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Innovative Design and Implementation of Quadruped Robot Applying on
Discontinuous River-stone Terrain

Student : Liang-Yu Chen Advisors : Dr. Pi-Ying Cheng

Department of Mechanical Engineering
National Chiao Tung University

ABSTRACT
With the development of modern robots, they are involved in people's
daily life. There is no doubt that more and more complex terrain conditions will
be the most important challenge to be dealt with. The main target of this study
Is trying to develop a quadruped robot with wide range of terrain adaptability,
and also high mobility.

In this study, we have set fast movement, wide range of terrain adaptability
and light weight as our design goals. Through analyze our previous quadruped
robot---NCTU-CIDM-F4-2005; we gotnew:hints-for design with TRIZ theory.
The design hint will use in quadruped robot structure, control system structure
and motion planning process. To establish an effective design of robot structure,
a virtual robot has been use in structure adjustment and motion simulation. That
Is to avoid interference problems and optimize working space. And for path
generation, by setup a coordinate on the terrain, here we use inverse kinematics
and ZMP theory to build a system, which will be used to guide quadruped robot
over through discontinuous terrain.

Follow-up with the above design results, a test prototype of quadruped
robot was established with servo motor and Basic Atom processer. With the
path generating system for discontinuous terrain, the terrain adaptability of this
robot would be experimented by random discontinuous terrain test. The result
of these test have prove the robot design could achieve our final goal.

Keywords: Quadruped robot, TRI1Z, Mechanism Design, Structural Analysis,
River-stone Terrain
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(40) 4§ & ##L (Composite Material )
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PERFEEE AM fofedir o 3 G o Tk > L AHF2 Am ¥ R §FE
st KgeR kst it (Inertia) » « FER gk SEHpE S TR
4B KRR 2 o T AM AR TR AM $3 AA BRI 12

& (Moment of Inertia) [ 13)

A EFE S Ml 5 2 R AR < b 5B A 3
gu%frg‘gAml\Am e EF L AR m R A 4 e dRy
FZAM, + 7AM, +.. PR e KR o Fptis B e 20 2 M AA el

BaBe Z L Hi4e &2 enliep > 7 00 H I AR UEE DI AR S T dhfg A

I:Irzdm 2.1)

16



PR AA'fheare L T kd TV enRd R ok Tk o
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FIZ - AT - bl

X,y,Z k&7 o blhed w2 0M Fyghs gegrT > L 274X

P BTy fhinlf e
_ 2 _ 2 2

Iy_'[r dm_j(z +X7)dm (2.3)
3 X oz fhenlf (s T OLEE S A T N AT

I =I(y2 +2z%)dm

1, = [(z°+x*)dm (2.4)

I =J.(x2 +y*)dm
(2) * Fgheie

BRF-FEimenti 1o, EREAELEODE & 21K
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M Gy, » — X {775 b (Centroidal axis) i %k 5t > » %@{iﬁ_< R
ot ad o GO F R X Yy 2R NI FARX Yy 2 X Y~ T

%% GH O, A & BN A S dn N0, 2 AEX Yz 8 S

A58 hG,, 20 B X Y s 2R (e T

X=X'+X
y=y'+y (2.5)
71=7'+7

H{2B)F0 1~ (24)5 ¢ 0 T L E TR X PP PR R T T

1, = [(y*+2%)dm = [[(y'+¥)* +(2'+7)"Jdm
= j(y’2 +2%)dm+ ZVI y'dm + 27j Z’dm+ (Y + f)jdm (2.6)

BaE TN s F N I T AN S ;f;»gg%%?ﬂ;,u%x'ﬁm}ﬁ MAET, 5 %2 > ZHEREA

A B A T X XY TG - KR Pl tiea BTG Re

)

GEowied B A Bt L0 B fd - FFp &~ TN HORTE M

I, =1,+m(y*+Z?%) (2.7)
e 32 s _

I, =1, +m(Z* +X?)

=T, +m(X?+V?)

=1 (2.8)
d R E i ae B ST AASRZ F AR | & B 4 BBh2
BAET h— B N 4o

| =1 +md? (2.9)
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(Equivalent) » v B & T 5 ¢
AR TR R, (2.10)

S T BR e R VAM T LR S FN G - B2 e B RN R

\m
(q»

S
Jrels
s
7

L= %Am (2.12)

”5“*‘4%’5§4%%§*?%;§%61@§%ﬁﬁ:

He =Zri,xviAmi (2.12)
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BRI SRk Y enE - BFELR 5 T RS T S

T,+U, ,=T, (2.14)
I e 1 ¢ UL R SN ST

SFs o gt AL R B FT BRI A AR SeAs Ko B R AT AR BE e AR
T L EA(2.14) N Bt T | B i ?‘u‘!; “ELom 1'fr’ 2N R BB R 7 SAE
g enage i o Ve Rl st e St A TBLD ehd St ¢ o A B

B A R Al RS T AR o R F e e A d 0 FE

2

B

-

f

er ot Rqopt cnd g Mg B A4 3 b opings o T i Yoo

H‘é}:’ ’/; /’é}]\z!fmjé?r]-%'zlm;j«o

BAei®* fk S BLe ey 4 B g4 (Conventional force ) #(2.14)

N AT

T+M-V,) =T, (215)

Tl +V1 =T2 +V2 (216)

A

Ao VAN A eSS SRR 4 ook 4 da B TRt AL o @ B RE e
NORTLY BB REAR 0 0 R AT EREE CAE Y B r %
# % 5. (Rotational kinetic energy ) » H Aei= i ~ 35~ Ads a gt g R

FELE i RIEAR R o
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TREFE A MK ATT G EH 5y

v

WELR hG $HE B v,

2T T G RVE TEAPEYRF NG L HA S 2 Ak

i Gy i RV 2 e 0 RIS B2 TR S TR ST

1 13
T=Zmv’+>) Amv”
2™ et (2.17)
RS EORRESLEC Y SRR GE TN RS A Ay

PR 0 SR AT RpRRE AR B L o) o H A A 5V, B

ViILH &
1 1.3
T=Imv2+= T2 2
5 MV +2(iZ:1:r, AM) @ (2.18)
A (2.18)5% P g p et e (N E PR A EE G 2 $henlf BT, o T
TR g L e
TN Y
2 (2.19)

(a) (b)

Bl27  (a) #2acanty (b) #eant i
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deTF] 0 - 4 F A B AV A2 A AT TR G

U, =" Fr
8 (2.20)

U, ., :I:;(F cosa)ds (2.21)

HY FREIZA cht ) r o H2%4 22 i8% 8L A2 38H 2 %o md & o

3
=
3‘/
Ak
i
w
ETIS
s
K
J>

o B BRSO RER o R B 4 B M E

P o RHAEMRBIER TG L L

dUu =Md@ (2.22)
He dgRpasgdgen ] 6B E R R3S @ gt 4 ig k|2 1

FEPF s T ER AR O 9% B 0T % E 0,0 F ¥(2.22)5 e

=2l (2.23)

U1—>2 =M (92 _Hl) (224)

3.7 ¢ J el 5\

M4 BRI - < H n B FE D Am B BT

WER (ARBNHA N A2 N0k (214)5 » ERHER S ¢
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el e B g [ vt el e
|Z_1:|:(2 mV; +2 IGia)i )1+(J.A1 FiEUHLl Midei)j|_g(2mivi +2 IGia)i )2 (225)

223 ﬁk,:g% ﬁ;/-‘ fr,lfﬁ#ﬁ/:—pﬁv

Eo v T REE A RKiFuvwieZ B ERF o P NER LT B

"d=ui+u ,J+u,k
V= VI+V j—|—Vk (2.26)
A— — - —
W=WwWIi+WwW, j+Ww,K

"p=pi+p,i+pk (2.27)

B EMHBE R B AT

"P= DU+ v+ pW (2.28)

#2.26)7 F » (.28)N T L ET| 5 ARk A A P B B

s

A— = -
P =(P,Uy + PV, + P W, )i+ (p,u, + PV, + p,W,) j

. (2.29)
+(p,u, + PV, + p,W,)k
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- Z(k)
w
Moving frame
v
oP
o L -
 wupv,pw) Y0
(PX,py,p2)
X(i) u
B12.8 zho s 23 A e B E AR LB 2R

W (2.29)5 B2 (2.27);0 T F

px = pqu + pVVX + pWWX
py = puuy + pvvy + pry

pZ = pLIuZ + pVVZ + pWWZ

(2.30)
44(2.30)58 11 4B 4 7
UX VX W)(
Ab—_ AR BB ,,ﬁ‘_ ? ARB — uy Vy Wy (2.31)
u Vv W

z z

Fln % 4R s 9 BR =ARI=ART 0 F R P p el 0 v

(2.32)

B g b de 30 B g KUY e BHGRT 2 EES R

l”:L
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"P="R, p+ g (2.33)
H#- b 3V EIE B H 2L (Homogeneous Transformation Matrix ) & 8

Al k20 B enfd o

"p="T,"p (2.34)

Z(k) - W
Moving frame B

A i v
P Bp
Q
0 g N
V Yo
) Fixed frame A
(i) u
B29 -7 RBEF2Z 2T REEBEAEE MG
_’;1 =
A—
"Ry 1 g
ATy = eeeenne . (2.35)
000 : 1

B 5 R P PR R S AT, E 2 (AT, AT, #(2.3)

FEELA F R AR 0 X ARI=AR 0 W

p= ARBTA p- ARBTAa :ATB-l p (236)
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ATB-l — BTA T Do (237)

F 0 el Gt T I R@ A BR k2 B g - (10)

% 4 ae2kL( Zero Moment Point, ZMP )42 4, &4~ 7+ 1969 & 4% Timcenko
% Vukobratovic £ 1) » 41984 & > % - AR AL B A, K IR
B o ZMP ek 5 8 fi ) (enip e ZMP SR 5 2 3 6 1 - Bl
M4 fed 4 2% 4 & (netmoment) # -k Fphins £ M, fo My BIFE2 8L S
T4 EE o § ZMP A% BB CHERE AL A e p o RS EA T
BT FE o d e a B E AR TEF 4 cnf 4 o iEd gk P R

4 ¥ .« (Center of Pressure) » § #8 B A # (7 '@3F T frpF > B4 ¢ wfcF 4
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i ) =0 ) (2.38)
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_ =0 i=0
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M8 iy
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_ Xe (ZG - ZZMP)

Xovmp = Xg
Vo (Ze = Zyye)
Vour = Ve _M—M’
Zc+(

PP (X Vo Zo) W EBA T R AR 0 (X, Ve Ze) B i B A
—E‘oxé'ﬁ?bﬁ‘?@/\mf:‘}-@ﬁ 2t ’#‘/J\'\:"’J‘/\Zg\l%’Eiﬁ‘%g‘;’k?ﬁf’?&’liﬁ.

G Zyp w 00 B ZMP 258 % i ie 52 TN

;(G Zg
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VA
Yove = Yo _yeg%

FIE A BOER otk By 500 M4 R i
wXy T o Aple R g

Xavup = X (2.41)
Yawe = Yo
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a,c08(8+ ) =@, sin f- 2 (3.9)

i %{38)25’ (3_9):1; = Fpde > VoAl

a2sit(B+ )+ cos( B+ ) =(L + & - 4,08 )+(a, sin - 2)?
2a,2 sin S+ 2(_{. +cxl]|cz2 Cos ,5’+.:1§ —a§ —(L+cx1)2 -z (3.10)

D=2,z
o E=2(L+a)a,

F= a32 -cz; -zt —[L+a1]2
pld QL0 P AL B AR A s HE AN AL

DD R R
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p=2tan F B (3.11)
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®l4.11 HITEC HS-475HB Servo Motor = -} [l

#4.1 HITEC HS-475HB Servo Motor %

Control System

+Pulse Width Control 1500usec Neutral

Operating Voltage Range 4.8V to 6.0V
Test Voltage at 4.8V at 6.0V
Operating Speed 260 °/sec atno load 333°/sec at no load
Stall Torque 4.4kg.cm 5.5kg.cm
Idle Current 7.4mA at stopped 7.7mA at no load

Running Current

160mA/60° at no load | 180mA/60° at no load

Stall Current

900mA 1100mA

Operating Travel

One Side Pulse Traveling 900usec

Direction

Clock Wise/Pulse Traveling 1500 to 2400usec

Motor Type

Cored Metal Brush

Potentiometer Type

6 Slider/Indirect Drive

Amplifier Type

Analog Controller & Transistor Driver

Dimensions 38.8x19.8x36mm
Weight 409
Ball Bearing Top/MR106

Gear Material

Heavy Duty Resin

T kiR ¢ HITEC RCD KOREAINC (16 ]
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4.2.2 BASICAtom 28 /5 7 7 .%

BASIC Atom 28 & 4 BASIC MICRO = & B 2 cricdy | &% » £ 5 28
B Fw T KB 412 P2 G REGE ARBIEFLE A 5§ w0
A B B AL p 2 HH Gt g B efet 0 Y IR AR S
i * chBasic Stamp 2 ML BerrAAp F c B P IMTEF L4 E S T
PLEE T A AR B R TR ARBIp e AR R o T L BASIC Atom 28

SEP= El

(1) 14K of Program Space

(2) 368 Bytes of User / System RAM

(3) 256 Bytes of User EEPROM

(4) 33,000 Plus Instruction Per Second

(5) Three Hardware Timers

(6) Two Capture/Compare modules

(7) Two PWM modules (10-bit)

(8) Analog-to-Digital converter(4 channels)
(9) Buffered Serial Port

(10) Built in hardware

(11) Interrupt Capable
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(12) 32bit Integer Bit Math
(13) 32bit Floating Point Math

(14 ) NTSC Video display generation

BAKGY o LR N B R @ AR 0 VbR Y

Lynxmotion = # e Mini-ABB ( Atom Bot Board ) 7 ¥ 45 i® 5 i@ 5% o

SOUT VIN
SIN Vss
ATN RES
Vss VDD by
PO P15 E
£
P1 P14 5
P2 P13 v
P} O P12 L)
P = P11 E
Ps =< =0 r1o =
(T8 =) =r o
pr :"' - -1
AX0 Pl = Axz
axl e ‘=g A%
Atom 28
Pin IC

62 (16mm)

-

5
b

F14.12 BASIC Atom 28

1 Three LEDs and 9 Speaker 1 0 DES Port for
Push Buttons Enable Programming
(SUT) Simple User Interfaca. \ lﬁ
Play Station 2 Red (Green Yallow I I 1 I | ]
Coniroller cable port
for BSZ or SUI enabie. )
Swvdc 500mA Reset Button.
3 Low Dropout Reg. ™~ o O i@ 1 1
=
Power Good — TR -
4 (Graen LED) ] M]I'n i-ABB Pini 24/28 pin socket
. s W LRAROLACE:, om W 1 2 For a Hyorid IC Micro
Electronics —  EEEEEEEEEEEEE| such as BASIC Atom,
Power Input o] |~ fuwom Pro, BS2, BS2.E,
(7.2 - Gvac) 24-PIN O0Pic-C, BASICY-24,
: . or amy BS2 varlant.
Servo Motor & 28-FIN
Shorting bars allow
Power Input
WS 20  EEEEEEEEE NN 13 servo oFloglc voltage

|~ center row of /0 bus

ve B
MO In groups of fowr.

WB BV
555

o)
Shorting bar allows _}™ | El _5v
7 one battery to powes | (8 2=
the alactronics and
the servos. [—— Microcontrotier WO row.
Peripheral Power row.

Shorting bars allow
[—— Systern GROUND row.

servo and logic po
to be connecied to
analog Inputs.

®4.13 Mini-ABB ( Atom Bot Board )
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4.2.3

nw

> LA B R BT

TRt IR A 5 i % e E_Lynxmotion = & #14 & 47 SSC-32 ¥

PRRS EH A S

BENA > AR (TS

(V9. 3l

B 4ol 414 1% AVR o 7 cn ATmega8 8 & & > 5% & 4 e T4AHC595

PR 2 e o T ogpd] 32 B RS e iR dr A 42

#4.2 SSC-32 *%

(RS N E

Microcontroller

Atmel ATMEGAS-16PI

EEPROM 24L.C32P (Not supported on this release)
Speed 14.75 MHz
Internal Sequencer 12 Servo:Hexapod (Alternating Tripod)
Serial input True RS-2320r TTL, 2400, 9600, 38.4k,
115.2k, N81
Outputs 32 (Servoor TTL)
Inputs (Static or Latching)
Current requirements 31mA
PC interface DB9F
Microcontroller interface Header posts

Servo control

Up to 32 servos plug in directly

Servo type supported

Futaba or Hitec

Servo travel range ~170°
Servo resolution 1uS, .11°
Servo speed resolution 1uS / Second

Servo motion control

Immediate, Timed, Speed or Synchronized

TR kR

Lynxmotion, Inc.
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Svdc 500mA = TEI7IRI0 20212223 2422627 282030l _._.BG,OJHG row (Biack)
Low Dropout VReg™ | O HOGE N DOGEE B OOGEE B DEGE ::I;:—-—- Power row (Rea)
VS2 Terminal VS, nnon| [Foen| [Foaal [poaa ﬂ-# Servo Putse (Yellow]

2App35ﬂcmﬂmr}\ 1s—{oooo] [oooo| [pooo| [oooo CH— QLED

T

channets 16 thru 31. |, = ',_,.,'D D Processor good
@ - -

¥51=V52 Jmpr Il ,—|m‘: SSC-32 O 1088ud."|nputs
Connect VST toWa2 X 852¢ e o Select the baud rate.
for single servo bat. E: : : : o Utiize extra Inputs
VL Terminal

4 Appry Loge power T3 5 = ) I T O 1 DB9 Port
Bwdc thru Swdc only. |2 True RS232 level

7112 AEEEEEEEEEEE. serial connector

5 VL=V5 Jumper |

Appiy Logic power to - 1 EEPROM Socket

Swdc regulator input 2 .
from the Servo battery.| For future expansion.

VST Terminal —:'_ I O 1 TTL Serial Port
Apply Sero power b Pinl o - For connecting 1o
channets 0 thru 15, . [@'a] Atom, Stamp etc. and
] PULSF—e o o o ] NG onoaa = DBY enabla
étbr:gﬁ!,__lc ,S_?CKEL Vvst—{eeaal [peea| |[peaal [eeaa) THEL
serve polarmy —loooso] [poss] [oesos] [ooaa O
= 0123 4567 891011 12131415

®l4.14 SSC-32 7 i&ip

424  FIREG ZRIFE MR

B PR 60 1 (PGBl B 0 B RACRIEL B0 T

7

ZoeBuBPIREE PG ALR L TR S RERE N hF (FRTB D .

\

BliRimde— Bds o L2 2t [DIpelPRE e (7 55 0 £F ¥ Visual

Sequencer #ix %8 - % SSC-32 » p 550usec I 2450usec i & % 1Pk o e
PEERPIRE A BAe edr "EERBEFEITTARL PIREEEHE 4
R FEBRETE AL
PIRS i & R HRIRAFRT £
Sequencer ¥ 9SSC-32 K 5 iy > ¥ E PIRSEZLRTEF T A SER

T PREBET NI IRES T RER L D AIURRAE R B

A
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1050usec | E A oRBiiEEG
457 , E 45°
[2k}
|
600usec ¥ op* *) |———o 00°¥ 2400usec

1500usec Neutral

B4.15 FIRE ks d AR (R E)

%43 FIREEERHRULE R

RS | & R EHRE"RAPFFRF (usec)

[ 900 | o° 90°

FXE | 600011500 | 2400
1 61471514 | 2414
2 633 | 1533 | 2433
3 654 | 1554 | 2454
4 610 | 1510 | 2410
5 627 (11527 | 2427
6 602 | 1502 | 2402
7 603 | 1503 | 2403
8 622 | 1522 | 2422
9 605 | 1505 | 2405
10 654 | 1554 | 2454
11 627 | 1527 | 2427
12 604 | 1504 | 2404

% PR v —
T A fE g

A3 gz iF

$0 AR Rl AP E AR TR AL

BEi P o PRV Y T %aE # TR 4o Matlab &
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Basic Aton

] SSC-32——
ﬁ ATmega8 H
T4HCS95 ; ‘ T4HCS95

T4HCS95

T4HCS95

B14.16 Basic Atom 3t 5 ke in 42

£ 5
* SSC-32 ——
H ATmega8S H
T4HCS95 ‘,_Iﬂ T4HCS95

T4HCS95

T4HCS95

B4.17 PC 5Lk fad i 42
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Vig
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SOl o B R AR S R FMAE R 2R E 421

FERTE PR R AcA 4500 27 T AEL 2 AR A R A
T e il REPBEA BB L2 diTrgs o s fis

CERE S ALCEY TS SR S &

%45 B BRI ARIRR

b i (mm) | A¥(mm)| Yimm) | & Vimm) |r=¢ (A X+A TS
1 0.0 0.0
2 0.2 0.2 0.2 0.2 0.36
3 06 0.3 06 0.4 0,50
4 -1 04 0.9 0.2 0.50
o -1.4 0.4 -1.3 0.4 .56
& -1.7 0.3 -1.5 0.2 0.36
7 2.1 04 -1.9 0.4 0.56
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