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Abstract

The Remote Manipulator System (R.M.S) is a typiatample of a robotic
manipulator. It is a two — link planar system whicls made up of the base link (link
0), the upper arm link (link 1) and the end — effiec or forearm link (link 2). The two
joints are revolute and are respectively locateditz shoulder and the elbow. In this
work, frames are assigned to all the links; the @@t and inverse kinematics modelling
of the manipulator arm is also being discussed. Th®mplete homogeneous
transformation matrices relating gripper's (geneigl known as the end — effector)
frame with the base / reference frame have beingivid using Denavit — Hartenberg
matrix.
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1.0 Introduction

Kinematics is the science of motion which treatdiomowithout regard to the forces which causesTihe study of
manipulator kinematics refers to all the geomelr{the position and orientation) and time basedpprty (velocity,
Acceleration) of the motion. The manipulator arebitre of a robot is composed of an arm mostlynfiovements of
translation, a wrist for movement of orientationrdaan end — effector for interaction with the enwmiment and / or
external objects. Generally, the term manipulagéens to the mechanical structure a robot must maweeder to move an
object around in the working volume [1]. Accorditag Marco [2], the term manipulator refers specificéo the arm
design, but it can also include the wrist whenrditbe is addressed to the overall manipulation att@ristics of a robot.
In this work, only the arm design is discussed.

The mobility of a manipulator is due to the degreéfreedom (D.O.F) of the joints in the kinematisain of the
manipulator, when the links are assumed to be ttigidies. The assembly of sequential links andt§omake up a
kinematic chain [3]. An assemblage of links ancdifeiwas defined by Joseph Duffy [4] as a kinemett@in that may be
opened or closed. It can be an opened or closgy todt can be a combination of opened and cldsegs. A kinematic
chain can be of open architecture, when refermngetial connected manipulators, or closed ardhitecwhen referring
to parallel manipulators as in the examples shawRigure 1. These skeletal forms are essentialymgrical models
which can be labelled conveniently with the joiatiables and the link lengths [4].
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(a) (b)

Fig. 1: Planar examples of kinematic chains of manipulators: (a) Sesial &s
open type (b) Parallel chain as closed type

The type of manipulator arm described in this papdrasically a series of rigid bodies in a kinematructure
commonly referred to as open kinematic chain; ihishown in Figure 2. Manipulator arm is subdiddato various
parts; this includes: the links, the joints and ¢mel — effector. This paper discusses mainly tlwengdrical property of

the motion.

Base Link
Revolute joint
1

Link 1

a
Revolute joint

2

Link 2

a, is the upper arm link length while
& is the end — effector link length

a

End - Effector

Fig. 2: Parts of Manipulator Arm showing the Reveldoint — Link Structure
in an Open Kinematic Chain

1.1 The Links
The links are the linearly rigid bodies whikée in between two joints. The link that is héixied is called the base

link which serves as the frame of reference. Eathrhember is numbered from 0 to n; the base knfiimbered 0 while

the most distal link is numbered n.
The links of the R.M.S are made from plastic pipad each of the links can be likened to human amwnsected by

joints; a typical example of this is shown in Fig.
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1.2 The Joints

The joints are the part of the manipulator which asually instrumented with position sensors whiltbw relative
position or motion of neighbouring links to be maa&sl. The joint types in robots are usually relatedevolute and
prismatic pairs with one degree of freedom (D.OA&€cording to Philippe and Michagb], degrees of freedom have to
do with the number of independent position varighileat have to be specified in order to locatepalits of the
mechanism. The Revolute or rotary joint takes trenfof a hinge in which adjacent links rotate widspect to each
other about the joint axis; a good example of #wlute joint is the hinge joint in man while thaspnatic or sliding
joint is a type of joint in which the relative dlapement between links is a translation. They Gambdeled as shown in

N\ 7/4

(a) (b)

Fig.3: Schemes for joints in robots: (a) RevolltgRrismatic joint

The manipulator arm described in this work has omints at the arm which are revolute and thu$as two
degrees of freedom. It also possesses the basgitikl0), upper arm link (link 1) and the fore atimk (link 2). For these
reasons, it is therefore a two — link revolute plamanipulator. It is a planar manipulator becalkthe joints lie on the
same axis; it also has two co-ordinates (X, y).

1.3 The End — Effector

In robotics, an end — effector is a device or twminected to the end of a robot arm. The struaifian end —
effector, and the nature of the programming andiWware that drives it depends on the intended tHsé&. robot is
designed to set a table and serve a meal, thetiedtamds, more commonly called grippers are thetrunctional end —
effectors [1]. The same or similar gripper mightused, with greater force, as a plier or wrenchtifgintening nuts or
crimping wire. In a robot designed to tighten sgehowever, a driver—head end — effector is mopeapiate; a gripper
will be a hindrance in that application. The driveead can be attached directly to the robot armitacah also be easily
removed and replaced with a device that operat#s sinilar motion, such as a bit for drilling or amery disk for
sanding. Also, for a robot designed to pick upexeiof iron, the end — effector may be an electgmnea

A robot arm can accommodate only certain end -ceffdask modes without changes to the auxiliargware
and/or programming. It is not possible to direcplace a gripper with a screw driver head, fomgxe, and expect a
favourable result. It is necessary to change tlegramming of the robot controller and use a diffierset of end —
effector motors to facilitate torque rather thaipging force [6]. Once this is done, the grippen tlaen be replaced with
a driver — head. The end — effector motion is cdusemotions of the intermediate links betweenlibse link and the
last link. The relative motion of adjacent linksdaused by motion of the joint connecting the tinkd. There is an
actuator in each of the joints that will carry dlie actual movement; also, there are sensors te i@ actuators in a
desired angle. Thus, the end — effector locatian & determined by investigating the position aridntation of each
link member in series from the base to the endfectdr [7]. To describe the position and orientataf each link
member, frames are usually used; these framegpresented using square brackets

The end — efffector designed for the R.M.S is a-twimger gripper. In order to represent the pogitnd orientation
of end — effector, a co-ordinate frame say [P]tiached to the last link. The location of this flams now described
relative to another [0], that is, frame attacheth®sbase link.

1.4 Descriptions of Positions and Orientation

As earlier explained, frames are usually represent@ng square brackets. For example, Let [A] ke db-
ordinate frame A with X, Y, and Z, denoting the unit vectors in the direction of theee principal axes. A point P in
space may be represented with respect to [A] byfieposition vectors shown in equation (1).
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I:)X
"P=|PR ®
I:)Z

The 3x1 position vector stated in equation (1) lsamepresented in pictorial form as shown in Figure

Fig. 4: Pictorial representation of the 3x1 positi@ctor P reference AR)

Let point P be a point on a manipulator end — éfieor any rigid body. P reference AR) represents the
position of the end — effector with respect to [Ap find the orientation of the end — effector, @ardinate [B] is

attached to the body. This is shown in Figure 5.

Zy

Xg

Ye

Xa

Fig. 5: Diagram showing how the orientation of &mel — effector can be found

According to Francis and Andrd8], [B] is described relative to [A] with the matrix@gression shown in
equation (2).

M EP) s

Ap—Ay Ay A —_

s R="X; Y, "Z, = ra1 ra rs 2
M3 32 33

Where*Xg, Y5 and”Zg areunit vectors in co-ordinate frame B expressed imgeof frame A.QR isthe rotation matrix
describing Frame B relative to Frame A (referengmf). Since the components of any vector are girtip projections

of that vector onto the unit directions of its irefiece frame, hence,
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XgXa  YaXa  ZgXa
BAR:AXB AYB AZB = XB.YA YB.YA ZB.YA
Xg.Za YoZa Zs.Za &)
2.0 Theoretical Analysis

2.1 Mapping of Frames

The term mapping is sometimes used when changisgrigéons from frame to frameQR, for example,
means mapping frame B onto reference frame A entation of [B] with reference to [A] as shown iig&re 6.

P is a point ir Fig. 6: Diagram illustrating frame mapping using p¥d [B]. n equation
(4) where”Pg,is the position vector of origin of [B] with refaree to [A].°P is another position vector with reference to
[B].
Therefore,
AP :BP +APBO (4)

2.2 Frame Mapping in the Two Degrees of Free&tanar Manipulator Arm
The designed manipulator arm in this work has Bé&sand two co-ordinates (x, y). This is illustdaire Figure 7.
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[0] is the base or reference frame cited at the
shoulder joint

[1] is the upper arm frame cited at the elbow
joint

[2] is the end — effector frame

P is a point in the co-ordinate frame 2

OP10 is the position vector of origin of [1] with
reference to [0]

1P20 is the position vector of origin of [2] with
reference to [1]

% is the position vector of point P in [2] relative
to [0]

P is the position vector of point P in [2] relative
to [1]

’Pis the position vector of point P with reference
to [2]

Ya

Fia. 7: Diagram of frame mapping in the t— D.O.F planar manipulator a

The position vector of point P in [2] relative th] [can be described in terms of the rotation maifii2] with reference to
[1] { ;R} by equation (5).

'P=,R*P+'P,, (5)
Likewise, the position vector of point P in [2] a&le to [1] can also be described in terms oftthasformation matrix of

[2] with reference to [1] by equation (6). The tséormation matrix of [2] with reference to [1] ispresented in matrix
form as shown in equation (7).

P=ITP (6)

(7)
Also, °P=ITP 8)
In general "P=T P

Where, (k)T is the homogeneous transformation matrix relating fkame with 0 — frame
Substituting equation (6) into (8) gives
P=ITITP ©)

From equation (9),
oT =To, =0T 3T (10)
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Where Ty, »is the transformation matrix of [2] relative to [0]

To.1 is the position and orientation or transformatidfil] relative to [O].
Ti2 is the transformation of [2] relative to [1].
Equation (10) thus shows that the transformatioaraf — effector frame with respect to the base draan also be found
by finding the transformation of one frame withpest to its preceding one and then finally multipdythem all together
to get the transformation of end — effector witference to base frame [8].

In terms of the known description of frame 1 arahfe 2, the expression fog } can be expressed in terms of
rotation matrix and position vector as

(11)

3.0 Experimental Work

3.1  Assigning Link Frames
The Manipulator arm explained in this paper andlastrated in Figure 8 is described with respecthree frames
namely:
1) The base or reference frame cited at the shoubd®r jThis is the frame attached to link O (thatlie base of the
manipulator)9].

2) The upper arm frame cited at the elbow joint. Téithe frame attached to link 1.
3) The fore arm frame. This is the frame attachedhto2 or the end — effector link.

To define a co-ordinate frame attached to each, lihk common normal between the two joint axes nist
determined for the link3]. However, no such link exists for the base amddbt links since each of these links has only
one joint axis. For these two links, the co-ordénfames are defined as follows.

» For the last link, the origin of the co-ordinatarfre can be chosen at any convenient point of tle-exffector.
The orientation of the co-ordinate frame must bemeined so that Xaxis intersects the last joint axis at a right
angle. The choice of Ms arbitrary]10].

» For the base link, the origin of the co-ordinatenie can be chosen at any arbitrary point on tim goiis; the ¢
axis must be parallel to the joint axis while thieotation of X, and Y, axis about the joint axis is arbitrary.

» For the first link, the origin of the co-ordinatt] s located at the intersection of the joint akiand the common
normal between joint axis 2 and 1. TheaXis is directed along the extension line of tammon normal while
the Z axis is along the joint axis 1. The #xis is chosen such that the resultant [Y] forméght hand co-
ordinate system. Since all the joints are on theesplane for the 2 D.O.F planar manipulator arra,dbmmon
normal between the two joint axes cannot be ohtiiihence, the choice of )axis is arbitrary. The Yaxisis
still chosen such that the resultant [Y] formsghtihand co-ordinate system.
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a =33.5cm; a=39.0cm; 0,=3%; 0,=15
Where [0] = Reference or Base frame cited atilslen joint
[1] = Frame 1 cited at elbow joint
[2] = Frame 2 cited at end — effector
Xo & Y are respectively the X and Y co-ordinates of
[0]
X1 & Y, are respectively the X and Y co-ordinates of
(1]
X, & Y, are respectively the X and Y co-ordinates of
(2]
It should be noted thatyZZ;, and Z co-ordinates are not taken
into consideration for [0], [1], and [2] respectliybecause all
the joints are on the same plane.

Fig. 8: Assigning Frames to the Two — Links RewelBtanar Manipulator Arm

4.0 Results and Discussion
4.1  The Denavit — Hartenberg (D-H) Model

In a general form, the transformation of one frarae be obtained with reference to the other fraynading the
Denavit — Hartenberg general formula shown in éqogfl2). [1], [11], [12].

Co9y; -Sind; Cosy;,  Sird; Sino;  aCod;

Sindi Co$;Cosni -Co9; Sino; g Sing;
i—1-

T =
I

0 Siny Cosy d

0 0 0 1

N _

The variables employed in finding the transformatid one frame with reference to other frames a@nn as Denavit —
Hartenberg Parameters. They dgw;, a and ¢ with the following definitions:
L Number of links
e 0O; Thisis the angle between;Xdnd X measured about, Z this is often called the
joint angle or joint displacement.
* oy Thisis the angle between joint aké&nd joint axig+i in the right hand sense.
That is, the angle between Znd Z measured along Xt is also called link twist.
* @&  Thisis the length of the common normal.aflis, the distance from_Zand Z
measured along. Xt is also called link length.
e d: Thisis the distance from o X; measured along.Z It is at times called link
offset.
Theoi, o;, & and dare collectively referred to as the Link or DenavHartenberg parameters.
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4.2 Calculating the Denavit — Hartenberg Parameters

The designed manipulator is a two — link revoluanpr arm in which the two joint axes of the twiink

Manipulator arms are parallel; according to Frargid Andras [3], the link offset; or parallel joint axis is zero.
Since the two axes are parallel, no angle deviagxist between them; hence, their link twist= 0. Before the link
parameters can effectively be derived, frames rhastssigned to the various links as shown in Fi@uréThe link or
rigid lamina upon which the shoulder joint is fismhounted on forms the base link or the refereramé/link. The D-H
parameters for each links tabulated in Table 1 wétained when the manipulator arm was at its fgjgiosition and the
mathematics of the transformation matrix for the twD.O.F revolute planar manipulator arm was edrout using the
data in Table 1.

Tablel: The D-H Parameters for the Two Links

Link no a o d 0;
1 33.5cm 0 0 935
2 39.0cm 0 0 915

4.3 Finding the Transformation Matrix for the two — D.O.F Revolute Planar Manipulaor
Arms.

Direct Kinematics is a mechanics which deals whih determination of transformation (position angmation) of
any point on the manipulator with respect to arheoframe, given the joint displacements of the imaator [13]. For a
manipulator, the overall homogeneous transformatiatrix can be derived using Denavit — Hartenbeadrisn which is
given in equation (12); thus, the position and mt@éon of one frame with reference to the othar lba obtained using
the parameters in Table 1. From equation (12),

Let Co®9;=¢,
Sing; = s,
91: 3§
92: 1§
Recall the transformation of end — effector witference to base frame stated in equation (10)

G - 0 ac
ss ¢ 0 as

°T)= 0 0 1 0 (13)
0O 0 0 1

0T — -0
2T - TO 127 lT ;T
Substituting the parameters into equation (13egiv

082 -057 0 2747

057 0820 19.10 (14)
7)) = 0 0o 1 0
0 0o 0 1
C, -S 0 acC
S c; 0 as (15)
TE)= | | 0 1 0
0 0 0 1
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097 -0.26 0 37.83
026 097 0 10.04

;T(ez) = 0 0 1 0 (16)
0 0 0 1
0.82 -0.57 0 27.47 097 -026 0 137.83
0 057 0820 19.10 026 0970 10.04
ol = 0 0 1 0 0 0o 1 0
0 0O O 1 0 0 0 1
0.6472 -0.7661 O 52.7108
— 0.7661 0.6472 0 48.9779 17)
o1 = 0 0 1 0
0 0 0 1

Equation (17) is the transformation matrix of eneffector frame with respect to the base framergihe joint vectors.

4.4 Inverse Kinematics

Inverse kinematics is a mechanics that deals wighdetermination of joint displacements given atfmsand
orientation (known as transformation) of the endffector[14]. The joint angles are obtained from the end —cédfe
transformation matrix given in equation (17).

Let T (equation (18)) be the position and orietaf the end — effector.

Ny Sx ax Py
nY SY aV PV

T= n, s a, P, (18)
0 0 0 1

From equation (18), the total number of objectivections is 12, comprising of three vectors (eath tirree elements)
and a position vector (with three elements), n]" is normal vector (x — axis) of end — effector fearfs, S, s]"is
sliding vector (y — axis) of end — effector frammda,, a, a]" is approach vector (z — axis) of end — effectarrfe all
with respect to reference frarfid. Here, sliding vector represents the vector nommahe surface of distal link of end —
effector. Thus, this vector has to be collineahwibrmal vector of the surface of the object atghimt of contact. Hence,
the objective function is formulated using the natrand position vectors (six components) for adhigvhe desired
position with proper alignment of object and eneffector surfaces normal. That is, a single obyectunction is formed
from six objective functions by weighted summation.

Recall that T=T =T,,,=T.T
From equations (13) and (15),
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¢ & 0 ag ¢, 5 0 ac
s ¢ 0 as s & 0 35
T=T=| 0 0 1 O 0O 01 0O
0O 0 0 1 0O 0 0 1
€1 G- 515, -C1 S - $1C, 0 a,C1Cy - 2,515, + A1C;
o7 =T = $1Cy+ €155 -51 5, + C1Cy 0 2,51C; - 2,C15; + a15; 19)

Since equations (18) and (19) are equal, the eltsm@the normal vector can be compared with tliahe
position vector. Comparing the element of rowl eoldimn 1 of equation (18) with that of equation)(§ves

n, =GC;, =SS, (20)

From the trigonometric ratio
Cos(6, +6,) = Cosf,Cosb, —Sng,Snf, = ccC,—-SS,

[0 Cos(6, +6,) =c,c, —S;S,=n,

6,+6,=Cos™n, @)
Substitute the value of in equation (17) to (21)

6, + 6, = Cos™0.6472= 49,669~ 50° 22)
Comparing the element of rowl and column 4 of eéqodtl8) with that of equation (19) gives

P.=a, (C1C2 - S132) tac (23)

Substitute equation (20) into equation (23) to get
Px = aznx + alcl (24)
Substitute the values & andn, in equation (17) and; anda, in Table 1 into equation (24) to get
52.7108=39x%0.6472+ 33.5xC,

527108= 252408+ 335C,
527108~ 25.2408= 335C,
2747 =335C,

2747

c, =2"1=082
335

Cosé, = 082
6, =Cos™ 082=3492°
g, =35

From equation (22),
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5.0

6, +6, =50°

35+4, =50°

6, =50°-35" =15°

The joint displacements are:
6, =35
6, =15

Conclusion
In this paper, a two — degree of freedom manipulgtimt which is revolute is presented. The linkgraeters

and the individual joint transformation matriceghwiespect to the reference frame have been deuisied the Denavit —
Hartenberg model. Detailed study was also carrigdar the solution of forward and inverse kineroatdf a two — link
planar manipulator arm with emphasis on the joimgles 0, and6,) and the result thus showed that a good correlatio
exist between the transformation of any point anrtfanipulator end — effector with respect to theebfsame, given the
joint displacements of the manipulator and the rieiteation of joint displacements given a positiow arientation of the
end — effector.
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