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MG PAU
1. Ly do chon dé tai

Hang nam trén thé gidi c6 hang triéu nguoi bi dot quy voi do tudi ngay cang
tré, di chimg sau dot quy thuong la han ché kha ning van dong. Theo Cirstea
(2000) [1] va Reinkensmeyer (2001) [2], khép khuyu tay cta ngudi sau dot quy
c6 pham vi hoat dong nho hon 30°. Biéu nay tao ra ganh niang cho gia dinh va xa
hoi. Pé hd tro ngudi bi dot quy, cac nha khoa hoc da phat trién cac thiét bi hd tro
van dong. Cac thiét bi nay thuong tich hop thém co cau can bang trong luc.

Co cau can bang duoc sir dung nham loai bé hoac giam anh huong cua trong
luc do khéi Iwong tao ra. Piéu ndy cho phép méay méc, thiét bi tiéu hao it ning
lwong hon trong qua trinh van hanh. D& dap tng nhu cau can bang trong luc, cac
nha khoa hoc d3 nghién ctru va dua vao ung dung nhiéu loai co cu can bing
khac nhau nhu: Co cau can bang chu dong, co cau can bang bi dong, co ciu can
bang str dung ddi trong, co cu can bang str dung céc chi tiét bién dang dan hoi,
co cau can bang két hop dbi trong va chi tiét bién dang dan hdi. Phan loai theo
tai trong lam viéc thay ddi, co ciu can bang duoc chia thanh hai loai chinh: (i) co
cau khong c6 kha nang diéu chinh tai trong va (ii) co cdu ¢ kha ning diéu chinh
tai trong. Hién nay, cic co ciu can bang duoc phat trién va dua vao wng dung
thuong st dung loai thir nht (co cdu khong diéu chinh). Trong trudng hop nay,
khi tai trong 1am viéc thay ddi thi trang thai can bang bi pha hay. Trong thuc té,
bénh nhan bi dot quy hang ngay phai thuc hién cac hoat dong nhu an, uéng, vé
sinh c& nhan. Ho phai nang vat thé c6 khéi lugng khéc nhau. Vi vay, co cau khong
c6 kha ning diéu chinh tai trong (i) 12 khéng pht hop dé I4p trén thiét bi hd tro
vén dong chi trén. Bé khic phuc nhuoc diém cua loai can bang (i), mot s6 co cau
can bang cho phép diéu chinh tai trong (ii) da dugc phat trién nham duy tri can
bang khi thay ddi tai trong 1am viéc. Co cu can bang loai (ii) c6 wu diém noi troi
1a chiing c6 thé dat dwoc can bang véi cac tai trong khac nhau. Tuy nhién, khi tai
trong thay doi, viéc diéu chinh yéu ciu mét ngudn niang luong 1on. Pay chinh 1a
nhuoc diém cua co cdu can bang loai (i) khi sir dung trong linh vuc phuc hoi

chtc ning va hd trg van dong cho nguoi yéu co vi luc co bap cua bénh nhan
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khong du. Néu phai st dung ngudn ning lwong tir bén ngoai nhu dong co dién,
khi nén, v.v. thi két ciu phuc tap. Bén canh d6, nguén ning luong dé van hanh
c6 thé khong du vi phai tiét kiém cho cac chuc nang khac. Dé khic phuc viéc
diéu chinh can niang luong, mot s6 nha khoa hoc da nghién ciru va phat trién cac
co cau can bang trong lyc c6 kha nang diéu chinh phi nang lugng (iii). Tuy nhién,
cac co cau can bang loai ndy c6 két cau kha phuc tap, cong kénh, khdng phu hop
dé gan 1én xe lan hay mang trén ngudi. Nham khic phuc nhugc diém cia co cau
can bang trong luc (iii), mot s nha khoa hoc da cb gang phat trién cac co cu
can bang cd két cau nho gon bang cach st dung co cau mém.

Co cAu mém (compliant mechanism) ciing c6 thé thuc hién cac chic ning nhu
co ciu truyén théng nhung nod khong sir dung céc khau, khép dong nhu co cau
truyén thong ma sir dung cac khép mém (flexure hinge). Khéac véi co cau truyén
thdng, co cdu mém c6 mot s6 wu diém ndi bat nhu: két cau nho gon, chuyén dong
chinh xéc, khdng c6 ma sat, d& ché tao, khdng can bao tri, v.v. Mic du co ciu
mém c6 nhiéu vu diém dé phat trién cac co cdu can bang trong luc c6 két ciu nho
gon, nhung dén nay van chua c6 nghién ctru ndo sir dung co ciu mém dé phat
trién co cau can bang trong luc cho phép diéu chinh phi niang luong. Xuét phat
tir dong co nay, tac gia dé& xuat tng dung co cdu mém dé phat trién co cau can
bang trong luc c6 thé diéu chinh tai trong phi nang lugng. Co ciu can bang trong
luc duoc phaét trién dinh huéng sir dung cho thiét bi hd tro van dong trong tuong
lai.

2. Muc dich nghién ciu

Phat trién va toi uu hoa co ciu can bang trong luc méi c6 két ciu nho gon, co
kha nang diéu chinh tai trong bang phwong phép diéu chinh phi ning luong.

3. Nhiém vu nghién ctru

Thiét ké, phan tich co ciu can bang trong luc c6 kha ning diéu chinh tai trong
ma khdng can ning luong. Xay dung cac quy trinh dé thiét ké, phan tich va tdi
uu cho 10 xo phing va khép xoay mém. Thiét ké, phan tich va tbi wu cho 10 xo
phang va khop xoay mém. Thuc nghiém kha ning can bang cho co cau bang



trong luc dung 10 xo phing va khép xoay mém.
4. Pham vi nghién cau

Thiét ké co cau can bang trong luc bi dong mot bac tu do huéng dén sir dung
cho thiét bi hd trg van dong chi trén, co cau hoat dong trong pham vi tir 0 dén
309, tai trong thay doi tir 0,25 dén 1 kg, co cau sir dung khép xoay mém va 1o xo
phang, xay dung quy trinh cho viéc thiét k&, phan tich, mé hinh héa va ti uu hoa
khép xoay mém va 10 xo phang.

5. Hwéng tiép cin va phuwong phap nghién ciru
Huwéng tiép can:

Dau tién, phén tich cac co ciu can bang hién co. Xac dinh nhimg wu diém va
nhuoc diém cua céc loai co cau can bang dé tir d6 dua ra hudng phat trién co cau
can bang c6 thé tich hop vao thiét bi hd tro van dong. Ké tiép, phan tich, tinh
toan, thiét ké co ciu can bang trong luc, xac dinh cac thdng sb co ban cia co cau.
Sau d6, dé xuat cac phuong phap dé thiét ké, phan tich, md hinh héa va tbi uu.
Sau cuing, xay dung mo hinh, ché tao, Iip rap va thuc nghiém dé danh gia kha

ning lam viéc cta co cAu can bang.

Phwong phap nghién ciu:

Nghién ctru nay str dung cac phuong phap: Phuong phap kinh nghiém va tham
chiéu chuyén gia. Phuong phap mé phong sé. Phuong phéap théng ké qui hoach
thuc nghiém. Phuong phap mo hinh héa bang giai tich va cac phuong phép thong
minh dya trén tri tué nhan tao. Phuong phap tdi wu héa. Phuong phap thuc
nghiém.
6. Y nghia khoa hoc va thuc tién cia nghién ciru

Vé khoa hgc: Phét trién co cu can bang trong luc c6 kha nang diéu chinh tai
trong trong pham vi tir 250 - 1000 gr, pham vi can bang tir 0 - 30 do, st dung két
hop 10 xo phang c6 thé diéu chinh d6 cing bang phuong phap khong st dung
ning lugng va khop xoay mém. Dé xuét cac céch tiép can mai dé thiét ké, phan
tich, md hinh hda va t6i uu hoéa cho 16 xo phing va khép xoay mém. Ché tao
thanh cong mé hinh co ciu can bang trong luc ¢ kha niang diéu chinh tai trong
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tir 250 - 1000 gr, pham vi can bang tir 0 - 30 do.

V& thuc tién: Co ciu phét trién c6 tiém ning wng dung thuc tién cao, cung
cap giai phéap hitu ich thuc tidn cho hd tro chirc ning van dong cho ngudi va
robot. Két qua cua luan an 1 tai liéu tham khao cho céc nghién ctru sau.

7. Cau trdc cia luan an

Cau triic ciia luan 4n gdm cac chuong nhu sau: M& dau, chuong 1 tong quan,
chuong 2 co sé ly thuyét, chuong 3 thiét ké co cdu can bang trong luc, chuong 4
phét trién khop xoay mém, chuong 5 phét trién 10 xo phang, chuong 6 thyuc
nghiém va cudi cuing 1a két luan va kién nghi.

CHUONG1 TONG QUAN
1.1  Giéithigu
1.1.1  Co céu can bang trong luc

Co cau can bang trong luc 1a co ciu c6 thé loai bo anh huong cua luc hap dan
do trong lwong cua vat tao ra. Khi mot vat di chuyén véi co cau can bang trong
luc. N6 c6 thé chuyén dong gan gidng véi chuyén dong trong méi trudng chan
khéng. Llc nay, nang lugng can thiét dé thyc hién cac chuyén dong la rat nho.
Nho nhiing dic tinh néi bat nay ma co ciu can bang trong luc dugc tng dung
trong rat nhiéu linh vuc khac nhau. Hién nay, c6 nhiéu cach khac nhau dé thuc
hién can bang trong luc cho thiét bi, may méc. Cac phuong phap nay c6 thé duoc
chia thanh cac loai nhu sau.
1.1.1.1 Can bang trong lwc chii dong

Can bang trong lyc cha dong dwoc thyc hién theo nguyén ly phan hoi [3].
Phuong phap c6 uu diém 1a kha ning dap tng cao. Tuy nhién phuong phap nay
doi hoi két cau va diéu khién phuc tap.
1.1.1.2 Can bang trong luc bi dong

Can bang trong lyc bi dong thuong st dung cic co cau can bang trong luc.
Co c4u can bang trong luc dugc chia 1am ba loai [4]: i) co cAu can bang trong luc



sir dung dbi trong, ii) co cdu can bang trong luc st dung chi tiét bién dang dan
héi, iii) Co ciu can bang trong luc sir dung két hop giita 10 xo va ddi trong. Ngoai
cach phan loai & trén, co cAu can bang trong luc con dugc chia lam hai loai dya
trén tai trong: 1) Co cau can bang khdng thé diéu chinh tai trong; 2) Co cau can
bang c6 thé diéu chinh tai trong. Loai nay chia lam hai nhém dua trén ning lugng
dung dé diéu chinh: 2a) Co c4u can bang thay doi tai trong nhung diéu chinh can
phai sir dung nang lugng (nonenergy free adjustment); 2b) Co cau can bang trong
lyc diéu chinh tai trong khdng can niang lugng (energy free adjustment).

1.1.2 Co cAu mém
1.1.2.1 Khai niém

Co cau mém 1a co cAu ma cau tao ciia n6 gébm cac khau dong duogc lién két
véi nhau bang cac khép mém hoac thanh mém [5, 6].

1.1.2.2 Uu diém cia co cAu mém

Co ciu mém cd cac uu diém nhu: [7, 8] d& ché tao, s lwong chi tiét trong co
ciu it, giam thoi gian lap rap, khong can boi tron, it bi mon, giam khe hé trong
cac mdi lap, @6 chinh xéc vi tri va chuyén dong cao, c6 kha ning tich liiy ning
lwong dé sinh cong, gia thanh ché tao thap, co6 kich thudc nhé gon, v.v.
1.1.2.3 Nhuge diém

Co cAu mém ciing c¢6 cac nhuoc diém nhu: kho thiét ké va phan tich, hiéu suat
clia co cau thap, sai léch tam quay 16n va d6 cing 16n.
1.1.2.4 Ung dung ciia co cau mém

Hién nay co cau can bang trong luc dwoc sir dung dé: Phat trién cac dung cu
cam tay [9, 10], bo dinh vi chinh xéac [11], co cau can bang trong luc [12-14],
v.v. Co cdu mém da dwoc ¢ng dung nhiéu trong cdng nghiép va doi song. Pac
biét la wng dung cho co ciu can bang trong luc. Tuy nhién cac co ciu can bing
trong luc sir dung co cAu mém hién nay khong cho phép diéu chinh tai trong hoic
cho diéu chinh nhung phai diing ngudn ning lugng lon.

1.2 Cé&c cong trinh nghién ctu lién quan



1.2.1 Nghién ciru trong nwéc
1.2.1.1 Nghién citu vé co ciu can bang trong luc

Nguy&n Hong Nguyén va cong su (2018) da tinh toan, thiét ké va g dung
co cau can bang trong lyc cho canh tay ba béac tu do [15, 16]. Huynh Québc Bao
(2018) da thi nghiém kha nang hoat dong ciia co cau can bang trong luc mot bac
ty do [17]. Tac gia va cong su (2020) [18] da phat trién co cdu can bang trong
luc c6 kha nang diéu chinh tai trong va c6 két cau nho gon. Ngoai nhom téc gia
thi cc co cau duoc phat trién co kich thudc 16n, khong diéu chinh duoc tai trong.
1.2.1.2 Nghién ci@u vé co cAu mém

Trong nudc, hién nay mot sé nhdm nghién cau nhu: nhém caa Pham Huy
Tuan [19-22], Tran Ngoc Piang Khoa [23] va nhom cua tac gia [24, 25].

1.2.2  Nhirng nghién ciru ngoai nwéc
1.2.2.1 Trong linh vye co cdu can bang

Chu va Kou (2017) [26] d4 nghién cttu co cu can bang trong luc 1 bac ty do
tu can bang. Hung va Kou (2017) [27] da phat trién co cAu can bang trong luc 1
bac tu do. Chew va cong su (2019) [28] d nghién ctru co ciu can bang trong luc
mot bac tu do ty can bang. Kino va cong su (2018) [29] di phat trién co ciu can
bang chii dong 3 bac tu do phiang. Zhou va dong su (2020) [30] di phat trién co
c4u bl trong luc cho bo xuong ngoai chi dudi. Franchetti va cong su (2021) [31]
d3 phat trién co cau can bang mét bac ty do co thé thay doi tai trong. Yang va
Lan (2015) [14] da sir dung co cAu mém dé phat trién co cau can bang trong luc
c6 thé thay doi tai trong. Cac co cau di phat trién chua that sy phi hop cho thiét
bi hd trg van dong.

1.2.2.2 Trong linh vire co' cAu mém

Howell (2019) [32] di nghién ciru phuong phép thiét ké cho cac co ciu da vi
tri 6n dinh. Ling (2017) da phat trién mot phuwong phap mé hinh héa ban phan
tich dé phén tich dong hoc va tinh hoc cho cac co cau mém cé ciu tric phic tap
[33]. Zhang va Xu (2017) di sir dung co ciu mém dé thiét ké ban dinh vi 3 bac



tu do sir dung co cdu song song [34]. Chang (2022) d téi wu thiét ké cho ban
dinh vi hai bac ty do sir dung céc thanh bién dang dan hoi [35]. Wang va Le
(2021) téi uu hoa thong sb cua tay gap micro [36]. Zolfagharian (2021) [37] phat
trién mot tay gap mém bang céach st dung 10 xo xoan dc. CAc tac gia cha yéu phat
trién khop mém, wng dung co cidu mém, phat trién cac phuong phap phan tich,
md hinh héa va téi wu hoa cho co cau mém.

1.3 Tinh cap thiét ciia @@ tai va y nghia khoa hoc thuc tién cia dé tai
1.3.1 Tinh céap thiét

Tinh trang dot quy ngay cang ting vé s6 lwong va giam vé do tudi. Bot quy
lam giam kha ning van dong. Dé khic phuc diéu nay, cac thiét bi hd trg van dong
dugc sir dung. Céc thiét bi nay thudng gin co ciu can bang trong luc dé tang hiéu
qua hd trg. Cac co cau can bang hién nay c6 két ciu phuc tap, cong kénh, diéu
chinh can ning luwong. Chlng it pht hop cho thiét bi hd tro van dong. Bén canh
d6, co cau mém c6 wu diém két cau nho gon va c6 thé tng dung dé ché tao co
ciu can bang trong luc. Do d6, nghién ctru sinh chon dé tai “Phét trién va téi wu
héa co cdu can bang trong luc sik dung co cdu mém”.

1.3.2 Y nghia khoa hoc thuc tién ciia dé tai

Nghién ciru nay, phét trién co ciu can bang trong luc c6 kha nang diéu chinh
tai trong trong pham vi tir 250 - 1000 gr, pham vi c&n bang tir 0 - 30 d, str dung
két hop 10 xo phing c6 thé diéu chinh d6 cing bang phuong phéap khong sir dung
ning luong va khép xoay mém. Dé xuat cach tiép can mai &p dung cho phan tich,
thiét ké va tbi uu cho 16 xo phing va khép xoay mém. Ché tao thanh céng mo
hinh co cau ¢an bang trong luc c6 kha ning diéu chinh tai trong tir 250 - 1000 gr,
pham vi can bang tir 0 -30 d6. Co ciu phat trién cd tiém nang (g dung thyc tién
cao, cung cap giai phap hitu ich thyc tién cho hd trg chirc ning van dong cho
ngudi va robot. Két qua caa luan an 1a tai liéu tham khao cho cac nghién ciru sau.
1.4 Muc tiéu nghién ctru

Muc tiéu nghién ctu caa luan &n 1a phét trién va toi hda mét co cau can bang
méi, ¢6 két ciu nho gon dé co thé gan I1én thiét bi hd trg van dong chi trén. Co
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ciu cho phép diéu chinh tai trong dé duy tri trang thai can bang. Phuong phap
diéu chinh khong str dung ning luong dugc ap dung.
1.5  Poi tweng nghién ciu
Dbi twong nghién ciru gdm 16 xo phang, khép xoay mém va co cu can bing
trong luc.
1.6 Nhiém vu va pham vi nghién ciu
1.6.1 Nhiém vu nghién cau

Thiét ké, phan tich co ciu can bang trong luc c6 kha ning diéu chinh tai trong
ma khong can ning lugng. Thiét ké, phan tich va téi uu kich thuéc cho 10 xo
phang va khp xoay mém. Xay dung cac quy trinh dé thiét ké, phan tich, mé hinh
hoéa va téi wu hda cho 10 xo phang va khap xoay mém. Thir nghiém kha niang can
bang cho co cau bang trong luc dung 10 xo phang va khép xoay mém.
1.6.2 Pham vi nghién ctru

Thiét ké co cdu can bang trong luc bi dong, mot bac tu do hudng dén sir dung
cho thiét bi hd tro van dong. Pham vi can bang tir 0 - 30°. Tai trong diéu chinh tir
250 - 1000 gr, khdng can sir dung nang luong. Co cau sir dung khop xoay mém
va 10 xo phang. Xay dung quy trinh dé thiét ké, phan tich va téi wu cho khép xoay

mém va |0 xo phang.

1.7 Phwong phap nghién ciu

Nghién ctru nay str dung cac phuong phap: Phuong phap kinh nghiém va tham
chiéu chuyén gia. Phuong phap mé phong sé. Phuong phap thong ké, qui hoach
thuc nghiém. Phuong phap mo hinh héa bang giai tich va cac phuong phép thong
minh dya trén tri tué nhan tao. Phuong phap tdi wu héa. Phuong phap thuc

nghiém.

CHUONG?2 COSOLY THUYET

2.1  Co cau can bing trong luc



2.1.1  Nguyén ly can bing trong lwc

Hién nay c6 ba md ta toan hoc cho co ciu can bang trong luc. 1) Tong md
men bang khong; 2) Téng thé nang khong doi; 3) Str dung bd bu cha dong.
2.1.2  Nguyén ly diéu chinh cho co ciu can bing trong lwc

Khi tai trong thay d6i c6 thé diéu chinh mét trong ba yéu t6 cua co cau dé duy
tri trang thai can bang gom: Canh tay don, vi tri két néi cua 10 xo hoic do cing
cua |0 x0. C6 hai cach dé diéu chinh do ciing cua 10 xo d6 1a tao ra bién dang ban
dau cho 10 xo hoic thay doi s6 vong xoin 1am viéc.
2.1.2.1 Piéu chinh diém két néi cta 10 xo

Phuong phép diéu chinh bang cach thay doi diém két ndi yéu cau két ciu cua
co cu phuc tap, phuong phap nay khdng ph hop cho thiét bi hd trg van dong.
2.1.2.2 Piéu chinh d¢ cieng caa 10 xo

Do ctng cua 16 xo ¢6 thé dugc diéu chinh bang céach tao ra bién dang ban dau
hozc thay d6i sé vong xoin lam viéc.
2.2 Thiét ké thuc nghiégm
2.2.1.1 Thiét ké thuc nghiém day du yéu to

Phuong phap nay gitip thu thap dir liéu tét, nhung ton nhiéu thoi gian, cong
strc va chi phi.
2.2.1.2 Thiét ké thuc nghiém téng hop trung tam

Phuong phéap ndy sir dung ma tran thiét ké day du, giai thira hodc phan sé.
2.2.1.3 Thiét ké thuc nghiém sir dung mang truc giao Taguchi

Phuong phép cho phép giam dang ké s6 thuc nghiém can thuc hién.
2.3 Phwong phap mo hinh hoa

Hién nay c6 nhiéu phuong phap co thé sir dung dé mé hinh hoa cho co ciu
mém. Tuy nhién, voi md hinh phtc tap, ¢6 tinh phi tuyén cao thi rat kho thuc
hién va khéng chinh xéac. Trong nghién ctru nay, 10 xo phang va khép xoay mém



14 hai chi tiét c6 cdu truc tuong d6i phic tap, tinh phi tuyén cao. Do dé phuong
phap phan tich phan tir hitu han két hop véi cac phuong phap xap xi thdng minh
dugc sir dung dé mé hinh héa ang xir cho khp xoay mém va 10 xo phang.
2.3.1 Phwong phap phén tich phan tir hiru han
2.3.1.1 Chia luéi

Chia ludi 1a budc rat quan trong, n6 quyét dinh d6 chinh xac caa két qua mo
phong. Phan tich tinh hoc trong ANSYS Workbench thuong sir dung phan tir luéi
Hexa, Tetra va Prism.

2.3.1.2 Chét lwgng luéi
Dé danh gia chat luong ludi thudng sir dung tiéu chuan Skewness.
2.3.2 Phwong phap mang no ron hoc sdu

Mang no ron hoc sdu (Deep forward neural network - DENN) la chuong trinh
hoc may, c6 thé xap xi chinh xac cac mé hinh c6 tinh phi tuyén cao.

2.3.3  Phuong phap dap wng bé mit

Phuong phap dap tng bé mit (Response surface method - RSM) 1a phuong
phap xay dung mé hinh hdi quy duya trén cac k§ thuat toan hoc va thong ké.

2.3.4 Mang no ron thich nghi mo

Mang no ron thich nghi m¢& (Adaptive neuro fuzzy inference system - ANFIS)
1a phuong phap co thé xap xi ca&c md hinh ¢ tinh phi tuyén cao.
2.4 Phwong phap ti wu hoéa thiét ké

Dé nang cao hiéu qua lam viéc caa cac chi tiét, co cdu, cac nha khoa hoc
thuong thyc hign qué trinh téi wu hoa. Ban chat cua qua trinh toi wu Ia tim kiém
céc giai phap tot nhat trong khdng gian thiét ké.
2.4.1 Thuit toan ti wu héa di truyén da muc tiéu

Thuat toan téi wu hoa di truyén da muc tiéu (Multi objective genetic algorithm
- MOGA) la thuat toan tim kiém nghiém tdi wu cho bai toan da muc tiéu.
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2.4.2 Thuéat toan chu ky nwéc

Thuat toan chu ky nude (Water cycle algorithm - WCA) la thuat toan tim kiém
giai phap t6i vu 1dy y tuong tir chu trinh ciia nudce trong ty nhién.

2.4.3  Thuat toan t6i wu héa bay dan

Thuat toan tdi vu hoa by dan (Particle swarm optimization - PSO) la thuat
toan dya trén tri thdng minh cua bay dan thong qua giao tiép giita cac thanh vién
trong mot bay khi tim kiém thtc an.

2.4.4  Thuit toan téi wu héa chu ky nwéc két hop con thiéu than
2.4.4.1 Thuat toan con thiéu than

Thu4t toan téi uu hoa con thiéu than (Moth flame optimization - MFO) liy y
tudng tur viéc bay trong dém cua con thiéu than.

2.4.4.2 Két hgp thuat toan chu ky nwéc véi thuat toan con thiéu than

La thuat toan két hop giita phuong phéap tim kiém nghiém t6i vu cua thuat
toan WCA v¢i phuong phap di chuyén cua con thiéu than trong dém.

2.5 Kétluan

Chuong nay trinh bay cac 1y thuyét dugc ding cho nghién ciru nay.
CHUONG 3 THIET KE CO CAU CAN BANG TRONG LUC

3.1  Muc tiéu thiét ké

Muc tiéu 1 thiét ké co ciu can bang trong luc mot bac tw do, pham vi thay
dbi tai trong 0,25 - 1 kg, diéu chinh bang thay déi do cing cua 16 xo khéng can

nang luong.
3.2 Quy trinh thiét ké
Dé thiét ké, tac gia dua ra quy trinh thiét ké 8 budc.

3.3 Lwachgn vat ligu cho thiét ké
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Chi tiéu lra chon vat liéu cho khép xoay mém va 16 xo phiang gdm ti sé gitra
gidi han chay va mé dun dan hoi, khdi luong riéng va gia thanh.
3.4  Thiét ké nghuyén ly

So db dong cuia co cau can bang trong luc dugc

thiét ké nhu Hinh 3.3. Phuong trinh can bang cua
co cau nhu Cong thie (3.7).

0,5m, +m,).Lg=k +k,ab (37)

3.5 Tinh d¢ cing caa 0 xo Hinh 3.3 So do nguyén Iy

Cac thong sé co ban ciia co cAu can bing Cua co cau
trong luc duoc lya chon nhw Bang 3.2. D6 cuing ki va ke duoc tinh nhw Bang 3.3.
Bang 3.2: Thong sb ciia co cau can bang dé xuat

Yéu tb a (mm) b (mm) L (mm) m: (kg)  m2 (kg) Orax (d0)
Giatri 65 65 400 0,2 0,25-1,0 30

Bang 3.3: Gia tri do cirng ki va k2

k1 ko (N/mm)
(N/mm) 0,25 kg 0,4 kg 0,6 kg 0,8 kg 0,9 kg 1,0 kg
200 0,27 0,41 0,60 0,79 0,88 0,97

3.6  Nguyén ly diéu chinh @ cing cia lo =
X0

N
S

o

3.6.1 Nguyén Iy diéu chinh

Do clrng k2 (N/mm)
5

Do ciing cua 16 xo duoc diéu chinh bing

o

cach thay ddi sb phan doan 1am viéc caa 10 xo.

M&i quan hé gitra d6 cang va sé phandoanlam o5 .
viéc duoc thé hién trong Hinh 3.6.

30 40
n (sé phan doan lam viéc)

Hinh 3.6:’M6i quan hé giira do
3.6.2 Diéu chinh d§ cing khong sic  CinNg va so phan doan lam viéc

dung nang luwgng
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Qua4 trinh thay ddi s6 phan doan 1am viéc bang cach thay ddi vi tri cua miéng
chém.

3.7 Kétluan
Noi dung chuong nay da duoc tac gia cong bé trén tap chi Scopus 2020 [18].

CHUONG 4 PHAT TRIEN KHOP XOAY MEM

4.1  Yéu ciu cia khép xoay mém
Khép xoay mém cé @6 cing 200 N/mm, c6 thé quay duoc goc hon 30°, ing

suit sinh ra nho hon ng suat cho phép, kich thudc khong vuot qua 100 mm,
cang nhe cang tét.
4.2 Phat trién khép xoay mém dua trén FEM két hop RSM va PSO
421  Giéi thigu

Khép xoay mém c6 két cau phuc tap, cé tinh
phi tuyén cao. Str dung cac phuong phap truyén

[T T

thdng kho dat duoc d6 chinh xéc. Vi vay, trong
nghién ctru nay dé xuit mot giai phap lai két hop

gitta FEM, RSM, PSO dé thiét ké, md hinh hoa Z_E
va toi wu hda thong s6 hinh hoc ciia khop xoay. =
4.2.2  Thiét ké khép xoay mém =

Khép xoay mém duoc thiét ké nhu Hinh Hinh 4.1: Két céu cua khép
4.1. xoay mém
4.2.3 Deé xuit quy trinh thiét ké khép xoay

Quy trinh thiét ké va téi uwu hoa khop xoay mém duoc thyc hién theo so d6
trong Hinh 4.2.
4.2.4 Tbi wu héa khép xoay
4.2.4.1 Bai toan tbi wu

Bai toan tdi wu hoa dugc trinh bay nhu sau. Xéac dinh: X = [R, t]". Cuc tiéu
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khédi lwong f1(x) . Rang budc va gidi han bién thiét ké:  f2(X) = 30°, f3(X) < 295
MPa, 0,8 mm <t<1,2mm, 40 mm <R <45 mm.

Trong do: fi 1a khéi luong, f2 12
g6c xoay va f3 12 tng suit.

4.2.4.2 Mo hinh héa cac dac tinh |Thiét kékhc}pxoaymém|
cua khéop xoay mem

‘ Xic dinh van dé tdi vu ‘

Thuc nghiém dugc x@y dung M

X , . , ‘ Chon bién thiétké, ham muctiéu, rang buge K
bang mang tryc giao Lg. Sau do 1
FEM duoc st dl,mg de thu thép dix ‘ Xay dung thie nghiém s6 ‘
ligu. Ké tiép, mo hinh toan duoc _

" L B A Thiét ké mé hinh 3D
xay dung bang RSM. Panh gia m6 | I |
hinh toan bang hé sé xac dinh va so [ swtipavlice |
sanh du doan cia md hinh vaéi FEA |

Thanh la’jpméhh}htoéﬂhoc|

cac md hinh duoc lya chon ngau

nhién.
4.2.4.3 Két qua ti wu

Kich thuéc caa khép xoay mém

duoc téi wu bang thuat toan PSO.

Két qua thu dugc khop xoay ¢ R=
40 mm va t= 0,94 mm.

Panh gia két
quatdivu

425 Xac nhan két qua toi wu

v6i két qua FEA véi sai s0 6,1 % va 1,68% ik 4.2: Quy trinh thiét ké va toi

Két qua t6i uu duoc so sanh

va 5,6% cho khéi lugng va bién dang va uu hoa d& xuat
{rng Suit.

4.3  Phét trién khép xoay mém dwa trén phwong phap Topology, FEM,
ANFIS va WCMFO

43.1 Giéithiéu

14



Céu trac cua khop xoay mém phic tap, tinh phi tuyén cao, cac phuong phap
truyén théng kho phan tich va mé hinh héa vi vay tac gia dé xuat céch tiép can
méi dé thiét ké, mo hinh hoa va ti wu hoa cho khop xoay.

4.3.2 Deé xuit phwong phap thiét ké, toi wu

Quy trinh thiét ké nhu Hinh

4.7 véi 4 giai doan.

4.3.2.1 Tbi wu héa ciu tric
TOpO | T6i vu héa cau tric |
Topology dé nang cao hiéu
qua st dung vat liéu.
A~ N N Khong dat
4.3.2.2 Xay dwng mdé hinh (e T T h?ﬂt e |
thay thé’ b‘ﬁng DFNN ac di 1en thiet ke, \fmmuc 1eu, rang buoc

| Thiét ké thue nghiém va mé phong thu thip di liéu |

DFNN ding dé xap xi cac

‘ Tinh toin mic dé dong gop cua cdc bien thietke |

)
[ Xécdinhlaibiénthibtké  Je—
)

| Thiét ke lai thuec nghiém, thu thap di liéu |

ung xu cua khop xoay.

4323 Téi wu héa Kich
thwoc

| Xidy dung cau truc ANFIS |

Pé nang cao hiéu qua lam

|T6i wu héa cau triic ANFIS |

viéc cho khap xoay.

‘ T6i vu hda thong s6 hinh hoc ‘

4.3.3 Bai toan tbi wu

Khap xoay duoc téi uu qua

hai budc. Ti wu héa ciu tric

Topo dé nang cao hiéu qua su

dung vat ligu. Toi wu hoa kich Hinh 4.7: Quy trinh thiét ké khép xoay
thude dé nang cao hiéu qua lam viéc cho

khop xoay.

434 Kétqua
4.3.4.1 Thiét ké ban dau cia khép xoay

Hai mién khong gian thiét ké ban dau duoc chon lya théng qua qué trinh
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nghién ciru tham do.
4.3.4.2 Topology

Dua trén thiét ké ban
diu, md hinh duoc chia
lu6i. Bénh gia chat luong
lugi. M phong va thuc

hién qua trinh Topology.

Két qua tdi wu ciu trdc [, I—.
Topo cho hai mién thiét ké Hinh 4.10: Két qua :Fopology a) mo hinh 1, b)
ban dAu nhu Hinh 4.10. mo hinh 2

4.3.4.3 To6i wu hoa kich thwéc

Két qua Topo cho mé hinh 2 (Hinh 4.10b) duoc lya chon, Sau d6, mé hinh
duoc thiét ké lai @é c6 tinh linh hoat hon nhu Hinh 4.11. Ké tiép, m6 phong dénh
gia ung sut. Cau trdc cia mo hinh thiét ké 2 duoc lva chon do ¢6 tng suat nho
hon. Trong qué trinh md phong cho thiy wng suét sinh ra ¢ nhing doan zich zic
bén trong I6n hon cac doan bén ngoai. Do d6, cac doan zich zic duoc chia lam 2
nhom, Nhém thir nhét c6 chiéu day ti, ban kich chuyén tiép r1, r.. Nhém thi 2 c6
chiéu day t, va ban kinh chuyén tiép rs, rs nhu Hinh 4.13.

AR T 08 04
Y Mt

- {5

=

t
+

"

3]

W o2,

N\ /¢
a)

b)
Hinh 4.11: Céu tric thiét ké cua khop xoay a)
thiét ké 1, b) thiét ké 2

I

Hinh 4.13: Thiét ké caa
khap xoay

Tam bién duoc dung dé xay dung thuc nghiém va mé phong dé thu thap di
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liéu. Phan tich ANOVA dugc sir dung dé loai bo nhirng bién thiét ké co dong gop
thap va khong c6 ¥ nghia thong ké. Sau khi loai bo 3 bién, mé hinh con lai 5 bién
gom ty, ta, Iy, I, r1. Nam bién tiép tuc dugc sir dung dé xay dung thuc nghiém,
mo phong dé thu thap dit liéu. Trugc khi st dung ANFIS dé xay dung cac mo
hinh xap xi. Cau trac ANFIS duoc téi wu hoa bang phuong phap Taguchi. Sau
khi xay dung duoc md hinh xap xi, thuat toan WCMFO dugc st dung dé t6i vu
hoa thdng s6 cua khép xoay.
4.3.4.4 Xac nhan két qua

Két qua t6i uru sau d6 dugc so sanh véi FEA. Két qua sai s6 gitra du doan voi
FEA cua mdmen, tng suit va nang luong 1a 4,59% va 4,16% va 4,73%.

44  Kétluan

Trong chuong nay tac gia da dé xuat hai phuong phap dé thiét ké va téi uu
hoa cho Khép xoay. Ca hai phuong phap dé xuat déu c6 do tin cay cao. Noi dung
chuong nay da duoc tac gia cong bé trén tap chi SCIE [38, 39]

CHUONG 5 PHAT TRIEN LO XO PHANG

5.1  Yéu cau caa 16 xo phing

Lo xo phang phai thoa man cac diéu kién 1am viéc sau: cho phép diéu chinh
duoc d6 cing tir 0,27 — 0,97 N/mm, (ng suat sinh ra phai nho hon tng suat cho
phép, nhe, ning lugng bién dang lon.
5.2  Phat trién 10 xo phang sir dung FEM két hop RSM va MOGA
52.1 Gigi thigu

Lo xo phang cho co cau can bang trong luc ¢6 cau tric dang zich zac nham
tao ra bién dang du 16n va két ciu nho gon va dé diéu chinh d6 cung.
5.2.2  Thiét ké cau trdc cho 10 xo phing

Céu trc cua 10 xo phang 1a su két hop cua céac 16 xo 14 duoc sip xép theo hinh
zich zic nhu Hinh 5.1.
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5.2.3 Xay dung bai toan tdi wu

5.2.3.1 Bién thiét ké

[] &
4 AL LA A A s 2 é!—:l 2 A
Bién thiét ké gom chiéu dai L, chiéu =—=—— F%
~ N X N N ———1——— _
rong w va chiéu day t va co gi¢i nhu sau: ; _ —t

39,5 mm<L<445mm,0,9mm<t<173

mm, 9 mm<w<11 mm.

5.2.3.2 Ham muc tiéu

Cuec tiéu khdi luong yo(L, t, w).

5.2.3.3 Rang bugc

Ham rang budc la bién
dang va ung suat. yi(X) =
33,464 mm, yiX) < 105
MPa.

5.2.4 P& xuit quy trinh
thiét ké toi vu
Quy trinh thiét ké téi wu
cho 10 xo phang dugc dé xuat
nhu Hinh 5.2.

525 K&ét qua va thao
luan
5.25.1 Danh gia thiét ké
ban dau
Dau tién xay dung md
hinh 3D trong FEM. Ké tiép
chia ludi, thiét 1ap diéu kien
mbé phong. MO phong dé
danh gia thiét ké ban dau.

5.2.5.2 M6 phéng

ik cob
CEA A&D |
i | Xac dinh bién thiét ké, ham muc tiéu ‘ i

‘ Xy dyng mé hinh 3D FEM cho 16 xo phing |

B

| Kiém tra dic tinh ban diu bing mé phong FEM |

Tiéu chi thoa khong?

Dung
| Thiét ké thue nghiém si¥ dung RSM I

Thu thip di iéu

‘ Xiy dung mé hinh thay thé bing siéu mé hinh Kriging

i

Diéu chinh
pham vi cia
bien thiét ke

[Dap ing bé
mat

‘ Kiém ching 36 chinh xac cia mé hinh thay thé |
[

D4 chinh xic thoakhéng?
Sai

Bung
i
Thue hién té1 vu hoa da muc tiéu dé fim cac Prato |

Téiwu hoa

Diéu chinh
rang budc
Sai N .
Két qua téi vu ¢6 théa min khéng?

|/ Ping

Danh gia két qui tdi ru

Hinh 5.2: So d6 qua trinh t6i wu hoa
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Thuc nghiém duoc thiét ké bing CCD véi 15 thuc nghiém. Dua trén mé hinh
3D — FEM, FEA duoc thuc hién dé thu thap di liéu.
5.2.5.3 M@ hinh Kriging

Sau khi ¢6 dir liéu, mé hinh Kriging dwoc st dung dé xay dung mé hinh xap
Xi.
5.2.5.4 Panh gia do nhay

Phuong phéap phan tich dap tng bé mat duoc lya chon dé phéan tich d6 nhay
ctia cac bién thiét ké dén cac dap ung dau ra.
5.2.5.5 Két qua téi wu

Thuat toan MOGA duoc st dung dé tim cac Pareto. Két qua tim duoc 3 ting
vién tét nhat nhu Bang 5.5.

Bang 5.5: Céc tng vién
Théng sb L (mm) t (mm) w(mm) yi(mm) y2(kg) ys3(MPa)
Ung vién 1 40,725 0,940 9,602 33,647 0,195 108,41
Ung vién 2 40,725 0,940 9,602 33,647 0,195 108,41
Ung vién 3 40,725 0,940 9,603 33,645 0,195 108,4

Véi két qua trong Bang 5.5 cho thiy ca 3 10 xo phang dugc dé xuat déu c6 do
cting k2 12 0,27 N/mm khi tat ca 10 xo 14 déu 1am viéc.
5.2.5.6 Panh gia két qua tdi uu

Két qua ti wu hoa duoc so sanh véi két qua FEA. Sai s khdi lwgng, tng suat
va bién dang lan luot < 0,001 %, 5,78% va 1,65%. Do ctng khi tat ca 10 xo 1a
lam viéc 1a 0,27 N/mm.
5.3  Phét trién va téi wu hoéa 10 xo phing dwa trén FEM, DFNN va WCA
531 Giéi thigu

Lo xo phang c6 két cau phuc tap, tinh phi tuyén cao. Vi vay cac phuong phap
phan tich truyén théng kho dat duoc do chinh xac. Nghién ciru nay dé xuat mot

céch tiép can méi dé thiét ké, phan tich, md hinh héa va tbi wu cho 16 xo phang.

5.3.2 Thiét ké két cau
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Lo xo phing gdm nhiéu phan doan dugc két ndi véi nhau nhu Hinh 5.10. Mdi

phan doan duoc tao ra tir 4 16 xo 14 va duoc sap xép nhu Hinh 5.11.

Hinh 5.10: Két cau 10 xo phang

5.3.3  Bai toan téi wu
5.3.3.1 Bién thiét ké

Bién thiétké L, t, wvar.
5.3.3.2 Ham muc tiéu

Ham niang luogng bién
dang f(X) duoc chon lam ham
muc tiéu.
5.3.3.3 Ham rang bugc

Ham bién dang gi(X) va
ham g sut g»(X) dugc chon
1a ham rang budc.
5.34 Qui trinh thiét ké,

ti wu

Quy trinh thiét ké duoc

Thiét ké co khi

Tao dir liéu sb

Tbi wu hoa ciu tric cia DFNN

4 Loxola

2= T
t

Hinh 5.11: Théng s6 cua mot

Xac dinl

Thiet ke so bd

Xace dinh ham muyc tiéu, bién thiét |

phan doan

oo

ké, rang budc |

Thiet ké thye nghiém

| M0 phdng, thu thap dir lidu |

{

T6i tru hoa

7;| Téiwu héa théng 56 cua 1o xo |

]

i

Chuan hoa dit liéu

—

Panh gi4 cau tric
Khéng DFNN Pat

Xac dinh hoim muc tiéu cia
DFNN

| Xac dinh théng s6 dau vao |

cuamo hinh)

= —F CE——-
To1 wu héa sai s0 (cuc tidu sai snl

thuc hién qua 4 giai doan nhu Hinh

5.12.

| DPanh gi4 hiéu qua cua thudt toan

Panh gia két
qua
Khéng

Hinh 5.12: Quy trinh thiét ké

5.3.4.1 Giai doan 1: Thiét ké co khi
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Xac dinh van d8, thiét ké so bo, chon bién thiét k&, ham muc tiéu, rang budc.
5.3.4.2 Giai doan 2: Tao dir ligu sb

MG phong, thu thap di ligu.
5.3.4.3 Giai doan 3: T6i wu héa ciu tric cia DFNN

Ti vu héa cau tric DFNN, sir dung cau tric téi vu dé md hinh héa cac ung
xtr caa 10 xo phang nham dat dugc mé hinh tng X it sai s6 nhat.
5.3.4.4 Giai doan 4: T6i wu héa sir dung thuit téa chu ky nuéc

Téi wu hoa kich thudc cua 10 xo phang.
5.3.5 Két qua va thao luan
5.3.5.1 Thu thap dit liéu

Thiét ké thyc nghiém, chia ludi va FEA dé thu thap dir liéu. Bo dit liéu thu
duoc sau d6 dugc chuan héa.
5.3.5.2 Téi &ru hoa cau truc ciia DFNN

Téi wu hoa dé tim cau tric DFNN phal hop, sau d6 mé hinh xap xi duoc xay
dung.
5.3.6 K&t qua tdi wu

Thuét toan WCA duge ding dé t6i wu kich thudc cua 10 xo phang. Két qua
tim duoc kich thudc cua 10 xo phang t, L, w va r 1an luot 12 1,029 mm, 45 mm, 9
mm, 0,3 mm.
5.3.7 Xé&c nhan két qua ti wu

Két qua dyu doan tdi wu dugc so sanh véi két qua FEA. Sai sb ning luong,
bién dang, wng suét 1a 1,87%, 1,69% va 3,06%. Dy doan tudi tho cua 0 xo 12 299
triéu chu ky.
5.4  Kétluan

Trong chuong nay, hai phuong phap tiép can mai dé thiét ké, phan tich, moé
hinh héa va t6i wu hoa cho 16 xo phang duge dé xuat. Sau d6, hai mé hinh 10 X0
phing ciing dugc thiét ké. Ca hai 16 xo déu dap ung yéu cu lam viéc caa co ciu
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can bang trong luc. Noi dung chwong nay da duoc tac gia cong bé trén tap chi
SCIE [40, 41]

CHUONG 6 THUC NGHIEM KIEM CHUNG
6.1 Mb hinh co ciu can bing trong luc
M6 hinh 3D cua co cdu can bang trong luc dugc xay dung nhu Hinh 6.1
6.2 Ché tao md hinh
Co céu can bang trong luc duoc ché tao nhu Hinh 6.3.
6.3  Thiét lap thuc nghiém

Thyc nghiém dugc thiét 1ap nhu Hinh 6.8.

Hinh 6.1: M hinh 3D
co cAu can bang trong
luc Hinh 6.3: Co
ciu can bang

trong luc

Hinh 6.8: M6 hinh thyc nghiém

6.4 Két qua thuc nghiém

Khi co cAu lam viéc & vi tri 30,6 d6 sai sb giita gia tri T va T 1an luot 12 4,5%,
2,86%, 3,27%, 0,25% va 3 % tuong tng véi cac mic tai 400, 600, 800, 900 va
1000 gr. Co céu cho phép diéu chinh tai trong phi ning luong.

6.5 Kétluan

Co ciu thiét ké dat duoc kha niang can bang tét, cho phép diéu chinh tai trong

phi ning lugng. C6 tiém nang tng dung cho thiét bi hd trg van dong chi trén.
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KET LUAN VA KIEN NGHI
1. Kétluan

Dau tién, nguyén ly can bang véi tong mé men tac dung 1én co cau bang khong
dugc st dung. Thiét ké nguyén 1y cua co ciu can bing duoc thuc hién vai su két
hop gitra 10 xo phiang va khp xoay mém. Sir dung phuong phép giai tich dé xay
dung phuong trinh can bang tinh. Tinh todn d6 cung cua khép xoay mém va cua
10 X0 phang dé co cau dam bao can bang khi thay dbi tai trong. Phuong phép diéu
chinh d6 cing ciia 10 X0 phang ciing dwoc d& xuat dua trén nguyén 1y thay doi s6
phan doan lam viéc cua 10 xo.

Tiép theo, hai cu tric caa khép xoay mém dugc phét trién dua trén hai giai
thuat t6i wru méi duge dé xuat bai nghién ctu sinh. Khép xoay thir nhét duoc phat
trién va tbi uu hoa duya trén giai thuat lai gitta phwong phap phan tich phan ti hiru
han, phuong phap dap tng bé mat va thuat toan t6i uu hoa bay dan. Két qua, mot
khép xoay dugc tao ra vai kich thude chiéu day t= 0,94 mm va khdng gian R=
40 mm. Két qua dyu doan t6i wu dugc so sanh véi két qua FEA véi sai s6 6,1%
cho khéi luong, 1,68% cho bién dang va 5,6% cho ting suat. Cau tric khop xoay
phang thir hai dugc thiét ké va tdi wu dua trén giai thuat lai két hop gitta phuong
phap t6i uu héa cau trac Topo, phuong phap phén tich phan tir hitu han, mang tri
tué thich nghi mo va thuat toan téi wu chu ky nudc — con thiéu than. Két qua tdi
vu d3 tim ra duoc thong sé hinh hoc phi hop cua khép xoay bao gom ry 12 0,5
mm, t; 120,36 mm, t, 14 0,41 mm, 1, 12 11,3 mm, I, 1a 14,74 mm. Két qua dur doan
ctia qué trinh ti wu duoc so sanh véi gi tri FEA véi sai s6 4,59% cho md men,
4,16% cho wng suit va 4,73 cho ning luong bién dang.

K& tiép, hai quy trinh thiét ké, phan tich va t6i vu hoa méi cho viéc phat trién
va tdi wu héa cho 10 xo phing ciing dugc dé xuat. Quy trinh dau tién 1a sy két
hop giita phuong phap phan tich phan tir hitu han, phuong phéap dap ung bé mat
va thuat toan t6i wu hoa di truyén da muc tiéu. Dya trén quy trinh dé xuat, mot
thiét ké cua 10 xo phing da duoc thiét ké va téi wu hoa. Két qua da tim ra két cau
va thdng sé hinh hoc pht hop cua 10 xo phing véi chiéu dai 40,725 mm, chiéu
day 0,940 mm va chiéu rong 9,602 mm. Sai sé giira két qua du doan va FEA cua
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cua khéi lugng nhé hon 0,001%, sai s6 cua tng suat 13 5,78% va sai s cua bién
dang 1a 1,65 %. Sai s6 do cing gitra du doan va thi nghiém kiém ching la
3,584%. Quy trinh thir hai dugc két hop giita phwong phap phan tich phan tir hitu
han, mang no ron hoc siu va thuat toan chu ky nuéc. Dya trén quy trinh d& xuét,
két cAu cua 10 xo phang thir hai dugc thiét ké va téi uu. Két qua da tim duoc kich
thudc phi hop cua 10 xo phang t, L, w va r lan luot 1a 1,029 mm, 45 mm, 9 mm,
0,3 mm. So sanh giita két qua du doan véi két qua FEA cho thiy sai s6 ning
luong 14 1,87%, bién dang 1a 1,69% va tng suat |a 3,06%.

Sau d6, dua trén két qua thiét ké, téi wu da duogc thuc hién & truge, md hinh
3D cua co cau can bang trong lec duoc xay dung. Hai chi tiét quan trong cia co
cau 12 10 xo phang va khép xoay mém duogc ché tao bang phwong phép cit day.
Céc chi tiét con lai dugc gia cong trén may CNC. Co cau can bang trong luc sau
d6 dugc lap rap va thiét lap thuc nghiém. Két qua thuc nghiém cho thay co cau
can bang dé xuat dat dugc can bang khi tai thay d6i trong pham vi 250 gr dén
1000 gram. Khi co cdu lam viéc & vi tri 30,6 do sai sb gitra md moen do khoi
lwong va mé men do co cau tao ra khi tai trong thay ddi 250 gr, 400 gr, 600 gr,
800 gr, 900 gr va 1000 gr lan luot 12 2,91% 4,5%, 2,86%, 3,27%, 0,25% va 3 %.
Cudi cuing, nghién ctru sinh dua ra cac két luan va dé xuit cac hudng nghién ciu
tiép theo.

2. Hwéng nghién ciru trong twong lai

Cac cong viéc tiép theo: Phat trién co cau can bang c6 pham vi lam viéc Ion
hon. Phét trién co c4u can bang c6 2, 3 bac tu do. Phén tich dong hoc cho co cau
can bang trong hrc trong diéu kién 1am viéc véi téc do cao. Tim kiém cac loai vat
liéu c6 khéi lugng riéng nhe, kha ning bién dang Ion dé thiét ké 10 xo va khop
xoay. Tim kiém cac giai phap méi dé nang cao d6 chinh xac gia cong cho co cau
mém. Phaét trién cc giai phap mai, co do tin cay cao dé thiét ké, phan tich va ti
vu héa cho co cdu mém. Co cau can bang trong luc dugc phat trién s& duoc tich
hop vao trong thiét bi hd trg van dong chi trén cho nguoi bi dot quy nhe nham

gilp hd tro c4c thao tdc cAm, mang, nang cac vat thé trong sinh hoat hang ngay.
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PREFACE
1. Rationale

Annually, million of people have suffered a serious stroke with an increased
young age, and the stroked people are often limited their mobility. According to
Cirstea (2000) [1] and Reinkensmeyer (2001) [2], the elbow joint of people after
a stroke has a range of motion being smaller than 30 degrees. The stroke creates
a burden on the family and society. To assist stroked people, scientists have
developed a few devices of mobility aids. These devices often incorporate a
gravity-balancing mechanism (GBM).

To meet the needs of gravity balance, scientists have researched and applied
many different types of GBMs such as active GBMs and passive GBMs. Besides,
GBM uses counterweights, GBM utilizes elastically deformed components, and
GBM combines counterweights and elastomers.

Based on the ability of changing the load, GBMs are divided into two main
types: (i) GBMs are not capable of adjusting the load (non-adjusting mechanism),
and (ii) GBMs are capable of adjusting the load (adjusting mechanism). Today,
GBMs are often developed by using the type (i). In the first type of GBMs, when
the working load changes, the equilibrium of the GBM is broken. Every day,
stroked patients have to perform activities such as eating, drinking, and personal
hygiene. They have to lift objects with different masses. Therefore, the non-
adjusting GBMs are not capable of adjusting the load, and they are not suitable
for mounting on a mobility aid for upper limb. In order to overcome the
disadvantage of type (i), researchers have developed GBMs that allow an
adjustment of load, so-called type (ii). The second type can maintain an
equilibrium when the working load changes. The type (ii) with adjusted load can
achieve a balance with different loads. However, when the payload is changed,
then GBM needs a lot of energy to perform this task. This is a drawback for
rehabilitation and assistive devices because the muscle strength of patient is
weak. To do this, the GBM needs an external energy from motors or actuators
but the structure of the GBM becomes more complex. Besides, the energy source



for operation may not be enough because it has to be saved for other functions.
To overcome this limitation, some scientists have developed a new GBM which
is capable of energy-free adjustment, so-called type (iii). However, the type (iii)
is quite complicated, and they may not suitable for wheelchairs or wearing on
people. Therefore, a miniatured and simple structure is needed to be developed.

Nowadays, compliant mechanisms (CM) are often used to design a miniatured
machineries and high precision positioners. CMs can also perform the same
functions as a traditional rigid-link mechanism through deformation of flexure
hinges. Different from the traditional mechanisms, CMs have a lot of outstanding
advantages, such as compact structure, precise movement, no friction, ease to
manufacture, no maintenance, etc. Although CMs have many advantages but
they have not been developed for GBMs. Based on this motivation, the author
proposes the application of CMs to develop a new type of GBM that can adjust
load with an energy free. In this dissertation, the GBM is tended for assistive
devices for stroked people.
2. Research aims

The aim of this dissertation is to develop a new GBM with a compact
strucutre, a lightweight. It is capable of changing the payload by a non-energetic
adjustment method.
3. Research tasks

The main tasks are to design and analysis of a GBM which is capable of
adjusting payloads without energy. Development of new procedures for the
design, analysis, model, and optimization of planar spring and compliant rotary
joint. Design, analysis and structural optimization for planar spring and
complaint rotary joints. Experimentation is performed to validate the ability of
balancing of the GBM by using planar spring and compliant rotary joints.
4. Research scopes

The scope of this dissertation is to design of a passive GBM with one degree-
of-freedom (DOF). Balance range is from 0 to 30 degrees. Adjustable mass is

from 250 to 1000 grams. The adjusted method does not use energy. The GBM



uses a compliant rotary joint and a planar spring. The processes include design,

analysis, and optimization for planar springs and compliant rotary joints.

5. Research approach and methods
Research approach:

First, the existing GBMs are analyzed. Advantages and disadvantages of
different types of GBM are identified so that the development direction of GBM
can be integrated into support movement devices. Next, analysis, balance
calculation, and design the GBM are performed to determine the basic parameters
of the GBM. Then, proposed optimal design methods for springs are suggested.
Finally, a physical assemble model is tested to evaluate the working ability of the
GBM.

Research methods:

This study uses the following methods: (i) Empirical method and expert’s
knowlege. (ii) Numerical simulation method. (iii) The statistical method of
experimental planning. (iv) Analytical modeling and intelligent methods based
on artificial intelligence. (v) Optimization method. (vi) Experimental method.

6. Scientific and practical significance

Scientific significance: This thesis develops a new GBM capable of adjusting
the load in the range of 250 - 1000 grams, the balance range is from 0 - 30
degrees. The GBM is developed by a combination of planar spring with
adjustable stiffness and compliant rotary joint. This thesis proposes new
approaches to design, analysis, modeling, and optimization for springs and joints.
The successfully fabricated GBM is a capable of adjusting the load from 250 -
1000 grams, and the balance range is from 0 - 30 degrees.

Practical significance: The developed GBM has a high potential for practical
applications, providing practical solutions for supporting motor functions for
humans and robots. The results of the thesis are useful references for the
following studies.

7. Dissertation outline
The layout of the thesis includes: Preface, Chapter 1: Overview, Chapter 2:
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Theoretical basis, Chapter 3: Design of the gravity balance mechanism, Chapter
4: Development of compliant rotary joints, Chapter 5. Development of planar
springs, Chapter 6: Experiments. Finally, conclusions and recommendations.
CHAPTER1 OVERVIEW
1.1 Introduction
1.1.1 Gravity banlancer

The GBMs can eliminate the effect of gravity. As an object moves with the
GBM, it moves almost like the motion in a vacuum. Then, the required energy to
perform the movements is very small. Because of such outstanding features, the
GBMs are used in many different fields. Currently, there are many ways to
implement a gravity balance for equipment and machines. These methods can be

divided into the following categories.
1.1.1.1 Active gravity balance

Active gravity balance is done according to the feedback principle [3]. The
method has the advantage of high responsiveness. However, this method requires

complex structure and control.
1.1.1.2 Passive gravity balance

Passive gravity balance often uses GBMs. GBMs are divided into three types:
[4]: 1) GBMs using counterweights, ii) GBMs using elastically deformed
components, iii) GBMs using combination of springs and counterweights. In
addition to the above classification, the GBMs are also divided into two types
based on the payload: 1) The GBMs cannot adjust the load and 2) The GBMs can
adjust the load. The type of adjuting load is divided into two groups based on the
used energy for adjustment: 2a) GBMs adjust with energy; 2b) GBMs is with
energy-free adjustment.

1.1.2 Compliant mechanisms
1.1.2.1 Concept

A compliant mechanism is a mechanism whose structure consists of links

connected by flexible joints or flexible beams [5, 6].
1.1.2.2 Advantages of compliant mechanisms

Compliant mechanisms have advantages [7, 8], such as easy fabrication,



reduced number of components, shorted assembly time, no need for lubrication,
less wear, decreased clearances in joints, high movement accuracy, and high
position accuracy, little energy for work, low manufacturing cost, compact size,

etc.
1.1.2.3 Challenges of compliant mechanisms

Compliant mechanisms also have disadvantages, such as difficulty in design

and analysis, low efficiency, large rotation eccentricity and high rigidity.
1.1.2.4 Applied of compliant mechanisms

Currently, compliant mechanisms are used for: Development of hand tools [9,
10], micro positioning stages [11], GBM [12-14], ect. Compliant mechainism has
been widely applied in industry and life. Especially, compliant mechanisms are
applicated for the GBM. However, the current GBMs based on compliant
mechanisms do not allow to adjustment of the load or adjustment with large
energy source.

1.2 Literature review

1.2.1 Domestic research
1.2.1.1 Research on gravity balance mechanism

Nguyen Hong Nguyen et al. (2018) calculated, designed, and applied the
GBM for the 3-DOF arm [15, 16]. Huynh Quoc Bao (2018) tested the operability
of a one-degree-of-freedom GBM [17]. Another study by the author and co-
workers (2020) [18] has developed a GBM that can adjust the load, and it has a
compact structure. In addition to the author's group, the developed mechanisms

have large dimensions and are unable to change the payload.
1.2.1.2 Research on compliant mechanisms

There are research groups, such as Pham Huy Tuan's group [19-22], Tran
Ngoc Dang Khoa's group [23], and the author's group [24, 25].

1.2.2 International researchers
1.2.2.1 Research on gravity balance mechanism

Chu and Kou (2017) [26] researched a self-balancing 1-DOF GBM. Hung and
Kou (2017) [27] developed a 1-DOF GBM. Chew et al. (2019) [28] studied a
self-balancing 1-DOF GBM. Kino et al. (2018) [29] developed a 3-DOF active



GBM. Zhou et al. (2020) [30] developed a gravity compensation mechanism for
the exoskeleton of the lower extremities. Franchetti et al. (2021) [31] have
designed a 1-DOF GBM that can change the load. Yang and Lan (2015) [14]
used compliant mechanisms to develop a GBM that can change the payload.
However, the developed GBMs are not fully suitable for support movement

devices.
1.2.2.2 Research on compliant mechanisms

Howell et al. (2019) [32] studied the design method for fully compliant
multistable mechanisms employing a single bistable mechanism. Ling et al.
(2017) developed a semi-analytical modeling method for the static a nd dynamic
analysis of complex compliant mechanisms [33]. Zhang and Xu (2017) used a
compliant mechanism to design a novel symmetrical 3-DOF large-stroke parallel
nano-positioning stage. [34].Chang et al. (2022) have developed and optimized
for system precision positioning stage using leaf flexural [35]. Wang and Le
(2021) optimized the size of the micro gripper using compliant mechanisms [36].
Zolfagharian et al. (2021) [37] developed a soft gripper using spiral springs. The
previous studies mainly developed compliant joints, compliant mechanisms, and
but there has no any study on application of compliant mechanism for GBM.

1.3 Rationale, scientific and practical significance
1.3.1 Research rationale

The number of people stroked is increasing, and the age of strokers is younger.
People who have had a stroke are limited arm mobility. Therefore, assistive
devices are often used to support people for stroker. These devices are often fitted
with a GBM to increase the effectiveness of the support. Current GBMs are
complex and cumbersome, and they are adjusted with energy. They are less
suitable for assistive devices. Besides, the compliant mechanisms have the
advantage of a compact structure and can be applied for GBMs. Therefore, the
topic "Development and optimization of gravity balance mechanism using
compliant mechanism™ is chosen.



1.3.2 Scientific and practical significance
The thesis develops a new GBM capable of adjusting the load in the range of

250 - 1000 grams, the range balance from O - 30 degrees. Using a non-energy
method, the developed GBM employs a combination of planar spring with
adjustable stiffness and compliant rotary joint. Besides, this thesis suggests new
approaches to design, analysis, modeling, and optimization for planar springs and
compliant rotary joints. A physical model of GBM is capable of adjusting the
load from 250 - 1000 grams, the balance range is from 0 - 30 degrees. The
developed GBM has a high potential for practical applications, providing
practical solutions for supporting motor functions for humans and robots. The
results of the thesis are helpful references for the following studies.

1.4 Research aim

The research aim of the thesis is to develop a new GBM with a compact
structure that can be attached to the upper limb motor support device. The
mechanism allows adjustment to maintain equilibrium when the load changes.
The non-energy adjustment method is applied.
1.5 Research objects

Research objects include planar springs, compliant rotary joints, and a gravity
balancing mechanism.

1.6 Research tasks and scope
1.6.1 Research tasks

Design and analysis of a GBM is capable of adjusting loads without energy.
Developed processes for the design, analysis, modeling, and optimization of
planar springs and compliant rotary joints are proposed. Design, analysis,
modeling, and size optimization for planar springs and compliant rotary joints
are performed. Testing the ability of the GBM using planar spring and compliant
rotary joint.

1.6.2 Research scope
Design of a passive 1-DOF GBM is intended for use in mobility aids. Balance

range is from O - 30 degrees. Adjustable load is from 250 - 1000 grams. The

adjusted method does not require energy. The GBM uses a compliant rotary joint



and a planar spring. The principles are suggested to design, analyze, and optimize

for planar springs and compliant rotary joints.

1.7 Research method

This study uses the following methods: (i) Empirical method and expert’s
knowlege. (ii) Numerical simulation method. (iii) The statistical method of
experimental planning. (iv) Analytical modeling and intelligent methods based
on artificial intelligence. (v) Optimization method. (vi) Experimental method.

CHAPTER 2 THEORETICAL BASIS

2.1 Gravity balance mechanism
2.1.1 Gravity balance principle

There are currently three mathematical descriptions for the GBM: 1) Total
torque is zero; 2) total potential energy remains unchanged; 3) using an active
compensator.

2.1.2 Adjustment principle for gravity balance mechanism

When the load changes, it is possible to adjust one of three parameters of the
GBM to maintain equilibrium: 1) The lever arm, 2) the connection position of
the spring, and 3) the stiffness of the spring. There are two ways to adjust the
stiffness of the spring: a) Create the initial deformation, b) change the number of

active coils.
2.1.2.1 Adjusting the position of the spring anchor points

The mechanism is adjusted by changing the connection point of the spring.
This method requires a complex structure of the GBM. So, this method is not

suitable for mobility aids.
2.1.2.2 Adjusting of spring stiffness

The stiffness of spring can be adjusted by creating the initial strain or
changing the number of active coils.

2.2 Experimental design
2.2.1.1 Full factorial experimental designs

This method allows full data collection. However, this method is time-

consuming, labor-intensive, and costly.
2.2.1.2 Central composite design



This method uses the full design matrix, factorial, or fraction.
2.2.1.3 Experimental design using orthogonal arrays

The method allows for significantly reduce the number of experiments.

2.3 Modeling method

Currently, many methods can be used to model compliant mechanisms.
However, the complex, highly nonlinear models, these methods are difficult to
perform and inaccurate. In this study, planar springs and compliant rotary joints
are two components with relatively complex structures and high nonlinearity.
Therefore, the new hybrid between the finite element method with intelligent
approximation methods is used to model the behavior of the complainant rotary

joint and planar spring.
2.3.1 Finite elament method
2.3.1.1 Meshing

Meshing is a very important step in the simulation. It determines the accuracy
of simulation results. Static analysis in ANSYS Workbench typically uses

elements Hexa, Tetra, and Prism.
2.3.1.2 Mesh quality

Meshed quality is usually assessed using the Skewness standard.
2.3.2 Deep forward neural network

Deep forward neural network (DFNN) is a machine learning program that can
accurately approximate models that have high nonlinearity.
2.3.3 Response surface method

The response surface method (RSM) is a method of building regression
models based on mathematical and statistical techniques.
2.3.4 Adaptive neuro fuzzy inference system

The adaptive neuro-fuzzy inference system (ANFIS) is a method that can
approximate models with high nonlinearity.

2.4 Optimization method

Optimal methods are often used to improve the working efficiency of machine
parts and structures. The optimal process is to find the best solutions in the design
space.



2.4.1 Multi objective genetic algorithm

The multi-objective genetic algorithm (MOGA) is an algorithm that finds the
optimal solution to a multi-objective problem.
2.4.2 Water cycle algorithm

The water cycle algorithm (WCA) is an optimal solution search algorithm
which is inspired by the water cycle in nature.
2.4.3 Particle swarm optimization

Particle swarm optimization (PSO) is an algorithm based on swarm
intelligence through communication between members of a swarm when
foraging.

2.4.4 Water cycle - moth flame optimization algorithm
2.4.4.1 Moth flame optimization

The moth flame optimization (MFO) algorithm is inspired by a moth's flight

at night.
2.4.4.2 Water cycle - moth flame optimization

Water cycle-moth flame optimization is an algorithm that combines the
finding method of the optimal solution of the WCA algorithm with the moving
the moth method at night.

2.5 Conclusion

This chapter presents the theories used for this study.
CHAPTER 3 GRAVITY BALANCE MECHANISM DESIGN
3.1 Design target

The aim of thesis is to design a passive 1-DOF GBM with a range of load
changes from 250 to 1000 grams. The mechanism is adjusted by changing the
number of active leafs and without energy.

3.2 Design process
To design the GBM, the author offers an 8-stepwise design process.

3.3 Material selection for design
Material selection criteria for compliant rotary joints and planar springs
include a high ratio between yield strength per elastic modulus.
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3.4 Design principles

The design principle of the GBM is proposed as
shown in Fig.3.3. The balanced equation of the
structure is as formula (3.7).

(0,5m, +m,).Lg=k +k.ab &7

3.5 Determination of the stiffness
The basic parameters of the GBM are selected as
shown in Table 3.2. Hardness k; and k, are Fig. 3.3: Design principle of
calculated as Table 3.3. GBM
Table 3.2: Parameters of the GBM

Parameter a (mm) b (mm) L(mm)  ms(kg) m; (kg) Bnax (d6)

Value 65 65 400 0.2 025-10 30
Table 3.3: Value of stiffness ki and k.
k1 ko (N/mm)
(N/mm) 0.25 kg 0.4 kg 0.6 kg 0.8 kg 0.9 kg 1.0kg
200 0.27 0.41 0.60 0.79 0.88 0.97

N
o

3.6 Adjustment method
3.6.1 The adjustment principle

The spring stiffness is adjusted by
changing the number of active leaf

ring (N/mm)
N R O ®

Stiffness of planar spring (N/mm
>

springs. The relationship  between ¢
stiffness and the number of working leaf j
spring is shown in Fig. 3.6. 2
3.6.2 Energy-free adjustment with % 0 20 a0 4 s e 70
Number of active leaf spring
spring stiffness Fig. 3.6: Relationship between the
The process Of Changing the number Of Stlffness and the number Of active

working segments by changing the leaf springs
position of the shims.

3.7 Conclusion
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The content of this chapter has been published by the author in Scopus journal
(2020) [18].

CHAPTER 4 DEVELOPMENT OF COMPLAINT ROTARY JOINT

4.1 Requirements of compliant rotary joint

The compliant rotary joint has a stiffness of 200 N/mm. It can be rotated at
an angle of more than 30 degrees. The resulting stress is less than the allowable
stress. The size does not exceed 100 mm. Lighter is better.

4.2 Development of a compliant rotary joint by combining FEM, RSM, and
PSO.

4.2.1 Introduction
The compliant rotary joint has a complex

[T ]I

structure with high nonlinearity. Traditional
methods are difficult to achieve accuracy.
Therefore, this study proposed a solution 7
combining FEM, RSM, and PSO to design, -
model, and optimize the geometrical parameters
of compliant rotary joints. I
4.2.2 Compliant rotary joint design

The compliant rotary joint is designed as

shown in Fig. 4.1.

i
(AT T

Fig. 4.1: Structure of the
compliant rotary joint

4.2.3 The design process of the compliant rotary joint.
The design and optimization process of the compliant rotary joint is carried

out according to the diagram in Figure 4.2.
4.2.4 Optimization of the rotary joint
4.2.4.1 Optimization problem

The optimization problem is presented as follows. Find: X = [R, t]".
Minimum fy(x) . Constraints and limits of design variables: f,(X) = 30°, f3(X) <
295 MPa, 0.8 mm <t < 1.2 mm, 40 mm < R < 45 mm where: f; is mass, f; is

rotation angle and f; is stress.
4.2.4.2 Modeling the properties of a compliant rotary joint
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The experiment is built @
using Lo orthogonal arrays.
The FEM is then used to
collect the data. Next, the

i . . Choose design variables, B
mathematical model is built objective and constraint functions|*
using RSM. Evaluate the

[ Define optimal problem |
v

| Experimental design |

mathematical model by the

| Draw 3D models |

coefficient of determination +
, | Collect data |
and compare the model's 3

Establishing mathematical models

predictions with the
randomly selected FEA

models.
4.2.4.3 Optimal results

The size of the compliant
roatry joint is optimized by
the PSO algorithm. The
result is a compliant rotary
joint with R= 40 mm and t= Fig. 4.2: Design and optimization

0.94 mm. process
4.2.4.4 Validations

Optimal results are compared with FEA results with an error of 6.1 % and
1.68%, and 5.6% for mass, deformation, and stress.
Development of a rotary joint is suggested by a hybrid method of FEM,
adaptive neuro fuzzy inference system, and water cycle-moth flame algorithm
4.2.5 Introduction
The structure of the compliant rotary joint is complicated and has high

nonlinearity. The traditional methods are difficult to analyze and model.
Therefore, the author proposes a new approach to design, model, and optimize
the compliant rotary joint.

4.2.6 Proposed hybrid optimization approach
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The design process consists of

4 stages, as shown in Figure 4.7.
4.2.6.1 Topology optimization [ Define optimal problems |

Topology  optimization s
employed to improve using

material efficiency.
4.2.6.2 Build approximation
models using DFNN

DFNN is used to approximate
the behavior of the compliant

rotary joint.
4.2.6.3 Size optimization

Size optimization is aimed to

Choose design variables, objective and
constraint functions

v
| Experimental design and simulation |

| Calculate the contribution of each design |

¥
improve working efficiency for [Rechoose dei‘g”mables ‘
compliant rotary joint. | Expefﬁneﬂtaimdesigﬂand |
4.2.7 Optimal problems [ Optimize structure of the ANFIS |
The compliant rotary joint is
optimized in two steps. Topology

No
o . Evaluated optimal result
optimization is utilized to improve

Yes

using material efficiency. Size @
optimization is used to improve

working efficiency for compliant Fig. 4.7: The design process of the

rotary joint. compliant rotary joint

4.2.8 Results

4.2.8.1 Original design of the ==

rotary joint -
Two domain designs are

initially selected through the
process of exploratory research.
4.2.8.2 Topology result

model 2

the model is meshed. Evaluation

14



of mesh quality is performed. The topology process is carried out. Topological

results for the two initial design domains are shown in Fig 4.10.
4.2.8.3 Size optimization result

The topological results for model 2 (Fig. 4.10b) are selected, then the model
is redesigned (Fig. 4.11) to have more flexibility. Next, simulate for stress to
evaluate structural redesigns. The redesigned structure (2) was chosen due to its
lower stress. The simulation shows that the stress generated in the inner zigzag
segments is greater than in the outer segments. Therefore, the zigzag sections are
divided into 2 groups. The first group has a thickness of t;, and a radius r1. The
second group has thickness t; and radius r», as shown in Fig. 4.13.

rrrrrr

a) b)
Fig. 4.11: The design structure of compliant rotary /
Fig. 4.13: Design of
compliant rotary joint
Eight variables were used to experiment design and simulate for data

collection. ANOVA analysis was used to remove design variables that low

joint a) design 1, b) design 2

contribution and no statistical significance. Three variables are removed. The
model has five variables (ti, t2, |1, I, ry). Five variables are used to build
experiments, and simulate to collect data. Before using ANFIS to establish
approximations, the ANFIS structure was optimized using the Taguchi method.
After building the approximation model, the WCMFO algorithm is used to

optimize the parameters of the rotation joint.
4.2.8.4 Validations

The optimal results are compared with the FEA. The error between the
prediction and the FEA of the moment, stress, and energy is 4.59% and 4.16%,
and 4.73%.
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4.3 Conclusion
In this chapter, the author has proposed two methods to design and optimize
for compliant rotary Joints. Both proposed methods have high reliability.

CHAPTER 5 DEVELOPMENT OF PLANAR SPRINGS

5.1 Requirement of planar spring

The technical requirements of planar spring include: 1) The stiffness is
adjusted from 0.27 to 0.97 N/mm, 2) the resulting stress must be less than the
allowable stress, 3) the mass is light, and 4) the deformation energy is large.

5.2 Development of planar springs using FEM, RSM, and MOGA
5.2.1 Introduction

Planar spring using for GBM has a complex structure and a high nonlinearity.
Traditional modeling methods can lead a wrong solution. Therefore, this study
proposes a new approach to design, analysis, modeling, and optiming for planar
springs.
5.2.2 Structural design for planar spring

The structure of the planar spring is combined leaf springs and arranged in a
zigzag pattern, as shown in Fig. 5.1.

5.2.3 Optimal problem
5.2.3.1 Design variables

Design variables include length L, width w, and thickness t, and they have the

following boundaries: 39.5 mm <L <44.5mm, 0.9 mm <t<1.3 mm, 9 mm <w

<11 mm. L R—— »
5.2.3.2 Objective function B

... E = 5 i 3.
5233 Constraimt unction . | = =8 e

Constraint functions are strain and :% A1
stress. y1(X) = 33.464 mm, y3(X) < 105 = == =
MPa. =
5.2.4 Proposing optimal design |S= %
process ‘ =

The optimal design process for  Fig. 5.1: Structure of planar spring
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planar spring is proposed in Fig 5.2.

5.2.5 Results and Discussion
5.25.1 Initial design
evaluatation

First, the 3D model is drawn in
FEM. Next, the model is meshed
and set up simulation conditions. In
the end, the model is simulated to

evaluate the original design.
5.2.5.2 Simulation

Experiments are designed using
CCD with 15 experiments. Based
on the 3D model — FEM, FEA is

simulated to collect data.
5.2.5.3 Kriging model

The Kriging model is used to
build approximation models based

on collected data.
5.2.5.4 Sensitivity Analysis

The response surface method is
chosen to analyze the sensitivity of

Define problem

Struewral design

i | Identify design variables and
! objective functions

[ Construct 3D FEM model for CPS |

Test initial performances by FEM
simulation

| Design of experiment using RSM |

| Conduct numerical simulation data I |
i | Refine range

i| of design

i variable

]
Build Kriging metamodels for each
output response

Response surface [=-

: Verify the accuracy of the obtained |
: ensemble of metamodels

Yes

Implement MOGA to achieve Pareto-optimal set J

{[Refine range | Optimal
i| of objective |No process
‘ function H

Fig. 5.2: Design process

the design variables to the output responses.

5.2.5.5 Optimal results

The MOGA is used to find Pareto’s. The results found the three best

candidates in Table 5.5.

Table 5.5: Candidates

Parameters L (mm) t (mm)

w(mm) yi(mm) ya(kg) ys(MPa)

Candidatel 40,725 0,940
Candidate 2 40,725 0,940
Candidate 3 40,725 0,940

9,602 33,647 0,195 108,41
9,602 33,647 0,195 108,41
9,603 33,645 0,195 108,4

The results in Table 5.7 show that all three proposed planar springs have a k
stiffness of 0.27 N/mm when all leaf springs are in operation.

5.2.5.6 Validations

17



The optimization results are compared with the FEA results. The errors of
mass more than 0.001%, stress and strain are 5.78% and 1.65%, respectively. The
stiffness when all leaf springs are in operation is 0.27 N/mm.

5.3 Development and optimization of planar springs based on FEM, DFNN,
and WCA
5.3.1 Introduction

Planar spring has a complex structure and high nonlinearity. Therefore, it is
difficult for traditional analytical methods to achieve accuracy. This study
proposes a new approach to design, analysis, modeling, and optimal for planar
springs.

5.3.2 Mechanical Design

The planar spring has structure, as shown in Fig. 5.10. It consists of many

segments connected together. Each segment is made by four leaf springs and has

the structure shown in Figure 5.11.

a

_4_ leaf spring 7 L
[N -
Uy

ol

t

Fig. 5.10: Structure of planar Fig. 5.11: Structure of component

spring spring
5.3.3 Optimal problems
5.3.3.1 Design variables

Design variables include L, t, w, and r.
5.3.3.2 Objective functions

The strain energy function f(X) is chosen as the objective function.
5.3.3.3 Contraint functions

The strain function gi1(X) and the stress function g»(X) are selected as the
constraint function.
5.3.4 Design process, optimization
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The design process is
carried out through 4 A !

Optimized parameters planar spring

stages, as shown in Fig. & 5
5.12.
5.3.4.1 Stage 1. = !
. . E Defines the objective function, | !
MeChanlcaI DeS|gn = design variable, and constraint '
Problem definition, E ;::::::::::::::::::::::::::::::é
.. . = - ‘ b g s
prellmlnary deS|gn, ,Tg E Experimental design i _H Optimized parameters by WCA i
selection ~ of  design § | Pl
- - - E E i i evaluate the effectiveness of the |1
variables, objective : | Normalize daa E algorithm :
. . R IR Vo
functions, constraints F I .
functions. P et <
5.3.4.2 Stage 2: Create £ | Hl
data s i Determines the input ufDFNN| i R U
Simulate and collect  £i| [inimize MSEorDENNDy | !
= i Taguchi method |
data. . iE |
5343 Stage 3 é‘ i Evaluate structure i
Optimize the Structure { No _;
of the DFNN PR R =
Optimize the DFNN structure, Fig. 5.12: Design process

and use the optimal structure to
model the behavior of the planar spring to achieve the behavior model with the

least error.
5.3.4.4 Stage 4: Optimization Using the WCA

Optimizing the size of the planar spring.
5.3.5 Results and discussion
5.3.5.1 Collecting and Processing Data

Data were collected through experimental design, meshing, and FEA. The

resulting dataset is then normalized.
5.3.5.2 Optimization of the DFNN Structure

The structure of DFNN is optimized to find a suitable structure. Then

approximation models are built.
5.3.6 Optimal results

The WCA is used to optimize the size of the planar spring. The results found
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that the dimensions of the planar spring t, L, w, and r are 1.029 mm, 45 mm, 9

mm, and 0.3 mm, respectively.
5.3.7 Verifications

The optimal prediction results are compared with the FEA results. The errors
of energy, strain, and stress are 1.87%, 1.69%, and 3.06%. The estimated spring
life is 299 million cycles.

5.4 Conclusions

In this chapter, two new approaches are proposed to design, analysis,
modeling, and optimization for planar springs. Later, two planar springs were
also designed. Both springs meet the requirements of the GBM.
CHAPTER 6 EXPERIENCE VERIFICATION
6.1 GBM model

The 3D model of the gravity balancer is built shown in Fig. 6.1.

6.2 Fabricate model
The GBM is fabricated, as shown in Fig. 6.3.

6.3 Experimental setup
The experiment is set up shown in Fig. 6.8.

Fig. 6.1: 3D model Fig. 6.3:
GBM

6.4 Experimental results

The error between the values of T and T, at the position of 30.6 degrees is
4.5%, 2.86%, 3.27%, 0.25%, and 3%, respectively, for load levels 400, 600, 800,
900, and 1000 grams. The mechanism can adjust nonenergy.
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6.5 Conclusions

The design mechanism achieves good balance, allowing adjustment of non-
energetic loads. There are potential applications for upper extremity assistive
devices.

CONCLUSIONS AND FUTURE WORKS
1. Conclusions

Firstly, the principle of GBM with zero total torque acting on the mechanism
was used. The design principle of the GBM was realized with a combination of
planar spring and compliant joint. By using the analytical method, a static
equilibrium equation was built. In addition, the stiffness of the compliant rotary
joint and the stiffness of the planar spring were calculated to ensure the balance
with gravity when the load changes. The method of adjusting the stiffness of the
planar spring was also proposed based on the principle of changing the number
of working segments of the spring.

Secondly, based on the methods and the calculation results in chapter 3. Two
compliant rotary joints have been designed. The first rotary joint was designed
and optimized by combining FEM, RSM, and PSO. The results showed that a
compliant rotary joint is created with a thickness dimension of t= 0.94 mm and a
space R= 40 mm. The optimal results were compared with the FEA results with
an error of 6.1% for mass, 1.68% for strain, and 5.6% for stress. The second
compliant rotary joint was designed and optimized based on a hybrid algorithm
combining the Topology, FEM, ANFIS, and WCMFO. Optimal results found
that the suitable geometric parameters of the rotary r1 is 0.5 mm, t; is 0.36 mm,
t is 0.41 mm, l; is 11.3 mm, and I, is 14.74 mm. The optimal results were
compared with the FEA with the error of 4.59% for the moment, 4.16% for stress,
and 4.73 for strain energy.

Next, two new processes were also proposed to develop and optimize for
planar springs. The first process was a combination of FEM, RSM, and MOGA.
Based on the proposed process, a planar spring was designed and optimized. The
results have found the structure and geometrical parameters of the planar spring
with a length of 40.725 mm, a thickness of 0.940 mm, and a width of 9.602 mm.
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The error between the predicted result and the FEA of mass was less than
0.001%, stress is 5.78%, and strain is 1.65%. The stiffness error between the
prediction and FEA was 3.584%. The second process is the combination of FEM,
DFNN, and WCA. Based on the proposed process, the structure of the second
planar spring was designed and optimized. The results found that the suitable
sizes of planar springs t, L, w, and r are 1.029 mm, 45 mm, 9 mm, and 0.3 mm,
respectively. The comparison between the prediction and FEA results showed
that the energy error is 1.87%, the strain is 1.69%, and the stress is 3.06%.

Then, the 3D model of the GBM was built based on the optimal results. The
planar spring and compliant rotary joint were fabricated by wire electrical
discharge machining method. The other parts were machined on CNC machines.
The GBM was assembled and the experiments were performed. Experimental
results showed that the proposed GBM achieves balance when the load changes
from 250 to 1000 grams. When the mechanism was working at the position of
30.6 degrees, the error between the torque due to mass and the torque generated
when the load changes 250 gr, 400 gr, 600 gr, 800 gr, 900 gr, and 1000 gr were
2.91% 4.5%, 2.86%, 3.27%, 0.25%, and 3% respectively. Finally, conclusions
and future works were presented.
2. Future works

After completing this thesis, the Ph.D. student continues to perform the
following tasks: Development of a GBM is performed with an extended balance
range. Development of GBMs with two and three degrees of freedom is carried
out. Kinetic analysis for the GBM with high-speed working is conducted. A few
new materials for spring and rotary design are suggested. New solutions are
performed to improve the machining accuracy of the compliant mechanism.
Development of highly reliable methods are proposed to design, analyze, and
optimize for compliant mechanisms. Integration of the GBM into the upper limb
mobility aid device for stroked people is carried out.
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