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Abstract: Robotics is gaining an important place in manyaaref industrial production nowadays. With the graw
number of robots in production, we are coming ® $blution of various tasks to ensure their optiawlvity when
handling objects or during other technological\atiéis. These are tasks such as planning its mongm&anning the
robot's trajectory, navigation and tracking the eraent of the end member. In this article, we walldwith the issue of
robot workspace structures and determining thetnalodkspace of a specific robot model.

1 Introduction are also interested in the workspace in which tietr

The development of robots and manipulators belond@oves during its work. The presented article isicidd
to the complex development process of entire machkn to this issue [4-7].
engineering, electrical engineering and many ofietds
as their inseparable part. Extending the handling Kinematic structure of robot

capabilities requires the development of new typés mechanisms
kinematic structures, not only of individual types The basic structure of the robot is an open kingmat
manipulators, but also of entire handling systetr3][ chain. Alternatively, the chain can also containl@sed

Assessing industrial robots and manipulators reguir joop of members, it will be a kinematic chain watislosed
to distinguish between the mechanical part andpdt |oop. The point of connection of two links is calle
formed by the control system. A characteristic deatof  kinematic pair. The mobility of the members coneedb
the mechanical part is the kinematic structure,cthi each other is ensured by joints. Articulation betwe
significantly affects the basic properties of rab@nd connected members is realized using a prismatiotary
manipulators, especially the size and shape dianelling joint. The prismatic joint enables the translationa
and working space. movement of the members connected to each other. Th
Currently we have experience with the wide appilicat rotary joint enables mutual rotation of the memberthe
of industrial automated robotic workstations US&[]mly joint_ Rotary kinematic pairs are preferred over
for assembly purposes in many manufacturing congsani translational ones for compactness and reliatiity
This results in the need to control an industmddat in a Our aimisto position and orientation an objedhhee-
defined space. The robot mechanism is mostly am opgimensional space. We require six degrees of fraeido
kinematic chain. In the case of a mechanical systém space, three for the location of a point on theecband
industrial robots used in the production proce$ss t three for the orientation of the object relative tte
mechanism can have 3 or more degrees of freedom (gference coordinate system. If we have more degrée
movement, which depends on the SpeCifiC robothlas t freedom than necessary, we Speak of a kinematica”y
article, we will focus on the kinematic analysis ofedundant manipulator.
manipulator and robot mechanisms. We need to &k  The workspace represents the part of the environmen
position of the working member of the manipulatdative \yhere the end effector of the manipulator can redtsh
to the inertial coordinate system. Using matriximoels in  shape and volume also depend on the design of the
kinematics, we can determine the position of the emanipulator as well as on the presence of mecHanica

member of the monitored desired working membehef t constraints of the bonds. The task required oftheis to
robot. We solve the inverse and forward kinematis.
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position the wrist, which is then required to otilre end Cartesian manipulator is also shown in Fig.2ch A
effector; then at least three degrees of mobitita ithree- example of a Cartesian robot from Epson-Seiko @svsh
dimensional workspace are required. The type and Fig. 2 d) [6-7].
sequence of degrees of mobility of the arm, stgriom In contrast to the high precision, the design foas |
the base joint, allows manipulators to be clags$ifies: dexterity because all the joints are prismatic. dpproach
cartesian, cylindrical, spherical, SCARA ando handling the object is lateral. On the otherchahit is
anthropomorphic [1-7]. desired to approach the object from above, a Gartes
manipulator can be implemented using a gantry sirec
3 Theconfiguration of robotic structures as shown in Fig. 2 e). Such a structure makesssipke to
Moving a person from one place to another is a tagitain a large volume workspace and to handle tdjsfc
often solved by a person. In robotics, planning plagh 1arge dimensions and weight.
along which the working member will move is onetlut
basic tasks. In robotics, for example, we are llogkor the
path of a robotic arm or the path of a mobile servbbot
from the starting position to the target positiBuring its
work, the robot moves in the workspace, which is
determined by the possibilities of its joint vateg The
types of workspaces are related to the configunatib
robotic structures. Their overview is shown in Hig) to
Fig. 1 d) [7]. The designation of joints in the diéstion of a)
the picture is P - prismatic joint with translatimotion,
R — rotational joint, with rotational motion [6-7].

e) .
Figure 2 The Cartesian structure of robots withspnatic joints
PPP a) kinematic structure and workspace, b) kirtensgzheme
with generalized coordinates of the kinematic pairsdi, =
d2, gg= ds, c) workspace of the kinematic structure, d) the
Epson Cartesian Robot, €) gantry manipulator [1f7]gantry
manipulator with 3 axis linear module [14]

Figure 1 Mechanical structures of robots a) caresPPP Cartesian manipulators are used for material hagd|i
structure, b) cylindrical RPP structure, ¢) polaRR structure, and assembly. The joint control of the Cartesian
d) universal RRR structure [7] manipulator motors is typically electric and ocoasilly

pneumatic [1-7].

3.1 Cartesian geometry of robot

Cartesian geometry is realized by three prismatis| 32  Cylindrical geometry of robot
the axes of which are typically perpendicular toreather The cylindrical geometry of the cylindrical manigtdr
(Fig. 2 a). Due to the simple geometry, each degfee Rpp differs from the Cartesian one in that thet firs
mobility corresponds to a degree of freedom in €& prismatic joint is replaced with a revolute joifid. 3 b).
space, so it is natural to make direct movemenspate. |f the task is described in cylindrical coordinateso in
For a Cartesian manipulator, the joint variables #1e  thjs case each degree of mobility correspondsdegaee
Cartesian coordinates of the end effector relativéhe of freedom. The cylindrical structure offers good
base (Fig. 2 b). _mechanical stiffness. Wrist positioning accuracgrdases

The Cartesian structure offers very good mechanicgk the horizontal stroke increases. The workspsace i
stiffness. The accuracy of wrist positioning is stamt in portion of a hollow cylinder (Fig. 3a). The horizal

each working space, which is the volume bounded byprismatic joint makes the wrist of a cylindrical niaulator
rectangular prism (Fig. 2a). The workspace of the
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suitable to access horizontal cavities. Cylindrical
manipulators are mainly employed for carrying otgec
even of gross dimensions, in such a case the use of
hydraulic motors is to be preferred to that of &lec
motors.

Cylindrical robots operate in a cylindrical-shapeatk
environment and have at least one rotary axiseabtise
and one or more prismatic (linear) axes [1-7].

d3

B ——

dy

e) - o .

Figure 4 Spherical structure of robots a) kinematizicture
RRP, b) generalized coordinates of the kinematics @zae

1=61, =02, =ds, c) kinematic scheme of RRP structure, d)

workspace of RRP structure, e)-f) Stanford Arm][1-7

3.4  Scara manipulator
A special is the SCARA structure that can be redliz
by disposing two revolute joints and one prismgtiot in
such a way that all the axes of motion are parallel
Fig. 5b). The acronym SCARA stands for Selective
ompliance Assembly Robot Arm and characterizes the
mechanical features of a structure offering higffnstss to

3.3 Spherical geometry of robot RRP vertical loads and compliance to horizontal I_oakkssuch,
The spherical manipulator RRP differs from thdhe SCARA structure is congenial to vertlcal_ asdgmb

cylindrical one in that the second prismatic jéénteplaced (@SKs. Wrist positioning accuracy decreases adistence

with a revolute joint (Fig. 4 a). of the wrist fr_om.the first joint axis increasedeTtypical
Mechanical stiffness is lower than the above tw¥/orkspace is illustrated in Fig. 5a). The SCARA

geometries (cartesian and cylindrical) and mechanicn@nipulator is suitable for manipulation of smajjests;

construction is more complex. The workspace isiigro  J0INts are actuated by electric motors [1-7].

of a hollow sphere (Fig.4 d), it can also incluthe SCARA are oft_en used. in assembly operations. They

supporting base of the manipulator and thus itajigw ~ Vary on t_he cylindrical Qe3|gn and have two palakes

manipulation of objects on the floor. Sphericafh@t provide movementin one plane.

manipulators are mainly employed for machiningckle

motors are typically used to actuate the jointguFé 4 e)-

f) shows the Stanford arm. They are used in we|ding

pressure casting and injection or extrusion machibe/].

c) d)
Figure 3 Cylindrical structure of robots a) kineriastructure
RPP, b) generalized coordinates of the kinematicspae
Qi=61, =d2, (= ds, C) the Seiko RT 3300 Robot d) workspac
of the cylindrical manipulator [1-7]
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Figure 6 Articulated configuration of robots a) kimatic
structure RRR and workspace, b) generalized coatén

qi = 61, = 02, 5= O3, c) workspace of the manipulator, d)
ABB IRB 120 Robot [1-7]

The joints are usually powered by electric motdtse
range of industrial applications of articulated ripafators
is wide [1-9].

3.6 Parallel manipulator

Parallel manipulator has two or more independent
kinematics chains which are connecting the basthdo
end-effector (Fig. 7).

A parallel robot with six degrees of freedom, whigne
mobile platform and the base are connected byegs, lis

9) shown in Fig. 7 d). The desired location of the ieob

Figure 5 Scara structure of robots a) kinematizisture RRP  platform can be achieved by changing the lengthefegs
and workspace, b) generalized coordinates with@y, = 62,  using controlled prismatic joints. This architeetuvas
gs= ds, c) Epson E2L653S Scara Robot, d) RRP structude a used by Gough in 1947 to design tire testing mashand
workspace e) kinematic structure RRRP, f) Scarapnéator  jnspired the design of a flight simulator (Fig.)7 # is

structure RRPR, g) Scara manipulator structure PRRR known as Gough-Stewart parallel robot. Parallek lin
) ) ) robots also called Delta robots consist of parditets
3.5 Articulated configuration of robots RRR connected to a common base. Delta robots are ngecki

The articulated configuration is realized by thregnd-place systems [1-9].

revolute joints, the axis of the first joint is looigonal to the

axes of the other two, which are parallel (Fig).6Based

on its similarity to the human shoulder, the secjoimt is

called the shoulder joint and the common jointakecl the

elbow joint, which connects the "arm" to the "forea

The articulated structure is the cleverest, ashalljoints

are rotatable. The accuracy of wrist positioningies

within the workspace. In Fig. 6 a) is the workipgse part

of the sphere [1-7].
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00=0,

0
Figure 8 Two-link manipulator kinematic scheme

When solving a direct kinematic problem, the
kinematic equations (1) and (2) determine the osibf
the end point of the arms M.

Xy = L,cos8, + L,cos(6; + 6,) @)
Yu = L,sin6; + L,sin(6; + 6,) 2

With the known sizes of the angular quantiesnd
62, we can determine the position of the point M deed
by the coordinateswxand y, and solve the direct problem
of kinematics. With the known position of point Mt
coordinates » and y1, we can determine the anglasand
0.. We solve the inverse problem of kinematics [1D-13

e)
Figure 7 Parallel structure of robots a) Woux - ABEB940
Tricept Parallel Robot [6-7], b) Delta robot wittumber of

axes 3, ¢) scheme of parallel robot [7],d) kinemmatheme of

parallel robot [9], e) the design of a flight sinatibr

4 Kinematic analysis of mechanisms . .
Today's requirement is to design mechanisms that me4':L Theforward ‘F'”em?‘“cs . :

various technological and functional requiremeatstieir The forvvar d k!nematlcs equation e.stabhshes a

operation in the production process. This alsoiappb the fungt!onal relatl_onshlp between the joint variatiesi _the

demands for the development of mechanical strustofe POSition and orientation of the end effector. Theerse

manipulators and robots. Finding the position @ émd Kineématics problem consists of determining the tjoin

member of the kinematic chain of the manipulatothef V&riables corresponding to the given position and

individual members of the industrial robot basedtiom Oriéntation of the end effector. The solution aégroblem
known angular rotations in the individual kinematigirs 1S Of fundamental importance for the transformatbthe

is a relatively simple task of solving direct kinstizs, Movement specifications assigned to the end effectoe
More demanding is the inverse task of kinematidgney OPErative space, to the corresponding movementbeof
the position and orientation of the gripper areegivand 10Nt space, which enable the execution of the rdsi
we are looking for the angular coordinates of irdiial movement. Regarding the .d.'reCt Kinematic eq_uat[bh (
kinematic pairs [4-6]. We encounter the solutiortradse and (2) the en_d-_effectpr position are calculatedl imique
two tasks most often in the kinematic analysiobbts and W&y once the joint variables . L. , 61 and6, are known.
manipulators. In the two-member robotic arm in Fig. 8 with roteual

In the two-member robotic arm in Fig. 8 with rotatl kinematic pairs in individual joints, with arm réitan
kinematic pairs in individual joints, with arm réitn angle®); andb,, when solving a direct kinematic problem,

anglesd; andd,, we will encounter the solution of the directkinematic equations (1) and (2) determine the jowsivf
and inverse kinematics problem. the end point of the arms M. This is the solutiba direct

kinematic problem.

4.2 Theworkspace of rabot

The workspace of an industrial robot can be defeed
a set of all end positions of the end of the aren,flanges
that can be reached at the end positions of eacheof
robot's axes. Itis determined by the volume otspaithin
the maximum reach of the robot flange or effecidrich
is attached to the robot flange (gripper, tool,)etc

The workspace is an important parameter when
planning a robot task. All his movements must remai
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iﬂSide the WOkapace as ShOWI’] in F|g 11 a)_ |t iS coordinates x,y for all o, (from -90 to 90) and 6, (from 0 to 90) combinations
considered one of the most important charactesigtic T T

choosing a suitable robot. °

An arbitrary orientation of the end effector is aléy 04t 1
not possible in the border positions of the robotkspace.
As a rule, it is difficult for the effector to ac® the o2y ]
manipulated object, which is in location a bordeli - ol |

position of the workspace.

The choice of the workspace depends on the nafure 0 .2}
the work tasks, which depend on the used kinematic
structure of the robot. Structures with serial kia¢ics are 04y
characterized by the fact that they perform movdémen I
independently of each other. The resulting movennt N
composed of a certain sequence of movements pemfbrmb) 06 04 02 0 02 04 06 08 1

by these kinematic pairs. Figure 11 Workspace a) two Ixink arms with workspdmehe
The working space of the manipulator is a subspéce workspace of two link arms for the given joint tsrof angles

the entire possible space of all arm positions thatend 016=-90°. Go6=0°. H1:=90°. H=90° in Matlab
point of the manipulator's gripper can take. The sind ’ ’ ’

shape of th_e working space of the manipulator d@pgn Workspace with joint restrictions:

the properties of the manipulator, namely on t_mr(mrlc 0° <6, < 180° and—90° < 6, < 270°is shown in
dimensions of the arms; land L, and on the limitations of Fig. 12

the joint variables gand @. The joint variables in our case = =
areq=6,and g=0,.

The following graph (Fig. 11 b) shows all the xatal
points generated by cycling through various continna
of anglest; (thetal) and. (theta2) and the derivation of
the x and y coordinates for the endpoints of tihesaiThis

X,y coordinates for thetal an
: ‘ -

!

(S

VL
AR

0.6

. 0.4r
space can be rendered using the commands shown
Fig. 10 [10-13]. —

g. 10 [10-13] <0
figure (2) >
L1 = 0.35; % length L1 of first arm
L2 = 0.35; % of se

arm
thetal = -pi/2:0.1:p: thetal values 0
theta2 = 0:0.1:pi/2; % all possible theta2 values

[THETAL, THETA2] = meshgrid(thetal,theta2); % generate a grid of thetal and theta2 values

X = L1 * cos(THETAL) + L2 * cos (THETAL + THETA2); rdinates

¥ = L1 * sin(THETAL) + L2 * sin(THETAL + THETA2); % y coordinates

datal = [X(:) Y(:) THETAl(:)]; % create x y thetal -0.2
data2 = [X(:) Y(:) THETA2(:)]: create x y theta2 N
plot(X(:),¥(:),'r.", 'LineWidth',2); e E

tsize',10)
TioTe( ovordinates my for all \theta 1 (from 50 to 90}, \theta 2 (from 0 to 06 -04 02 0 02 04 06

90) ', 'fontsize',10)

text(-0.4,-0.35,'M 0 (x,y) = (0.4,-0.4)"),... X (m)

gria on O I e = (00600 Figure 12 Two-link manipulator workspace with arsie joints
Figure 10 M-file in Matlab m-file in Matlab for detmining the 0°<6, <180° and —90° < 6, < 270°

workspace of two-link manipulator

) . With the restrictions fob: and6. the workspace will be
The workspace is shown in Fig. 11 b) in the form shown in Tad..
Yo

X
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Table 1 The x-y coordinates for &ll andd. combinations

x-y coordinates for all 8, and 8,

coordinates for ¢, and ¢, combinations

coordinates for ¢, and 0, combinations

¥ [m)

08 J
04 {
oz ]
q

]

02 l

|

£4 02 0 D2 04 08
xJm)

xfm]

a) -p : 0°€8,2180° and -90°< @, £-45°

b) 'q: 0°€8,<180°and -45°<9,<0°

coordinates for ¢, and (, combinations

coordinates for 4, and 6, combinations

06 04 02 0 02 04 08
X [m]

06
08
04
04
£ £ oz
= 02 =
5 o
02 02

-06 -04 -02 0 02 04
x[m]

c)-r: 0°$8,5180°and 0°S8,<45"

d) 's: 0°56,5180° and 45°< 8, £90°

x-y coordinates for all 8, and 8,

coordinates for 4, and ¢, combinations

coordinates for , and ¢, combinations

&3 02
03

02 04

E0 E

= = 0
0

o 0.4
02

03 02

04 -0.2 ) 02 04 £4 03 02 -01 0 01 02
ximl )
e)-u: 0°$6,5180° and 90°< 6, <135° f)-w: 0°50,<180°and 135°<8, < 180"
coordinates for 1), and 6, combinations coordinates for 0, and f, combinations

02 | 04

03

01 .

= god

01 01

02

02 ] 03

02 01 0 01 02 03 04 02 0 02 04 08
x [m] % [m]

g)'b: 0°0,<180°and 180°<8,<225°

h)-c: 0°%8,5180° and 225°<6,<270°

The resulting workspace with joint constraintsiewn

in Fig. 13.

T T

$13%%)

06
© 04 :.'
N: ::',‘.
E 0.2 [
s 0
-0.2

Jlooscw-ao

Figure 13 Two-link manipulator — the position oétandpoint

-06 -04 -02 0 02 04 06

x [m],i=12,..8
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Anglesf; and6;, of the arms of lengthiland L, at the
initial position of the arms and the final positioithe arms
in Fig. 14 are determined using the m-file in Fif.a).

y
M
/ tf
/
Ba @
/ >k
O;tf\ em P Oth
0209/2

Figure 14 Two link arms in the given joint limita=-90°,
020=0°, 01t=90°, 62=90°

The trajectory of the end point M when moving from
position M to position M is shown in Fig. 14. The m-file
for determining the trajectory when moving frommidvio
to point My is in Fig. 16 b) [10-13].

06 Trajectory of the point M

—
1l

2s: (xy) =(0,0.6)

0.4 \\
0.2

t=0s: (xy) = (0.4,-0.4)
02 0 02 04 06 08
X

Figure 15 Trajectory of the two-link manipulatoofn position
Mo (0.4, -0.4) to the position MO, 0.6)

L2-0.35

yMEE=D. 6
syms thetall theta20 thetaltf theta2tf

E10 = L1*cos (thetall) +L2*cos (thetall+theta20) -xM0;
E20 = L1*sin(thetal0)+L2*sin(thetalO+theta20) -yM0;
theta20] = solve (E10,E20) ;

double (thetal0* (180/pi))

theta20 — double (theta20*(180/pi))

2*cos (thetal

Figure 16 a)M-file ford; and6. , b) M-file for trajectory of
two-link manipulator

Q) oo - s e o0/
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The trajectory of the end point M when moving from
position M to position M (Fig. 15) is in the workspace in Refer ences

Fig. 17 for angular size restrictions: [1] ANGELES, J.:Fundamentals of Robotic, Mechanical
90" <6,<90a0<6,<90. systems 2'Y ed., Springer Verlag, New York, USA,
2003.
The trajectory in Fig. 17 will be drawn by comptefi [2] SPONG, M.V.:Fundamentals of Robotic, Mechanical
the commands: - o systems,® ed., Springer, 2002.
f(a,l?(:g)i)(z)lY(g)SS "oy :bio 4'_5'2)9,\""““ 32)' [3] MURRAY, J.C.: A mathematical introduction to
text(-0.4.04, M _{tf} (xy) = (0,0.6) y robotic manipulation,CRC Press, Boca Raton, FL,
to the above-mentioned m-file for determining the 1994. _ .
workspace in Fig. 10. [4] LATOMBE, J.C.: Robot Motion Planning,Kluwer

Academic Publishers, Boston, 1991.
coordinates x,y for all 0, (from -90 to 90), 0, (from 0 to 90) [5] CRAIG, M.V.: Fund.amentals of Robotic, Mechanical
- systems2'? ed., Springer, 2002.

0.6 [6] SCIAVICCO, L., SICILIANO, B.: Modelling and
04 Control of Robot Manipulators2™ ed., Springer-
' Verlag, London, 2000.
0.2 [7] DUYSINX, P., GERADIN, M.: An introduction to
Robotics: Mechanical Aspecttiniversity of Liege,
> 0 Liége, 2004.
02 [8] CRAIG, J.: Introduction to Robotics: Mechanics and
Control, Pearson Prentice Hall'%%d., 2005.
0.4 [9] CECCARELLI, M., OTTAVIANO, E.: Kinematic
06 design of ManipulatorsUniversity of Cassino, Italy,
' 2008.
0.5 1 [10] HRONCOVA, D., RAKAY,R., LIPTAK, T.
X Sim Mechanics and Forward and Inverse Problem of
Figure 17 Two link arms and the workspace of thed®t for Dynamics,Journal of Automation and ControVol.
the given JOInt Iimit$§910=-90°, 920200., 011f=90°,.921f:90° in 3’ No. 3' pp. 58-61, 2015.
Matlab with trajectory from point Mto point M. [11] HRONCOVA, D., DELYOVA, I., FRANKOVSKY,

Various obiects. obstacles. tools. etc. can beedlic P.: Kinematics of Positioning Device for Material
lou JECLS, LT p. Handling in ManufacturingActa logistica Vol. 8,
the robot's handling space. Their position can dslye No. 1, pp. 11-18, 2021

e st o s o MBS0 1910 2230631194
alrm witr: rels gct to the ob'eclts located ir:\fchem?p?ﬁation [12] HRONCOVA, D., ~ SINCAK, P.J., MERVA, T,
P J MYKHAILYSHYN, R.: Robot trajectory planning,

space of the robot [6-9]. MM Science Journalol. 2022, No. November, pp.
6098-6108, 2022.

5 Concluson _ , . , https://doi.org/10.17973/MMSJ.2022_11_2022093
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