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ABSTRACT

The paper presents in detail a method of calculating the forces acting on a 1T6R robot
manipulator. To determine the reactions (forces in kinematic torques), you must first determine
the inertial forces in the mechanism to which one or more payloads of the robot can be added.
The torsion of the inertial forces is calculated using the masses of the machine elements and
the accelerations at the centers of mass of the elements of the mechanism, so that the positions,
speeds, and accelerations acting on it, ie its complete kinematics, will be determined. Equations

of the dynamics are also determined through an original method.
Keywords: Robot; 1T6R robot; Forces; Kinematics; Dynamics
1. INTRODUCTION

Conveyor handling robots, or transport robots, have an important role in the industry
because they repeat tiring movements, moving and transporting parts of different weights within a
section, from one production stand to another, from one conveyor belt to one stand. processing,
then to another conveyor belt or to another stand until the respective part of the respective
subassembly will reach the general assembly section where it will be assembled in various

subassemblies which will, in turn, be joined in the newly produced car.

Such a robot has the ability to recognize obstacles on its route inside the factory or section
where it works and to integrate other environmental information into route planning. If necessary,

change your trajectory so that you can always reach your destination as quickly as possible. Thus,
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the robot contributes to the further improvement of safety at work and the efficiency of transport

processes within the factory.

In a single trip, such a mobile transport robot can carry a load of up to 130 kg and choose
the correct routes completely autonomously. Unlike traditional automatic transport systems, it does
not require trajectory guidance in the form of induction loops, magnetic strips, or reflectors. To
learn the route, the vehicle must be guided only once between stations, using a tablet or joystick.
Thus, it registers itself to the environment and the changes in the surroundings and adapts its

trajectory in case of need.

The robot navigates its environment with the help of sophisticated state-of-the-art
technology: using sensors and laser scanners, it recognizes vehicles and immobile obstacles, as
well as people who get in its way. The control system calculates the approach speed and detects
the imminence of a collision. In this case, the robot stops itself or performs an avoidance action.
Unlike other systems used, it immediately adapts its route based on environmental information,
without having to stop during the process. If the fully autonomous robot detects that it will regularly
encounter obstacles at a specific point in its trajectory, it changes its route permanently. If

necessary, the electrically operated system can be moved to all destinations within the factory.

The robot can make about 120 trips a day and travels a total distance of 35 km on its route

between the mechanical measurement center and the processing equipment for example.

Such a robotic system is called a cooperative. A handling robot also supplies dozens of
machines and transports empty containers back to the warehouse (Antonescu; Petrescu, 1985;
1989; Antonescu et al., 1985a; 1985b; 1986; 1987; 1988; 1994; 1997; 2000a; 2000b; 2001;
Atefi et al., 2008; Avaei et al., 2008; Aversa et al., 2017a; 2017b; 2017c; 2017d; 2017e; 201643,
2016b; 2016c; 2016d; 2016e; 2016f; 2016g; 2016h; 2016i; 2016j; 2016k; 2016l; 2016m;
2016n; 20160; Azaga; Othman, 2008; Cao et al., 2013; Dong et al., 2013; El-Tous, 2008;
Comanescu, 2010; Franklin, 1930; He et al., 2013; Jolgaf et al., 2008; Kannappan et al., 2008;
Lee, 2013; Lin et al., 2013; Liu et al., 2013; Meena AND Rittidech, 2008; Meena et al., 2008;
Mirsayar et al., 2017; Ng et al., 2008; Padula; Perdereau; Pannirselvam, 2008; 2013; Perumaal,
Jawahar, 2013; Petrescu, 2011; 2015a; 2015b; Petrescu; Petrescu, 1995a; 1995b; 1997a; 1997b;
1997c; 2000a; 2000b; 2002a; 2002b; 2003; 2005a; 2005b; 2005c; 2005d; 2005¢; 2011a; 2011b;
2012a; 2012b; 2013a; 2013b; 2016a; 2016b; 2016c; Petrescu et al., 2009; 2016; 2017a; 2017b;
2017c; 2017d; 2017e; 2017f; 2017g; 2017h; 2017i; 2017j; 2017k; 2017l; 2017m; 2017n;
20170; 2017p; 2017q; 2017r; 2017s; 2017t; 2017u; 2017v; 2017w; 2017x; 2017y; 2017z,
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2017aa; 2017ab; 2017ac; 2017ad; 2017ae; 2018a; 2018b; 2018c; 2018d; 2018e; 2018f; 2018g;
2018h; 2018i; 2018j; 2018k; 2018l; 2018m; 2018n; Pourmahmoud, 2008; Rajasekaran et al.,

2008; Shojaeefard et al., 2008; Taher et al., 2008; Tavallaei; Tousi, 2008; Theansuwan;
Triratanasirichai, 2008; Zahedi et al., 2008; Zulkifli et al., 2008).

2. METHODS AND MATERIALS

The present study will start with a description of the 1T6R robot proposed to be
analyzed, in terms of the forces acting on it. The kinematics will be exemplified for the

following dimensions of the 1T6R manipulator robot:

11=01[m];13=0.8[m];12=1.1[m]; a=0.5[m]; b=0.6 [m]; 14 =0.7 [m]; xO =0 [m]; yO
=0 [m]; YE =0 [m]; XA =-0.5 [m]; yA =-0.6 [m]; n = nl = 200 [rot / min], for a complete
rotation of the angle FI1 [deg] of the input element 1.

It is necessary to determine kinematically the transmission functions of the robot
mechanism as well as the output angles: FI2 [deg]; FI3 [deg]; Fl14 [deg]; together with the

kinematic parameter of scalar coordinate type XE [m].

']/
0

Figure 1: The mechanism 1T6R
Determination of positions and displacements:

A: Calculate crank 1 (1):

1)

{xc = Xo + 1, -COS @,
Yo = Yo+ -sing,

B: Calculate the mechatronic module 3R (RRR):

For the 3R module, the calculation relations below (2) and figure 2 are used.
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Figure 2: The mechanism of the dyad 2-3, of the robot 1T6R

e=Xc— X f =y -yl =46+ f?

i;w = arccos(cos ) - sign(sin @)

e .
Cosp=ising =

2 2 2
cosA:u: A =arccos(cos A)
2a-1 (2)
12 +12 —a?
cosC =——2— = C =arccos(cosC)
211,
P =p+A
p;=¢-C

Xp = X, +1,-COS @,
Yo = Yatl,-sing,

C: Calculate the mechatronic RRT module

We can write:

Xy = Xe +1,-cos Xy — X =1, -cos
{D ) ¢4_>{ -l ¢4:>(XD_XE)2+(yD_yE)2zlf:>

Yo = Ye +|4'Sin¢4_ Yo —Ye =1,-sing,

=>(Xp — XE)2 = If —(Yp - yE)2 =>XE ©)

The calculation equations (4) are obtained as follows:
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cos g, =

X

l, (4)
Yo — ¥e

I4
@, =arccos(cosg,) - sign

(sing,)

sing, =

Determination of speeds and accelerations:

The speeds and accelerations of the main elements and points in the mechanism are

determined by the relationships below (5).

zon . [%e=-l-sing o |% =-l-cosp - [x,=0 [%,=0
o =27-v, = Y. VY . 21 3. VY
30 Yo =l -cose - o Yo =—l-sing - (Ya=0 (¥o=0
{XB =X, +a:C0SQ, {)‘(B =-a-sing, @, |X, =-a-c0s¢, w;—-a-sing, s,
yB:yA+a'Sin¢2 Yg =a-C0s¢, - @,

Yo =—a-sing, o +a-cosg, &,
Xp =X =1y sing, @, = X =X, +1,-sing, -9,
Yo

{XD =Xg +1,-cosg,
1,-cosg,

Yo =VYe +1,-sing, | Vo =1,-COS0, -, = ¢, =

%o =% —1,-cosg, -¢2 —1,-sing, -, = K¢ =X, +1,-C0s@, - @7 +1,-sing, - &,

. . . +1,-sing, -@?
Vo =1, -sing, -¢? +1,-cos g, -, = ¢, = Yotly-sing, ¢,

l,-cosg,
. = (Xc _XA)'COS(PS +(yc - yA)'Sin P _ sm(% (Ps) .
2 : 1
a~sm(¢3 _(02) a Sm(% (02)
. = (¥ _XA)'COS(”Z"'(YC _yA)'Sin(Pz __ 71 sin(g, - ¢,) ‘o
3 : 1
1, -sin(p, - ) I, sin(p, - ;)
R
l,-cosg,
(%)
£, = (Xc - X.A)'COS¢)3 +(Yc — yA)'Sin s "'a'wz2 'COS(% _¢2)+ l; a)sz
a-sin(g, - ,)
e = (% = %,)-c08, + (Ve = §a)-sin @, +a- @} +1; - 3 - cos(p, - ,)
’ 15 ~Sin((02 -,)
e = Vo +1,-sing, - ¢
4

l,-cosg,
Kinetostatics of a Planet Conveyor Manipulator

(Forces of a Conveyor Manipulator)
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Determining the forces acting within a mechanism is an extremely important issue
because based on these forces calculated before the respective mechanism is designed, the
functional constructive parameters of the respective device can be anticipated. The greater the
forces that will act in the kinematic torques of the mechanism, the more rigid a construction
will be required for the elements of the respective mechanism, each element being designed to

withstand both static and dynamic stresses in operation.

The motor or, as the case may be, the necessary drive motors are chosen, which can
generate the necessary motor moments, these being superior to those during operation, also
precalculated with the help of the previously determined mechanical forces. The forces in any
device require all its components the demands being generally higher during operation, they
generally increase with the square of the rotational speed of the main engine. The stresses
depend very much on the inertial forces in the mechanism, which in turn increase with the

speed of the mechanism (speed of the drive motor).

Each coupling imposes a certain type of movement and has an important influence on
the dynamic mode of operation on the area and the entire kinematic chain. For this reason, the
forces in the mechanism depend primarily on the type of mechanism, its torques, and elements,
but also on the speed of the driving element.

The known external forces that act within any mechanism are those of inertia, together
called the torsor of inertial forces (Figure 3). In the conveyor handling mechanism presented
in this paper, the inertial forces are calculated using the relations belonging to system 6 (In the
diagrams presented they are shown with a solid line (green), while the unknown forces to be

determined, ie the reactions in the kinematic torques, are represented by the dashed line (red).

Fo, ==, X, - y i .
EY = .. Fs, =—m, X, Fo, =—My - X,
G, — "4 JYg, i . i .
i .. Fo, =—M;- Vs, Fal =—M;- Vg, )
M, :_JG4'¢4 i . : .
ix . MZZ_JGZ'% M;=-Jg -0,
Fo, =—Mg- X

The force calculations are performed inversely than the kinematic ones, ie it starts with
the last module of the mechanism (RRT) relational system 7, continues with the middle module
(RRR) relational system 8, and ends with the leading element (system relations 9).
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ZMSVS) :OD*ROS'(XD*XE)*'FCZ’(YD*yE)"'FCZ '(yD*yG,,)*ch'(XD*XGA)"'Mi =0=>
F(‘i:'(yD_yE)-"FGi): (Yo _yGA)_F(‘Z'(XD _XG4)+MJ1
Xo — X, (7)
ZFY(S) =0= R+ R} =0=Ri;=-R;s = R{ =R, =R =Ry;
DF®=0=FY+Ry=0=> R =—FY = R =R, =-Ri; = F

=Ry =

DFW=0=RL+FY+RY, =0=>RY, =Ry -FY =-Ry - FY = Ry =R}, =-R}, =R+ F

D=0 Ry + R +Ry, =0= R, =-RY —FY =—F{ -FY = Ry =R}y =-R}, = FJ' + F

ZMéZ) =0=Ry, (Vs = Ya) + R - (Xa —Xg) = Riy - (Yo — V&)
—RY - (Xg = Xp) +F& (Y5 = Yo, ) + R - (Xg, = Xg) +M; =0

D MEY =0= R, - (Ve = Ya) ~ R - (X =X0) =R - (Yo = Vo) =Rl - (X = %o ) + R (Ve — Vs,)
—F (% =% )+ ML+ R (Yo = Ve, )~ F - (X = %) + M =0
{au'Réﬁau-RJz:ai
3, Ry +a, Ry =a,
3 =Yo—Ya =Xy~ X
2, =R (Yo = Ye) + R - (X = Xo) + R - (Yo, = Vo) + F - (Xs = X5,) = M}
8 =Ye—Ya 8 =Xa—X
2, =R, - (Yo = Ye) + R - (% = %) + FE (Yo, = Vo) + P - (X = %6,) — M,
+ (Yo, = Vo) + FY - (% —%g, ) — M3

a; & A, a;
A=621 a22=an'azz_aiz'a21 szaz a22=ai'a22_a2'a'12 AyZa21 azzaz'an_ai'azl
! . ®)
R;ER&:XX RXERoyszy

D@ =0= R}, +R;+Ry+FY =0= R}, =—Rj - R}, —-F = Ry =R} =-R},
D F®-0=R,+RL+R,+FY =0= R}, =-R}, -R,-FY = Ry =R}, =R},
S F®=0= Ry, +FY+Ry=0= R4 =-R},—F = R} =R} =-R},

D PO -0=RL+FY+RL=0=>R; =-RL-F) = R!=R}, =R},

{ZM(()D =0= Mm+R3,X1'(yo_yc)+R3y1'(Xc_Xo):0:> Mm = Rsxl'(YC_yo)+R3y1'(X°_XC) (9)
Y F®=0=Ry+R; =0= R, =R} =R},
S F'®=0=R}+R)=0=R}=R}=-R)

In relational system 10, the kinematic equations of the centers of gravity for elements
2, 3, and 4 are written. The center of gravity of element 1 coincides with point O because
element 1 is totally statically balanced and the center of gravity of element 5 coincides with the

joint E fact for which the moment MO05 is zero.
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.|3

2 1
{34 :E-I4 S, =§~(a+b) Sy =

w| N

Xg, = Xg +3S3:COSP3 | X5, = Xg —S3-SIND; -3 | X5, = Xg —S3-COSPy -5 =S5 -SINQ; - Py
Yo, = VY8 +5;-sing, Yo, =Yg +5;COSQ; - 5

- - .2 ..
Yo, = Y5 —S3-SINQ; -3 +5;-COSQ; -
Xg, = Xp+8,COSQ, | X5, = =S, -SNP, P, | X, = =S, -COSQ, -, =S, -SINQ, -,
Yo, = Ya +5,°5IN@, | Yo, =S, COS0, -, Yo, = =S5, -sing, @} +5,-C0SQ, -,

{XG4 =Xg +S, 'COS¢4{XGA =Xg =S,-SINg, '¢4{XGA =Xg =S4-COSQ, -y —S,-SINQY, - P,

Yo, = Ye +54-8IN@, | Y, =S, -COSQ, -, Vs, =S4 -sing, - @2 +53,-C0s9, - @,

{XD = xA+(a+b)-cos¢2{XD =X, —(a+b)-sing, o, {X‘D =%, —(a+b)-cosp, - —(a+b)-sing, ¢,

Yo = Ya+(@+h)-sing, Y5 = ¥, +(a+h)-cose, -, |y, = §, - (a+b)-sing, -w? +(a+b)-cose, -,

Xp = Xe =l -sing, -¢, = Xe = X, +1,-sing, -¢
Xo = X +1,-cosg, | P Py P4 e= Py 04
. . ) . y,
yD:yE+I4'SIn¢4 yD=|4'COS¢4'¢43¢4=7D

l,-cose,

N . . .. Yo+l -sing,-¢F
yD:_IA’Sm(pA'(pf"'IA'COS¢4'¢4j(ﬂa:%
4°COSQ,

m, =0.3-(@a+b) m,=0.31; m, =0.3-1,[kg] m, =0.5kg]
_myl? _m,-l?

Jo, = 123 Jg, = “[kg-m’]

_m, -(a+b)?
? 12

{XD = XE_|4'C05¢4'¢2_|4'Sin¢4'¢4 = X ZXD+|4'COS¢4'¢§+I4'Sin¢4'¢4 (10)

J
¢ 12

The relations with which the masses are determined (generally depending on the lengths
of the respective elements) and the inertial masses of elements 2, 3, and 4 are also described.
If m represents the mass of an element at its linear displacement and is measured in kg, J
represents the rotational mass of the respective element determined around the axis of rotation,

usually in the center of gravity of the respective element, and is measured in [kg.m?].

The rotational mass of an element (body or system of moving bodies) is extremely
important, always completing the equations of motion of that body, having a major influence
on its dynamics, and its final energy. The rotational mass of a body is generally less known
than that of translation and for this reason, it is generally neglected in calculations. There are
large errors in the equations of motion of that body, in its dynamics, or in determining the total
kinetic energy of that body in translational motion plus rotation (the equations are also valid in

the case of a material point, ie when determining the dynamics of elementary particles).
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Figure 3: Forces acting on a simple conveyor manipulator

2.1.  Determination of the mechanical (or mass: inertia: J*) moment of the entire crank

reduced mechanism 1

The moment of mass inertia of the whole mechanism (Figure 4) is determined exactly
with the first relation of the relational system 11 below, but after all the necessary parameters
have been calculated beforehand, on modules, with the help of the following relations from the

composition of the system 11. Units of measurement are given in square brackets.

The mechanical or mass moment of inertia of the whole mechanism reduced to crank
1, does not depend on the input speed, it being only a positional function after the input variable
FI1, and each student will calculate this parameter (measured in kg.m?) for a single position,

corresponding to its entrance angle, os.

2 1 2
{SAZE'IA; 5225'(a+b); Szzg'ls[m]
. 2 1 2
m1[kg]:2'0:3'|1: Joj[kg'm ]:E'ml'll

m, =0.3-(a+b); m;=0.3-1;; m, =0.3-1,; m; =0.5[kg]

m, - (a+b)? m,-12 m, 12
- (12 = Jo, == 5 Jo, =5 Tkg-m’]

12
2 v 2 2 v 2 2 v 2 v 2
Jkg -m?]=Jg +Jg [&) +m3»( Ga) +Jg [&j +m2~[ GZJ +Jg [&] +m4-[i) +m5-[—5j
8 o, w, > o @, * o @, @,

&=L_ sin(e; —¢1)
o, a sin(p;—@,)
@3 _L1_ sin(p, —¢,)
@, |3 Sin(¢)2 _4’3) (11)
@, _(a+b)-l, cosg,-sin(p; —¢)
@, a-l, cos @, -sin(p; — ¢,)
V&[m] _S an . s_in(go3 )
@, a 5'"(% _wz)
2
\Z 17 . ss 2s, . !
. [m2]=%' SInz((/’s*(91)"’%'5'”2(?27(01)7 8 -Sln(anf(ol)-Sln(qoz7¢1)-COS((037(p2)
@, sin®(p; —9,) 5 Iy

Je,

1

I,-(a+b) sin(p, —¢,) .
B R L -cos ¢, —sin
a sin(g, —9,) (Q¢4 P> | (/’2)

2 2 2
V, Vv, @, . Ve o
S| [m?1=| = +82.| =4 | —2.s,-sing, -—&. 24
wl ml ml wl a)l

YE [m1=
a)l
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Figure 4: Determination of the centers of mass of the mechanism

The moment of mass inertia of the whole mechanism can be derived depending on the
position angle FI1 of the crank, obtaining the calculation relations belonging to the relational
system 12. Each student will calculate this parameter (measured in kg.m2) for a single position,

corresponding to his entry angle, ¢1.

J :;~[JG3-33-w3+m3-(x63-XGS+yGQ-sz)+JGZ-52-w2+m2-(x62~xG2+sz-sz)+ (12)
1

+‘]04 &y "‘)4"'m4'(>.((;4 X, Y, 'ye,,)"'ms Ve -ag]
2.2.  Dynamics of the mechanism

The moment of mass inertia of the whole mechanism in its average value is determined
using the maximum and minimum functions, to find the maximum and minimum values,
respectively, after which their arithmetic mean is made to determine the average value of the

moment of mass inertia of the whole mechanism 1, Jn*.

In order not to complicate the calculations, this value is already considered known, it

being: J° =0,0297[kg - m?].

In dynamic calculations, we want to find out the real movement of the mechanism,
when the angular velocity o1 of crank 1 is no longer constant but varies with both the speed

and the position of the crank. This also causes a non-zero €1 value to appear.

Using some original dynamic equations, which also verifies the Lagrange ones
(relational system I11), they will be further determined with the help of system 13, the variable
angular velocity w1 of the crank in the indicated position FI1, and the angular acceleration g1

for the same angle FI1 imposed on the crank 1.
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. [1= 1
w1[371]= In 'a)m'\/T
J
(13)
]

. J
gl[s 2]:_ m2 nl'\]*Z

2.3.  Dynamic Kinematics (partial)

One has used: 54:244 S, :§ (a+b) s, =—-1I,

oolm

The dynamic velocities and the dynamic accelerations (in partial dynamics, without the
influence of dynamic coefficients) of the main elements and points in the mechanism are
determined by the relations below (14).

. [Xe =l sing o %o =1, -cosg, @ —1, sing, e, (X, =0 (X, =0
o =0, ; 0

Yo =1, -cosg, -@; Yo =l -sing - +1,-cosg, -&; (V4 =0

- (Xc _XA)'COS% +(Yc _YA)’Sin% _Ll_Sin(% *(ﬂl) o
o = - = - A
a-sm((p3 _(Pz) a S'n(%_(Pz)
- (Xc —)'(A)~COS(02 +(Yc - YA)’Sin 2 _L1_5in(¢72 _¢71) o
3D = - = - A
Iy 'Sm((Pz _¢3) Iy Sm(% *403)
e = (X.c _XA)'COS% +(Yc —YA)’Sin @3 +a’a)220 ~COS((p3 _§”2)+|3 'wszo
® a’Sin(Wa *(Pz)

g =X, +2:C08Q, [Xg=-a-siNg, @, [X;=-a-cos¢p, w)-a-sing,- &,
Yo = Yp+a-sing, {yB =a-C0SQ, M,y | {

Xp =X +(a+b)-cose, (X, =%, —(a+b)-sing, -@,,
Yo =Y. +(@a+h)- smgoz{y =y, +(@a+h)-cosg, -,

_xA (a+b)-cosg, - vl -

Yo =—a-sing, -@’, +a-Cose, - &,

(a+b)-sing, -¢,,

r—’%r——’“—\r—’—\r——/%r—/_\

Yo =¥, —(a+b)-sing, -0, +(a+b)-cose, -£,p
Yy
Pap =04 =
4D 4D COS(DA
b =X —l,-sing, @, = Xep =X +1, -SiNQ, -9,
o : 2
. . Yo +1,-sing, - @i
4 -SINQ, - @iy +1, -COSQ, - Py, = Pup =845 =
l,-cosg,
Xp = Xe =1, -COS@, - @iy —1, SiNQ, -Gy = Kep = Xp +1,-COSQ, -9l +1, -5, -Gy
o o ) )
(% —%,)-cos@, + (Yo = V,)-sing, +a- oy +1; -0l -cos(p, —@;)

ly 'Sin(% _4”3)
{XG =Xg =S5 -SiNQ; -5 KXo, =Xy
yGB =Yg +S;-COSQ, - s, yea =g
{XGZ =5, -s5iNg, -0, {XGZ =S, -C0SQ, - @y

Yo, =82°C08@, - @yp | g, ==, -sing, -3, +5, -COS,

Yo, =84 -C0SQ, - @yp

€

{XG,, =Xg =S, -SINg, 'a)AD{XG,, =Xg =S, :CO0SQ, - @yp —S,-SINQP, - &4p

— S, -COS @y - 2 — S5 -SIN@; - £4p
—S,-SiNQ, - @+, -COS P, - £4p

=S, -sing, -5

(14)

. . »
Yo, =S4 -SINQ, - Wyp +S,-COSP, - &4p

1076

[https://creativecommons.org/licenses/by-nc-sa/4.0/]
Licensed under a Creative Commons Attribution 4.0




INDEPENDENT JOURNAL OF MANAGEMENT & PRODUCTION (IJM&P)

http://www.ijmp.jor.br v. 13, n. 5, May - July 2022
ISSN: 2236-269X

DOI: 10.14807/ijmp.v13i5.1615

3. RESULTS AND DISCUSSION

The diagram in figure 5 shows the angular displacements of the elements 2, 3, and 4,
F12 [deg], FI3 [deg], FI4 [deg], and the displacement of the point E in translational motion

(given by the coordinate along the axis x of the point E ), XE [dm], depending on the rotation
angle FI1.

~a
......

......
,,,,
-

3
..........

..
eee

+— Fi2 [deg]
80 = FI3 (deg)
w +— F14 [deg]
xE [dm]
40
20 e mﬂ'” __.—-—ﬂ_-. e
‘___..-F 'na..“‘_-—‘__.-' SerTmall

o + - x E
9 100 200 300 400 500
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Figure 5: Variation of displacements depending on the rotation angle FI1

The variation of the speeds is shown in the diagrams in figure 6 and that of the
respective accelerations in the diagrams in figure 7.

Bk

Figure 6: Variation of velocities depending on the rotation angle FI1

150 +—e2(s-2)
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The diagrams in Figure 8 show the forces in the couplings, which are generally called

the reactions in the kinematic couples of the mechanism.

+— RE=RS4[N]

- RO=R42IN)
RB=R23(N] K aX at

" RASROZ(N] TR

PO e ROSR3LNI=ROIN] 44 % i

500 700

200

300

Figure 8: Forces in the couplings, which are generally called the reactions in the kinematic
couples of the mechanism

To be able to solve the equations of motion of the machine, to obtain the (real) dynamic
parameters of the motion when the angular input speed wl = wd is no longer considered
constant (such as that given by the engine speed), but a value that varies depending on the
dynamics of the mechanism together with the position occupied by the entry angle in the
mechanism FI1, it is necessary to know the values of the mechanical moment of inertia J* of
the whole robot mechanism reduced to a single conducting element (element 1) and the value

of its derivative in depending on the position angle FI1, ie J** (Figure 9).

Likewise, the epsi=epsq input acceleration will be a variable and different from the zero
value. Dynamic variations are produced by three causes: 1) variation of inertia forces in the
mechanism; 2) the influence of kinematic couples; 3) the elastic deformations that occur in the
elements of the moving mechanism. Because the largest share in the dynamics of a mechanism
has the influence of variable inertia forces, in this paper we will consider only this parameter,
theoretically determining a model that considers only the partial dynamics of the mechanism

due to the influence of inertia forces within the robot mechanism.
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Figure 9: The momént of inertia (massic) J* [kg.m?] of the whole mechanism reduced to the
crank 1, and the value of its derivative as a function of the position angle FI1, J*' [kg.m?].

Using the equations of motion of machine | and Il (13), the original shapes generated
by the authors of the paper, we can now draw the variation diagrams of the variable angular
velocity of the crank wd [s-1] (Figure 10), and its acceleration epsd [s-2] (Figure 11), depending
on the position angle of the crank 1, FI1.

wl* [s-1]
120

- Wi~ [s-1]
100 +

80

s
40 3
1
20 .t
% +

o 4 - - -~
] 100 200 300 400 500 600 700 800

Figure 10: The variable angular velocity of the crank wd [s-1] for a nominal value of the
engine speed nn = 200 [rpm].

el* [s-2]

Figure 11: The variable angular acceleration of the crank ed [s-2] for a nominal value of the
engine speed nn =200 [rpm].
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Even if the diagram of theoretical dynamic angular accelerations looks like the
measured ones (ie it looks like a vibration), its very high values are justified by the high nominal
speed chosen at the robot input, n1 = 200 [rpm], these values decreasing considerably when
the speed of element 1 (speed of crank 1) is decreased ten times, to only n1 = 20 [rot/min]

(Figure 12).

el* [s-2]

uuuuu

Figure 12: The variable angular acceleration of the crank ed [s-2] for a nominal value of the
engine speed nn = 20 [rpm].

The real velocities, given by the partial dynamic kinematics (14), can be visualized in

the superimposed diagrams from figure 13.

|
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] T |
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L8 viGd [m/c]

Figure 13: The dynamic velocities, given by the partial dynamic kinematics

Figures 14-17 show a comparative variation of kinematic and dynamic speeds.
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Figure 14: Comparative variation of kinematic and dynamic w2 speeds
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Figure 15: Comparative variation of kinematic and dynamic w3 speeds
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Figure 16: Comparative variation of kinematic and dynamic w4 speeds
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Figure 17: Comparative variation of kinematic and dynamic VE speeds
4. CONCLUSIONS

Conveyor robots today have important roles in industry, being used to transport heavy
objects within the sections of a plant, or between areas of the same section, from one work
stand to another. Such structures can also be used to handle heavy objects, by lifting and

rotating them from one work stand to another close, or from a supply belt to a stand.

The paper analyzes such a robot from a geometro-kinematic point of view, the forces
acting on it in its kinematic couples, its dynamics influenced by the masses of the moving

mechanism, practically by the inertial forces in the mechanism.

Such a classic 1T6R structure can be used simply, having a single degree of mobility,
it acting within a plane, which is fixed on a movable central column that rotates the structure

around the axis of the column.

Quite large variations occur between the kinematic parameters and the kinematic-
dynamic ones, which increase with increasing speed of the crank 1 driven by the motor 1 which
sets the whole system in motion. For low speeds the influence of dynamic parameters is

relatively low.

The paper analyzes several dynamic aspects, such as the forces in the mechanism, the
reactions in the couplings, due to inertia forces, mass inertial moments, reduced moment of
inertia at crank 1, its derivative in relation to the rotation angle of the crank, equations of motion
of machine I and Il in an original form, which generates variable angular velocity, respectively
variable angular acceleration, both made dynamically by crank 1, then determine the dynamic
speeds and accelerations, taking into account the dynamic calculations of the influence of

variation of inertia forces in the mechanism.
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