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Abstract - Robots are very powerful elements of today’s
industry and they are capable of performing many different
task and operations precisely and do not require common
safety and comfort element that humans need, however it
takes much efforts and many resource to make a robot
function properly. Robotic arms are widely used in industrial
manufacturing. There is no doubt that robots have increased
in capability and performance through improved mechanisms,
controller, software development, sensing, drive systems, and
materials. The goal of this study is to analyze forward and
inverse kinematics of robot manipulators. The study includes
use of D-H parameters for studying of both DK and IK. The
study models robot kinematics for 2R, 3R, 3R-1P, 5R, 6R using
algebraic method along with RoboAnalyser and MATLAB. All
results of these methods are compared and validated.

Key Words: Forward and Inverse Kinematics, Robot
Manipulator, D-H parameters, Arm Matrix, RoboAnalyser,
MATLAB.

1. INTRODUCTION

Robot kinematics applies geometry to the study of
the movement of multi-degree of freedom kinematic chains
that form the structure of robotic systems. The emphasis on
geometry means that the links of the robot are modelled as
rigid bodies and its joints are assumed to provide pure
rotation or translation.

Robot kinematics studies the relationship between
the dimensions and connectivity of kinematic chains and the
position, velocity and acceleration of each of the links in the
robotic system, in order to plan and control movement and
to compute actuator forces and torques. The relationship
between mass and inertia properties, motion, and the
associated forces and torques is studied as part of robot
dynamics.

Forward kinematics uses the kinematic equations of
a robot to compute the position of the end-effector from
specified values for the joint parameters. The reverse
process that computes the joint parameters that achieve a
specified position of the end-effector is known as inverse
kinematics. [5]

The controlling of robot manipulator has been
challenging with higher DOF. Position and orientation
analysis of robotic manipulator is an essential step to design

and control. A robot manipulator consist a set of links
connected together either in serial or parallel manner. The
FK analysis is simple to do analysis of model and calculate
the position using the joint angle. But the challenge is to
analyze the IK solution using the position. So aim is to study
complexity of the IK which increases with increase in the
DOF. In this case we would be studying robot configurations
i.e. 2R, 3R, 3R-1P, 5R, 6R where R and P stands for revolute
and prismatic joints. The main motive of the study is to
calculate the robot parameters i.e. study forward and inverse
kinematics using algebraic method and then validate this
calculations with the outputs from RoboAnalyser and
MATLAB.

2. LITERATURE REVIEW

The study of forward kinematics is easy as its
analysis is simple to do. The challenge is to do analysis of
inverse kinematics. The study of inverse kinematics can be
done by various means. These various means i.e. algebraic
method [1], [3], [4], using software tools such as
RoboAnalyser and MATLAB [2] are studied by various
authors. The algebraic method is the traditional way to study
the kinematics of robot manipulator whereas RoboAnalyser
and MATLAB are used to validate these mathematical
results. Here we would be using all three ways to compare
their results and validate the results.

3. METHODOLOGY

The steps followed to do this study are named and

explained in the next lines along with flowchart as in Fig. 1:

1. Study the robot kinematics both forward and
inverse kinematics of robot manipulators.
Collect information regarding forward and inverse
kinematics for various robot configuration under
study i.e. 2R, 3R, 3R-1P, 5R and 6R.
Collect formulae for this configurations to calculate
their parameters for direct and inverse kinematics
by algebraic method.
Study the RoboAnalyser for various robot
configuration and using the same calculate the arm
matrix and the configurations of the robot for direct
and inverse kinematics.
Just like step 4 study the MATLAB for various robot
configuration and using the same calculate the arm
matrix and the configurations of the robot for direct
and inverse kinematics.

2.
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6. Next compare the results of algebraic method and
software results for each of the robot configuration.

7. Finally validate the results for all three ways of
studying DK and IK.

Study Kinematics of Fobot Manipulators.

Gather information for 2B 3F., 3R-1P, 5E., 6E

Study FK and IK using alzebraic method

Using RoboAnalyser calculate FK 8 TK

Using MATLAB calculate FE & [K

Compare Results

Walidate ofp with RoboAnalyzer and MATLAR

Fig-1: Work Methodology

4. KINEMATIC ANALYSIS OF VARIOUS ROBOT
MANIPULATORS

4.1 2R Mechanism [Two Axis Planar Articulated
Robot Arm] [5]

4.1.1 Algebraic Method

4.1.1.1 3D Model

Fig-2: 3D Model of Two Axis Planar Articulated Robot Arm

4.1.1.2 Kinematic Parameters Table

Table-1: Kinematics Parameter Table

Joints Rows of Typeof | Ok | de | ax ax | SHP
Table Joint

1 01,di,a1,001 Base 01 0 a1 0 600

2 62,dz2,az,02 | Shoulder | 6: 0 az 0 -600

4.1.1.3 Arm Matrix

Ci2 —S12 0 ¢ +aycyy
Te=| 012 G120 0 38 +arsy
0 0 1 0
0 0 0 1
4.1.1.4 Calculations
Forward Kinematics
Joint 0 d a ol
Base 01 0 ai 0
Shoulder 02 0 az 0
21=100 mm 0:=60°
a2=200 mm 0,=300
Solution

Py = ajci+azciz
Py = aiSi1+azs12
Py=50 mm Py=286.6025 mm

Inverse Kinematics

0 -1 0 50
1 0 0 286.6025
0 0 1 1
0 0 O 0
Solution

witw?—g?—gl

8, = +cos[ i 2 i T
L

wola, + o.0,) — w, 5.0

Bl=tan"‘ iy 20z 1520

nlay + ay00) + wysyay
61=59.99999863°
0,=+30.00006631°
4.1.2 Using RoboAnalyser

4.1.2.1 Forward Kinematics
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o mTme e  Wa T wardm (W Geoem O Seerm co —
Fevarate Varatie [ 3] 0 €&
2 Rervohte Viarstie 02 0 0 0.5236
[ T Link2 v ] Base Frame v @ T
1.0472
0 -1 0 0.05
1 0 0 0.286603 vas =
(1] 0 1 0 20.0001
0 0 0 1
Tlld =
&0 .0000
Jx

Fig-3: Results of Two Axis Planar Articulated Robot Arm

for Direct Kinematics

4.1.2.2 Inverse Kinematics

Select Robot: |2R Planar -
Joint Offset {b) m Link Length {a) m Twist Angle (alpha) deg End Effector
1: [p 1: o1 1: o Xmk |005
Z [p Z o2 Z g Yk  [0.2866025
IKn
Analysis Complete
Solution1 For FKin Solution2
Thetal (deg): |60 Select Iniid Values Thetal deg): | 100.2079
Theta2 [deg):  |30.0001 Solution 1 ¥ ThetaZ(deg): |-30.0001
Select Final Values
Show Sokdion 2 - Show
OK

Fig-4: Results of Two Axis Planar Articulated Robot Arm

for Inverse Kinematics

4.1.3 Using MATLAB

1
2

$Program for the inverse kinamatics of 2-link arms

tNon-zero constant DH parameterss

Fig-6: MATLAB Results for IK of Two Axis Planar

Articulated Robot Arm

4.2 3R Mechanism [3-Axis Planar Articulated Arm

i.e. Mini Drafter] [5]
4.2.1 Algebraic Method

4.2.1.1 3D Model

Fig-7: 3D Model of 3-Axis Planar Articulated Arm

4.2.1.2 Kinematics Parameter Table

Table-2: Kinematics Parameter Table

3- cle
4= clear
: g SiToos mmee Joint Rows of Type 0 d a o | SHP
7 $Input Table
8- x=50;
| 1 01,d1,al,al Base 81 | 0 | a1 | 0 | 60°
11 tIntermediate calculations
12 — del=(x*x)+(y*y) - (L1*L1) - (L2*L2);
12 2 02,d2,a2,a2 | Shoulder | 62 0 a2 | 0| -60°
14 %$Calculations for theta 2
5= c2=del/ (2*L1*L2);
1: = t2=acos (c2) 3 93,d3,a3,0(3 Roll 03 d3 0 0 0
18 $Calculation for finding theta_1
19 - tEnl: (y* (L1+L2*cos (t2) ) —x*L2*sin (t2) ) / (x* (L1+L2%cos (t2) ) +y*L2*sin(t2) ) ;
20 — Tll=atan(tanl)
21
22 $Angles in degree .
23—  r2a=180/pi; 4.2.1.3 Arm Matrix
24 — t2d=t2*r2d
25 - T11d=Til*r2d
26
Cro3 —Sp23 0 20 +a50y)
S C 0 a;s; +a,s
. . 3| 7123 123 1°1 2712
Fig-5: MATLAB Program for IK of Two Axis Planar To® = 0 0 1 d
Articulated Robot Arm 3
0 0 0 1
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4.2.1.4 Calculations:

Forward Kinematics

Joint 0 d a o
Base 01 0 al 0
Shoulder 02 0 a2 0
Roll 63 d3 0 0

a1=a;=100 mm

d3=50 mm

0:=60°

0,=300

03=00

Solution

0 -1 0 50
1 0 0 186.6025

To? =
0 0 1 50
0 0 O 1

Px=50 mm

Py=186.6025 mm

Inverse Kinematics

0 -1 0 50
1 0 0 186.6025
0 0 1 50
0 0 O 1
Solution

wit+w?l—af-—gal
8, = tcos| 1 - Lz
“ 2 xmy =0

w-{a. + a.-.:'-:] + wy 5o,

g, = +tan—— 2 27

‘-'"*'1.':‘11 + ag '5'::] — W3 30,

0123=01:02.03
03 = 0123- 01:62

0,=59.9999938°

8, = + 30.00008634°

0

63=0

4.2.2 Using RoboAnalyser

4.2.2.1 Forward Kinematics

ot " Jore Ofsex Joet Angde

No JovtTipe bl » Pets) dog
J 0 Varabie
Revolte Varabie
Revohte Varae

[ T Link3 v ] Base Frame

(=T == B -~ ]

(== == = BN

Link Lergth
) » bbha) deg

Tt Aoge

QO - O o

Fnal Visue
UV) Segorm

real Ve
UV) degorm

- ! Update

0.05
0.186603
0.05

1

Fig-8: Results of 3-Axis Planar Articulated Arm for
Forward Kinematics

4.2.2.2 Inverse Kinematics

Select Robot: |3R Planar [+]

Joint Offset b)m
1: 0
Z
3 0

Solution1
Thetal {deg):

Theta {deg):

Theta3 {deg):

Link Length {@)m
I 01

2 01

3 |0

60
30.0001

0

Show

Twist Angle (alpha) deg

1: [0

2 n
3 0
IKin
Analysis Complete
For FKin
Select Intial Values
Solution 1 v
Select Final Values
Solution 2 v
oK

End Effector
X (m): 0.05
Y (m): 0.1866025

Theta (deg): 90

Solution2
Thetal {deg): 90

Theta2 (deg): |-30.0001
Theta3 (deg): |30

Show

Fig-9: Results of 3-Axis Planar Articulated Arm for Inverse
Kinematics

4.2.3 Using MATLAB
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1 %Program for the inverse kinematics of 3-1link arms
2 fNon-zero constant DH parameters
3 - clc

4 - clear

5 — al=100; a2=100; a3=0:

a FInput

7 - phi=20;

8 — px=50;

9 - pyv=186.6025;

10

11 fIntermediate calculations

12 — wx=px-a3*cos (phi);

13 - wy=py-a3*sin(phi) ;

14 — del=wx*wx+wy*wy-al*al-aZ*a2;

15

16 %Calculations for theta 2

17 — c2=del/ (2*%al*aZ);

18 — g2=sgqrt (l-c2*c2):

19 - th2=acos(c2)

20 %Calculation for finding theta 1
21 — tanl=( (al+a2*c2) *wy-a2*s2*wx) / ( (al+a2*c2) *Wwxr+al*s2*wy)
22 — thl=atan(tanl)

25 %Angles in degree

24 — r2d=180/pi;

25 — thld=thl=*r2d

26 — th2d=th2*r2d

a7 %Calculation for theta 3

28 —

th3=phi- (thld+th2d)

Fig-10: MATLAB program for IK of 3-Axis Planar
Articulated Arm

thld =

60.0000

th2d =

30.0001

th3 =
—4.0071e-005

Fe >> |

Fig-11: MATLAB Results for IK of 3-Axis Planar
Articulated Arm

4.3 3R-1P Mechanism [4-Axis Adept-1 SCARA
Robot] [5]

4.3.1 Algebraic Method

4.3.1.1 3D Model

Fig-12: 3D Model of 4-Axis Adept-1 SCARA Robot

4.3.1.2 Kinematic Parameters Table

Table-3: Kinematics Parameter Table

Joints | Rows of KP Types of 0k dk ak ak
Table Joint
1 01,d1,al,al Base 01 d1 al +TC
2 02,d2,a2,a2 Elbow 02 0 a2 0
3 03,d3,a3,a3 Vertical 03=0° d3 0 0
Extension
4 04,d4,a4,04 Roll 04 d4 0 0
4.3.1.3 Arm Matrix
Cio4 Spo4 0 3¢ +a50
Tot=| o124 ~C124 0 318+ 35y
0 0 -1 dj-gg-dg,
0 0 0 1
4.3.1.4 Calculations:
Forward Kinematics
Joint 0 d a a
Base 01 877 425 +TU
Shoulder 02 0 375 0
VE 0 d3 0 0
Roll 04 200 0 0
91:600, 92:00
94:300
d3=100 mm
Solution
0.866 0.5 0 400
05 -0866 0 692.82
To* =
0 0 -1 577
0 0 0 1
Px=400 mm
Py=692.82 mm
P,=577 mm
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Inverse Kinematics 4.3.2.2 Inverse Kinematics
0.866 05 0 400 Due to certain limitations inverse kinematics for

this configuration couldn’t be completed by RoboAnalyser.

0.5 -0866 0 69282 So using Arm Matrix from DK we have calculated IK values

0 0 -1 577 using algebraic method. Similarly for 5R and 6R is done.
0 0 0 1
Results
Solution 0, = 60°
wi+w? —al —al
f, = tcos| L - *‘5!-1 N ; - 62=10°
84=30.0001°
By =00 — 8, — 8 d3=100 mm
oy 4.6.3.3 Using MATLAB

B,y = tan~t [
124 Ry,

1 §Program for the inverse kinematics of 3R-1P
a2 iNon-zero constant DH parameters
34231:4_31_32 3- cle
4 - clear
P3 Or W3=d;-q3-dy 5 - al=425; ad=3T75; a3=0;
& $Input?
. 7= phi=50;
i.e d3 =d;-dg-w
*E} 3 1704-W3 ale pE=400;
- 9 - py=692.82
= 2 =
8, = £60.00002314 |- [——
13 = d1=8717
0, = +0.0025° 1z - dd=200
13 - R21=1
14 - R11=0
g, = 20.099747586" 15 gIntermediate calculations
18 - del=px*pi+py*py-al*al-al*ald;
d 17 $Calculations for theta 2
3=100 mm 18 - c2=del/[2*al*a2):
. 19 - 32=agrt(l-c2*c2);
4.3.2 Using RoboAnalyser ol the=acos (c2)
. . 21 - tha2=azin(s2):
4.3.2.1 Forward Kinematics 2z $Calculation for finding theta 1
- = - ‘ - 23 - sl=(al+ad*c2) *pu+(a2*s2) *py/ { (DX*pR+DY*DV) ) 7
e - Rl <y S P g ey o4l g oo B e 24 - cl=(al+a2*c2) *px- (a2*32) *py/ | (DE*RR+DY*DY) ) §
osm Vorabie 045 0 L 5 - tanl={(al+a2*c2) *py+al*s2*px) / ((al+ad*c?) *pr-al*si*py) ;
oo T — == ': S ’ 26 - thl=atan{tanl);
) Pyt Varatie ¢ 0 Q 01 0
t Reviise 03 Vol 0 ® % 27 thngles in degree
28 - r2d=180/pi;
29 - hld=thl*r2d
= Update = £
[ T Linkd  w ] Base Frame v [—p— 30 - thcZd=thel*rad
33 $Calculation for theta 4
0.866025 05 0 04 32 - th3d=phi-thld-thec2d
05 -0.866025 0 0.69282 33 $Calculation for d 3
0 0 1 0577 a4 - d3=d1-d4-pz |
0 0 0 1 Fig-14: MATLAB program for IK of 4-Axis Adept-1 SCARA

Robot

Fig-13: Results of 4-Axis Adept-1 SCARA Robot for
Forward Kinematics
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3 03,d3,a3,a3 Elbow 03 0 a3 0
thild =
60.0450 4 04,d4,a4,04 Tool Pitch 04 0 a4 -90°
5 05,d5,a5,a5 Tool Roll 05 d5 0 0
thc2d =
0.0%860
4.4.1.3 Arm Matrix
th3id =
29,8590 To>=
C1C234Cs5 #5185 —C1S5Cp34 +5:C5 ~CySpy Cylaney +agp ~dgSyz)
a3 = $1C234C5 ~C1S5 ~S155Cp34 ~C1C5 ~S1Sp34 Sy(acy +agcp3 ~dgSs3)
100 ~C5553 523455 ~Co3q dy-apsp —agsy3 ~d5Cozy
0 0 0 1
Fr o>
Fig-15: MATLAB Results for IK of 4-Axis Adept-1 SCARA 4.4.1.4 Calculations
Robot
. . . . . Forward Kinematics
4.4 5R Mechanism [Five Axis Articulated Microbot
o-11 Robot Arm] [5] Type of ) d a I
. Joint
4.4.1 Algebraic Method
Base 01 215 0 -90°
4.4.1.1 3D Model
Shoulder 02 0 177.8 0
Elbow 03 0 177.8 0
Tool Pitch 04 0 as -90°
Tool Roll 05 129.5 0 0
0,=300°
92: -600
93:900
94:00
05=450
Fig-16: 3D Model of Five Axis Articulated Microbot o-II a,=0
Robot Arm
) ) Solution
4.4.1.2 Kinematics Parameter Table
. -0.17 -04 154.2
Table-4: Kinematics Parameter Table 0.8839 0.1768 0.4330 154.265
s |~ 0.3062 -0.9186 -0.25 89.065
Joints | Rows of KP Types of o0k dk | ak ak R 0.3536 0.3536 —0.8660 167.929
Table Joint
0 0 0 1
1 01,d1,al,al Base 01 d1 0 | -90° P.=154.265 mm
Py=89.065 mm
2 92,d2,a2,(x2 Shoulder 02 0 a2 0 PZ: 167929 mm
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Inverse Kinematics e niTee O e T W ae 00 dgem (W Goern
: 0215 Verable ) 0 X 0
0.8839 —0.1768 —0.4330 154.265 e — T e = =
~03062 —-09186 -0.25 89.065 R W . T4 :

—0.3536 0.3536 —0.8660 167.929

’ ° ° ! [ T Link5 v ] Base Frame v @

Solution 0883883  -0.176777 0433013  0.154265
Wy -0.306186  -0.918559 0.25 0.089065
B, = tan™* (") 0353553 0353553  -0.866025  0.167929
'L B . B .
( : 0 0 0 1
—Cywy + 5w
g:“ — taﬂ_l[ﬁ]
—w
¢ Fig-17: Results of Five Axis Articulated Microbot a-II
—Cgy = —0.8660 Robot Arm for Forward Kinematics
by = dy — dgCazy — Wy 3.4.2.2 Inverse Kinematics
by = Cywy + 5wy +dssyag Results
B2 1 b2 . . 61=30.0001°
8, = +oos it 2 22— O 02 = -59.999
=T 2o 6 05 =900
94 :00
8. = Leos—t (a; +a;C3)by + (a;55)b; 05 = 450
T 152
4.4.3 Using MATLAB
IBIE =ai +ai +2=a; =a; =C; . . .
- - - b - 1 $Program for the inverse kinematics of 5R
Bpna = B, + 8 L 8 2 $Non-zero constant DH parameters
24 - ; N 3= clc
8, =f., — 0 —@ 4 — clear
R R S—  a2=177.8; a3=177.8;
Ao 6 $Input2
f; = tan " [——] 7—  px=154.265;
i 8—  py=89.065;
9 — pz=167.929;
10 — 5234=0.5;
Ej. — 30.00001692 11 — c234=0.8660;
12 — th234=30;
g, = 80.00074525° N
h 14 — d5=129.5;
f. — —50.00088837° 15 — R32=0.3536;
- 16 — R31=-0.353¢6;
6. = F 17 $calculation for r 2 d
+ 18—  r2d=180/pi:
. 19 $calculation for theta 1
4.4.2 Using RoboAnalyser sl tanl=py/px;
. . 21 — tl=atan(tanl);
4.4.2.1 Forward Kinematics | N "
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23 — cl=cos(tl) - »
.| [ 4.5.1.2 Kinematic Parameters Table
25 $Intermediate calculations
26 —  b2=d1-d5*c234-pz; Table-5: Kinematics Parameter Table
27 = bl=cl*px+sl*py+d5*s234;
28 sCalculations for theta 3 -
29 — c3= (b1#b14b2*b2-22%a2-23%a3) / (2%a2%a3) ; Joints Rows of KP Types of ok dk ak ak
30 — th3=acos (c3) ; Table Joint
o= s3=sin(th3);
3z — th3d=th3*r2d 1 01,d1l,al,al Base 01 0 0 -90°
33 $Calculation for theta_2
34 — c2=((a2+a3*c3) *bl+(a3*s3) *b2) / (a2*a2+a3*a3+2*a2*a3*c3) ;
35 — th2=acos (c2) ; 2 02,d2,a2,a2 Shoulder 02 d2 a2 0
36 — th2d=-th2*r2d
37 %Calculation for theta 4
38 — th4=th234-th2d-th3d; 3 063,d3,a3,a3 Elbow 03 d3 a3 90°
39—  thd4d=thd*r2d
40 %Calculation for theta 5
41 — th5=atan (R32/ (-R31)) : 4 04,d4,a4,a4 Tool Pitch 04 d4 0 -90°
42 — th5d=th5*r2d
5 05,d5,a5,a5 Tool Y 05 0 0 90°
Fig-18: MATLAB program for IK of Five Axis Articulated e oot Taw
Microbot a-1I Robot Arm
6 06,d6,a6,06 Tool Roll 06 dé6 0 0
thid =
30.0000
b 4.5.1.3 Arm Matrix
90.0001
tnza - M1 "2 f3 ¢ Px
-59.9993 r21 r22 r23 : py
r. r. r. :
e 31 T2 f33 Pz
. S
0 0 0o : 1
thsd = - -
p 43 ryg = CylCos (€4 C5Cs — 5455) — 522 55Ce] + 5,[54C5C; + €456 ]
) rys = 5y [Coa(CyCeCs — 5,550 — 52255 Cel — Cy[54Cs Cg + Gy 5]
Fig-19: MATLAB Results for IK of Five Axis Articulated ray = —533(C4CsCs — 5,56) — €225 Cs
Microbot a-II Robot Arm Tz = CL [C:g {_C4|:555 - 54C5:] + 5:35555] + 51_ [_545555 + C4C5]
] ryg =5y [Cpa(—CyCsSg — 54Ce) + g2 555l — Cy[—54C556 + €4 Ce]
4.5 6R Mechanism [Puma 560 6R Robot] [2],[3] Fag = —5gg (CsCsS; — 5, Ce) + CazSs 5
4.5.1 Algebraic Method fis = —C1(Co0uSs + 53505) — 5:5.5

T3 = =54 (020,55 + 523C5) + C15,55
4.5.1.1 3D Model

Tgz = 5330455 — Cpals

By = Cy(a; G +35Cpp — Sppdy) — ds5y
51':3: Citas Gy — 55 d:t:] +d; G

= —ag5;—835y — Cpads

Rt

For last 3 angles i.e. 84, 05, B¢
CiCsCs— 5355 —CiCsSe— 545 —Cals

s[R] = s5Cs —355¢ Cs
_5;1_(._5(._5_ Ci‘gﬁ 54C555 - Cit'_ﬁ 5455

Fig-20: 3D Model of Puma 560 6R Robot
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4.5.1.4 Calculations

Forward Kinematics

Types of 0 d a o
Joint
Base 01 0 0 -90°
Shoulder 02 500 700 0
Elbow 03 94.8 948 90°
Tool Pitch 04 680 0 -90°
Tool Yaw 05 0 0 90°
Tool Roll 06 853 0 0
01=600
0,=300
03=450°
94:00
05=90°
06=00
Solution
[-0.4829 0.8660 —0.1294 1527
To6 = -0.8365 -05 -0.2241 216
o —0.2588 0 0.9659 14416
L 0 0 0 1
0 0 0
E[R]: 1 0 0
o0 0 0

Px=x=15.27 mm
Py=y =216 mm
P,=z=-1441.6 mm

Inverse Kinematics

—dy+ Idf +g!: — K2

E"! = 21:3.!1_1'[ ‘\IK n
)

]

Where, K = {%]{x: +yi4zi—dlt—at —at —d)

]
—y — 363 +dysa 6y a2 4d, T + 2ay(aa0s — dys,) — 22

N

8y = 2tan”'[ z — (@355 + dycg) ]
o0 0 0

E[R] =11 0 0
o0 o

f; = cos™(r)
—r22
r21

B, =tan [ ]

P r33
s = st 5]

g, = 59.092875820

f; =45.00048521°

B, = 29.99863678°

E‘4 = o
6. = 900
E‘E = o

4.5.2 Using RoboAnalyser

4.5.2.1 Forward Kinematics

B GO B Bk b e e
[ ¥ Link6é v ] Base Frame v| L tpdate
0482963 0866025  0.12941 0.349478
0836516 05 0224144 1794914
0258819 0 0965926  -1.913635
0 0 0 1

Fig-21: Results of Puma 560 6R Robot for Forward
Kinematics
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4.5.2.2 Inverse Kinematics 45
46 $Calculation for finding theta 2
Results 47 — tanZ2=(-a2-a3*c3+d4*s3+c) / (pz-(a3*33+di*c3) ) s
48 — tlZ2=atan(tanz):
01=75.11463857 0 g At
02=46.3399-62.41i 0 =05  th2agt2*r2d
03=35.65+103.96i 0 21 ,
0,=00 52 %Calculation for theta 4
8:=900 53 — thd=atan (-r22/r21);
95_00 54—  th4d=thd*r2d
6 55
. 56 $Calculation for theta 5
4.5.3 Using MATLAB -
g 57 — t5=acos (r23);
— = *
1 $Program for the inverse kinematics of &R 28 thEd, torrad
59 — 55=sin(t5)
2 $Non-zero constant DH parameters o
i cle 61 $Calculation for theta 6
g clear 62 —  thé=asin(r33/s5);
3|= a2=0.7; a3=0.948; 63 — thed=the*r2d
6 64
7 $Input2
8~ px=0.01527; Fig-22: MATLAB program for IK of Puma 560 6R Robot
9 — py=0.2160;
10 — pz=-1.4416; thild =
11 — d2=0.5;
59.5929
12 — d3=0.0948;
13 — d4=0.68;
14 — r23=0; =h3d =
15 — r22=0; 450106
16 — r21=1;
17 — r33=0;
5 th2d =
19 tcalculation for r 2 d 25.5945
20 — r2d=180/pi;
sU th4d =
22 $Intermediate calculations
0
23 |— a=sqrt (px*px+py*py-d3*d3) ;
24 — K=(0.5/a2) * (px*px+py*pyt+tpz*pz-d3*d3-a2*a2-a3*a3-d4*d4d);
25—  b=sqrt(d4*d4+a3*a3-K*X); ths5d =
26
27 $calculation for theta 1 20
28 — tanl=(-px+a) / (py+d3) ;
29 — tll=atan(tanl);
30— t1=2%t11; Théd =
31— thld=t1*r2d o
32 — cl=cos(tl);
33 — sl=sin(tl); f;!
34
- $Calculations for theta 3 Fig-23: MATLAB Results for IK of Puma 560 6R Robot
36 — tan3=(-d4+b) / (K+a3) ;
37 — tl3=atan(tan3);
38 — £3=2%t13;
39 — c3=cos (t3);
40 — 83=s5in(t3);
Ml|= th3d=t3*r2d
42
43 $Intermediate calculations
44 — c=sqgrt (a2*a2+a3*a3+d4*d4+2*a2* (a3*c3-d4*53) -pz*pz) ;
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5. RESULTS AND DISCUSSION Table-7: Percentage Error in Calculation
- : Robot Angles Percentage Error (in %)
Table-6: Comparison of Results Configaration
- (nputin = i Rob MATLAB
Robot Angles Method for Study of IK (output in degrees ©) degrees gebraic obo
Configuration )
(input in Algebraic Robo MATLAB Analyser
degrees)
Analyser 2R 61=60 2.28*106 0 0
Configuration
2R Configuration 01=60 59.99999863 60 60 62=30 2.21%10+ 3.33*%10+ 3.33*10
62=30 30.00006631 30.0001 30.0001 61=60 1.03*10- 0 0
01=60 59.9999938 60 60 3R 02=30 2.878*10+ 3.33*10+ 3.33%10+
Configuration
3R Configuration 02=30 30.00008634 30.0001 30.0001 03=0 0 0
03=0 0 0 -0.00004 01=60 3.85%10-5 0 0.075
01=60 60.00002314 60 60.0450 3R-1P 62=0 0
Configuration
3R-1P 92=0 0.0025 0 0.0960 d3=100 0 0 0
Configuration
d3=100 100 100 100 04=30 8.41%103 3.33*104 0.47
04=30 29.99747686 30.0001 29.8590 61=30 5.64*10-¢ 3.33*%10+ 0
01=30 30.000001692 30.0001 30.000 62=-60 1.86*10 1.67*10 1.167*103
82=-60 -59.99988837 -59.999 -59.9993 5R 63=90 2.83*10+ 0 1.11%104
Configuration
5R Configuration 03=90 89.99974525 90 90.0001 04=0 0 0
94=0 0 0 -0.0476 65=45 0 0 0
05-45 45 45 45 81=60 1.87%102 25.19 0.01183
01=60 5939287581 75.11463857 59.9929 82=30 4.54*103 54.47-207.13i 0.01833
62=30 29.99863678 | 46.3399-62.41i 29.9945 6R 83=45 1.07*103 20.78+231.02i 1.078*10
Configuration
6R Configuration 03=45 4500048521 | 35.65+103.96i | 45.0106 64=0 0 0 0
04=0 0 0 0 05=90 0 0 0
85=90 90 90 90 86=0 0 0 0
86=0 0 0 0
So from above Table it is imminent that there’s a minute

percentage error in calculations by all the three ways of
studying inverse kinematics i.e. by algebraic method, using
RoboAnalyser and using MATLAB. In most of the cases the
results of RoboAnalyser and MATLAB are same as compared
to algebraic method. The difference in algebraic method is
mostly due to the fact that during calculations most of the
values were approximated.

Also from above ways of studying IK and its output, it is
clear that the simplicity level of studying inverse kinematics
goes on increasing with increasing robot configuration.

Page 932

© 2017,IRJET | ImpactFactorvalue:5.181 | 1S09001:2008 Certified Journal |



’,/ International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395 -0056
JET Volume: 04 Issue: 05 | May -2017 www.irjet.net p-ISSN: 2395-0072

6. CONCLUSION

Since the forward kinematic analysis of any robot
configuration is simple to do analysis of model and calculate
the position using the joint angle, its study is not of much
bother to us. However the greater challenge is to analyze the
inverse kinematics solution of the robot configuration using
the final position the robot. Thus the aim was to study
complexity of the IK with increasing degrees of freedom.

So in the study this aim have been materialized by
means of three ways for analyzing the inverse kinematics
solution using algebraic method, using RoboAnalyser and
using MATLAB. So the study of the complexity of various
robot configurations with increasing degrees of freedom is
done for robot configurations i.e. 2R, 3R, 3R-1P, 5R, 6R
where R and P stands for revolute and prismatic joints.

The results of these 3 methods suggests that the
study of IK definitely is of complex nature for increased
degrees of freedom. In other words, the results of algebraic
method are validated with the outputs from RoboAnalyser
and MATLAB.
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