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Abstract: In this paper a calculus methodology for optimalsture design of numerically controlled
(NC) axes of SCARA industrial robot (IR) is presdnBesides identification of optimal structuresah
performance check is presented correlated with ggarbnces desired to be achieved by the overall
assembly of the robot. Such calculus methodologybeaapplied in conceptual design and optimization
of mechanical structure for new robot prototypest (With similar structure) or for correct identifition

of constructive robot variant or right constructiamd functional parameters of a robot for a partau
robotic application.
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1. INTRODUCTION constructive variant of some existing IR model in
relation to the level of performance desired to be
obtained in its exploitation).

The general objectives to be achieved by going
through the major computational steps remain thmeesa
regardless the formalization of the particular rodtlof
calculus relations used for designing a T / R aXiany
IR. The final goal of the entire design methodoldgyo
identify the optimal complete structure of all IRCNixes
and to verify their performances correlated witke th
desired performance to be achieved at the leviHefR
general assembly. To achieve this final goal, three
calculation steps should be followed: a first sét o
calculation steps specific to each general architecand
IR constructive variants; a second set of calooasiteps
for preliminary dimensioning, selection and final
checking of each type of component integrated th&®

artial assemblies of the NC axes of the desigiedal

Unlike other technical systems (machine tools,
welding technology machinery, other industrial eyss)
for which there are "standardized" design methaogie®
for each type of kinematic chain (main, feed /
positioning, auxiliary, etc.) in the design of irsdtal
robots for each general architecture and the cactste
variant respectively, the stages of designing theegal
assembly and the partial assemblies of the IR tave
particular mathematical formalization. The mains@a
for such particularities in the design methodolagyhe
variability of the articulated mechanical structurethe
IR and the diversity of the particular constructive
solutions usable for the assemblies of numerical
controlled axes for the translation / rotation moeats
(T / R) of the mobile elements of the IR.

From this point of view, the general algorithm meted

in the paperf and the stages under it can be used afyj g set of calculation steps specific for theeséibn of
appropnates Or tWO purposes: _ . the electric drive systems and the control systefithe
* in conceptual development activities and optimal e axes, the overall performance evaluation and the

design of new prototypes for similarly / differéf®  fin5| validation of the complete design of the N@a of
having the same general architecture; the IR.

« for identification of necessary functional /
constructive parameters and the opportunity toaise
specific IR's model / size in current operation = \;nne) pREl [MINARY DATA SET OF
exploitation correlative with its specific integiat

: L : ! g INITIAL CALCULATION
and functionality into a certain robotic applicatjo
(for this case, by applying the present algoritheing At this stage, for the beginning only the sped¥icif
possible to select the right type and the optimalthe application in which the RI will be integratési

considered to be known. For the application whéee t

robot is targeted to be integrated, based on the

* Corresponding author: Splaiul Indepen@én313, district 6, ~comparative study of similar applications existingthe

060042, Bucharest, Romania, literature, the reference model (general architecand

Tel.: 0040 766714482, , constructive version of IR) similar to the one desid is

E-mail addressesifnicolescu@yahoo.co(. Nicolescu); identified first. The set of initial calculationsrfthe RI to
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cozmin.cristoiu@gmail,.colf€. Critstoiu). be designed is established on the basis of thec basi

2. ESTABLISHING THE DESIGN REFERENCE
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functional and constructive charactetics of the
reference model similarlyo the design, identified ¢
being integrated into the respective applicationd

refers to:the specificities of the IR’s work tasks witt
the respective applicationgeneral architecture ai
constructive design of IRthe number and type !
degrees of freedom of the IRte constructiv-functional
specificity of the IR end effectospecifc constructive
parameters of IR tlle number, type, the order

association and reciprocal positiami movement axi
corresponding to thenajor (active) joints of the rok;

the specific shape and dimensions in the longitldind
crosssection directions of the segments of the artiedl
mechanical structure of the IR¢centricities and rotatic
angles defining the relative pten and mutua
orientation of the axis of motion of the major ctugs

of the IR in relation to the specific shape andetigions
of the segments of the articulated mechanical straof
the IR); maximum strokes and speeddhe IR's mobile
elementson the numerically controlled ax shape and
dimensions (amplitude) of the IR workspace; maxin
trajectory speed / minimum cycle time; maxim
payload of IR; IR work accuracy,qff all of thesebeing

necessary to taketo account the basidesign features

of the IR's reference modeal|ready usuallyspecified in
the technical data sheets / product specificatio
product manuals developed by the rianufacture). To
illustrate the previousaentioned aspects regarding
identification of he reference model for the IR to
designed and its basic functional construction ulies
respectively, the following are presen
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Fig. 1. EPSON G10/G20 reference model for SCARA IR t
with R1IR2T3R4 kinematic [1 — general architectur

b - constructive parameteof IR reference mod from

technical datashe[1].

e Figure 1l1la shows general architecture ai
constructive variant of a reference model (EPS
G10/G20) in case of designing of a SCARA IR »
R1R2T3R4 kinematics [1

e Figurelb presentsthe constructive and kinema
parameters for the RI considered as the rnce
model for RI to be designe

* Table 1givespecifications from the IR's datast.

In Fig. 2 and Tabl@ we can observe the maximt
acceleration applicable to the racteristic TCP for the
reference IRMmodel to be design. Of course this is just
one case because the effector could be mountedteicc
and then the maximum loads values would be ot

At this point another important aspect is
localization of the calculusentre to reduce the loads
applied to the robot at the level of each partsseanbly

(Fig. 3).
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Fig. 2 Maximum inertial loads [1

Table 1
Robot EPSON G10/G20 technical parameters
Weight
G10/G20 85 48 kg
Driving method AC servo (all joints)
Operating speed
Joints 1, 2 11000 mm/s
Joint 3 1100 mm/s
Joint 4 G10, G20 2400, 1700 deg/s
Repeatability
Joints 1, 2 0.025 mm
Joint 3 0.01 mm
Joint 4 0.005 deg
Payload rated/max
G10 5/10 kg
G20 10/20 kg
Table 2
M aximum acceleration values

Robot model Amax | Axymax | Azmax | Armax

[m/s] [m/<F] [m] | [rad/s]]
R6YXGL250 88 47 23 110
R6YXGL350 108 35 23 110
R6YXGS300 108 35 23 110
R6YXGL400 98 24 23 110
R6YXGS400 98 24 23 110
R6YXGL500 62 22 23 110
R6YXGL600 54 1 23 110
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Fig. 3. Calculus centi(C1, C2, C3, C4 for applied loa
reducing) [1].

Fig. 4. Forces and torques appliedgartially assembly’s mass
centres [3 and 4].

Then, loads need to be identified and located er
calculation scheme (as both specific forces angues).
These loads will be afterwards reduced and apjii¢ke
mass centref each for each IR’s partial assemblie
subsystems, (that are different than the calccentres,
previously identified). Generally speaking, for
considered SCARA IR these loads are shown in E

3. SUCCESSION OF CALCULATION STAGES

As regads the succession of major calculation s
for the design of the IR general assembly in addito
the abovementioned aspects, the following fundame
rules must be considered for carrying out the datimns
the IR's general assembly [2, 3, and 4]:

» for the determination of input data in the prelinnin
calculation stepsit should be taken iraccount the
specificity of the application in which the IR
integrated and the functional design charactesisift
the IR reference model previoudglectd (the most
relevant of which being IR'specific constructivi
parameters andpaximum ranges and speeds on
numerically controlled axes of IR).

» in order to beginthe design of &k translation /
rotation axis within an degrees of freedom (DC
robot, d the constructive elements for all part
assemblies correspondingke 1,k + 2...n NC axes
should be determined by previous design
calculations stages.

Taking into consideration all the abe-mentioned

aspects, the main stages of calculation for thégdesf
the general assemblpf RI are carried out in th
following sequences:

a) Calculationsteps that provide partial results, be
used only as inputada for other subsequent calculat
steps such as:

1.

2.

3.

elaboration of calculation scheme fthe IR to be
designed;

identifying the localization of the maswcentres for
each importanpartial assembly of the |

identifying the overall distribution of gravitation

and inertial loads applied on the overall structof

the robot (using the mownfavourable IR loading
configuration);

identification of the calculation centres for each
partial IR assembly;

placement spatially istributed loads in the

calculation centresicross the entire structure of 1

robot

. determination of resultameduced forces and torqu

(F, M)

. distribution of the previoureduced load components

(F, M) applied on each IR jointn specific loads
applied onbearings or guieways components of the
mobile elementsnd respectively on the compone
included in thekinematic chain / drivingsystem
responsible for rotationaltfanslational movement of
each IR mobile element.

b) Calculatiorsteps for final results usakin preliminary
/ final selection of the IR'standardizeccomponents /
partial assemblies such as:

8.

9.

preliminary dimensioning, selection and fin
verification of the machine elementsused for
materializing of bearings / guidce for mobile
element and respectively components respons
with driving of the maile elements on each NC a:

preliminary selection and verification of servonmst
and position / spekencoders used on each NC ¢

10.final checking of selected servorors and servo-

systems used for continuous adjustmel functional
parameters of servomotors for each NC i

11.performance evahtion on each robot subassem
12.performance evaluation on the overall ro

4.

assembly.

CALCULATION SCHEME ELABORATION
FOR ROBOT REFERENCE M ODEL

The correct elaboration of the calculatischeme

corresponding to IR’ associated design nel is a
fundamental element for following calculation stepke
calculation scheme is a simplified representatibrihe
overall kinematic structure of the IR, elaborated
accordance with the general architecture and spe
constructive variant of the reference model of tRbe
designed, [3 and 4]As result, it should be realized ir
form of a symbolic (but as realistic apossible)
representation of the IR design model as a struc
kinematic schema with the inclusion of all major's
joints and links between them, with respect
dimensional proportions between partial assembli
componentand with the highlighting of all ccstructive
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and functional parameters (that must be also irzlud
the geometric and kinematic model of the IR to
designed) with respect of the eccentric disposit/
reciprocally offsets of IR'partially assemblie.

In the representation of thealculation scheme tt
IR’s mobile elementsmust be brought into the position
orientations leading to the mosnfavourabl loading
configuration (for whichthe levels of inertial and
gravitational loads acting on IR arame maxinized). If it
is not posible to identify a single calculation sche
corresponding to the mostunfavourabl loading
configuration of the IR, alternative calculati
configurations may be definethe calculations for th
next steps beingerformed in parallel up to the level
certain identification of the configuration thaads to the
peak loads applied on the designed3rand 4].

The results of the calculations made at this stage
to determine the volume, theass ancthe coordinates
(Xai» Yair Zsi) Of each mass centspecific to the structur:
elements / partial assemblies of the IR as welthex
correct identification and representation on
calculation scheme of all the constructive and fiomal
parameters specific to reference model of the Ibé
designed. @rrect evaluation of these elements
decisively influencing the correctness of the clatans
that will be carried out in subsequent stages,esaicthe
gravitational and inertial loads to be included | vik
applied exclusively on the magentre of the partial
assemblies of IR and will report directly to thesses o
the partial assemblies / structural elements eteduat
this stage.

Lec1

L1

b

Fig. 5. Calculation scheme for SCARA robot [«
a - correspondence with the reference model EPSON &1,
b — localization of mass and calculosntre on the simplified
scheme.

Masses of each partial assembly are considered
concentrated in their related mecentre. These must be
evaluated and located in the calculation scheme
material points identified as location by spec
constructive parameters (dimensions). Concent
masses in the calculation scheme must aidentifying
actual distribution of gravitainal loads generated by .
major partial assemblies / structural elementhefRl to
be considered. To illustrate an example of howetoup
the calculation scheme for an articulated arm n
(SCARA) Figs. 5a andb are presented [«

5. DETERMINATION OF DISTRIBUTION FOR
GRAVITATIONAL AND INERTIAL LOADS

Continuing afterthe previous step, in this calculati
stage, using the achievedlculation scheme and tlIR
configuration leading to thmostloading case for all IR
partially assemi¢s to be designethe following have to
be determined [4]:

« gravitational loads Gi) corresponding to eac
structural element of IR and each partial subasbke
and their spatial distribution on the general IR
assembly;

« inertial forces generated in al mecentres as a result
of the IR mobile elementmovement in active major
rotation / translation joint and their spal
distribution;

« the main inertialmomentum (relative to the central
axes passing througlthe masscentres) and the
centrifugal inertia momentum (around some
eccentric axes relative to the central ones) of
structural elements / partial assemblies of thi,
generated by the rotational movements in ¢
major/active joint.

Determining the spatial disbution of the
gravitational and inertial loads taken into accoimthe
design of the NC axes of the IR involves numer
evaluation and graphical representation on theipusiy
elaborated calculation scherfor two major categories
of loads: gravitatinal forces and inertial forces acting
mass centres characterisfar all partially assemblies /
structural elements of the RI. For graphi
representation on the calculation scheme gravitat
and inertial force loads will be applied onlythe mass
centres, and thénertial momentums only around t
rotation axes that generate them. In addition, dach
type of inertial forces / inertia momentum, theediton
and direction of the specific action must be debeeth in
accordance with the movems made by the Rl movable
elements and the moment of occurrence of the &
load taken into accoulfstart / end time of movemer

For gravitational forces, the direction of actios
vertical and the way of action from the top to dowhe
numerical @aluation of the gravitational forces is dc
by the relations:

G =mg. (1)

The numerical evaluation of an inertial for;
generated for a masg by a translational movement
the jointj when the mass is moving Imaximum speed
v; is made with the relation:

Fij =m;ar;j, (2
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whereF/ represents the value of the inertial form; is
the mass andy; is the acceleration generated barting
|/ stopping / speeding up slowing down of a movin
element in a translation motionAcceleration is
determined by relation:

Av;

j Vjmax
a P — —, 3
Tj tfr/acc tfr/acc ( )

where Av; is speed variationalong acceleration

breaking time tq/,c (usually having a value of 0
seconds):

Avj = Vimax — Vimin = Vimax — 0= Ui max- (4)
Inertial force F/ will bere represented in parall
directions to the direction of the movemenis of the
movable elementk. Inertial forces generated by t
rotational movement of a joikt of an IR can be of tw
types: centrifugal force§.; and tangential forceF;
Centrifugal forces areriented along the direction of tl
kinematic radius (gyratignwhich can be obtained
joining the rotation axis with themass centre of a
considerd material point. Cinematic radius is meast
perpendicularlyon the rotation axis of the joint, fro
axis to the mass centre for which thentrifugal force is
calculated. Tangential forces are oriented permpertaily
on the direction of the centrifugédrces (tangent to tr
circular trajectory). Numerical evaluation of inah

centrifugal force IEC’fL.) and inertial tangential forc

(Ft; ;) be done with relations:
Flp i = miwj Ry, ©)
Ft]gi = MiQeg ijs (6)

where:w; is themaximum rotation speed in joij, R;; —
kinematic radius, and,, ;; — tangential acceleratic
calculated with:

Qg ij = &Ryj, (7)
whereg;jis the angular acceleration determinec

Awj w;j
g =—r= (8)
At tfr/acc

where variation of angular speaa is:

ij = Wjmax — Wjmin = Wjmax — 0= Wj max- (9)
For graphical representation of all inertial ¢

gravitational loads acting on the IR’s structurécdfeing

steps can be followedirst in the masscentres all the

gravitational theforces acting on the | are represented;

succesively representation of inertial forces for et
active joint (one joint by onemay be mac. For
examplefor a 6 DOF robot first loads are determined
joint 6 (5, 4, 3, 2, 1 beingonsidereclocked, then the
loads are determined for joint %,(4, 3, 2, 1 being
locked and so on. Final resulted loads are bt
considerate to be applieiimultaneousl so that the IR’s
structure will be loaded in maximutloacing conditions
(corresponding to simultaneous movement of IR fedh
joints). For better exemplificatiorof previous steps

L4

Let

m1 1

Lc2
L2
—

L1

Fig. 6. Representation of gravitational loads

following figures are representinsuccessively some

calculus scheme with represetion of loads being

consideratdor a SCARA robot that has to be desigi
and having as refence the model EPSON G10/C

Numerical evaluation of gravitational forc
presented previously in Fi§.is done
« for massof manipulated obje;

o for masses of partial assemblies supplemer
equipping the robot (effectors, sensors, coug
systems etc.);

- for masses of partially assemblies composing
robot.

IR partially assemblies esign, their masses
evaluation and loadcalculations should be dol
gradually starting fromlast elements of If In the
situation that a preliminary approximately evaloatis
neededmasses for partial assemblies of the robot ca
determined (estimative) bglations

Mrorri = (M + My + M, + M), (10)

Grotri= (Mo ";nml"' my + M) g; (11)

mg = pofo Vo, my = ﬁfo Vo, Go=myg; (12)

my =pifi Vi, mg = %ﬁ Vi, Gi=myg; (13)

my = paf; Vo, my = 7;:2::;5 V2, Go=myg; (14)

mg = p3f3 V3, mg = ZLTOTRI]% V3, Gz=mgg; (15)
TOT RI

where: Mot riand VroT rIArE representing total mass ¢
total volume for the reference model of IR to
designedm andV, — partial masses and volumes of I
subassembliesp; - average densities of the materi
from which the sulassemblies are b, and f; -
coefficient representing theegree of fulfilment ofV;
volumes.After determining of masses alocalization of
gravity centredor each IR subassembly it isssible to
continue to determine the inertial loads generdig
possibilities of movement in the activoints of IR. As
for the SCARA robot case with 4 NC axes
calculation of the inertialoads applied to the over:
structure begins with the determination of inert@ds
generated by the psibility of movement on the 4th N
axis. The 4th NC axis of presented SCA model is a
rotational axis (for effectorsoll motion), thus inertial
loads are resumed the sum ofinertial momentum of
manipulated object, effectoed adapter elements, |-
screw/ball spline and thénal flange of IR (the total
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Fig. 7. Representation of inertial momentum aeﬁerate
4th rotation axis [4].
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Fig. 8. Calculation scheme for determining inertial momen
generated by®%axis rotation for a centric effector case

value of the inertial momentum repreting the
momentum that needs to be exceeded by the 4th
driving system)Related to inertial momentum acting
4™ NC axis Figs. 7 and 8 are presented.

As previously mentionedpf numerical evaluation ¢
total inertial momentum in case of a centric effethe
following relations can be used:

Myy = Jpa84 = (]zob +]zef)g4:
= (]zob +]zcorp ef +]zbacuri +]tijaRI +]flansaR1)g4;
Myy = Ja8s = (]zob +jzcorp ef T zjch 1bac +]tijaRI +

+]flansa R1)34 [Nm]; (16)
Jzop = %mobth)b = %pob”RgbLob [Kg m2];
Jtijarr = %mtija RIRtZija ri [Kg my;
]flansa RI = Mflansa RIRjglansa rr [KQ mz];
£y = S0 = Qamaxq - [rad/sed; (17)

At tfr/acc
where: Aw, is angular speed variation fthe 4th axis,

2 corp e — inertial momentum of effector bo in Kg n?,
12 bacuri —inertial momentum of effector finge in Kg n?,
Jtija ri — inertial momentum of baberew/bal-spline in
Kg %, Jfiansa rr — inertial momentum of the flan in Kg
m?.

In Fig. 9, an example of eccentric effector
presented. As long as rotation axis is not longesspng
through gravity centresf the effector, the inerti
moments of the manipulatedject, of the effector bo

. 4th axis
adapter —

r ik ta

effector
(body+fingers) .. Bl

b3,
~ icS

Fig. 9. Calculation scheme for determining inertial momen
generated by 4tfotationaxis for an eccentric effector ci [4].

and of the adapter elements must be determine:
centrifugal momentums with reference to the axis
movement of the 4th joint of IR, adding finally t
centric inertial momentum for the flange and fag thal-
screw or ballspline. In this case numericalaluation of
total inertial centrifugal momentum can be caloedk
with following relations:

My, = ]Cf z4€4=
= (]z cf ob +]ch ef +]z cf adaptor +]tijaR1 +]flansaRI)£4:

= (]z cf ob +]z cf corp ef +]z cf 2bacuri +]z cf adaptor +
]tija RI +]flansa RI)S4 [N m]; (18)

Mgy = Jz4€4=
= (]z cf ob +]z cf corp ef +]z cf 2bacuri +]z cf adaptor +
Jtijart + Jfiansa ri)€a [N M] (19)

1 1
Iz cfob = EmobR(Z)b + 'rnobx2 = EpobnRgbLob
+mgpx? [Kg m?;
Jtijarr = %mtijaRIREijaRlv]flansa RI =
2 . Awy
= Mfiansa RIRflansa ri [Kg m2]f &@ =7 =
Lemax [rad/sed];  (20)
trr/ace
where/, .r represents the centrifugal inertial momenti
Jzcrer — centrifugal inertial momentum of the effec
composed by centrifugal inertial momentum of
effector body/, . corper @and the centrifugal inertic
momentum of the two effector finge/, ¢ 2pacur: (@ll I
Kg ).

Supplementary to uppe mentioned inertial
centrifugal momentums,it must be taken int
consideration the inertial centrifugal momentumtioé
adapter part/assemby ;¢ gaaptor IN Kg n?. For all of
them the relationsused to evaluate their inerti
momentum are belodetailed

]z cf corpef = ]z corp ef + mobx2:
1
= Meorp ef(@l? + b12) + mypx?=

= %peref(alz + b12) + mypx?=

= épefal b1 c1(al? + b12) + mypx?; (21)
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Jz cf 2bacuri = 2[%m1bac(a22 + b22) + Mypac(x? + d2%)]=
= 2[%pbacvlbac(a22 +b22) + ppacVipac(x? + d2%)]=
= 2[ Ppaca2 b2 c2(a2? + b2?) + pyaca2 b2 c2(x? + d2?)]
(22)
Jz cf adaptor = émadaptor(a32 + b3%) + Magaprory*=

1
= Emadaptor(a?’z +b3%) + Padaptora3 b3 c3y%. (23)

After determining of inertial loads generated bye
movement in the 4th axis calculatioitgnay be¢ continued by
further 3% axis calculation procedure.

As in this case the robot is a SCARA model (wit
R1 R2 T3 R4 kinematic) the third NC axis of theitRa
translation axis and calculations of inertial loagpliec
on the IR’s structure involvedetermination of inertie
forces generated in al gravitcentre of partial
subassemblies/components drivienmotion directly ol
indirectly by the translation on“axis From this point
of view in Fig. 10 is presented tl@lculation scheme
completed with exclusive consideration of inerfiaices
acting on IR generated by the pibdigy of motion in
joint 3 (translation)Numerical evaluation of these forc
can be done with relations:

. A‘U‘ Vi
Fi] = miaTj’ aTj = tf.r/:lcc = _Jjmax
trr/ace = 0.5 sec.

tfr/acc,

(24)

For the case presented in Fig. @l0e to the fact the
translation motion on axis 3 is driving directlyethal-
screw body/ balbpline body coupled with effect
mounting flange té inertial forces c: be determined
with relations:

—max. (25)

where: m; is total mass oball screv/ball spline plus
effector flange in kgm, — effector mas in kg, andms —
mass of the manipulated object in kg.

After determining of the inertial loads generated
movement on axis 3 calculus may be continued
determining of loads generated by motion of NC
number 2. The secodiC axis of the robot is e rotation

v1
» m3,
-l
L4
3 ¢ L7
Fi3
L6
K
9 m2
L3 -
w0
-9 i m1 h IS
3 B]
=
o = - mo0
3 - -
Fi4 - -
mb -
3
Fi5

Fig. 10. Representation of distribution for inertial forcesdiag
on IR’s structure generated by motion of a [4].
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F<2:f3 Fcf4 F<2:f5

Fig. 11. Graphical representation of inertial forces disttibn
acting on IR generated by motionaxis 2 [4].

axis of the robot’'s 2nd segment, relatively to the f
segment of the robot arm. In Fig. 11 is represktie
appropriate calculation scheme completed with Ic
taken into consideration for spatial distributiorf
gravitational and inertial loads for NC es of the IR,
considering exclusively the inertial forces distition
acting on the IR generated by the motion allowec
joint 2 (rotation).

Numerical evaluation of these inertial forces car
done using following relation

i _ 2 i _ — —
Fop i =miwjRij, Frgp = MiGegij, Grgij = §Rij, & =
Awj _ ©jmax. (26)

At tfr/acc'
2 2 2 _ _
Flr o = MywiRyy, Fiyo = Moy oz, Qrgaz = 2Rz,
Aw w
R22 — L6, 82 — 2 — Zmax;
At tfr/acc
2 _ 2 2 _ _
Fcf3 = M35 R3,, th3 = M30eg 32, Qegzz = E2R3,
Aw w
R32 — L7, 82 — 2 — Zmax;
At tfr/acc
2 2 2 _ _
Fcf4 =MuW3Ryy, Figa = Myligar, Argaz = ER4z,
Aw w
R42 — L7, 82 — 2 — Zmax;
At tfr/acc
2 _ 2 2 _ _
Fcf5 = M55 Rsy, ths = MsQig sz, Qegsz = E2Rs2,
Aw w
Rsy = Ly, & = -2 = 272, (27)
At t
fr/acc

After determining of inertial loads generated the
second axis motioncalculations can be continuefor
first IR axis. The first robot axis is also a rotation a
and inertial loads must be determined for ine
centrifugal and tangential forces generated irgedhity
centres of partial assdaies/components that are dri
directly (robot segment 1 with m: my) or indirectly
(robot segment 2 with mam, and previous specified
elements with massess, my, anc ms) by rotation motion
on first NC axis of the roboErom this point of view, it
the following Fig.12 is presente the calculation scheme
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completed with indral loads considering exclusively t

distribution of inertial forces acting on IR strunt anc
generated by the motion of joint Similally to those

presented previously, numerical

evaluation of tt

inertial forces can be determined using follow

relations:
I e mw?R. F  =mea. . = e.R..
Fipi = miwiRij, Figy = miaegij, argij = &Ry,
Awj w;
g = — = JLr= (28)
At tfr/acc

which in case of moving exclusively on joint 1 che
particularized as:
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1 _ 2 T _

Feps = MswiRsq, Frgs = Msargs1,

— — _ Aw; _ ®imax
Args1 = &1Rs1, Ry =Ly + 1Ly, 5 = —— = —2%.(29)
At tfr/acc
La
] 3
Fcf1 m1 nn
Flgr o pL

1 _ 2 1 —
Fepq =mywiRyq, Fgy = Mg 11, Qeg11 = €R11,
Aw )
R - L s —_ 1 —_ 1max
1 3 1 At tfr/acc’
1 _ 2 1 _
Fep o = mywiRyy, Frgp = Madyg s,
— _ _ DAwy W1 max
Arg21 = €1R21, Ry = Lo+ Le, & = YT
1 5 ) fr/acc
Fcf3 = mzwiRzq, ths = M3Qtg 31,
— _ _ Aw,y W1max
Argz1 = €R3q1, Ryy =La+ 1Ly, & = —= —5
At tfr/acc F1tg5
1 _ 2 1 _ . . . . .
Fepa = mywiRay, Figs = Mg ar, Fig. 12. Exclusively graphical representation for distributiof
Aw [ H : H :
Atgar = €1R4, Raa =Ly + 1Ly, & = =2t imax inertial forces generated by jt 1 motion [4].
At tfr/acc
v3| P
]
3
m3
1 2
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Fig. 13. Graphical representatiam the calculus schenof all gravitational and inertial loads acting dhstructure in
correspondence with the reference IR md4].

Having the gravitational and inertial loads deteveai
individually the graphicalepresentation of all loac
acting on the overall IR's structure can now begneed
The case considered is that of simultaneous movek
joints (taking into account the cumulative effettb
inertial and gravitational loads) as shown in Hig.

6. CONCLUSIONS

The general algorithm presented in the may be
for two purposes:

e in conceptual development activities and opti
design of new prototypes of similar IRs to existor
different IR variants;

» for identification of necessarfynctional constructivi
parameters and the opportunity to use operation
correlative with the specificity of their integrati and
operation in a certain robotic applicatic

For the last purpose by applying the present alyor
it is possible to setct the type and the optir
constructive variant of IR in relation to the levef
performance desired to be obtained in its expioit.
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