dui va bap chan cua
nguoi str dung. Sau d6 thiét bi s& duoc siét chit vao chan nguoi sir dung thong qua
cac day deo 2, 3, 13 va 14. Cac day deo nay c6 kém theo cac tAim mut xdp giup cb
dinh ém 4i vao chin ngudi deo. Khung 6m bép dui 1 dugc ché tao 1ién khéi voi hai
thanh chay doc theo chan xudng phia dudi dau gbi dé lip ghép vé6i cac khung d& co
cAdu CCTM bén trong 5 va bén ngoai 7 thong qua cac bu 16ng 4. Co cau CCTM 6
duogc cd dinh vanh ngoai véi hai khung d& 5 va 7 thong qua cac bu 16ng 8. Khung 6m
bap dui 12 dugc ché tao 1ién khdi voi hai thanh chay doc theo chan di 1én phia dau
g6i va dugc 1ap v6i thanh truyén lyc 11. Phan than cua thanh truyén lyc 8 duoc lap
vao 16 vudng ctia co ciu CCTM 6. Hai dau cua thanh truyén luc 8 duoc ldp vao hai
16 nim ngay tdm clia cac nap che bén trong 15 va bén ngoai 9. Nip che bén ngoai 9
s& duoc 1ap ghép véi nip che bén trong 15 thong qua cac bu 16ng 10. Trong d6, mot
bu 16ng s& dugc ldp xuyén tir ndp che bén ngoai 9 qua cac khung d& 7 va 5 dé di dén
nap che bén trong 15. Nho mdi ghép bu 1ong nay ma hai nap che duoc ¢ dinh véi

toan bo thiét bi.

Khi nguoi sir dung mang thiét bi vao chan nhu Hinh 5.2 (a), trong qué trinh
hoat dong, chang han budc di, thi khung 6m bép chan 12 s& c¢6 sy chuyén dong quay
tuong d6i voi khung 6m bap dui 1, tir d6 truyén chuyén dong quay nay sang thanh
truyén lyc 11 1am quay co cdu CCTM 6. Co cau CCTM sé tich trit nang lugng trong
qua trinh gdp chan va giai phong ning luong dé (twong ty nhu mot 16 xo) dé giup
ngudi st dung dudi chan thuc hién chuyén dong di. Tinh ning 6n dinh mé-men nay
s& giup su hd tro cho dong tac gap dudi chan cua nguoi s dung duoc mugt ma va
nhip nhang tir d6 gitp cai thién dang di va su thoai mai ciia ngudi sir dung. Thiét bi

cling da dugc ché tao thuc té nhu Hinh 5.4.
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Hinh 5.4 Thiét bi hd trg chirc ning khop gbi tich hgp CCTM duoc ché tao thuc té
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5.3 Han ché trong viéc irng dung CCTM vao thyec té

Thiét bi trén Hinh 5.4 duoc tich hop CCTM-4 ¢ hai bén nén gia tri mé-men
6n dinh khoang 500 Nmm. Mic du vdy gi4 tri m6-men nay van con rat nho so véi
mo-men cla céc thiét bi da liét ké & trén. Do do, thiét bi hd trg chirc nang khop goi
tich hgp CCTM trong ludn an nay méi chi dimg lai & ¥ tuong. Viéc phat trién dé co
thé sir dung thuc té can c6 thém thoi gian va kinh phi ma chua thé thyc hién hoan
chinh trong khuén kh ciia luan an nay. NCS di tién hanh ndp don bao ho doc quyén
sang ché cho y tudng “thiét bi hd trg chirc ning khép gbi tich hop co cdu dan hdi 6n
dinh mo-men”. Song song d0, viéc nghién ciru phat trién tng dung nay van dang duoc
tiép tuc tién hanh. Ta s& tim kiém cac loai vat liéu khac, thay ddi cac rang budc cu thé
hon vé gia tri goc quay, kich thudc, hinh dang CCTM cho phu hop vdéi timg thiét bi
cu thé dua trén mdi nhom dbi tuong s dung va tirng khop khéc nhau. Khi do, céac
thuat toan va phuong phap thiét ké tdi vu hoa da dé xuat trong luan an nay van khong

thay dbi.

Gia tri mo-men sinh ra nho 1a mét han ché cua cac co cdu CCTM cua luan an
nay noi riéng va cua tat ca CCTM da cong bd nédi chung. Nhin chung, CCTM mic du
c6 tiém nang ing dung da dang dd duoc trinh bay & cic phan trude, tuy nhién chi méi
dirng lai ¢ ¥ twong ma chua tich hop thuc su vao cac thiét bi, may moc cu thé trong
thue té, dic biét ddi vé6i linh vuc co sinh hoc. Cac yéu t6 chinh anh huéng dén van dé

nay nhu sau:

- Gi4 tri md-men con qua nho so véi kich thudce cia co cAu. Khi gia tri mo-men
nho thi chi tng dung duoc vao cac thiét bi may moéc yéu cau luc nho, khi d6
kich thudc cia cac thiét bi may moc do ciing khong 16n. Do d6 néu CTCM cd
kich thudc qua 16n so véi gid tri mé-men 1am viée thi rat khé dé tich hop vao
cac ung dung can lyc nhoé nhu vdy. Pay c6 thé xem 1a nhugce diém 16n nhét

khién cho viéc tmg dung CCTM vao thuc té gip kho khan.
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- Néu tang gi4 tri mo-men 1én bang cach ting bé day ctia cic dam dan hoi thi s&
1am tang ng suat tap trung, tir &6 giam hanh trinh 1am viéc thi ciing giam kha
ning tng dung cua co ciu.

- Néu ting gia tri mé-men bang cach ting bé rong dam (out-of-plane thickness)
ctia co cdu thi khong anh hudng dén dic tinh 6n dinh momen ciing nhu tng
suét ctia co cu, tuy nhién s& lam co cAu céng kénh. Pic biét, néu co ciu ché
tao bang phuong phap gia cong cit got thi viéc ting do day nay cé thé 1am cho
co cau kho gia cong hoic tham chi khong gia cong duoc vi cac cung bo & cac
giao diém tai cac dau dam thuong c6 gia tri nho (ban kinh thudng khong nho
hon 0,5 mm), nén co ciu quéa day s& khong c6 dung cu cit co phan cit du dai
dé gia cong.

- Mot sb ung dung nhu thiét bi hd tro chirc nang cac khép c¢o tich hgp CCTM
gitip 6n dinh mo-men thi can hanh trinh 16n va kich thuéc nho gon. Pong thoi
mo-men ciing phai 16n tiy vao timg khép tmg dung. Dé dat ca ba yéu té nay
12 mot diéu kha kho khan va can duoc tiép tuc nghién cuu. Cac co cidu CCTM
da duogc cong bd gan nhu khong co cong trinh nao théoa min céa ba yéu td nay.
Mot s6 CCTM chi di vao khai thac dé cho hanh trinh 6n dinh mé-men 16n
nhung kich thudc co cdu qua 16n va gia tri momen thi qué nho nén ciing khong

c6 nhiéu y nghia.

Tom lai, dé giai quyét viéc tmg dung vao thyc té thi can phai tiép tuc nghién
ctru sao cho CCTM thoa man ca ba yéu t6: hanh trinh én dinh momen 16m, kich thuéc
nhé gon va gid tri momen 16n. Do d6, cac hudng nghién ctru tiép theo dugc dé xuit
dé cac co cdu CCTM c6 thé tmg dung thyc té vao nhirng thiét bj hd trg cac khdp cho

con nguoi:

- Nghién ctru thu nho kich thuéc cia CCTM hon nita dé tmg dung vao nhitng
khép nho, khong yéu cau mé-men qué 16n nhu ¢6 tay, khuyu tay, vai va cd

chan.
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- Nghién ciru phuong phap gia ting gia tri mé-men cia CCTM bang cach
thay doi vat liéu, dic biét 1a cac vat liéu kim loai dé c6 thé ap dung cac
phuong phép gia cong khong c6 luc cit nhu gia cong bang tia lira dién. Khi
d6 c6 thé ting bé rong dim (chiéu cao cua co ciu) 1én vi khong phu thude
vao chiéu dai phan cit cia cic dao phay nhu phuong phap gia cong hién
tai.

- Thiét ké cac thiét bi hd tro dudi dang ban chu dong: véi mo-men sinh ra tir
co cau CCTM sé& giup giam dugec mo-men cua cac dong co, tir d6 giam
duoc ning luong, giam kich thude ciing nhu khdi lwong cua cac dong co,
gitip cho thiét bi nhe nhang hon.

- Két hop thém co cAu khuéch dai mo-men cho thiét bi hd tro chire nang.

Hién tai, NCS van dang tiép tuc phat trién CCTM ¢6 gia tri mé-men 1én dé
tich hop thuc té vao thiét bi hd tro chirc ning khop gbi bang cach thay doi vat liéu két
hop vé6i cac rang budc phu hop trong qué trinh tdi wu hoa. Bén canh d6, két cau co
khi cua thiét bj hd tro chirc ning khop gdi ciing s& duge thay d6i dé giam bt yéu cau
vé hanh trinh goc quay nham ting tinh kha thi trong tim kiém CCTM c6 kha ning

g dung thuc té.

Két luan: Chuong 5 di trinh bay tiéu chuan ting dung céc thiét b trong co sinh hoc
va img dung co cdu CCTM trong thiét bi hd trg chire ning khép gdi. Pay 1a mot thiét
bi hd trg dang bi dong voi két cAu nho gon, don gian hon so véi cac thiét bi hd tro
dang chu dong. Vi kha ning 6n dinh mé-men ciia CCTM, thiét bi ndy s& gitup hd tro
cho nhiing nguoi yéu co ¢o thé thyc hién cac chuyén dong di lai mot cach muot ma,
gitip cai thién dang di cho nguoi st dung. Mic du van con han ché vé gia tri mé-men
nhung y twong nay rat trién vong dé NCS tiép tuc tién hanh thém cac nghién ctru phat
trién. Bén canh do, cac han ché cua viéc ung dung CCTM vao thuc té cling da duoc
phan tich trong chuong nay dé thiy duoc cac hudng nghién ctru tiép theo cia co cdu

CCTM.
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Chuwong 6
KET LUAN VA HUONG PHAT TRIEN

6.1 Kétluan

Lu4n 4n d3 dong gop mot s6 diém méi c6 ¥ nghia ca vé mit phuong phap luan

va ing dung thuc tién trong thiét ké co cau dan hoéi 6n dinh mo-men.

Thi nhit, luan 4n di phat trién ba quy trinh téng hop co ciu CCTM dugc thyuc
hién hoan toan ty dong trén phan mém MATLAB. Thong qua cac quy trinh ndy, bon
thiét ké CCTM moi di duoc téng hop véi cac chi tiéu vé sai sb cia mo-men du ra,
khoang 6n dinh mo-men va kich thuéce nho gon duoc cai thién dang ké khi so sanh

v6i cac cong trinh nghién ctru khac vé CCTM.

« Quy trinh thir nhit sir dung thuét toan di truyén GA két hop v6i phuong phap
phan tir hitu han FEM trén phadn mém ABAQUS & tong hop hai CCTM méi.
Trong d6, CCTM-2 dat dugc pham vi hoat dong 1én dén 1 10°, voi khoang on
dinh mé-men tir 30° dén 110°. Dic biét, CCTM-2 gi6i thiéu phuong phap thiét
ké méi bang cach xép chdng cac ddm dan hdi theo 16p va cho bién dang tudn
ty, gitip m& rong hanh trinh 1am viéc ma van dam bao khong vuot quéi gidi

han dan hoi cua vat liéu.

e Quy trinh thir hai xay dung mo hinh toan hoc cia CCTM dva trén phuong
phap CBCM dé tinh toan chuyén vi, mé-men va tng suat, sau d6 tich hop vao
thuat toan di truyén da muc tiéu NSGA-IL. Céch tiép cén nay gitip cai thién
dang ké hiéu suat t6i uu héa, giam thoi gian tinh toan, dong thoi cho ra thiét
ké CCTM-3 véi két cAu nho gon nhung van dat hanh trinh 6n dinh mé-men
1én dén 80°. Pang chu y, ty 18 6n dinh mo-men cia CCTM-3 dat 94,1% trén
toan bo pham vi hoat dong, vd1 mé-men 6n dinh X'Qip xi 200 Nmm. Sai s6 mo-
men dau ra chi khoang 1,5% d6i v&i mé hinh 1y thuyét va mo phong, va 3,7%

khi so sanh v&i mo hinh thyc nghiém.
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e Quy trinh thir ba tich hop phuong phap CBCM, phan tich d¢ tin cdy FORM
va thuat toan di truyén NSGA-II dé téi vu héa CCTM theo d tin cdy. Véi qui
trinh nay, cac yéu tb ngiu nhién anh huéng dén hanh dang, kich thude cua cac
dam dan hoi do sai s6 trong qua trinh gia cong giy ra duoc xét dén nham dam
béo co cAu nhan dugc sau gia cong ludn dam bao cac muc tiéu thiét ké. Két
qua thu duoc 18 CCTM-4 vdi kich thude cuc ky nho gon nhd ap dung ban 18
linh hoat tai mot diu dam cong, thay thé lién két ngam truyén thong, gitip giam
g sudt tap trung va kich thudc co cdu. CCTM-4 dat khoang 6n dinh mo-men
1én dén 88°, v&i sai s6 mo-men dau ra dudi 3% so voi gia tri mong mudn & do
tin cdy 99,88%. Piéu nay khang dinh tinh dung din va tiém ning ctia phuong

phap tdi uvu hoa theo d¢ tin cay trong thiét ké CCTM.

Thir hai, thong qua cac quy trinh tong hgp CCTM, luan 4n thé hién déng gop
mai trong viéc ung dung phuong phdp CBCM, mot cong cu manh mé€ c¢6 do chinh
X4c cao trong viéc phén tich bién dang 16n ciia cac dam dan hdi c6 hinh dang duong
cong bt ky. Dong thoi tich hgp CBCM vao giai thuat tdi uvu hoa da muc tiéu NSGA-
II. Nho kha nang rat ngin dang ké thoi gian tinh toan so v6i cic phuwong phap phan
ttr hitu han truyén thong, CBCM di gitp tang hiéu qua cia cac giai thuat tdi uu, cho

phép xéac dinh nhanh chéng va chinh xéc cac thiét ké to1 wu cua co cau.

Tha ba, ludn an da Gng dung thanh cong phuong phap phan tich d9 tin cay
FORM vao giai thuat t6i wu hoa da muc tiéu NSGA-II dua trén phan tich bién dang
theo CBCM tao thanh bai toan ti wu hoa theo do tin cdy. Phuong phap ndy gitp tim
ra cac thiét ké toi wu ¢ do tin cay cao, dam bao co cAu khi dugc ché tao van dam bao
cac muc tiéu thiét ké du c6 cac sai s6 ngau nhién xdy ra trong qua trinh gia cong. Quy
trinh t6i wru hoa theo d¢ tin cdy ndy s& mo ra huéng nghién ciru méi cho cac co cu

dan hoi no6i chung va co cau CCTM néi riéng.

Thu tu, luan an da xay dung cac nén tang thuc nghiém phuc vu cho viéc danh
gi4 va hoan thién co cdu CCTM trong cac nghién ctru tiép theo. Cu thé, mot hé thong

thir nghiém tai lip di duoc thiét ké va ché tao nham khao sat bude dau Gng xir 1am
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viéc cta co cdu dudi tac dong ciia chu ky tai, dong thoi mot phuong phap danh gia
sai sO gia cong vé hinh dang va kich thudc cta cac dam cong bat ky di duoc dé xuét,

g6p phan ning cao do chinh xac khi ché tao cac co cdu dan hdi c¢6 hinh hoc phurc tap.

Tht ndm, vé mat ung dung, luan an da dé xuit mot thiét bi hd tro chuc nang
khép gbi tich hop CCTM, nham cai thién kha ning van dong cia ngudi suy giam
chuc nang khép gdi. Mic du van dang dimg lai ¢ y tuong nhung qua cic phan tich
cho thdy CCTM c6 loi thé hon so véi 16 xo truyén théng, gitp ngudi dung dé dang
hon trong cac hoat dong hang ngay nhu di lai hay leo cau thang. Do d6, y tuéng nay

da duoc dang ky bao ho doc quyén sang ché va dang dugc NCS tiép tuc phat trién.
6.2 Huong phit trién

- Nghién ctru tiép tuc thu nho kich thuéc CCTM nham ting kha ning tmg dung
thuc té, déng thoi tim kiém cac vat liéu hodc phuong phap cai thién gia tri mo-
men, hudng tdi cac thiét bi hd tro chirc ning khép ¢ yéu cidu mo-men 16n nhu
khop goi.

- Nghién ctru vé phuong phéap gia cong CCTM sao dat dd chinh xac cao hon,
kinh té hon.

- Phat trién cac nghién ctru chuyén sau vé d6 bén moi cia CCTM, dong thoi dé
xuét cac phuong phap giam tng suét va tang tudi tho lam viée cia co clu, dic

biét trong diéu kién tai trong 1ap di lap lai nhu CCTM.
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