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Tém tat

Nghién cltu nay trinh bay qua trinh thiét ké,
ché tao va trién khai mot nén tang robot
bén chan chi phi thap phuc vu nghién ctu
vé diéu khién chuyén ddng va kha nang di
chuyén. Robot dugc thiét ké véi cau trac 12
bac ty do st dung déng cd chap hanh va
khung ca khi in 3D nham t&i uu khéi lugng
va dé ciing viing. Hé théng diéu khién bao
gom NVIDIA Jetson Nano két hgp vdi vi
diéu khién Arduino dé thuc hién diéu khién
chuyén déng thdi gian thuc. Mé hinh déng
hoc thuan va dong hoc nghich dugc xay
dung nham tinh toan quy dao chan, dong
thai thuat toan sinh dang di trot dugc phat
trién dé phdi hop chuyén déng gilta bén
chan cla robot. Két qua thuc nghiém trén
robot thuc cho thdy hé théng cé kha nang

di chuyén 6n dinh trén bé mat phang

Abstract

This study presents the design, fabrication,
and deployment of a low-cost quadrupedal
robotic platform for research on motion
control and mobility. The robot is designed
with a 12-degree-of-freedom structure

using actuators and a 3D-printed
mechanical frame to optimize mass and
rigidity. The control system includes an

NVIDIA Jetson Nano combined with an

Arduino microcontroller for real-time
motion control. Forward and inverse
kinematic models are developed to

calculate leg trajectories, and an algorithm
for generating diagonal gait is developed
to coordinate movement between the
robot's four legs. Experimental results on
the actual robot show that the system can

move stably on a flat indoor surface at a
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trong nha véi toc do dat khoang 0,4 m/s.
D{ liéu thu thap tU cdm bién quan tinh cho
thay robot duy tri dugc trang thai can bang
trong qua trinh van déng, vai cac dao dong
than nam trong gidi han chap nhan dugc
doi véi dang di trot. Cac két qua dat dugc
chiing minh tinh kha thi cta thiét ké ca khi
va thuat toan diéu khién dugc dé xuét.
Nghién cltu cung cap mot nén tang robot
bén chan chi phi thdp c6 kha nang trién
khai thuc té, déng thdgi tao ¢o s& cho cac
nghién clu tiép theo vé diéu khién chuyén
ddng, diéu hudng tu hanh va ing dung tri

tué nhan tao trén robot bén chéan.

Tu khoéa: Robot bon chan; robot chi phi
thap; robot c6 chan; robot ty hanh.

speed of approximately 0.4 m/s. Data
collected from inertial sensors show that
the robot maintains equilibrium during
movement, with body oscillations within
acceptable limits for diagonal gait.
The results demonstrate the feasibility of
the proposed mechanical design and
control algorithm. The research provides a
low-cost, practically deployable
quadrupedal robot platform and lays the
groundwork for further research on motion
autonomous and

control, navigation,

artificial  intelligence  applications in

quadrupedal robots.

Keywords: Quadruple robots; Low-cost

robots; Robots with legs; Autonomous robots.
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1. Téng quan

Robot bén chan dang trd thanh mot hudng nghién clu quan trong trong linh vuc robot
di ddng nhd kha nang di chuyén linh hoat trén cac dia hinh phic tap va khéng cau trdc. Tuy
nhién, cac nén tang tién tién hién nay thudng co chi phi cao va yéu cau hé théng diéu khién
phuc tap, gay kho khan cho hoat ddng nghién clu va dao tao.

Nghién cltu nay trinh bay qua trinh thiét k&, ché tao va trién khai mot robot bén chan
12 bac tu do sir dung déng ca servo va khung co khi in 3D. Hé théng diéu khién dugc xdy dung
trén nén tang NVIDIA Jetson Nano két hgp vdi vi diéu khién Arduino. Mé hinh déng hoc thuén
va déng hoc nghich dugc xdy dung nham tinh toan quy dao chuyén déng ctia chan, déng thdi

thuat toan sinh dang di trot dugc trién khai d€ tao chuyén déng phdi hgp gitta bn chan.

Cac dong gbp chinh cta nghién cfu bao gom: (1) thiét ké va ché tao mot nén tang
robot bén chan chi phi thap phuc vu nghién ctu va dao tao; (2) xay dung mé hinh dong hoc
phuc vu diéu khién chuyén dong; (3) trién khai thuat toan sinh dang di trot trén hé théng thuc;
va (4) danh gia dé 6n dinh clia hé théng théng qua dir liéu cam bién IMU trong qué trinh

di chuyén.

Phan con lai cla bai bdo dugc t6 chlic nhu sau. Muc 2 trinh bay cac nghién clu lién
quan. Muc 3 mé ta thiét ké phan cing va phan mém cla hé thong. Muc 4 trinh bay két qua
thuc nghiém va danh gia hiéu nang. Cudi cung, Muc 5 dua ra két luan va dinh hudng phat trién

trong tuang lai.
2. Cac nghién ctru lién quan

Qua nhiéu thap ky nghién c(ru vé robot bén chan, nhiéu tién bé dang ké da dugc dat
dugc ké tir nhitng déng gdp ban dau cua Raibert va cdng su (1984, 1986) trong viéc phat trién
can bang déng va diéu khién chuyén déng cho robot c6 chan. Nhiing tién bé nay da dan dén
su ra d&i cua nhiéu hé théng robot bén chan khac nhau, chang han nhu BigDog (Raibert va
cdng sy, 2008), ANYmal (Hutter va cdng sy, 2016) va MIT Cheetah 3 (Bledt va cdng sy, 2018).
Hiéu nang clia cac robot bén chan nay dugc thé hién qua kha nang thuc hién cac chuyén déng

dong hiéu qua trén cac dia hinh phuc tap.

Tuy nhién, bat ké cac hé théng nay da dat dugc nhiéu thanh tuu, chiing van dya vao

phan ciing dac thi, co cau chuyén dong vdi hiéu suat cao, cung nhitng thuat toan diéu khién
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phuc tap, tu d6 tang chi phi ché tao va duy tri hoat dong. Ban gian la van dé vé chi phi khién

viéc ti€p can hé théng gap kho khan.

DE tang su ti€p can déi véi cong déng nghién cltu, cic nén tang robot bén chan véi chi
phi thap da dugc dua ra trong nhitng nam gan day. Kim va cong su (2021) gigi thiéu mot robot
bén chan v&i mé hinh dong luc hoc ma nguén ma dugc tao thanh ti cong nghé in 3D va linh
kién thuang mai san c6, cho phép tién hanh cac nghién cru lién quan dén déng luc hoc va diéu
khién chuyén déng tai mic chi phi thap. Tuong tu, cac nén tdng nhu MUTT (Graff va céng su,
2017), LoCoQuad (Bernal & Civera, 2020), OpenMutt (Garcia va cdng su, 2025) va Dynamic
Modular Quadruped (Kim va céng sy, 2021) van dang dugc phat trién dé dap (ing cac yéu cau
vé chi phi thdp, mo-dun va gido duc nghién ctu. Bén canh do, Open Dynamic Robot Initiative
(Grimminger va céng su, 2020) cung cdp mét nén tang dé cac nha nghién clu st dung hé
théng robot mé-dun nham phat trién cac thuat toan diéu khién cho robot ¢é chan. Stanford
Pupper (Kau, 2021) va HyperDog (Mudalige va cong sy, 2022) dang gilp robot bon chan ngay

cang dé tiép can hon trong maoi trudng hoc thuat thong qua thiét k& mé va chi phi hgp ly.

Nhitng nghién c(fu cho thay rang xu huéng phat trién robot c6 chan theo huéng tiét
kiém chi phi, modularization va m& ma nguén dang tré nén phé bién. Viéc st dung cdng nghé
in 3D, cac linh kién thuong mai san c6 cung vdi viéc sit dung nhitng phan mém ma nguén ma
khéng chi gitip giam chi phi san xudt ma con tao diéu kién thuan Igi dé cdc nhdm nghién clu

c6 thé tiép xuc v8i hé théng robot ¢ chan thuc tién.
3. Thiét ké hé thong

3.1. Kién trac co khi

Robot bén chan dugc thiét ké theo hudng t8i uu chi phiva én dinh co hoc. Khung chinh
dang hép réng gia cudng dam bao dé cling viing. Cau tric déi xiing hai bén gilp phan bé
khoi lugng dong déu, giam sai s6 dao dong anh hudng dén di liéu cdm bién.

Robot st dung cau hinh 12 bac tu do, trong dé mdi chan gém ba khép quay theo cau
truc l1ac ngang héng — gap dudi héng — gap dudi géi (Hip Roll — Hip Pitch — Knee Pitch), dugc
b6 tri theo dang chudi déng hoc néi tiép nham don gian héa mé hinh ddéng hoc va nang cao

kha nang thich nghi véi dia hinh khéng bang phang.
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Main body of the quadruped robot Lateral rotational degree of freedom of the hip joint
Longitudinal rotational degree of freedom of the hip joint Longitudinal rotational degree of freedom of the knee joint

Hinh 1. C4au hinh béc tu do (DOF) clia chan robot bén chan

M&i chan gém ba doan (kh&p hédng ngang, dui va cang chan) véi chiéu dai dui 220 mm,
dugc lya chon nham can bang gilra vung lam viéc va mo-men tai tac dung lén déng ca servo.
Khoang cach gilta cac chan va chiéu rong than dugc téi uu dé gilt trong tdm gan tdm hinh hoc,
gilp gidm rung déng trong qué trinh budc di. Cac chi tiét cta chan dugc thiét k& dang rong

nham giam khai lugng va mé-men quan tinh, déng thai van duy tri dé cling can thiét ctia két cau.

Hinh 2. M6 hinh CAD lap rap hoan chinh clia chan robot bén chan
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Vat liéu chinh 14 nhya PETG in 3D, dudc lya chon nhd chi phi thap, dé gia cong va kha
nang chiu va dap t6t hon PLA. Cac vi tri chiu tai I&n nhu khép hong st dung 6 bi 6203 dé giam

ma sat va tang dé 6n dinh ¢ hoc.

Hé théng truyén déng st dung déng co RC servo DS5160 gan truc tiép tai cac khdp.
Méi servo tich hgp sén b6 diéu khién vi tri va cdm bién phan hdi géc, cho phép diéu khién truc
ti€p bang tin hiéu PWM ma khéng can bé diéu khién déng co riéng. Dong ca servo mo-men

I&n dugc b tri gan than robot dé giam quan tinh & phan chan dudi.
=

.

u.a’ .—"ll_
- 5
A 4

Hinh 3. M6 hinh CAD téng thé cla robot bén chén

Cac thong s6 ca khi chinh cla robot dugc trinh bay trong Bang 1. Robot c6 khéi lugng
khodng 7.5 kg va st dung cau tric 12 bac ty do nham dadm bao kha nang di chuyén co ban

trén nhiéu dang dia hinh khac nhau.

Bang 1.

Thong s6 ca khi ciia Robot bon chan

R ~ Thong so6 ky thuat Cac nén tang robot bon chan

Théng so6 n e - A ea g
yéu cau thuong mai va nghién cifu tiéu biéu

Chiéu dai 400 - 500 mm 400 - 700 mm
Chiéu rong 250 — 350 mm 250 — 450 mm
Chiéu cao > 300 mm 300 - 600 mm

. 200 - 250 mm (ANYmal,
Chiéu dai dui 180 — 220 mm

Unitree A1, Spot)
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R . Thong sé ky thuat Cac nén tang robot bon chan
Thoéng so6 S, . A ea e
yéu cau thuong mai va nghién ciru tiéu biéu
Khoang cach gitra hai chan
o L 250 - 380 mm 350 - 450 mm
(bé rong tu thé ding)
Chiéu dai vai 120 - 230 mm 125 -250 mm
Khéi lugng 10 - 15 kg 8-35kg
Vat liéu PLA+ / PETG (in 3D) Aluminum, alloy, composite
Hip Roll, Hip Pitch,
Cac khép chinh Hip Roll, Hip Pitch, Knee Pitch
Knee Pitch
BG truyén dong Servo Servo hoac Déng ca khdng chéi than
Van téc 0.2-1.0m/s 0.5-3.0m/s
MUc chiu tai ~1-3kg 2-10 kg

Ghi chu. DOF = Degrees of Freedom; PETG = Polyethylene Terephthalate Glycol; PLA+ = Polylactic Acid Plus.

D& dam bao dinh hudng nén tang chi phi thap, hé théng st dung cac linh kién phé
thong gom dong co servo mo-men xoan cao, khung in 3D va may tinh nhing nho gon NVIDIA

Jetson Nano phuc vu cho viéc xr ly va diéu khién robot.

3.2. Bang ké vat tu (Bill of Materials)

Nham dap (ng muc tiéu xay dung nén tang robot bon chan chi phi thap, hé théng dugc
thiét ké dua trén cac linh kién thuang mai phé bién két hgp véi két cdu ca khi in 3D. Bang 2

trinh bay danh muc cac thanh phan chinh va chi phi udc tinh dé ché tao mét robot hoan chinh.
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Bang ké vat tu (BOM) cuia robot bén chan

Thanh phan Théng s6 Iui_iig uathic::ngifND) Th(a\m;;én
Nhua in PETG 5 kg 110.000 550.000
May tinh nhing NVIDIA Jetson Nano 4GB 1 3.200.000 3.200.000
Vi diéu khién Arduino Nano 1 180.000 180.000
Boéng co servo DS5160 80 kg-cm 12 420.000 5.040.000
g";:g f;é“ khién PCA9685 16 kénh PWM 1 120.000 120.000
Cam bién IMU MPU-6050 1 70.000 70.000
Camera USB Logitech C270 HD 1 450.000 450.000
Pin dong ca Li-ion/LiPo 8.4V 15000mAh 1 1.200.000 1.200.000
Nguén logic DC-DC Buck 12V — 5V 1 80.000 80.000
BO ngudn chinh Adapter/Battery 12V 1 350.000 350.000
Khung robot PETG in 3D 1 bo 1.500.000 1.500.000
O bi 6203 12 35.000 420.000
Bu l6ng, dai oc, , . A

miéng dém M3, M4 cac loai 1b6 250.000 250.000
Day dién, dau ndi JST, Dupont, day silicone 1bd 200.000 200.000
Mach dién, gia lap PCB + gi4 d& 1bo 300.000 300.000

dién tu

Tong chi phi uéc tinh la 13.910.000 VND

Ghi chd. VND = Viét Nam Bong

Tong chi phi ché tao vao khoang 13.910.000 VND, trong dé chi phi chd yéu dén ti hé

théng truyén déng va may tinh nhing. D€ danh gia tinh kinh té cia nén tang dé xuat, Bang 3

so sanh chi phi v8i mét sé robot bn chdn ma nguén md tiéu biéu.
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Bang 3.

So sanh chi phi véi cac nén tang robot bén chan nghién ctu

N&n tan Bac tu do B& xit IV Chi phi uéc Chi phi Mirc so véi
9 (DOF) P XUy tinh (USD) (VND) de xuat
. ’ NVIDIA Jetson
Robot dé xuat 12 550 13.910.000 1.0x
Nano
Stanford Pupper 12 Raspberry Pi 1.000 26.000.000 3,7x
HyperDog 12 Raspberry Pi 4 1.500 39.000.000 2,8%
OpenMutt 12 Mini PC / SBC 2.500 65.000.000 4,7 %

Ghi chd. VND = Viét Nam DBong, USD = United States Dollar tuong Ung v@i 26.000 VND (Theo
thi trudng quéc té nam 2026)

Két qua so sanh cho thay nén tang dé xuat dat hiéu qua tot vé mat chi phi, pht hgp cho
cac nghién cfu va ing dung robot bon chan trong moi trudng hoc thuat.
3.3. Tinh todn tai trong va mé-men xodn

Trong qua trinh robot di chuyén, cang chan 1a bd phan chiu tai I6n nhat do tiép xdc truc
ti€p vai mat dat. Vi vay, mé-men tac dung Ién khdp géi dugc tinh toan nham lam ca s& lya
chon dong cd servo va danh gia do bén két cau. M6 hinh tinh toan dugc trinh bay trong Hinh
4, trong do luc ti€p xuc véi mat dat dugc biéu dién bang luc phap tuyén Fp;, bo qua anh hudng

clia ma sat. Mo-men |&n nhat tac dung 1én khép géi dugc xac dinh theo:

Tmax = Fn 035[’7(0()’7 (1

Trong dé Fy la luc phap tuyén, as la khoang cach ti truc khdp géi dén diém tiép xdc,

B\thetad 13 goc nghiéng clia cang chan va n 1a hé s6 tai dong.

Vé&i khéi lugng robot 7,5 kg, gid su tai trong dugc phan bé déu lén bén chan,

luc phap tuyén tac dung l1én moi chan dudc xac dinh theo:

_ Mg @)
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K&t qua tinh toan cho thay Fy ~ 18.4 N. SU dung chiéu dai cdng chan a3 = 0.225 m, g6c
nghiéng a = 45° cling hé s6 tai ddng, mo-men cuc dai tai khdp géi dugc st dung dé kiém tra
dd bén va lya chon dong ca servo.

\ thigh

Contact Normal Force l-N \

\ Contact Friction Force F,,
¢ —

Hinh 4. S d6 lyc tac dung |én cang chan cua robot bén chan khi ti€p xtc v8i mat dat

Tiép theo, cang chan dugc phan tich bang phuong phép phan ti hitu han trong phan
mém Autodesk Inventor vgi diéu kién tai tuang Ung. Két qua tai Hinh xx cho thay Uing suat von
Mises I6n nhat khoang 37 MPa, tap trung tai ving khdp géi, chuyén vi cuc dai khoang 9,3 mm
tai dau ban chéan va bién dang tuong duong I8n nhat khoang 0,012. Cac gia tri nay déu nam
trong gidi han cho phép cla vét liéu PETG, chiing té cang chan dap (ng yéu cau vé dé bén va

dé cliing trong diéu kién lam viéc du kién.

MPa mm ul

37.06 Max ¢
9.304 Max 0.01244 Max

29.65 7.443

0.00995

5.582
0.00747

ST 0.00498

1.861

0.00249

0 Min 0 Min EI

0 Min

(2) (b) ©

Hinh 5. K&t qua phan tich phan ti hitu han clia cang chan: (a) phan bé (ing suat von Mises; (b)

phan bé chuyén vi téng; (c) phan bé bién dang tucng ducng
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3.4. Hé thong dién tu va xu ly dir liéu
3.4.1. Téng quan hé théng

Hé théng diéu khién dugc xay dung theo kién trdc phan cdp hai tang gébm NVIDIA
Jetson Nano va Arduino Nano. Jetson Nano dam nhiém cac tac vu diéu khién cap cao nhu tinh
toan déng hoc, sinh quy dao chan va diéu phéi chuyén déng clia robot. Arduino Nano thuc
hién diéu khién cac ddng ca servo va thu thap dit liéu cam bién theo thdi gian thuc. Kién tric
nay gilp phan tach nhiém vu tinh toan va diéu khién, déng thai dam bao kha nang van hanh
6n dinh cla hé théng.

3.4.2. Thiét ké hé théng dién

Jetson Nano két ndi vai camera qua USB va giao ti€p véi Arduino qua chuan Serial.
Arduino doc di liéu IMU MPU6050 qua 12C va diéu khién 12 servo DS5160 thong qua mé-dun
PCA9685. Hé théng st dung hai nguon riéng biét: 5V cho mach logic va 8.4V cho servo. Danh
sach thiét bi dugc téng hgp trong Bang 4.

Bang 4.

Danh sach thiét bi va may tinh nhing dung cho robot

Thiét bi Théng s6 chinh
NVIDIA Jetson Nano ARM Cortex-A57, 4GB RAM
Logitech C270 720p, 30fps, goc nhin 60°
MPU-6050 6-DOF IMU, giao tiép 12C
Arduino Nano 5V, giao tiép 12C/Serial
PCA9685 16 kénh PWM, 40-1000Hz
DS5160 Servo (x12) 80 kg-cm tai 8.4V, 180°
Pin servo 8.4V, 15000mAh
Pin logic 12V = 5V qua DC-DC Buck

Ghi chd. Thong sé ky thuat dya trén tai liéu cia nha san xuat.

Chuong trinh diéu khién dugc xay dung theo mé hinh vong lap vo han nham duy tri qué

trinh diéu khién robot theo thai gian thuc. Luu do thuat toan dugc trinh bay trong Hinh 6.
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Start arduino nano

Go to stading pose and
waiting for command

A 4
—>| FR hip | —'| FL hip |
Start MPUG0S0
—P| FR femoral | —>| FL femoral |
h 4 —y-| FR knee | _>| FL knee |

False—m PCADSES

ry —>| EL hip |4>{ BR hip ‘
True

FD Offsat value
v ,_l BL knee | __I ER knee |

Yaw angle

Acceleration
on X axis

Calculate x
posifion

Hinh 6. So do khai thuat toan diéu khién trén vi diéu khién

Sau khi cap nguon, hé théng khdi tao cac giao ti€p 12C va UART, dong thdi dua robot
vé tu thé diing mac dinh théng qua cac tin hiéu PWM dé dam bao trang thai 6n dinh trudc khi
nhan lénh diéu khién. Trong vong lap chinh, vi diéu khién lién tuc nhan va xu ly cac 1énh diéu
khién tir c6ng Serial, bao gom lénh di chuyén thang (w), quay tai chd (r), tdng t6c d6 chu ky
budc (i) va giam toc do (o). Néu khong nhan dugc l1énh hgp 1€, robot duy tri trang thai cha

nham tranh cac thao tac ngoai y muén.

Khi nhan dugc Iénh di chuyén, bé sinh quy dao tao quy dao ban chéan theo dang di Trot,
sau dé tinh toan goc cac khdp thong qua mo hinh déng hoc nghich. Bong thai, dir liéu tir cam
bién MPU-6050 dudc st dung lam tin hiéu phan hoéi cho bé diéu khién PID nham hiéu chinh
sai léch gdc Roll va Pitch cta than robot. Cac géc khdp sau khi dugc hiéu chinh dugc gui dén
mach diéu khién PCA9685, tir d6 phat tin hiéu PWM diéu khién 12 déng co servo dé thuc hién

chuyén déng cua robot.
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3.5. Diéu khién chuyén déng cho robot bén chédn
3.5.1. M6 hinh déng hoc

Robot bén chan dugc mé hinh hda theo quy udc Denavit-Hartenberg, moi chan gém ba
khau : Khau l&c ngang, khau dui va khdu cdng chan vdi chiéu dai lan lugt 1a Ly, Ly, L3. Cac tham

s6 DH dugc téng hgp trong Bang 5, mé hinh déng hoc dugc minh hoa trong Hinh 7.

Hinh 7. M6 hinh déng hoc roll-pitch-pitch 1 chan

Bang 5.

Bang tom tat cac tham sé Denavit-Hartenberg cho mé hinh déng hoc robot.

I; a; d; 0;

1 0 r L 0,
2

2 L, 0 0 0,

3 L 0 0 0,
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Bai toan dong hoc nghich xac dinh cac goc khdp 64,6,,65 tl vi tri mong muén cua ban

chan P,,P,,P,. Dat hai bién trung gian:

R= /P§+P§, Z=P,.-L, 3)

Cac gbc khép lan lugt dugc tinh nhu sau:

(PxJ (@)
6‘1=atan —

P

.

oy ZARE

sty R B ©)

R*+7%-13.13
y=acos(——) (6)
2.1, ..Ls

Trong do:
A = Ly+L3.c05(63), B = L3.5in(65) (7)

3.5.2. Quy dao ban chan

Quy dao van hanh ban chan dugc thiét ké dé bado dam hoat déng di chuyén lap lai va
lién tuc ctia hé ca khi bén chan. Méi cang chan dugc kiém soat théng qua quy dao vong trong
khéng gian hoat ddng, biéu dién bang thdng sé pha t € [0,1] va chia hai giai doan la nhac

chan va ti€p dat, nhu thé hién trong Hinh 8.

Phase 1
61 Phase 2
5_
4
-
=
a 3_
=
[=N
g 27
N
l_
0_ _______________________________________________________________________________________________________________
_1_
T T T T T T T T T
-10.0 -7.5 =5.0 -2.5 0.0 2.5 5.0 7.5 10.0

X step length

Hinh 8. Quy dao ban chan trong mot chu ky budc di clia robot bén chan
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Viéc xay dung quy dao dua trén hai yéu té chinh, do la chiéu dai budc, S va do nang
chan H. Trong pha vung chan, ban chan dugc nang khoi bé mat san dé tao chuyén déng lién
tuc theo mét dudng cong. Trong pha chéng, ban chén thuc hién chuyén déng gan sat so vdi
mat dat va gilp day robot ti€n vé phia trudc. Vi tri ban chan theo bién pha t dugc xac dinh bai:

i( 4r— 1), Hsin( 2rnt) 0<¢<0.5

. 2 (8)
(length( 1) ,height(1)) ={
‘E( 3—41),0 0.5<t<1

M6t dudng spline dugc khép qua tap cac diém diéu khién dé thu dugc quy dao cla
ban chan. Ky thuat néi suy Catmull-Rom dugc st dung cho muc dich nay. Phuong phap nay
tao ra mot quy dao ban chan mugt ma, ddm bao tinh lién tuc cia chuyén déng cling nhu su

chuyén ti€p ém gilra van toc va gia téc clia ban chan trong toan bé chu ky dang di.

——~ Original (raw)
= Cubic interpolated
® Cubic nodes

Z (step height)

T
-10.0 -7.5 -5.0 —-2.5 0.0 2.5 5.0 1.5 10.0
X (step length)

Hinh 9. Quy dao ban chan sau khi néi suy bang spline bac ba (Cubic Interpolation)

3.5.3. Dang di trot

Khi robot budc di, hai budc khac nhau ma chan cda robot trai qua trong méi chu ky budc
di bao gém budc chéng d& khi chan tiép xdc véi mat dat, va budc danh khi chan dé dugc nang
cao va dua ra phia trudc. Dang Trot gilp robot luon duy tri it nhat hai chan
ti€p dat trong bat ky thai di€ém nao bang cach diéu khién hai chan déi dién (LF-RH va RF-LH) di

chuyén cung pha léch la mét nira chu ky.
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Trot gait
(e e
| |
I |
i |
o |
| |
RH I I
0] 0.25 0.5 0.75 1
P(t)(s)

Hinh 10. Bi€u d6 thdi gian pha nhac chan va tiép dat cua dang di Trot
4. Két qua

4.1. Két qua ché tao robot

Dé danh gia kha nang di chuyén va dé én dinh cla robot, cac thir nghiém da dugc thuc
hién trén mét robot bén chan hoan chinh. Hinh 8 thé hién robot thuc nghiém tir goc nhin phia
trudc va bén canh. Cac thir nghiém nay dugc tién hanh trong phong trén bé mat phang. Trong
qua trinh thi nghiém, robot dudgc cho di chuyén bang dang di xién véi cac tham s6 dang di
dugc thiét 1ap san. D liéu IMU dugc thu thap dé phan tich dé 6n dinh than robot theo cac géc

nghiéng ngang va goc roll.

(a)

(b)

Hinh 11. (a) goc nhin phia trudc cta robot thuc; (b) goc nhin phia bén cla robot thuc
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4.2. Két qua thuc nghiém dang di trot

Thit nghiém bao gom ché dé di trot clia robot trén bé mat phang trong nha. Sc dé bén
dudi thé hién cac pha chuyén déng, trong dé hai chan déi dién theo dudng trot (LF-RH va RF-

LH) 1an lugt nhac [én va cham dat theo mau pha chuyén déng.

—{ (@t=0.0s } “ (b) 1 = 0.16s } ! (¢)t=10.35s '—

_' @dit=052s } \ (@t=111s | (f)t=130s

Hinh 12. Két qua thuc nghiém dang di trot cta robot cé chan tai cac thai diém khac nhau

Van téc di chuyén trung binh dugc xac dinh bang cach do truc ti€p quang dudng, trong
dé quang dudng s bang 2m, con thdi gian t can dé di hét quang dudng do la 5s . Trong qua
trinh di chuyén cling xuat hién hién tugng trugt nhe, c6 thé do hé s6 ma sat gilta dau ban chan
va bé mat san trong nha thap. Cac cai tién cd thé thuc hién trong cac thi nghiém tiép theo bao

gom tich hgp phan héi luc tiép xdc hodc st dung vat liéu khac cho dau ban chan.
4.3. Banh gia dao déng thén robot trong qua trinh di chuyén

Dé xem xét vé kha nang duy tri sy 6n dinh cla robot khi di chuyén, cac sé liéu tir cam
bién IMU da dugc thu thap lién tuc qua toan bo qua trinh thuc hién tu thé trot . Goc Roll va
Pitch cGia robot da dugc tinh toan tur s6 liéu quaternion va biéu dién dudi dang thdi gian. Két
qua dugc thé hién & Hinh 13 dudi day.
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Robot Body Stability (IMU)

Tl M\ J\Ml KMM\

/
y W

V

=20 1

Angle (deg)

-—
=

0 5 10 15 20
Time (s)

Hinh 13. Bién thién goc Roll va Pitch clia than robot trong qua trinh thuc hién dang di trot

Két qua cho thay goc pitch dao déng trong khoang tir -15,63° dén 8,51°, vdi gia tri RMS
bang 4,90°, cho thdy dao déng tuong déi nho theo phuong doc, tuy cé xu hudng léch nhe vé
phia &m. Trong khi dé, goc roll dao déng trong khoang réng hon dang ké, tir -18,75° dén
43,00°, v3i gia tri RMS bang 8,88°. Bién do roll dat dinh 43,00° la mic tuong déi I6n d6i v&i mot
robot b&n chan dang di chuyén, cho thdy hé van con dao déng lac ngang dang ké tai mét sé

thai diém, dac biét khi co sy thay déi trong diéu kién di chuyén hodc chuyén pha budc di.

Trong lan th&r nghiém nay, robot khéng xay ra hién tugng mat 6n dinh hoan toan hay
té nga cac dao dong bién do I6n chi xuat hién trong khoang thai gian ngan réi robot can bang
tr& lai va tiép tuc di chuyén. Két qua nay budc dau cho thay thuat toan tao dang di trot két hop
vdi cau truc cd khi c6 kha nang hé trg duy tri cdn bang déng hoc 8 moét miic dé nhat dinh. Tuy
nhién, do bién do roll cuc dai con kha 16n va thi nghiém mdi dugc thuc hién trén mot diéu kién
mat san nhat dinh, két ludn vé dé 6n dinh téng thé cua hé théng can dugc xem 1a két qua budc
dau, va roll van la huéng can cai thién trong cac nghién cltu ti€p theo. Cac chi sé danh gia cu

thé dugc trinh bay trong Bang 6 dudi day.
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Bang 6.

Cac chi s6 danh gia dé 6n dinh cua robot ti dit liéu IMU.

Chi sé Roll (deg) Pitch (deg)
RMS 8,88 deg 4,90
Bién d6 dao dong cuc dai 43,00 15,63
Range (Min—Max) -18,75-43,00 -15,63-8,51

4.4. Thao ludn va Han ché

Két luan tur thi nghiém cho thdy may cé thé di trot trén mét mat phang én dinh. Nhiing
con s6 cua théng s6 Roll va Pitch ludn nam trong pham vi cho phép, diéu dé chiing to thuat

toan tao dang di cung két cdu may phu hgp vai yéu cau can ban cua viéc di chuyén.

Thé nhung, 8 mot s6 pha chuyén tiép hay thay déi huéng di chuyén, goc Roll sé cho
thdy nhirng bién dé dao déng tuang déi Idn. Diéu nay cling chiing té rang hé théng van dang
chiu anh huéng tir su dich chuyén trong tdm va dac tinh ti€p xdc cla cac chén robot véi mat
dat. Pang chu y han, tham s6 gait hién dang dugc diéu chinh & miic ¢6 dinh nén kha nang

thich Ung v&i cac diéu kién van hanh khac nhau van con han ché.
5. Két luan

Trong nghién cfu nay, mot robot bon chan da dugc thiét ké, ché tao va ap dung thanh
c6ng vai kha nang di chuyén bang dang trot. Mt méd hinh déng hoc chan da dugc xay dung
dé udc lugng dudng di cta cac khdp, bén canh viéc ap dung thuat toan sinh dang di dé€ tao su

phdi hgp di chuyén clia bén chan cla robot.

Dé danh gia tinh kha thi cia hé théng, robot dugc st dung trong thi nghiém dugc ché
tao bang cac thanh phan phan cing thuc té va dugc kiém thl trong cac diéu kién van hanh
gan vdi thuc té. Cac két qua thuc nghiém cho thdy robot cé thé di chuyén én dinh trén mat
phang va duy tri cdn bang trong qua trinh chuyén déng. Ngoai ra, cac goc roll va pitch do dugc
tlr IMU cling nam trong pham vi chap nhan dugc. Do dé, nghién clu da xac nhan tinh kha thi

cua ca thiét ké ca khi va thuat toan tao dang di trot.

Cac muc tiéu da deé ra cla bai bdo da dugc hoan thanh, bao gom thiét ké va ché tao

robot bén chan, xdy dung mé hinh déng hoc, phat trién thuat toan tao dang di trot, va danh gia
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kha nang van hanh cua robot thong qua thuc nghiém. Cac két qua thu dugc sé dong vai tro

lam ca s& cho nhitng nghién clru trong tuang lai.
6. Huéng nghién ciu trong tucong lai

Trong tuang lai, nghién clu sé tiép tuc hoan thién nén tang robot theo hudng nang
cao kha nang tu hanh va danh gia toan dién hiéu nang cta hé thong. Trudc hét, hé théng
dinh vi tryc quan—quan tinh sé dudgc tich hgp sau hon véi cac thuat toan diéu huéng va SLAM
nham danh gia sai s bam quy dao, dé chinh xac dinh vi va kha nang di chuyén tu cha trong

cac méi trudng thuc té.

Bén canh do, cac chi tiéu danh gia hiéu nang clia robot sé dugc md réng, bao gém mic
tiéu thu nang lugng, thai gian hoat ddng trong mét chu ky sac, kha nang mang tai, kha nang
vugt chudng ngai, di chuyén trén nhiéu loai dia hinh va xac dinh dé déc t6i da ma robot c6 thé
vugt qua. Nhitng danh gia nay sé gitp hoan thién ca sg dinh lugng dé so sanh vdi cac nén tang

robot bon chan hién co.

Ngoai dang di trot dugc st dung trong nghién clu nay, cac dang di khac nhu crawl,
pace va cac chién lugc chuyén déng thich nghi sé dugc trién khai nham nang cao kha nang
6n dinh va tinh linh hoat trong cac diéu kién van hanh khac nhau. Béng thdi, cac nghién clu
ti€p theo sé tap trung danh gia sai sé bam quy dao cia ban chan, d6 chinh xac diéu khién cua
cac khép & nhiéu téc d6 chuyén déng, cling nhu so sanh dinh lugng véi cac nén tang robot

bén chén chi phi thap khac dé danh gia toan dién hiéu qua cla hé théng dugc dé xuat.
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