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Simulation Study of Kinematics and Dynamics of Robots

Jae Kun Kim and Hung Kuk Oh

Abstract

This study is to develop a program, with which the motion of the system can be simulated
in view of kinematics and dynamics, and then evaluate functional capabilities of many robots
in order to select the most suitable one for any given working conditions.

According to the theory of Denavit & Hartenberg, rectangular coordinate is set at each joint
in the robot of six joints, as this one is the major concern, and transformation matrices are
derived hetween any two coordinates.

The necessary displacement of each joint for executing a given work is obtained from the
position and posture transformation and the in-stantaneous velocity of the joint is got from

) given velocity distribution of the path.

The necessary torque of each joint is finally calculated by Newton-Euler Method.

This simulation program is applied to a robot with six rotational joints,

Rotational angle and torque to time which has a given motion trajectory are figured and also

torque to r.p.m.

B oA YT Teayd T35
(D =254 39 44
Q) 2 &5 A4

LM B
B EEL 239 54 75 e AFHdl o
A AET 4 97, 239 AT 24E T 4

A= Zz2ay Ag Faoz 3.

“Ae2AFA(F) Ed T4
*HH 4, T sta FAH S JAFE}

3 2% 2oz A4
L2 Vg 5
wY A4E 57 935k F Ao Denavit & Ha-
rtenberg®2} o} 24 A .4s5}9a, Paul, RP.¥7} =
2 FAFA A ARE Ayl ikl AANG g



22X 7T

435 o)
% AL s S5 LIOO wek o Az}
o Faigieh
T A4FE AW oA A% Fad 13
=oz Adolz T 4 gk

B0 3 A4be] F43 olfE
(1) 2% Aol -4
(2) 4 219 A A
tp,

w2bd], 25k B2 A FxEe] Lagrange4ql 7|
25 T3 4T FYP2YSHNED AL} A 7ho] gl 4
453, 42 7(real time)Well4] Tafevl of# Fol
A=

- % Raibert ¢} Horn%e] v} & AFeld 23]
AgH oz A4E Aws ¥ 4 QAL E(able)
= FASE PoldA B A $] ey o
2ol 995k

= e et d
J12E & FHolvh

o] w2 dgxern Ha(link)d] A& F &
Z514) (recursive)e] 22 Lagrange A3 72 34
£ =% 5 gk Y, 2E A Ag 4F §
3 223} Al A F AJE FHolelok S 4d,
<+ AFF A A T Gl A
1980 o] o] 28] Luh, Walker ¢} Paul®®o] Newton
YA FmA o e A4
iyl o] EEY ATHAAE B
w Fortran & <23k}l PDP 11/45414 A4 w)
standford manipulator &] =& joint ¢} 3 3} Torque &
Al A+E}=v] Lagrange 4] 7.9 27} 2 ¥ =+ Newton-
Euleru}y] o 2= 2. 5ms 7} Ay

3 x=%¢e Luh, Walker &} Paulo] #}ak3l Newton
Euler uldlol] wlel 2038 Aislgln, dg= =21
¢ AWt AEueld 2oy H4stgch

A5z &+ 3

] = Newton Euler u}y] @412

o 43

Euler Formulation &
+ e g

2.1. &3 7,70 thgt FxE HE

Manipulator & 4te] %€ & + g€ 2 9
8 d7dd, d=74e daz T4 gt

Manipulator & 2 ®=.7ke] A& 4357 $35
o] Denavit & Hartenberg®2] o] Zo] wpo] 4}-4-3
e

= i—1, 4, i+10] A {,i+1] s 45

2 B9 A5gote

AL Al Edold Z 2oy A 585

& (Fig. D,
3 7o) Hegeh

(D ¥=2 i+19 HASFL 2z Folek Lok

(2 8=z iy 94 0% zi.53 2 F 4boly F

3 445 2 &3 Bt Aol

) FF AL 448t x Folzt b

@) 284 #8AE H2x2F 5 5 A4 Y0

o] o] Eell wel # B2 AAA Ax HFA Ao
g BAE Ehl e Wg AlEYLE T Y5,
R whA AF @, ai, 8,0 F oH53 Zo] F ek

Joint i

g2 id] 2 AunzzA € s

Joint i1

044 Link i-1

Link i-2

Fig. 1 Link parameters 0;,d,a, and a for rotatio-
nal joints

ai; 2153 2% e8] Ax

ai; %ol AT 2053 20 F Aol F

$i; ¥R i, 28y x5 x50 whvte 7}

A2 A2

0;; 21 &) A7 553 2. F Aol F

o] Aol A3 Wz i—19 FFAY H= 1Y 3
FA Ato]o AL 279 A WEYLo 249 ¥
A WEY 22 e 5 vk

o] Mg MEY2E Adagsel F2x, Y 4
A% Az wAR

Joint i

Hitl

Link i Jeint i+t

Joint i-1

o, Linki-1

Link i-2

Fig. 2 Link parameters 0,d, a, and « for a sliding
joint



586 A4 T2 EFF

Ai:ROt(Zi_l, 6,)
Rot(x;, a;)
~-cosf; —sinf;cosa;

Trans(0,0,s:) Trans(a;,0,0)
sinf;sina; a;cost;-
sinf;  cosficose; —cosf;sina: a;sind;

- 0 sina; cosd; S; @
-0 0 0 1 -
oJ7]4, Rots} Trans & 22 sl4s} ¥3 #l=g

2% =3t
s} Fig. 25} Zo] wlzg RA=2 Hol Yeod, 4
R PR

-cosf:; —sinf;cosa; sind:sina; 0-
sind; cosficose; —cosf;sina; 0
A= . @
0 Sina; coSsa; Si
.o 0 0 1-

1 A Oi=0iy, ai=a;_;0] Hvo},
nAS WAE 714 manipulator 8 -8 #HEA
vhA #EA o] #A S °TL 2 FA5tn, AHEY
£5 o] &3t virpid
° Tn=A1'A2'A3 ...... An (3)
o2 FAY 4 9o, °T, & T.02 R R S
h,
A& HEAz 3 FTFEL DY g3 A4
(position & posture) Pt 3-ul, o)d 9% =p4] Px
P=Z.T.-E @
= #4953l
o714, Z& 7% 2ZA s} manipulator & =&
#EA o8 FAE ebl & 2 20) 1, E & mani-
pulator o] w}x) =} 2 EA el FF(tool)ole HA &
ERll = vl 27 2o o),

2.2. YuiEol 3|M WstAl K5
VA B o i QA 3 AEY2E
Fab7] Astel, BAS kot A BEA Col4 25

< =4 gz shA g
" O, a.
CZ[’E o, a,} )
#: 0. a
k=a.ita,+a.k ®)
71E 2HEA A% 284 T, 254 Co ds
o #EA X2 g + geh
T=CX @
g e A, k5ol s AmA TE HA4
= FHEA CY 230 dg XE HAR A

o

=3

Bl

el

m

T

Rot(k, 6) - T=C -Rot(%z,6)- X (8
Rot(k,8) T=C-Rot(°z,0)-C*. T C))
714, ‘z& FEA €Y 25|}
wetA,
Rot(k, 6)=C-Rot(°z,6)-C1 10

olz, o] & Aty ziwks] shw chg3 Zuh
kek-Versf+cosf k,k.Versd—Ek.sinf
Rot(k, ) =| kk,Versf+k,sinf k,k,Versf-cosf
k.k.Vers§—k,sinf k,k.Versf+ k.sinf
k.k.Versf+k,sind
kzkyVersﬁ—k,sinﬁ} an
k:k.Versf+cost
A7 A, k.=a., k,=a, k.=a. Versf=1—coslo]
o},

2.3, 7 PHE| H| Hit

Manipulator = 93+ XA & Jeld &
9 g bl A4 g 4 g

4 (DY 3= 3x3 =Y A7 AAE e =, $
29 3x1 led 27t $2& Yepdoh [Ref. 14 2]

Manipulator = W28 gald = o] Fola slov,
o]% 3@AdL x5 AFsz, Wuix 3pde] A
AE AA L

£ =79 A% manipulator & {3t x| AAl7L F
AAd, $1Ash A= Yol & B2 AAE Foh
At

6345 3a"e] A E A, WA 332
o] b4 & A4l manipulator 8] =]l =g WY
AL 71eeA gabel wet A4kl #etA AL, 4
A HAYE F eme PFshm, A AT DY
A4de A2 ok

Manipulator & =}4l& 77t Ab=el] A 23t&
Wl ¢] (approaching) @, F& WiE ZA4 s 3T 4

Fig. 3 n,0,a and p vectors



239 ST o 524 5H
¥] (orientation vector) ¢ ¢} ¢ B4 FHIAE 2 E
AA3E ¥4 9e (normal vector) n & AH-&35ld

A% 4 gk
Al Poyoll Al ZHAl Py 2 0]5 AlAd =4 Pe e
P02=P01'D (12)

= ek 4 gl
74, De #p4 Pydld A4l Pe 2 o] 542+
L T=5E rglo]n #g o) EY £ (drive transforma-
tion matrix)e]},
4 (A2)E Dl Hsl4
D=P1;: Py

M., My, N, Nzy Ox, @z,
=[0x1 0y, 0z Ry, 0Oy, Gy,
Qe Gy Qe (M 0 G

24 g3t 2o

}‘nl-nz ny;-0, n;-a,
=E 01°n; 0,°0; 0,°Q; 13)
la,'n, a0, ar-a,
g Ezholn Wy =L D 2509 HAsE
Y g ol gatel hEhd F glehe,

A A WEPLE Pyl HZ 9 a,
Py, |8 A a2 o] FA7]E Ho|th

o] 3A-2 A4 Py g 250 il 27 putF 3
AANA odezl y & TFilx, o] yE5T EF2E 34
2z &b FAAF Aolvh(d 11 =),

o] FA-¢ R.z} i chgst o] Faizlch
Sa*Ve+Ce —S:C,V: C.Se
R.=| =S,Ce Ve CitVe+Ce S,Se (14)
—C,Se — S Se Ce

o714, S,=siny, C,=cosy, Ve=1~cos§olx, ¢
orl RE o)A A &I B T},

9 g4 =g 2E A4 PuclAd A3 W
0; ii—rF)] 7}'*’] Poz 0” H"] °o}: ﬂl}E’] 0, 2 33]7.'_]_/(] 7]
£ Aeleh

o) HAE Rz EANT,
B2 9747 A 2ok,
Weld, eholu W@ WED~ D thest 2ol
AA A}
D=R.-R,
Ce(Sy2Ve+Ce)+S:S, Ve
=) Ce(=S:C, V) + S (C2Ve+Ce)
—C:C,S:—S:S.S:¢
—Se(SytVe+Ce) —C.:S,CoVe  C,S¢
SeSiCaVe+Ce(C2Ve+Ce)  S,Se| (15
S:CrSe~C¢S,Se Ce

W3 25 Bal F L

7HE AT Algdleld

zZzas Ag 587

A4 Q) 4 A5 94 (1,3),(2,3),@3, Dz &
2|

CySe=n,-a, (16)
SySe=0,-a; an
Ce=a,-a, (¢L))
7t st
4 163t ANzHe & pE TId
tamy:—?lil.aTz2 —n<n<z

oz, 7 & 7=00° Fg p=-90°¢ A2 7£90°
Eo p#—090° 2 F$E o] TY F YUk

(D) 7=90° T p=—90" ¢ A% 4 ANz 4 (18)
2 3y
___ 0@ T z
tang=—2t 0 z<e<Z 19
(2) 7#90 E2° 7=—90" ¢ A4 (16)3 4 (18)
2 g
o M@ _rek
tang AR 5 <£<5 ¢))
A (15)%F Rodl w8 £9
R,=R.*-D

o), o A B 2ok
C: —-S; 0 S2Ve+Ce —S,CyVe —CiSe
[S; C: 0}2\:—@@% C2VeCe —S,Se|(21)
0 01 C,Se SpSe Ce

4 DY A4 @D 4 O3 HEE T
+ v
Se=—S8,CiVe(nyon,) +(Cy*Ve +Ce)
(01°15)—S,Se(as+ny) 22)
Ce=—8,C,Ve(ny-0,) +(Co?Ve+Ce)
(01-0,) —S,Se(na;) 23
4 22)¢ 4 @HezPE & {F T4
tang =25 << (20)
4
o] v}

== ZoA Y 2AL Y87 HT S5
“]El Asta, o] £xd g8 & AR £EE

n He

i

] wg} Luh, Walker &} Paul®®e] A%t
olgdte # A EeaF AT

5
S
<
=

1

©

\ir)



588

A Ee %

AaGZ(AzS)T'(Alz)T'(Ao')T'Aoﬁ
4714, Ade Toold AAbe A% Aol
M ALz e 349 A7 ¢, s, ¢ (T2 9,3,0
£ T4 (2.34)
(8) 93t &5 L3 wie}l A7 LAY Sx9 5}
$EF T
— OEELERTESE LN

T4

(10) FolA A To] Fitgod 112 shxm, 1%

T 2] o g t+4t 2 5] 82 sH4 ALk

Fig, 4 Distribution of velocity

(D A% 9% o] e 122 7w, 294
god Wieh

(12) Ao A48 HAAE sz, 322 s

4. AMEH0IME st =20y 7Y P,
2 =id4e vgdt o] 2raR s F449H
(D) 713 vlolelE g &u}, 5. AlEsiotM Ml 2 Ant
1% wlolet2E Hesd 22 AEE £ F A
b 239 34 + 2 E=RqAE 999 633 2R E 4¥ee FO-
b & B HA W by, 8,0 RTRAN =z a3)d] 23t A2+ Va% # gk q et
G # B 54 34 A3 (Burroghs B1800/B1700)
GH % 249 34 2eiE 2 =T A4 Agslold T4 2Ry 27
b wg W=dx Z, E 9 A& A2 3te), 12%<% A A4 Bz s}
b &% H9lel A o 2eas A A ERAE FE F 125 H3 A4 C= 4 F
(2 249 27 942 A4 P& gech AL B3, oA 125 A5 A4 A2 Fobrte
3) o157 Ashe A A4 P& ek Aol
@ 4 @l &8 Wi Heds To& T8 A7l g 2 RAe sA4e Fig 54 2y,
(5) Toz4% A HAZ 6,6, 6: & TE of Asfel] o¥ el Y F sl WHUAI obd
® A#E FL e shere + gl
Py — P
r P(Nm) P2 o 4 e Py e}

_/"T\ﬁ [

| /,/
I

Fig. 5 Time functions of the generalized coordinates




2R 71T d FHA A5HIHE U Al Euleld zRIY A

q(rad)

1.0

0.5+

: 5
/ \\qz e 95 =~

//mx"“\\x :

589

qy

t(sec)

Fig. 6 Time-function of the drives in mechanism joints

-0.5 ¢
-1.C }
P{Nm)

/ {s

-5

14

3

12

/ 1

-3 -2 -1 0 1 2 niremy

Fig. 7 Dependence torque-r.p.m. for joint 2

Fig. 60l A%el] #& & #49 TF E23T
debi gz, o] Asld o3td 2X7t TEE F v
Eoaf d + g dHdsh okditE & o Yth

Fig, 604 ¥ o Azl |2 TF Ro39 W3
7t 7 2 HA 2 9ste, SAsd] AHE TEE
o=¢ wistE Fig. 74 vebii gt

o] 2¥ ¢ =peld A} wlmdtd, =R AR
Al 2eE o) AR o] % 5 lE Holth

6. 2 £

634 T/t slA A 2 Folx A

Hgstd, AEdeldS FT A4 b A2 A

EL A4k

(D) 2ok & A7 2 Azl we A4 W
38 ¢ F3lemz, Jdd 2he] FAHYL £ U=
Pt ok st 4 g

(2 A7) w2k 7 R AelE TF 2east A
AFne 24o] ojAE d F Jdv PHUMA obd
A &+ e

(3) A% w2 2o3r) FaiArg 2E A4
298 e] AYx foldhglet

7|

o

E AFE HFA G ATl
2w olo] Aol EFVH

CEERES B

References

(1) Denavit J. and Hartenberg R.S., “A Kinematic
Notation for Lower Pair Mechnisms Based on
Matrices”, ASME J. Applied Mechanics 22, pp.
215~221, 1955

(2) Paul R.P., “Manipulator Carterian Path Con-
trol”, IEEE Trans. on Systems, man and Cyb-
ernetics, Vol. SMC—a9, 11, pp.702~711, 1979

@) 22— TYARF IV F 2 HBY bV AT L



590

@

(5)

®

@

®

TP 2T YVVIDYATAT ATV BER
&#, JIRA, pp.141~219, 1981

Vukobratovic M. and Potkonjak V., Scientific
Fundamentals of Robotcs (1. Dynamics of Ma-
nipulation Robots), Springer Verlag, New York,
1982

Vulobratovic M., “Synthesis of Artificial Mo-
tion,” J. of Mechanism and Machine Theory,
Vol. 13, 1, 1978

Vukobratovic M. and Potkonjak V., “Contribu-
tion to Automatic Forming of Active chain
Models via Lagrangian Form”, J. Applied Mec-
hanics, 1, 1979

Vukobratovic M., and Potkojak V.,
Methods for Computer Forming of Dynamic

“Two

Equations of Active Mechanisms”, J. Mechanism
and Machine theory, Vol. 14, 3, 1979

Hollerbach J.M.,
Formulation of Manipulator Dynamic and Com-

“A Recursive Lagrangian

parative Study of Dynamics Formulation Com-
plexity”, IEEE Trans. on Systems, Man, and
Cybernetics, Vol. SMC—~10,11, pp. 730~736,

1980

Az

o %

€))

10

an

(12

a3

as

=

Kahn M.E. and Roth, B., “The Near Minimum-
Time Control of Open-Loop Articulated Kinem-
atic Chains”, J. Dynamic Systems, Measurem-
ent, Control, 93, pp.164~172, 1971

Rajbert M.H. and Horn B.K.P., “Manipulator
Control Using the Configuration Space Method?,
Industrial Robot 5,2, pp.67~73, 1978

Ho J.Y.L., “Direct Path Method for Flexible
Multi-body Space-Craft Dynamics”, J. Spacecraft
and Rockets (AIAA), Vol. 14,2, pp.102~110,
1977

Aristova M.V., Ignatiev M.B., and Prokhorov
V.M., “Algorithmic System for Robot’s Motion
Simulation”, Proceedings of Symposium on
Theory and Practice of Robots and Manipula-
tors, Warsaw, Poland, 1976

Luh ]J.Y.S., Walker M.W. and Paul R.P.C.,
“On-Line Computational Scheme for Mechanical
Manipulators”, J. Dynamic Systems, Measurem-
ent, and Control”, Vol. 102, pp.69~76, 1980
Paul, “Robot Manipulators®”, The MIT Press,
1982



