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Tém tit:

Bai bdo trinh bay quy trinh nghién ciru dong hoc thudn va nghich, xdy dung mé hinh robot tham hiém hinh
dang Hexapod, nham gidi quyét bdi todn di chuyén linh hoat trén cac dia hinh go ghé va phire tap. Vé mat
thiét ké co khi, robot dwoc xdy dung dwa trén nguyén Iy mé phong sinh hoc lodi cua bién véi két cdu 6 chan
doi xirng qua théan luc gidc déu. Mo6i chdn sé hitu 3 bdc tw do (3-DOF), bao gom: cdc khép Coxa, Femur va
Tibia, dwoc t6i wu héa hinh hoc dé vira dam bdo khong gian hoat dong rong, viea ha thcfp trong tam nham
tang tinh on dinh chong lat. Hé thong diéu khién thoi gian thuwce sik dung cdu triic Master-Slave voi vi diéu
khién ESP32, chiu trach nhiém tinh toan dong hoc va mach driver PCA9685 diéu phéi xung PWM cho 18
dong co servo MG90s c6 banh rang kim logi. Céc chi tiét khung vé va chdn robot dwoc thiét ké dé san sang
gia céng bang cong nghé in 3D FDM tir vit liéu nhira PLA/PETG.

Tir khéa: robot tham hiém, dong hoc robot, hoach dinh quy dao

Design and modeling of a hexapod exploration robot
Abstract:

This study presents the forward and inverse kinematic analysis and development of a hexapod exploration
robot designed for flexible locomotion over rough and complex terrain. The mechanical structure is inspired
by sea-crab biomimetics, featuring six legs symmetrically arranged around a regular hexagonal chassis.
Each leg has three degrees of freedom comprising Coxa, Femur, and Tibia joints, geometrically optimized to
provide a wide workspace while lowering the center of gravity for improved tipping stability. The real-time
control system employs a master—slave architecture in which an ESP32 microcontroller performs kinematic
calculations and a PCA9685 driver controls PWM signals for 18 metal-gear MG90s servo motors. The
chassis and leg components are designed for FDM 3D printing using PLA and PETG materials.

Keywords: hexapod exploration robot, robot kinematics, trajectory planning
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1. Pit van dé

Theo béo cao tir Market.us, thi trudng robot toan cau duy kién s& ting manh tir 48,2 ty USD (2024) 1én
dén 233,7 ty USD vao nim 2034, véi toc dd ting truong kép mdi nam 1a 17,1% (Market.us, 2024). Dic
bi¢t, trong cac linh vuc tiém an nhiéu rui ro nhu tham do, ctru ho tai cac khu vuc nguy hiém, robot thé hién
o wu diém trong vi¢c hd trg con nguoi thue hién cong viéc mot cach an toan (International Federation of
Robotics [IFR], 2023), (L. B. Thién, va céc tac gia,..2025). Nghién ctru niy nham tao ra nén tang dé tng
dung vao giai quyét van dé di chuyén trén dia hinh gy bét loi cho cac loai robot banh xe, banh xich va

drone nhu bun lﬁy, cat lun, khong gian hep nhiéu vat can,... V& mait thiét ké co khi, robot dugc xay dung
dua trén cac mé hinh Hexabot voi két cdu 6 chan dbi xtng qua than (Dupeyroux et al., 2017). M&i chan ¢
3 bac tu do (3-DOF), bao gém: cac khop Coxa, Femur va Tibia, dugc td1 uu hoa hinh hoc dé vira dam bao

khong gian hoat dong rong, vira ha thép trong tdm nhim tang tinh 6n dinh chéng lat. V& mat dong hoc va

hoach dinh quy dao, nghién ctru da thiét 1ap hé phuong trinh dong hoc thuan bang phuong phap ma tran

Denavit-Hartenberg (D-H) va dong hoc nghich
bang phuong phap luong gidc hinh hoc phing.
DPé quy dao chuyén dong duoc muot ma thi
trong pha vung duoc thiét 1ap thong qua duong
cong Bézier bac 2, két hop voi dang di Tripod
Gait dé dam bao robot ludn & trang thai 6n dinh
khi di chuyén (Deng et al., 2017; Grzelczyk et

al., 2017).
2. Co sé Iy thuyét
2.1. Dong hoc thudn

Bang 1. Bang tham s6 dong hoc D-H

Hinh 1. So' d6 gdn hé truc toa dj
Denavit-Hartenberg (D-H)

Khau (i) a, d a, 6,
1 L 0 90 61
2 L> 0 0 62
3 Ls 0 0 63

Bai toan dong hoc thuan xéac dinh vi tri diém cudi ban chan P(x,y,z) trong khong gian dya trén gia tri
goc quay hién tai cia cac khép (01,02,05) va kich thude hinh hoc cac khau Ls, Lz L. Ma tran chuyén d6i
téng quat 77, tir h¢ toa do géc {0} tai hong dén heé toa do ban chan {3} duoc thiét 1ap qua tich cac ma tran

bién d6i D-H thanh phan:

703:/11 “A2-A3

Khai trién ma tran thu duoc hé phuong trinh toa do vi tri ban chan:

X =[LrcosO:+ LzcosO2 + Ls cos(02+ 63)]cosb:
y=[Li+ L2cosO:+ Lscos(02+ 05 )]sin6:

z = L2sin@: + Ls sin(6:2+ 63)

2.2. Dong hoc nghich

Bai toan dong hoc nghich tinh toan cic goc quay khop (01,02,0s) can thiét dé dua ban chan dén toa do
mong mudn P(x,y,z) trong khong gian lam viéc. Nghién ctru sir dung phuong phéap hinh hoc phang nham
giam chi phi tinh toan, gitp vi diéu khién xtr Iy thoi gian thuc.

EIEITNE Google Scholar B crossret | 285



TAP CHi CONG THUONG - CAC KET QUA NGHIEN CUU KHOA HOC VA UNG DUNG CONG NGHE

Hinh 2. H¢ toa d¢ chdn robot OXy va 0

Zo

(Xe, Yp, Zp)

P Xo

w»

Goi r;1a d6 dai doan théng ndi tr truc cta khép thar 2 dén end effector
r21a khoang cach giita truc servo thir 2 dén end effector theo phuong X,
Goc xoay hong 01 trén mit phang O, duoc xac dinh boi:
Yy &)
P

Chiéu chan robot 18n mit phéng lam vig¢c O ta tinh dugc:

61 = tan’!

rn=NZ2+r; (6)
P 2

d=\X?+7Y’ (7)
P P

r=d- L (8)

Ap dung dinh 1y ham sb cosin cho tam giac cdu thanh bai 2 khau L, Ls, goc dui 02 va goc cang chan 05
duoc giai ra dang closed-form:

0, = cos'! ( L?+r?-L} ) - i )
2.L2r: 72
0s = -1 + cos™! (M ) (10) Hinh 3. Téng thé khung co khi robot Hexapod
o 2.L2Ls . trong Fusion 360
3. Thiét ké va xdy dung mé6 hinh robot thim hiém
hinh dang Hexapod

Nghién ctru dé xuit mo hinh téng thé tich hop dong
b giira thiét ké két cau co khi, mo hinh dong hoc va hé
théng diéu khién. CAu trac robot gdm 6 chan dbi xing
phan b6 quanh khung than, mdi chan gom 3 bac tu do
dugc diéu khién doc l1ap boi cac servo.

3.1. Thiét ké co khi

3.1.1. Lya chon vét liéu va cong nghé ché tao

Céng nghé ché tao sir dung céng nghé in 3D FDM (Fused Deposition Modeling) givip t6i wu héa thoi gian
thir nghiém, chi phi san xudt va dé dang tiy bién két cdu.

Bang 2. Phan vung vat liéu cho tirng chi tiét

STT S6 lwong Tén Vat liéu Chiéu dai khau (mm)
1 6 Part & dong co Nhwya PLA
2 6 Coxa Nhya PETG 54
3 6 Femur Nhwa PETG 45
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4 6 Tibia Nhwa PETG 77
5 18 Bong co servo Nhwa ky thuat
6 2 Than Nhwa PLA

3.1.2. Thiét ké két cdu chan 3 bdc tw do

Madi chan robot gom 3 khau lién két v&i nhau qua
cac khop quay, cung cép 3 bac tu do:

Khép Coxa: Quay quanh truc thing dung, dam
nhiém vai tro dua chan quét tién hodc 10i doc theo
than robot.

Khép Femur: Quay quanh truc ngang, chiu luc tai
16n nhit cua toan bo than robot dé nang dd va thuc
hién nang/ha chan.

Khép Tibia: Quay quanh truc ngang, chiu trach
nhiém diéu chinh tim vuon xa va cao d¢ ciia diém tiép
xuc dat.

3.1.3. Két cdu khung than 2 tang va toi wu trong tam
(CoG)

Két cu tong thé cua robot hexapod duoc xdy dung
dwa trén nguyén 1y di xtmg nham cén bang tai trong
va t6i tu héa thuat toan diéu khién.

Than robot duoc thiét ké theo cdu tric phan ting:

Tang dudi: bd tri pin (linh kién c6 khdi luong ning
nhat) nhim ha thip t6i da trong tAm cta robot va giam
nguy co bi lat khi leo ddc.

Tang trén: bo tri cac mach diéu khién nhu ESP32,
PCA9685 va céc cdm bién.

Hinh4. M6 hinh chédn 3-DOF
trong Fusion 360

Hinh 5. Két cdu thén 2 ting
trong Fusion 360

6 chan robot dugc chia déu sang 2 bén than theo so d6 ddi ximg guong qua truc doc ctia thin may.

3.2. Thiét ké ding di

Nghién ctru tap trung tng dung dang di Tripod Gait két hop k¥ thudt duong cong Bézier bac 2 nhiam tdi

vu héa sy muot ma trong chuyén dong.

3.2.1. Lwa chon va phan nhom dang di Tripod Gait

Chu ky di chuyén cia mdi nhém chan duoc chia
thanh 2 pha (Deng et al., 2017; Liu et al., 2020):

Pha chong: Chan tiép xuc mit dat va day than robot
tién vé phia truéc (hodc sang ngang).

Pha vung: Chan nhéc roi mat dat, vung qua khong
trung dé tién vé vi tri budc tiép theo.

3.2.2. Hoach dinh quy dao chdn bang dwong cong
Bézier bdc 2

Phuong trinh tham sé cua dudng cong Bézier bac
2 xac dinh toa do vi tri ban chan P(¢)=[x(),1(?),z(£)]"

Hinh 6. Trinh tw chuyén dong ciia chdn

2ndhalfline o} 1sthalfline
leg_k
I
™ Direction of going
— "

>
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theo bién thdi gian chuan héa t €[0,1] dugc biéu Hinh 7. Quy dao chén trong mdt phing o,

dién nhu sau:
PO)=(-t)YPo+2(1-0tPr+ P2,
t €[0,1] (11) —i—
Trong do6:

Po (x0,y0,z0 ): Diém bat dau nhac chan (cudi pha
chdng, bit ddu pha vung).

P (xnynz1): Diém diéu khién, chiéu cao nang
chan cyc dai tai dinh quy dao. S

P2 (x2y2z2): Biém ha chan tiép dat (két thuc pha

vung, chuén bj pha chdng). A
Ba diém Po, P: va P> duoc xac dinh bai ba tham

s6 S, A va T nhu minh hoa trong Hinh 6. mennn

Trong do: « |

S 1a khoang cach tu truc servo dén vi tri bat dau
ctia pha chdng.

A 13 do cao nang cuc dai ctia ban chan so v6i dudng tham chiéu cia pha chdng.

T 1a khoang cach giita diém dau va diém cudi cua quy dao. (t €[0,1])

3.3. Thiét ké hé thong diéu khién

Hinh 8. So' do khéi hé thong diéu khién nhiing ciia Robot Hexapod

Thiét bj diéu khién

ESP32
CEREDED > .o

(Smartphone/Gamepad)
Co cdu chan di
chuyén
7 Y
PCA9685 18 Bong co
Servo Driver Servo MG90s

3.3.1. Cau triic phan cing

Vé mat nguén dién, hé théng tach biét mach nguén logic 5V cho ESP32 va mach nguén cong suét
6V/10A cho dan dong co servo thong qua mach ha ap Buck LM2596/X1.4015 tr Pin LiPo 2S (7.4V ). Tu
dién hoa 2200 pF duoc gan tai dau vao ngudon PCA9685 nham dap dong sut 4p dot ngdt trong pha khoi

dong dong co.
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3.3.2. Thudt toan diéu khién trang thai

Qua trinh chuyén dong ciia 6 chan dugc dong bo hoa dua trén bién thoi gian chuan hoa t €[0,1] twong
mg v6i mot chu ky bude di 7. Thudt toan quan 1y trang thai di chuyén ctia nhom chén bén trai va bén phai
dugc quy dinh cuy thé trong Bang 3.

Béng 3. Bang trang thai ciia nhém chéan bén trai va phai

. Trang thai Trang thai n e -
Pha thoi gian nhém trai T i M6 ta trang thai
) Nhac chan DPap dAt Nh9m A n’hgc Ién, ’dl chuy’en tleAn ve; tru’o’hc theo
t=0-0.5 (Swing phase) (Stance Phase) dwong Bézier. Nhdm B bam dat, day than robot
gp di t¢i bang dwéng thang.
) Dap dét NhAG chan Nh?m:/\ ha xuong bam’dat de dazl tharl. Nhom B
t=0.5-1 (Stance Phase) (Swing phase) nhac Ién, thyc hién buwdc vung dé chuan bi cho
gp chu ky tiép theo.

Tai mdi thoi diém tinh toan At, thudt toan xuét ra toa do P(1)=[x(1),y(1),2(1)]", sau d6 truyén qua bo giai
IK dé cdp nhat lién tuc bd thong sb gbc quay (01,02,05) cho tung chan.

Hinh 9. So' do thudt todn diéu khién tong qudt

C3p nhat biéin thir gian chuin héa
t=t+t(veite (0,1

Trang thal 1: Trang théi 2:
« Nbém A (chdn 1,4,5): Pha vung (Bézier bic 2) « Nhm A (chiin 1,4,5): Pha chéng (N suy duimg thing)
« Nhém B (chén 2,3,6): Pha chéng (Nbi suy duimg thing) « Nhém B (chlin 2,3,6): Pha vung (Bézier bic 2)

Tinh toa d vi tri ban chén P(t)
Xac dinh P_i(x, y, 7) cho ca 6 chin

Giai bai todn Déng hoc nghich (IK)
Tinh cic géc quay khép (81, 62, 83) cho 6 chin

|

Girl de ligu qua Bus 12C
Truytn 18 thong s5 géc dén driver PCAS685

l

‘ Xust 18 kénh xung PWM
‘ Dong co servo MGS0s chip hanh gbc quay

L -
Reset thii gian: t = 0 tz1.07

[RTTRER—

4. Két luan

Nghién ciru dd xay dung toan dién quy trinh thiét ké so bo cho robot Hexapod tir mé hinh 3D CAD,
tinh toan dong hoc dén kién trac phan cimg va thuét toan di chuyén, huéng dén viéc giai quyét van dé di
chuyén trén dia hinh phtic tap ma cac robot banh xe, banh xich dang gip tré ngai. Cu thé, khung than 2
tang dua céac linh kién c6 khdi luong 16n xudng tang dudi giup ha thip trong tim va giam nguy co lat khi

CONGTHUONG
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leo ddc. Viéc tmg dung phuong phap Denavit-Hartenberg cho dong hoc thuan va phwong phap hinh hoc
phang cho dong hoc nghich da giam khdi lugng tinh toan, dap tmg yéu cau xi 1y thoi gian thuc trén vi diéu
khién. Su phbi hop giita dang di Tripod Gait va quy dao pha vung dugc tao bdi dudng cong Bézier bac 2
gitip robot chuyén dong muot ma va dat do can bang dong cao m

Loi cam on:
e Trwong Pai hoc Bich khoa - PHQG TP. Ho Chi Minh vé khong gian Phong Thi nghiém Tinh
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