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Tém tat. Bai bio ndy mo ta mot thiét bi thu hoach ning lugng dua trén sy dao dong cua co ciu hai trang
thai can bang waterbomb origami thong qua chuyén doi ning luong ap dién. Thiét bi ‘nay co kha nang khai
thac nang lugng bang thong rong tu cac rung dong xung quanh tan s6 thap. Thlet ke nay st dung tinh 6 on
dinh von c6 trong cau trac waterbomb origami dé tang bang théng dap ung tan sb cua no. Vige gip doc
theo md hinh tao ra cac nép gip cua co cAu origami c6 thé tao diéu kién cho cac bién dang ubn cong 16n tir
d6 tim ra tan sb dap ung thich hop. Kich thuéc nho gon va trong lugng nhe cia co ché origami khién no
thuan tién cho viéc tich hop vao cac vat chi khac nhau chiu rung dong. Hiéu suét cua co cau waterbomb
origami dugc thuc nghiém dudi cac kich thich bén ngoai véi cac cuong d dao dong khac nhau nhu 0. 1mm,
0.5mm va 1mm. Giai thuat bac 4 Runge-Kutta trong Matlab dugc sir dung dé giai quyét cac bai toan tim
céc gia tri ban dau trong hé phi tuyén. Két qua thuc nghiém va giai tich trong Malab duoc so sanh va cho
két qua sai khac trong khoang 5%.

Tir khoa: bistable waterbomb origami mechanism, tan s dap tung, nép gap.

1. GIOI THIEU

Origami 1a mét ngh¢ thuét gip glay co xua dugc phat hién ¢ Trung Quoc hon 2000 nam trude [1]. Viée
thuc hanh gip origami trong nhiéu nén van héa co the duge dé cap dén cac ky thuat bién cac tim phang
thanh cdu trac ba chiéu [2]. Ngh¢ thuét cit va gap glay, kirigami va cac k¥ thuét lién quan dén dan, cat va
gip c6 thé duoc coi 1a cac bién thé cua origami [2]. Bién dang dang ké c6 thé xay ra trong qua trinh gip va
mé cac co ché dua trén origami. Cac co ché gap glay v6i cac bién thé do cing dugc thiét ké va cac hanh vi
gip/mé da thiy cac Gmg dung linh hoat trong kién truc [3, 4], pin lithium-ion [5], cac hé thdng dua trén
hang khong vii tru [6, 7], dung cu phau thuat [8, 9], di dong co thé thu gon hién thi [10], logic co hoc [11],

ré-b6t thu nho [12—14], dng dan song co thé diéu chinh [15] va thu hoach ning lwong [16-20]. M¢t trong
nhing tinh ning hp dan cta cac co ciu nay duge liy cam hing tir origami la tinh da 6n dinh cia ching
[21-24]. Lechenault va Adda-Bedia [25] dd nghién ctru hinh dang c4n bang cta co ché origami mét dinh
Vi cac hinh dang hinh nén. Ho phat hién ra rang co ché thé hién tinh ludng tinh ma nd ¢6 thé chuyén tir
céu hinh siéu bén nay sang cau hinh siéu ben khac thong qua cac nep gap mét cach nhanh chong. Waitukaitis
va cong su. [26] dé chira rang tinh phi tuyén tinh trong cac chuyén dong gap cua co ché origami cho phep
¢6 ndm trang thai 6n dinh. Yasuda va cong su. [27] da chirng minh kha nang gap d01 cua co ché gip gidy
origami co thé thé hi¢n nhiéu c4u hinh hinh hoc ma khong lam thay dbi cac mau nép gap Fang va cong su.

[28] xép chdng mét s6 6 don vi origami 6 thé xép chong 1én nhau dé dat dugc tinh da on dinh. Cac 6 don
vi ctia chung dugc hinh thanh bang cach két ndi hai to Miura-ori. Filipov va Redoutey [29] di kham phé
cac hanh vi co hoc ciia mot hinh paraboloid origami hyperbolic dé thu duoc mot co ché c6 thé phan huy
Vv6i cac trang thai 6n dinh d6i xtmg. Tinh ddi xung trong hanh vi cua n6 dugc quy cho do vénh cuc bo trén
chu vi cua co ché origami trong qua trinh chuyén doi paraboloid hyperbol gila hai trang thai 0 on dinh ciia
no. Tinh da 6 on dinh duoc didu khién v& mat hinh hoc ciia co ché origami c6 tién ich tiém ning cho cac co
cAu chuyén doi, cac loai chét va co ché khuéch dai chuyén dong. Tinh da 6n dinh nhu vay ciing 1a mot dic
tinh mong muén cho viéc thiét ké siéu vat liéu v6i cdu hinh co thé 13p trinh vé hinh dang va déc tinh khéi
[26]. Hanh dong chuyén trang thai can bang tirc thoi cua co ciu origami da trang thai 6n dinh chiu tai trong
dong ngu y mot dap ung bang thong rong di kém véi do cung hay bién thé hinh hoc dot ngot trong qua trinh
chuyen trang thai can bang. Cac dic tinh phi tuyén manh mé ciia cac co ché origami da trang thai 6n dinh
¢6 thé dugc khai thac cho cac ing dung khac nhau trong giam chén [30], cam bién [31], khir rung [32] va

© 2024 Trudng Pai hoc Cong nghiép thanh phé H5 Chi Minh


mailto:ngotienhoang@iuh.edu.vn

NGHIEN CUU, THIET KE, CHE TAO,...

cach ly [33]. Tinh da o 6n dinh lién quan dén hién trong mat on dinh trong cac cu triic nhidu vi tri can bang
co the dugc khai thac cho cac ing dung khai thac nang luong bang thong rong. Khai thac nang luong phi
tuyén tinh két hop véi cac ciu tric da on dinh di dugc chimg minh 1a c6 kha ning hoat dong trén dai tan
s6 rong hon va cung cip nhiéu ning luong hon so véi cac dbi tac tuyén tinh clia chung. Arrieta va cong su.
[34] d& ché tao mot thiét bi khai thac bang thong rong bang cach thém cac miéng dan ap dién linh hoat vao
mot tAm vat liéu c6 thé phéan huy dugc. Cong suét trung binh 16n trong dai tan sb rong duoc thu hoach do
céc dao dong phi tuyén tinh cta thiét bi 6n dinh kép. Lee va Inman [35] d chirng minh ring mot 16p mang
mong c6 thé phan hity da cai thién kha ning tao ra ning lugng so véi cac may thu cong hudng tuyén tinh
bang cach khai thac dong lyc bang thong rong cta no. Viée khai thac nang lwong rung dong trong dai bang
thong rong ciing co thé dat dugc bang cac thiét bi co nhiéu bac ty do co hoc. Toyabur va cong su [36] da
phat trién mot may thu ning lugng ap dién-dién tir da phuong thirc de thu dugc cong suat dau ra cao hon
tu cac rung dong xung quanh thap Duoi sy kich thich, viée gip nép cac cau triic origami ¢o thé nhanh
chong va tuorng hd giita cac nép gap. Tinh phi tuyén do hinh hoc gy ra trong dap tng tan s cua cac ciu
trac origami co thé dugc sir dung dé khai thac ning luong bang thong rong tir cac rung dong xung quanh
Tinh phi tuyén tinh bit ngudn tir cac trang thai hai vi tri can bang cua co ché origami dugc st dung dé phat
trién thiét bi thu ning luong 0r1gam1 hai trang thai can bang. Co cdu origami co thlet ké truyen thong &
dang waterbomb voi bén nép gip “thung lting” (valley folds) xen k& boi bbn nep gip “nui cao” (mountain
folds). M6t md hinh phan tich cho thlet ké cua thiét bi duoc mo ta. Bap img tan sd cua thiét bi duoc nghién
ctru dé mo ta cac hanh vi dong phi tuyén tinh ctia né. Hiéu suat khai thac ning luong bang thong rong duoc
dic trung bang thuc nghiém.

2. NGUYEN LY HOAT PONG

Sy bién dang lon trong cac co ché origami bat ngudn tir viéc gip va mé, diéu nay cung cap mot 16 trinh day
htra hen dé chuyén dbi mot phan nang lugng rung dong xung quanh thanh dién nang. Cac co ché origami
da 6n dinh trai qua sy thay d6i hinh hoc dang ké khi chiu céc kich dong bén ngoai co thé dong vai tro 1a
thiét bi co khi dé thu ning lugng rung dong trong mot dai tan sb twong ddi rong. Cac céu triic origami khac
nhau c6 thé duoc khai thac dé dat duoc tinh da 6n dinh do bién héa hinh hoc tao ra nhiéu bién thé khac
nhau. Trong nghién ciru ndy, mot co ciu waterbomb origami véi tam nép gip duge sir dung dé thu ning
luong bang thong rong tir cac rung dong xung quanh. Hinh la cho thdy c4u hinh 6n dinh thi nhat cta co
cAu origami voi bbén nép gap “nui cao”, bdn nép gap “thung liing” va tim bé mit, trong d6 c6 mot dinh
hudng 1én trén. Mot hé toa do Descartes ciing duoc thé hién trong hinh. Dudi anh hudng cua tai trong bén
ngoai, F, theo phuong z, co ché origami bi tac dong aé chuyen trang thai sang c4u hinh 6n dinh th{r hai cua
n6 nhu trong hinh 1b, khi d6 dinh cua co céu hudng xuong dudi. Khi co cau waterbomb origami trong trang
thai chuyen d6i qua lai cau hinh gitra hai trang thai can bang, cac nep gap “nui cao” va cac nép gap “thung
lling” van gilr nguyén cAu hinh cta né. B1en dang cuc b0 tai cac nép gap bao v€ cac mat hay noi cach khac
khong anh hudng dén cac bé mit ciia co cau tir 46 cung cap nén tang dé lru trir nang luong co hoc bén
trong. Hinh 2a cho thdy mot mé hinh nép gip phang trudc khi no dugc gap lai thanh co cdu waterbomb
origami. Hinh 2b minh hoa cac tham sb hinh hoc ctia co ché origami. Pinh va cac niit ctia co ché dugce chi
dinh trong hinh. Mdi mit dugc bao quanh boi mot nép gip “m’1i cao”, mot nép gip “thung ling” va mot
canh dudi cung (bottom edge). 6 1a goc gitra nép gp “niii cao” va truc dbi xtmg di qua dinh. Goc giita nép
gip “thung liing” va truc d6i xtimg 13 ¢. Chiéu dai canh cta ddy qua bom nuéc hinh vudng 1a L. Vi tri cua
cac dinh va cac nut cua co ché origami cO thé duoc x4c dinh boi ba tham sb nay. Dong luc hoc gip va mé
clia co cAu origami lién quan dén su thay d6i goc 16n giita cac bé mat lién ke ctia n6. Mot thiét bi thu hoach
nang luorng dua trén co cau 0r1garn1 c6 thé dugc hinh thanh bang cach gan cac mang ap dién bén trén cac
nép gip “nui cao” hoic nép gip “thung ling” noi dong luc hoc cua nép gip duge kich hoat boi su rung
dong xung quanh. Nang lugng tir cac lyc tac nhan bén ngoai, cac dao dong xung quanh dugc khai thac bang
cac bién dang cuc bd clia mang ap dién trén cac nép gép tir 46 hudng chuyén dong ciia cic dién tich ve phia
cac dién cyc. Cong suat dau ra c6 thé dugc nhan 1én nho mot diy cac mang ap dién dugc gin trén cac nép
gip cua co céu origami duéi tic dung cua cac dao dong. ‘DBong lyc hoc co ché gap/mé tai cac nép gap va su
chuyen tlep tuc thoi gitra hai trang thai can bang c6 thé tao ra tan s6 bang thong rong, day la diéu mong
muon d6i v6i cac thiét bi khai thac, thu hoach nang luong.
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3. NGUYENLY HOAT PONG

Su bién dang 16n trong cac co ché origami bat ngudn tir viée gip va mo, dicu ndy cung cap mot 19 trinh day hira
hen dé chuyén d6i mot phan ning lugng rung dong xung quanh thanh dién nang. Cac co ché origami da 6n dinh
trai qua sy thay ddi hinh hoc déng ké khi chiu cac kich dong bén ngoai c6 thé dong vai tro 1a thiét bi co khi dé
thu nang luong rung dong trong mot dai tan s twong dbi rong. Cac ciu trac oorigami khac nhau c6 thé dugc khai
thac dé dat dugc tinh da 6n dinh do bién hoéa hinh hoc tao ra nhiéu bién thé khac nhau. Trong nghién ctru nay,
mét co ciu waterbomb origami véi tam nép gap dugc st dung dé thu nang lugng bang thong rong tir cac rung
dong xung quanh Hinh 1a cho thay céu hinh 6n dinh thir nhat cta co cau origami v6i bon nép gap “ndi cao”
bdn nép gap “thung ling” va thm bé mat, trong d6 c6 mot dinh hudng 1én trén. Mot hé toa do Descartes cung
dugc thé hién trong hinh. Duoi anh huong cua tai trong bén ngoai, F, theo phuong z, co ché origami bi tac dong
aé chuyen trang thai sang cau hinh 6n dinh thir hai cta né nhu trong hinh 1b, khi d6 dinh cua co céu hudng
xuong dudi. Khi co cau waterbomb Orlgaml trong trang thai chuyén doi qua lai cau hinh gilta hai trang thai can
bang, cac nep gap “nli cao” va cac nép gap “thung ling” van gii nguyén cau hinh cua no. Bién dang cuc b0 tai
cac nep gap bao vé cac mat hay noi cach khac khong anh huong dén cac bé mét cia co cu, tir 46 cung cip nén
tang dé luu trix nang lugng co hoc bén trong. Hinh 2a cho thiy mot mo hinh nép gap phing trude khi n6 duoc
gap lai thanh co cu waterbomb origami. Hinh 2b minh hoa cac tham s hinh hoc cua co ché origami. binh va
cac nat ciia co ché duoc chi dinh trong hinh. M&i mat duoc bao quanh boi mot nép gap “ndi cao”, mot nép gap

“thung ling” va mot canh dudi cung (bottom edge). 6 la géc gitra nép gap “nli cao” va truc ddi xtng di qua
dinh. Goc gitra nép gap “thung liing” va truc ddi xing 12 ¢. Chiéu dai canh cta day qua bom nuéc hinh vudng
1a L. Vi tri cua cac dinh va cac nit cua co ché origami ¢6 thé dugc xac dinh bai ba tham sb nay. Dong luc hoc
gAp va mé cua co cAu origami lién quan dén su thay d6i goc 16n gitra cac bé mat lién ké ciia n6. Mot thiét bi thu
hoach nang luong dua trén co cau origami ¢6 thé dugc hinh thanh bang cach gin cac mang ap dién bén trén cac
nép gip “nui cao” hodc nép gap “thung liing” noi dong luc hoc ciia nép gap duge kich hoat boi sy rung dong
xung quanh. Nang lugng tir cac luc tac nhan bén ngoai, cac dao dong xung quanh dugc khai thac bang céc bién
dang cuc bd ciia mang ap dién trén cac nép gip tir d6 hudng chuyén dong cua cac dién tich vé phia cac dién cyc.
Cong suat dau ra c6 thé dugc nhan 1én nho mot diy cac mang ap dién duoc gan trén cac nép gap cua co chu
orlgaml duoi tac dung cua cac dao dong. Pong luc hoc co ché gap/mo tai cac nép gap va su chuyen tiép tirc thoi
giita hai trang thai can bang c6 thé tao ra tan sb bang thong rong, ddy 1a diéu mong mudn dbi voi cac thiét bi
khai thac, thu hoach nang lugng.

Bottom edge

(a) (b)

Hinh 1. Mot co cAu origami & vi tri can bang 6n dinh thir nhét (a) va thi hai (b).
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Valley fold

Symmetry axis \

Vertex

Moutain fold
Bottom edge

N[

(a) (b)

Hinh 2. a) Mot mau nép gap phang; b) Thong s hinh hoc cta co ché origami.

4. THi NGHIEM

Hinh 3a cho thiy mét so d6 ciia co cau origami thu hoach ning luong hoan thién. Mdi mang ap dién 1dp qua mot
nép gép “nti cao” va chiém hai bé mit lién ké nhau. Hinh 3b 12 mot mat cét ngang dé mo ta cac 1op vat li€u co6
trong thiét bi hoan chinh. Cu trac hdn hop ciia co cau origami bao gdm 16p nén vat liéu nhya, 16p p dién, bang
keo ddng din dién va cac day dién két ndi. Vat liéu nén 1a 16p polyetheretherketone (PEEK) (PEEK 1000,
Welldercia Enterprise Co., Ltd., Taiwan) v6i d¢ day chi khoang 0.2 mm. PEEK 14 loai nhya k§ thuét hi¢u suat
cao v6i do bén kéo cao, do gién dai lon, chéng mai mon va do rao rat thip. Nhu duoc hién thi trong hinh 3a, Cac
ranh hot xoai dugc thiét ké doc theo tat ca cac nep gip “nui cao” a “thung lung dé glam do cu’ng ctia cac nép
gip, tao diéu kién thuan loi cho chuyén dong gidng nhu ban 1& glua nép gip “nui cao” va nép gap “thung ling”.
Lop vat liéu ap dién (Metallized piezo film sheets, Measurement Specialties, Inc., US) dugc ché tao tir nhiéu 16p
vat liéu trong do c6 16p polyvinylidene fluoride (PVDF) 110 um nam gitra hai 16p mang vat liéu bac (Ag) c6 do
day 6 um. Mang PVDF ¢6 hé s6 ap dién d31 1a 23 x 1072 (m/V) va dién dung 1,36 nF. Mang PVDF dugc dan
trén bé mit 16p nén PEEK bang bang dinh hai mit (Core series 4 1000, 3M Co., US). Cac bing keo nay co do
day 50 pm duoc gén vao cac dién cuc bac trén va dudi cia mang PVDF dé tao diéu kién thuén loi cho viéc han
cac day dan. Viéc ldp rap mang ap dién va chat nén nhya duoc 1y cam hing tir mot quy trinh duoc bao cao boi
Zou va Harne [37].

A-A

Solder _poyble sided tape
/ pper tape
' PVDF film

¥ Copper tape
|y I Double sided tape
—

q\ Double sided tape PEEK substrate

(a) (b)
Hinh 3. a) So d6 hoan chinh cua thiét bi thu hoach nang luong; b) Mat cét ngang cua thiét bi.
Céc nguyén mau ciia co cau origami c6 chiéu dai véi L = 60 mm, 6 = 7° va ¢ = 5° di dugc ché tao dé khao sat
trang thai hai vi tri can bang va kha nang thu hoach nang lugng ctia co cau hai vi tri cdn bang origami. Cac kich

thu6c duogc hién thi trong ‘hinh 4a, b.’ Hinh 5 minh hoa céc budc ché tao thiét bi. Mot tim PEEK duoc cit théml‘l
mau nhu trong Hinh 5a bang may cat laser (MS640DZ 60 W, Mingcheng Co., Taiwan). Chi dugc han trén bé
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mat 16p bang keo ddng, sau d6 16p nay s& duoc dinh trén lop mang PVDF (hinh 5b). Lam tuong tu cho 16p bang
keo ddng thir hai s& thu duoc hai 16p dién cuc bang keo dong nhu trén hinh 5b. Ngoai ra, cum nay s& duoc cd
dinh trén cac bé mat con lai dé phong trudng hgp mot cum bi hdng trong qué trinh thir nghiém. Mot bang keo
hai mit dugc dan & mit trude ciia tim PEEK. Sau d6, tim PEEK dugc 1at lai va ép 1én bon mang PVDF thong
qua cac day dan (xem hinh 5c). Mot 16p biang keo hai mit khac c6 duc 16 & tAm dugc dit trén moi cum day han-
bang keo d(‘A)ng—chi dé tranh bi bong ra. Tiép theo, bd phan lap rap duogc 1at lai va tdm bang keo déng c6 dau han
dugc ¢ dinh trén bdn 16p mang PVDF. Sau do, cac bang keo dbng nay dugc ¢ dinh tai ch5 bang bang keo hai
mat (xem hinh 5d) T1ep theo, cum lap rap & dang phang duoc gip doc theo md hinh nép gip dé tao thanh céc
nép gip “nai cao” va nép gap “thung liing” nhu trong hinh 5e va f tuong tng. Cubi cung, cac diy dan duoc han
vao cac dién cyc 6 mdt sau va mat trude cua co ché origami nhu trong Hinh 5g va h. Hai trang thai can bang cua
co cau origami c6 thé duoc dic trung boi: (i) dudng cong thé nang- -d¢ dich chuyén thé hién hai gia trj thé ning
cuc tiéu cuc bo va mot gia tri thé nang cuc dai cuc bo va/hodc (i1) mdi quan h¢ dich chuyén lyc voi mot gia tri
cuc dai va mot gia tri cuc tiéu cua lyc khi co cdu di chuyen tir vi tri cdn bang on dinh thir nhit sang vi tri cin
bang 6n dinh thir hai. Thé ning co thé thu duoc bang cach lay tich phén lyc véi bién sb 1a chuyen vi. Hinh 6 cho
thdy bd tri thi nghiém dé tim mdi quan hé giita luc va chuyen vi ctia co cdu hai vi tri cdn bang origami. Dinh
chop ciia co céu origami dugce ddy boi dau do ctia cam bién tai trong (LSB-2 Ib, FUTEK Advanced Sensor
Technology, Inc., USA) dé thu duoc cac moi quan hé chuyén vi vo1 luc. Mot nam cham vinh ctu duoc gén vao
dau do dé giit co ché origami khi xay ra hién tuong giat nhanh (luc trd nén 4m). Mot bo khuéch dai analog
(IAA100, FUTEK Advanced Sensor Technology, Inc., USA) da dugc sir dung dé khuéch dai dau ra ciia cam
bién tai trong. Cam bién tai trong duoc c¢b dinh trén mot duong dan tuyen tinh va di chuyén bang dong co servo
(HIWIN Technologies Corp., Taiwan). Sy dich chuyén ciia co céu origami dugc phat hién boi mot by mé hoa
tuyén tinh c6 trong h¢ thdng dong co servo. Mot vat nang (lumped mass) dugc két ndi v6i co ché origami dé: (i)
tao diéu kién cd dinh tir tinh trong qua trinh thtr nghlem tinh va (i1) tang luc quan tinh trong qua trinh thi nghiém
dong hoc. Hinh 7 trinh bay ban v& phan ra ctia viéc lap rap co cu origami vdi cdc thiét bi c6 dinh cho thi nghiém
tinh va dong. Mot hé toa do Descartes cling duoc thé hién trong hinh, Thlet bi co dinh bao gdm mot tim dé (base
plate), sau thanh dan (six rods), hai dau noi (two connectors), bon tam cd dinh 6 ) lan (four bearlng housings) va
sau 0 lan. Hai vi tri ngam (anchor) cta co cau origami dugc kep boi hai dau ndi, mdi dau ndi co hai thanh duoc
van vao. Cac thanh ndy dugc hd trg boi vo 6 1an bén trai va bén phai. Cum lip rap cia hai vi tri ngam origami -
dau nbi - cac thanh din cho phép co cau chuyén dong theo phuong x theo hé toa d¢ da chon. Hai thanh con lai
duoc dua qua mot 16 co duong kinh 3 mm ¢ dinh chop cua co cau origami va qua lo tam cua vat nang (lumped
mass), 1a mot chét c6 mot lo xuyén qua tdm tryc ciia n6. Hai thanh nay ciing dugc cb dinh vao chdt hdi ren trong
va vat nang bang cac dai dc x1et chit vao cac ren trén thanh din. Cym lap rap thanh dan — dinh chop origami —

vat nang co thé truot qua cac 6 lan trudc va sau theo hudng z. Hinh 7 13 anh chup so d6 bé tri thi nghiém dé tim
tan sé dap tng cua hé théng dudi tac dung cia cac kich thich tir may tao dao dong. Nguyén miu cta co ciu
origami duoc cd dinh vao may tao dao dong (a shaker, APS113, APS Dynamics, Inc., Germany). Tin hiéu song
hinh sin dugc tao ra boi may phat xung (function generator, WW5062, Tabor Electronics, Ltd., Israel) va b
khuéch dai (amplifier, APS125, APS Dynamlcs Inc., Germany) khuéch dai tin hiéu dé diéu khlen may tao dao
dong (a shaker). Bién d9 rung ctia co cau origami va may dao dong duoc do bang hai cam bién dich chuyén laze
(LK-H150, KEYENCE corporation, Japan). Nhu thé hién trong Hinh 7, hai diém d4nh dau, A va B, trén may
dao dong va d6 g4 lap rap co cAu origami, tvong mg, phan xa tia laze trd lai cac cam bién. Dir lidu rung duge
ghi lai bang mo-dun thu thap tin hiéu dong (NI-USB 9234, National Instruments corporation, USA). Mot gia toc
ké (an accelerometer, 352A24, PCB Piezotronics, Inc., US) dugc gin vao may dao dong dé klem soat gia tbc
clia may nham thu dugc dap tng tan s clia co cAu origami dudi cac kich thich bén ngoai véi gia toc khong doi.
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Hinh 4. Kich thudc ctia co cdu origami. a) Hinh chiéu dimg; b) Hinh chiéu canh.
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(a) (e3)

(h) (f)

(d) (h)

Hinh 5. Quy trinh ché tao: a) Cit laser tir tim phoi PEEK; b) Han chi trén bang keo dodng; ) Lip ghép tam PEEK v6i lop

mang PVDF d) Tam bang keo dong ¢6 day han dugc cb dinh trén cum da dugc 1at lai; e) Gap tao hinh thanh cac nep gap

“nui cao”; ) Gap tao hinh thanh cac nép gap “thung ling”; g) Day dién duoc han vao day dan & mat sau cta cum lép rap;
h) Day dién dugc han vao diy dan ¢ mat true ciia cum lap rap.
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5. GIAITICH

Céc hanh vi dong hoc chung cua co cdu origami dudi tac dong kich thich bén ngoai dugc nghién ciru théng qua
md hinh vét ly dugc mo ta trong Hinh 8. Muc dich cua m6 hinh vat Iy la cung cap mot cong cu dé wdc tinh ban
dau hiéu suét cta thiét bi, chang han nhu tan s6 cong hudng chinh va dai tin sb quét tir 2Hz dén 20Hz. Mot phan
tur 10 X0 ¢6 luc f 1a ham cua chuyén vi 8, f(6), dugc dit gitra vat nang m (= 50 g) va may dao dong (shaker) dé
biéu dién mdi quan h¢ luc-do doi phi tuyén tinh ctia co cau origami. Do gian dai cua 16 xo dugc coi 1a do dich
ChUyen tuyét ddi cua khoi lugng vat ndng, Zm, tham chiéu vai do dich chuyen tuyét ddi cua shaker, zs. Khdi luong
cua lop mang PVDF, bing keo va 16p nén PEEK khong dang ké so voi khoi lugng cua vat nang (lumped mass).
Heé sé giam chan ¢ = 0,5 (N. giay/m) da duoc st dung dé mo phong giam chan co hoc. Dang hinh sin cua kich
dong bén ngoai c6 cuong o6 A va tan sb goc w. Phuong trinh chuyén dong ctia co ciu origmai dudi tic dong
cua ngoai luc la:
d?s dé ) . (1)
moz + c + f(6) = mAw*sin(wt)

Ham f(6 ) thu dugc tir cac thi nghiém c6 1ién quan den cac hién tuong phi tuyén tinh, chang han nhu cac nép
gap, sw udn cac bé mit VA sy truot tai ngam clia co cau so vai 6 lan. Thoi gian budce duge chon du dai dé dam
bao rang cac qua trinh qua d6 duogc thuce thi va dat dén trang thai on dinh. Gia tri cua f (6) du’cc noi suy tai gia
tri cua § tir duong cong chuyén vi-luc trong thuc nghiém cua co céu origami. Khi chuyen vi tiép tuc ting, luc
dat den gia tri t6i thiéu, sau do tang lén dé dat duoc gid tri bang 0, day la trang thai can bang 6n dinh thir hai cua
co cu origami. Cudi cing, luc tiép tuc ting déu khi d6 dich chuyén tang. Khi co ciu origami dich chuyén khoi
vi tri can bé“mg 6n dinh dau tién cua no theo huéng —z, @6 16n cua lyc tang déan 1én trong pham vi dich chuyén
dugc xem xét. Cau hinh hai vi tri can bang ctia co cu origami duoc xac minh bang thir nghiém tinh.

6. KET QUA VA THAO LUAN

5.1 Thi nghiém tinh hoc

Hinh 9 cho thay két qua thuc nghiém tinh hoc dudng cong chuyén vi-luc cia co cdu origami nguyen mau. Céc
thl nghi¢ém dugc thyc hién ndm 14n va céc gia trj trung binh cua lyc duge v€ trong hinh. Co ché origami ban dau
nam & vi tri can bang on dinh dau tién. Khi dinh chép cia co ciu origami dugc tac dung mot chuyén vi theo
phuorng +z, lyc tang nhanh, sau do dat gia tri cyc dai. Khi dinh di chuyén xa hon theo hudng +z, luc bat dau
giam, dat gia tri bang 0, sau do tré vé& am (tac dong ddy bién thanh tac dong kéo bai nam cham gitra vét nang va
dau do cia cam bién tai trong trong trang thai tinh, thr nghiém nhu trong Hinh 6. Khi do dich chuyen t1ep tuc
tang, luc dat den gia tri toi thiéu, sau do tang 1én dé dat duoc gi tri bang 0, day la trang thai can bang 6n dinh
thir hai ctia co cAu origami. Cudi cuiing, luc tiép tuc tang déu khi do dich chuyén ting. Khi co céu origami dich
chuyén khoi vi tri can bang 6n dinh dau tién cta né theo hudéng —z, d6 16n cua luc ting dan déu trong pham vi
dich chuyén duge xem xét. Cau hinh hai trang thai can bang ctia co cu origami dugc xac minh bang thir nghiém
tinh. Nhu thé hién trong hinh, cac gia tri luc thay doi bat thuong gan chuyén vi bang khong (vi tri can bang on
dinh dau tién). Piéu nay co thé 1a do cac dic tinh ma sat giira cic 6 lan va thanh dan hudng (xem Hinh 7). Ma
st gilta 6 1an va cac thanh dan duogc kiém soat bang chét bdi tron va co thé tao thém luc can thiét dé di chuyén
co cau origami. Céc sai s trong lap rap giira cac chi tiét ciing 1a yéu t6 anh hudng dén gia tri cia duong cong
thuc nghiém luc-chuyén vi. Budc nhay cua dai tan sb quét 12 0.1 mm.

5.2 Thi nghiém dong hoc

Hinh 10a, b 1an luot biéu thi dap tmg tin sb ctia bién d6 rung dong ciia co cau origami dua trén 1y thuyét (model)
va thi nghiém (experiment), trong d6 may dao dong (shaker) c6 bién d dao dong la 0,1 mm. Két qua ly thuyet
dy doén tan s6 cong huong gan 7,4 Hz. Dinh cta tan sb cong huong trong thir nghiém la gan 7,8 Hz, sau d6 xuat
hién cac phan hoi khong 6n dinh. Mot sy thay doi dot ngot vé bién do xdy ra gan 9,4 Hz dua trén cac thi nghiém.

Tan s6 cong hudng14.8 Hz co thé dugc xac dinh nhu 1a mot tan s6 diéu hoa cong hudng phu cia dang dao dong
riéng tai 7,8 Hz (xem Hinh 10b). Gia tri ciia tan s6 cong hudng chinh cua cac thi nghiém, 7,8 Hz, gin véi gia tri
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Hinh 10: Pap tmg tan sb ctia bién do dao dong cuia nguyén mau dugc ché tao. Dy doan md hinh v6i bién d0 rung cua may
rung 1a 0,1 mm (a), 0,5 mm (c) va 1,0 mm (e). K&t qua thi nghiém v&i bién d dao dong ctia may lac 1a 0,1 mm (b), 0,5
mm (d) va 1,0 mm (f).

dya trén ly thuyét, 7,4 Hz. Hién tugng nhay dot ngot co thé duoc nhin thz"iy gén 7,4 Hz va 7,8 Hz tuong ung dua
trén cac du doan cua 1y thuyét va cac thi nghiém. Cac hanh vi phi tuyén tinh ctia hé thdng khong thé duoc du
doan diy dii bang md hinh vét 1y vat nang don gian cho trudng hop kich thich bén ngoai nhé. Hinh 10c, d hién
thi dap tng tan s6 cho truong hop c6 bién do dao dong ctia may dao dong bién do 0,5 mm tuong tmg dua trén 1y
thuyét va thi nghiém. Cac thi nghiém cho thdy rang anh hudng ctia bién do kich thich cao hon chii yéu c6 thé
nhin thay gan cong huong diéu hoa  phy thir 2 cta dang dao dong riéng tai 6,5 Hz (2 x 6,5~ 13 Hz). Trong vung
gan tan sb 12,9 Hz, bién do thay dbi 1én xuong rat nhanh trong qua trinh quét tan so tién (upsweep) cua céc thi
nghiém, didu nay c6 thé duoc giai thich bang su xuat hién cua cac song diéu hoa phi tuyén tinh va hién tugng
nhiéu loan xung quanh. Cac dap ng thong qua thyc nghiém thé hién cac dao dong xen k& giira vi tri can bang
thir nhat va vi tri can bang tht hai gn tan s6 cong hudng chinh va cong huong ha am. Khi roi xa cac tan s cong
huong nay, cac dap ung thuc nghiém quay tr¢ lai cac dao dong v€ mot trong cdc vi tri cén bang 6n dinh. Cac
bién dang vinh vién ctia co cau origami c6 thé phat sinh do rdo, chay déo, nut vi mo, v.v. sau khi thir nghiém
dong kéo dai. Trong qua trinh quan séat thi nghlem thy rang do cing cia co ciu orlgaml suy giam sau cac kich
thich diéu hoa lap di lap lai. Ham dich chuyén lyuc, (&), dugc chia ty 16 theo hé sb 0,83 dé giai thich cho viéc
giam d6 ctng sau khi tai 1ap di 1ap lai. Nhin chung, c6 thé nhan thay su dap ung twong ddi tét giira cac du doan
ctia Iy thuyét va két qua thuc nghiém. Cac d4p mg tan sé cho truong hop c6 bién do dao dong ctia may rung 1,0
mm duya trén ly thuyét va cac thi nghiém dugce thé hién tuong mg trong Hinh 10e, f. Quan sat trong Hinh 10f,
trong qua trinh quét tan s6 1én gan 4,6 Hz, 5,1 Hz va 11,5 Hz, hé thong nhay tir bién do thip 1én bién do cao. Khi
tan so quét di xudng, ba vong lap tré (4,6-2,2 = 2,4 Hz, 6,0-5,1 = 0,9 Hz va 11,5-10, 7= 0,8 Hz) duoc xac dinh.
Hiéu g ctia cac kich thich cao hon ciing c¢6 thé dugc nhin thiy trong cac dai tan s (8,7 Hz, 10,7 Hz) va (13
Hz, 14 Hz) trong d6 chuyén dong khong déu xay ra dua trén cac thi nghiém.

7. KET LUAN

Mot co cAu waterbomb origami da dugc dé xuét, ché tao va dic trung hda dé khai thac nang luong cac dao dong
xung quanh. C4u hinh hai trang thai cin bang cua co ciu origami c6 loi dé thu dugc cac dao dong xung quanh &
tan s6 thip. Cau triic waterbomb origami di dugc tich hop thanh céng véi mang ap dién PVDF dé tao ra mot
thiét bi thuc té c6 kha nang bién dang va tinh linh hoat tuyét voi. Hi¢u suit cua thiét bi da dugc nghién clru b;‘ing
cach quét dai tan sb thip tir 2Hz dén 20Hz duéi cac mirc bién d6 rung dong khac nhau va gia toc cia cac kich
thich bén ngoai. Anh hudng cia hanh vi dong hoc phi tuyén tinh ciia co cdu origami dbi voi sy dao dong da duoc
thao luan.
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8. THAO LUAN

Nhu trinh bay ¢ cong thic (1), gia tri § tim dugc thong qua thuc nghiém véi mo hinh dong hoc ¢ hinh 11:
6 =2y — Z
Trong d6: z,,: do dich chuyén tuyét ddi ctia shaker
z,: d6 dich chuyén tuong ddi ctia lumped mass
Dé giai phuong trinh vi phan dao dong (1), bo giai thuat bac 4 Runge-Kutta dwoc sir dung dé tim céc gia tri ban
dau cua bai toan. Biéu thirc (1) c6 thé dugc ndi suy tai gia tri & tur dudng cong luc- chuyén vi thuc nghiém. Dé
thu dugc cong huong phu bac 2 quan sat duoc trong thi nghiém, cac s6 hang bac hai phai dugc dua r6 rang vao
trong ham (1). Mi quan hé chuyén vi-lyc phi tuyén tinh bac cao clia co cdu origami c6 thé duoc khai trién bang
da thirc bac cao, vi du nhu da thirc 13 bac nhu sau:
f(8) = —0.00004613 + 0.000652 + 0.000065* — 0.030175° + 0.0542656° + 0.612868 — 1.164657
—6.2556° + 7.9996° + 29.186* — 16.86° — 29.66% + 107.76
Trong hinh 10d va 10f, dai tin s6 khoang tir 12Hz-15Hz xuat hién cic dao dong co bién do 16n bat thuong. Piéu
nay c6 thé dugc giai thich do hé théng thuc nghiém co nhiéu sai s lap ghép va ché tao. Khi tan s6 ting dan lén
hé thdng s& phan tmg véi cac sai s trén. Trong hinh 5, sau khi cit 16p PVDF bang may lazer thi 2 16p silver s&
bi dinh do nhiét do dan dén hién tuong short circuit. pé giai quyét vén dé trén, cit bo 16p ria xung quanh bén
ngoai bi chay do nhiét do khi cat bang may lazer.

Lumped mass A zZ,

f(5) —lc 0=z -Z,

Shaker | z=Asin(ot)

Hinh 11: M6 hinh vat ly ctia hé théng.

9. CONG VIEC TIEP THEO

Trong phﬁn dau tién nay, bai bao nghién ctru tap trung vao viéc xac dinh dugc trang thai hai vi tri can bﬁng cua
co cAu origami, tir d6 di tim tan s dap ung (resonance frequency). Két qua dugc so sanh giita 1y thuyét va thuc
nghiém nhu mo ta trong bai bao. Duya trén tan s dap ung di tim duoc trong bai bao niy, cong viée tiép theo s&
1a thu hoach nang lugng 16n nhét co thé cu thé & day la hiéu dién thé va cong suét dau ra cua thiét bi tai cac tan
s6 dap (mg va tai dai bang thong (bandwith) tin s6 thich hop.
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RESEARCH, DESIGN AND FABRICATION OF BISTABLE WATERBOMB ORIGAMI
MECHANISM TO DETECT RESPONSE FREQUENCY FOR ENERGY HARVESTING

TIEN HOANG NGO
Faculty of Mechanical Engineering, Industrial University of Ho Chi Minh City
ngotienhoang@iuh.edu.vn

Abstract. This paper describes an energy harvesting device based on the oscillation of the bistable waterbomb
origami mechanism through piezoelectric energy conversion. This device is capable of harnessing broadband
energy from low frequency ambient vibrations. This design uses the stability inherent in the waterbomb origami
structure to increase its frequency response bandwidth. Folding along the pattern creates folds of the origami
mechanism that can facilitate large bending distortions from which to find the appropriate frequency response.
The compact size and light weight of the origami mechanism make it convenient for integration into different
hosts subject to vibration. The performance of the origami waterbomb mechanism was tested under external
excitation with different vibration intensities such as 0.1mm, 0.5mm and 1mm. The Runge-Kutta quaternary
algorithm in Matlab is used to solve problems of finding initial values in a nonlinear system. The experimental
and analytical results in Malab were compared and the results differed by about 5%.
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