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Abstract: The paper presents a serial robot, whose main spatial kinematic chain consists of four
revolute joints. Four continuous current electric motors are used for driving the serial robot. We
carried out a structural analysis of the robot, which has four mobilities, while the fourth one is
redundant. We have used matrix calculus for the kinematic analysis of the serial robot arm so that
we obtained the three Cartesian coordinates of the characteristic points according to the four
independent angular parameters. Regarding the prehension mechanism, the kinematic schema
with two symmetrical parallelograms has been presented, which ensures the circular translational
motion of the two fingers.
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1. The topological structure of robot arm

The robotic arm (fig. 1) is a serial type robot [5, 9, 10], including an open kinematic chain
[1, 2] with spatial motion (fig. 1c).
Ay

Fig. 1. Photos of the electrically driven serial robot [11]

The kinematic schema of the robotic arm (fig. 2) consists of a fixed standing point 0
around which the articulated kinematic chain moves in a horizontal plane.

Fig. 2. Kinematic schema of the serial robot mechanism

The mobility of the open kinematic chain is given by the number of kinematic joints,
which represent planar articulations (mono-mobile): O (with a vertical axis), A, B, C (with
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parallel horizontal axes), and D (whose axis is perpendicular on the C axis). For the vertical
position of the kinematic chain (fig. 2b), the articulation axis in D is horizontal.

By observing the kinematic schema (fig. 2), we identify five articulations, which means
that the mobility of the serial robot is M, =5. The five main kinematic elements are driven by

five continuous current electric motors, located right on or next to the axis of each
articulation.

Each electric motor is geared with a worm-type reducer and spur gears. What is specific to
this serial robot is the fact that the motor of the articulation in C is placed on bar 3 in point E
(fig. 2c). From E, the motion is transmitted to the axis in C by means of two parallelogram
dyadic chains (EFGC, EF'G'C) denoted as 6 and 7.

The articulation in D (fig. 2b) is double, consisting of two closed kinematic chains
(4,5,8,9) of the parallelogram type (fig. 3).

Fig. 3. Photo (a) [11] and kinematic schema (b) of the prehension mechanism

Thus, a dyadic chain LD(8,9) is added to each bar 5, and the rotations of bars 5 (to the
right and to the left) are obtained by means of a spur gear (fig. 3b).

The double articulation in D (fig. 2b) is in fact a plate 4 with four articulations D, D', D;
and D'; (fig. 3b).

Each of the two gears is solidary with bar 5, the one to the left, respectively to the right
(fig. 3). The two segments JK and J'K" are parallel, which allows for better prehension.

The mobility of the serial robot, equipped with two kinematic closed contours on bar 3
(fig. 2c), is then calculated using the formula [1, 3, 4]

5 6
My = MG, — 2N, (1)
m=1 r=2
The kinematic parameters of the mechanism (fig. 2) are in the matrix
C, C C C G| [11 0000 )
N, N3y N, Ng Ng| |0 2 0 0 0

Using formula (1) we deduce
Mp =1x11-3x2=5 3)
Regarding the prehension mechanism that consists of articulated bars and gears (fig. 3), its
mobility is calculated by means of formula (1), where structural parameters are given in the

matrix
C, C, C3 C, G| [81000 @
N, N3 N, Ng Ng| [0 3 0 0 0
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Substituting these parameters in formula (1) we deduce
Mp =(1x8+2x1)-3x3=1 (5)
The mobility of the entire mechanism of the serial robot (fig. 2), including the prehension
mechanism (fig. 3), is deduced by means of formula (1) and the matrix of specific parameters
is
[Cl C, C; C, cﬂ{lg 100 o} )
N, N;g N, No Ng| |0 50 0 0
Substituting these numerical data, we obtain
M, =(1x18+2x1)-3x5=5 @)
Besides the mobility of the prehension mechanism (fig. 3), the serial robot has four
mobilities, which shows that the robot is hyper-redundant [7] since a point in 3D is defined by
three Cartesian coordinates.

2. The geometry and kinematics of the robot arm type RRRR
Let us consider the spatial kinematic chain of the RRRR type, having the geometrical

configuration RLR||R||R (fig. 4), which can be used as a positioning mechanism [6, 8] in the
structure of a serial robot.

Fig. 4. Systems of coordinates used in direct kinematics

Let us choose the systems of Cartesian coordinates conveniently (fig. 4b): the fixed system
OxgYoZo linked to the robot base; the mobile system Axy,;z; with the origin in the second

articulation of element 1; the mobile system Bx,y,z, whose origin is in the second
articulation of element 2; the mobile system Cx;y;z; whose origin is at the end of arm 3.
The constant parameters of the RRRR kinematic chain are (fig. 4):

The variable parameters of the robotic arm are (fig. 4b):

(X0, %) = @10 = @1, £(X15 X2) = 90215 L(X0, X3) = 30, £(X3, X4) = Pz

The direct kinematics of the serial robot type RRRR, with four rotational joints
(o1, 92,05,94) , €ntangles calculating the position of the end point (characteristic) D using the

Cartesian coordinates (xp,Yp,Zp), obtaining three functions dependent on the four
independent geometrical parameters:
Xp = (@1, 00.03,04); Yo = T (01.02.03.04); 2p = f,(01.00, 03, 004).
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Xp (d3 oSy +d3C0S(@o0 + @37) + Uy COS(Py0 + P35 + 043)) COSPY

Yp | =| (d2C0S¢yq + d3C0S(¢0 + P32) + A4 COS(20 + P32 + ©43))SIN @1 (8)
Zp ay +dySingy + d3Sin(@y0 + ¢3) + Ay SiN(@og + P32 + 43)
The method of the square matrices 4 x 4 (screw-matrix) uses the formula
o a1 = [Sotlia - [St2Lia [S23)s - [S3a Liea- 1B hasa =[Toa s - T Ja- )
where:
cosp, 0 singg O cosp, —sing, 0 d,cosg,
singg 0 —cosp; O sinp, cosp, 0 dysing, |
- (S = ;
Sukia=| "7 1 a | Sk = 0o 1 o0
0 0O 0 1 0 0 0 1
CoSp; —sing; 0 d;CcoS@, cosg, —sing, 0 d,cosg, 0
sinp; cosp; 0 djsing; sinp, cosp, 0 dssing, | 0
S = 1 S = , = " (10)
[ 23 ]4><4 0 0 1 0 [ 23]4><4 0 0 1 0 Iy }4X1 0
0 0 0 1 0 0 0 1 1

The transfer matrix [To,], ., is the product of the four screw-matrices in (10):

[To4 ]4><4 = [801]4><4 '[512 ]4><4 : [823]4><4'[S34 ]4><4 =
Coc(pr+@3+9s) —Cos(@r+@3+9s)  Sor (daCy +d3C(@ +@3) +daCl@2 + 03+ @4))Co
SoS(Pr+ 03+ 05)  SOC@ + 93+ 0s)  —Coy (AL, +d3c(py +95) +diClop + oy +@u))sgy | (1D)
(@, + @3+ 4) (@2 + @3+ ¢4) 0 & +dySp, +d38(@; +3) +dsS(@r + 03+ @4)
0 0 0 1

where we have used the notations for the final expression:
C=C0s,s= Sin, 02=020, P3=Q32, P4=Q43.
We notice the identity of the first three terms of the last column in (11) with the column
matrix to the right of the matrix equation (8).
The Cartesian coordinates of point D are calculated by means of the formulas:
Xp = (d3C08p;, +d3c0S(p, + ¢3) +d4 COS(, + @3+ 4))COSP;
Yp = (d,C0sp;, +d3C08(p, + ¢3) +d, COS(0, + @3+ @4))siN @y (12)
Zp =3 +d,SiN@, +d3sin(p, + @3) +d,Sin(@y + @3+ @4).
This proves relation (8) obtained from a square matrix 3x 3.

3. Determining position functions for the RRRR robot

For the serial robot of the RRRR type (fig. 5), reversed kinematics results on the position
functions:
oo =01 = T1(1);001 = 00 = 1, (1); 0030 = 3 = T3(t);003 = 0 = T4(1) (13)
The Cartesian coordinates of the tracing point D are imposed in reversed kinematics, and
the system of equations (12) deduced in direct kinematics is written as follows:
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(d; cosg, +d3cos(g, + ¢3) +d4 COS(@, + 3+ ¢4))COSPy = Xp;
(d; cosg, +d3cos(g, + @3) +d4COS(@; + @3+ ¢4))siNgy = Yp; (14)
dysing, +d3sin(e, +@3) +d;sin(e; + @3+ ¢4) = 7p — &y
In general, for the robot we have considered (fig. 4), the system of equations (14) has a
singular solution only for angle ¢1. Thus, we may deduce angle ¢,from the first two
equations using the formula

Xp

QL= arctg(y—DJ (15)

If we select a certain value for angle ¢4, we eliminate angle ¢, from the first two equations
(14), and we obtain the trigonometric equation

d, Cosg, +d3CoS(¢, + ¢3) +d, COS(@, + @3+ @4) =+ X6 + Y6 (16)
Which together with the last equation of (14) forms the system of two non-linear equations:
{dz COSQ, +d3C0S(¢, + ¢3) +d4COS(P, + @3+ 94) =+ XZD + YZD ; (17)
d;sing, +d3sin(@, +@3) +dsin(p, + @3 +¢4) = 2p — &

From system (17) we first determine angle ¢,, by eliminating angle (¢, +@,), which
leads to the trigonometric equation of the form:

A, sing, + B, cosp, =C, (18)
whose solution is given by the formula:
— Ay + A2 +BZ-C
0y = 2arctg[ A 2 TP T2 (19)
B, +C,

In formula (19) we obtain two solutions for angle ¢, (fig. 5).
Angle ¢, is obtained in a similar manner, but it can also be determined directly from one
of the two equations (17). The two solutions for angles ¢, and ¢, have been distinctly

represented for the same position of the tracing point D respectively of the articulation C.
We shall consider the solution for which angle ¢, is smaller, which corresponds to the
kinematic chain depicted by means of the continuous line (fig. 5).

Fig. 5. The two solutions B and B' for the articulation (2,3)

The functional model of the serial redundant robot (fig. 1) allows the following limits of
the rotation angles: ¢, =0°,...,270° (fig. 6a), ¢, =0°,...,180° (fig. 6b), @;=0°,...,300° (fig. 6¢)
and ¢, =0°,...,120° (fig. 6d).
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Fig. 6. Extreme rotations of the kinematic elements [11]

If we consider a median position of the kinematic chain plane, then angle ¢, will have the
maximum value ¢, = ¥135° (fig. 7a).

Fig. 7. Photos of the mechanical robotic arm [11]

Fig. 7. Photos of the mechanical robotic arm [11]

For angle ¢, we consider the vertical position of bar 2 as a median position (fig. 7c), so
that angle ¢, = +90°.

35
Fiabilitate si Durabilitate - Fiability & Durability No 1/2019

Editura “Academica Brincugi”, Targu Jiu, ISSN 1844 — 640X




For bar 3, we also consider the vertical position as a median position (fig. 7d), which leads
to the maximum value of angle g3 - ¢y, =+150°. For bar 4, the median position is as a

continuation of bar 3 (fig. 7b), and the maximum value of ¢, will be @, ., =+60".
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