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COORDINATES ERRORS
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Abstract: The methods of geometric modeling of industrial robots, regularly used in the literature, are
strictly related to robot’s nominal geometry, the robot being considered as a system of rigid bodies,
dimensionally and positionally perfect. This paper outlines the influence of dimensional and generalized
coordinates errors on the position and orientation of the end-effecter of FANUC LR Mate 100iB industrial
robot. The dimensional-constructive errors and the errors of generalized coordinates are included in the
equations of the direct geometric model, determined by the method of situation matrices. By substituting
numerical values in these equations, the influence of these errors on the operational position and

orientation parameters is put in evidence.
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1. INTRODUCTION

When modeling a robot, usually the methods
applied do not consider the geometric, kinematic
and dynamic errors [1]. Some simulators, as
SimMEcROD [2] are complex applications that
analyze various parameters of serial industrial
robots, including precision, but they are difficult
to be used because of the software requirements
such as: operating system and other related
applications that are required to be installed. A
major drawback of pure numerical applications
is that the results are numeric only and the
algebraic form of the geometric, kinematic or
dynamic model of the robot put into analysis
cannot be determined.

The goal of this paper is to establish the
equations of the geometric model of an
articulated industrial robot, by symbolic
computations, considering the dimensional
errors and the errors of the generalized
coordinates.

2. FANUC LR Mate 100iB

The robot which is the object of this study is
FANUC LR Mate 100iB [3] and it is used with

didactic and research purpose at the Laboratory
of Applied Mechanics in Robotics, Faculty of
Machine Building, Technical University of Cluj-
Napoca, Romania. It is an articulated robot of a
small to medium size, having five degrees of
freedom (fig. 1). The kinematic scheme is
presented in fig. 2 and it will be the source of
input data in the algorithm of defining the
mechanical structure of the robot.

Fig. 1. FANUC LR Mate 100iB [3]
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Fig. 2. FANUC LR Mate 100iB. Kinematic scheme [2]

3. THE METHOD OF SITUATION
MATRICES

Achieving the definition of the robot’s
mechanical structure [4] is made possible by
describing the position and orientation of the
frames {i} attached to each of the robot’s joints
(i), as well as to the end-effecter (n+1). These
geometric amounts are expressed by the
matrices of position-orientation, also called

matrices of situation, ﬁ_l [T],i=1+n+1:
f-}[T]{_’fi[_’i]_ifi?e}. M

These matrices contain the rotation
submatrices, ﬁ_l[R] , expressing the orientation of
the frame axes {i} with respect to the frame {i-1}
and the position vectors ' p;, expressing the
position of the origins (O,) of frames {i} with
respect to the origins (O,_;) of the frames {i-1}
[5]. Using iterative matrix multiplications as:

[r]=2lr]or(r]. @)

the position-orientation matrices of frames {i},
with respect to the fixed frame {0} are
determined. Among them, the most important is
the matrix n+01[T] . It expresses the position of the
gripper’s characteristic point, by the position
vector p,, and the orientation of the frame

{n+1} axes, with respect to the fixed frame {0}.

4. THE FUNCTIONS rotx(), roty(), rotz()

To define the mechanical structure of the
robot, based on its kinematic scheme (fig. 2),
three functions are written in MATLAB. They
calculate the expressions of the rotation matrices
with respect to the axes x, y and z. The functions
are:
rotx(q) — determines the rotation matrix with
respect to x-axis with the angle g, expressed in
radians.

Function file rotx.m

function Rx = rotx( gq )
Rx = [0 pi/2 pi/2

pi/2 g pi/2+q

pi/2 pi/2-q ql;
Rx = cos (Rx);
end
roty(q) — computes the rotation matrix with
respect to y-axis with the angle g, expressed in
radians.

Function file roty.m

function Ry = roty( g )
Ry = [q pi/2 pi/2-q
pi/2 0 pi/2
pi/2+q pi/2 ql;
Ry = cos(Ry);
end

rotz(q) — computes the rotation matrix with
respect to z-axis with the angle g, expressed in
radians.

Function file rotz.m

function Rz = rotz( gq )
Rz = [q pi/2+gq pi/2
pi/2-q g pi/2
pi/2 pi/2 0];
Rz = cos(Rz);
end

S. DEFINING THE
MECHANICAL STRUCTURE

ROBOT’S

The script file FANUC_geo_err.m was
created with the purpose of determining the
equations of the direct geometric model of
FANUC robot, considering the geometric and
generalized coordinates errors. The first section
of the script handles the working environment
preparation. With this regard, all the variables
existing in the current MATLAB workspace are
cleared and the file FANUC_geo_err.txt is
created and open to be written, recording the



content of the Command Window associated to
the current MATLAB session. The declaration
of the symbolic variables gl...g5 follows,
representing the generalized coordinates, as well
as the variables [0.../4, which are the geometric-
constructive parameters.

Along them, the symbolic variables dgl...
dg5 are defined, representing the errors of the
generalized parameters, also dI0...dl4, the
dimensional parameters errors. The variables
qlr...q5r are then initialized, being the real
generalized coordinates (considering the errors)
and [Or...l4r also, which are the real geometric-
constructive parameters.

clear variables

diary FANUC_geo_err.txt

syms gl g2 g3 g4 g5 real

syms 10 11 12 13 14 real

syms dgl dg2 dg3 dg4 dg5 real
syms dl0 dll1 dl2 d13 dl4 real
%% r for real, d for delta

gqlr = gl + dqgl;
q2r = g2 + dg2;
g3r = g3 + dg3;
gd4r = g4 + dag4;
gbr = gb + dgb;
10r = 10 + d10;
1lr = 11 + dl1;
12r = 12 + dl12;
13r = 13 + dl13;
1l4r = 14 + dl14;

Using the functions rotx(), roty() and rotz(),
the situation matrices of the frames {i} with
respect to the frames {i-1} are expressed, using
the relations (1):

T10 = [simplify(rotz (glr))
000 171;

display (T10)

T21 = [simplify (rotx(g2r))
000 171;

display (T21)

T32 = [simplify (rotx(g3r))
000 171;

display(T32)

T43 = [simplify (rotx(g4dr))
000 11;

display (T43)

T54 = [simplify (roty (gbr))
000 11;

display (T54)

T65 = [eye(3)
000 171;

display (T65)

[0;0;10r]

[0;11r;0]

[0;0;12r]

[0;13r;0]

[0;0;0]

[0;14r; 0]
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The effect of these code lines is to generate
the matrices ‘" *[T];,i = 1 ... 6.

T10 =

[c(dgl + gl),-s(dgl + gl),0, 0]
[s(dgl + gl), c(dgl + gl),0, 0]
[ 0, 0,1, dl10 + 10]
[ 0, 0,0, 1]
T21 =

(1, 0, 0, 0]
[0,c(dg2 + g2),-s(dg2 + g2), dl1 + 11]
[0,s(dg2 + g2), c(dg2 + g2), 0]
[0, 0, 0, 1]
T32 =

[ 1, 0, 0, 0]
[0,c(dg3 + g3),-s(dg3 + g3), 0]
[0,s(dg3 + g3), c(dg3 + g3), dl2 + 12]
(o, 0, 0, 1]
T43 =

[1, 0, 0, 0]
[0,c(dg4 + g4),-s(dgd4 + g4), dl3 + 13]
[0,s(dg4 + g4), c(dgd + g4), 0]
(o, 0, 0, 1]
T54 =

[ c(dg5 + g5), 0, s(dg5 + g5), 0]

[ o, 1, 0, 0]
[-s(dg5 + g5), 0, c(dgb + g5), 0]

[ 0, 0O, 0, 11

T65 =

[ 1, o, O, 0]

[ 0, 1, 0O, dl4 + 14]

[ 0, 0, 1, 0]

[ 0, 0, O, 1]

6. THE SITUATION MATRICES WITH
RESPECT TO THE FIXED FRAME {0}

By applying the iterative relation (2), the
script determines the situation matrices of the
frames attached to the robot’s joints and to the
end-effecter, °[T];i = 2..6, with respect to
the fixed frame {0}.

T20 = simplify (T10*T21);
display (T20)
T30 = simplify (T20*T32);
display (T30)
T40 = simplify (T30*T43);
display (T40)
T50 = simplify (T40*T54);
display (T50)
T60 = simplify (T50*T65);
display (T60)

The simplify() function, used for simplifying
the expressions of the situation matrices, is very
useful for obtaining more compact symbolic
expressions. The obtained matrices are:



T20 =

[c(dgl + gl),-c(dg2 + g2)*s(dgl + gl), s(dgl + gl)*s(dg2 + g2),-s(dgl + gl)*(dll + 11)]
[s(dal + gl), c(dgl + gl)*c(dg2 + g2),-c(dgl + gl)*s(dg2 + g2), c(dgl + gl)*(dll + 11)]
[ 0, s(dg2 + g2), c(dg2 + g2), dlo + 10]
[ 0, 0, 0, 1]
R30 =

[c(dal + gl),-c(dg2 + dag3 + g2 + g3)*s(dgl + gl), s(dg2 + dg3 + g2 + g3)*s(dgl + gl)]
[s(dal + gl), c(dg2 + dag3 + g2 + g3)*c(dgl + gl),-s(dg2 + dg3 + g2 + g3)*c(dgl + gl)]

[ 0, s(dg2 + dg3 + g2 + g3), c(dg2 + dg3 + g2 + g3)]
p3 =

s(dgl + gl)*s(dg2 + g2)*(dl2 + 12) - s(dgl + gl)*(dll + 11)

c(dgl + gl)*(dll + 11) - c(dgl + gl)*s(dg2 + g2)*(dl2 + 12)

dl0 + 10 + c(dg2 + g2)*(dl2 + 12)

R40 =

[c(dgl+gl), —c (dg2+dg3+dgd+g2+g3+g4) *s (dgl+gl), s (dg2+dg3+dgd+g2+g3+g4d) *s (dgl+gl) ]
[s(dgl+gl), c(dg2+dg3+dgd+g2+g3+g4) *c (dgl+gl), -s (dg2+dg3+dgd+g2+g3+g4) *c (dgl+gl) ]

[ 0, s (dg2+dg3+dg4+g2+g3+g4), c (dg2+dg3+dgd+g2+g3+g4) ]

péd =
s (dgl+gl) *s (dg2+g2) * (d12+12) —c (dg2+da3+g2+9g3) *s (dgl+gl) * (d13+13) -s (dgl+gl) * (d11+11)
c(dgl+gl) * (d11+11) +c (dg2+dg3+g2+g3) *c (dgl+gl) * (d13+13) —c (dgl+gl) *s (dg2+g2) * (d12+12)
dl0+10+s (dg2+dg3+g2+g3) * (d13+13) +c (dg2+g2) * (d12+12)
R50 =
[c(dgl+gl) *c (dg5+g5) —s (dg2+dg3+dgd+g2+g3+g4) *s (dgl+gl) *s (dg5+g5) , —c (dg2+dg3+dgd+g2+g3+
+g4) *s (dgl+gl), c(dgl+qgl) *s (dg5+g5) +s (dg2+dg3+dgd+g2+g3+g4) *c (dg5+g5) *s (dgl+gl) ]

[c(dg5+g5) *s (dgl+gl) +s (dg2+dg3+dgd+g2+g3+g4) *c (dgl+gl) *s (dg5+g5) , ¢ (dg2+dg3+dgd+g2+g3+g4) *
*c (dgl+gl), s (dgl+gl) *s (dg5+g5) —sin (dg2+dg3+dgd+g2+g3+g4) *c (dgl+gl) *c (dg5+g5) ]
[-c (dg2+dg3+dgd+g2+g3+g4) *s (dg5+95), s (dg2+dg3+dgé4+g2+g3+g4), c (dg2+dg3+dgd+g2+g3+g4) *
*c (dg5+g5) 1
p5 =
s (dgl+gl) *s (dg2+g2) * (d12+12) —c (dg2+da3+g2+9g3) *s (dgl+gl) * (d13+13) -s (dgl+gl) * (d11+11)
c(dgl+gl) * (d11+11) +c (dg2+dg3+g2+93) *c (dgl+gl) * (d13+13) -c (dgl+qgl) *s (dg2+g2) * (d12+12)
d10+10+s (dg2+dg3+g2+93) * (d13+13) +c (dg2+g2) * (d12+12)
R60 =
[c(dgl+gl) *c (dg5+g5) —s (dg2+dg3+dgd+g2+g3+g4) *s (dgl+gl) *s (dg5+g5) , —c (dg2+dg3+dgd+g2+g3+
+g4) *s (dgl+gl), c(dgl+gl) *s (dg5+g5) +s (dg2+dg3+dgd+g2+g3+g4) *c (dg5+g5) *s (dgl+gl) ]

[c(dg5+g5) *s (dgl+qgl) +s (dg2+dg3+dgd+g2+g3+g4) *c (dgl+gl) *s (dg5+g5) , c (dg2+dg3+dgd+g2+g3+g4) *

*c (dgl+gl), s (dgl+gl) *s (dg5+g5) —sin (dg2+dg3+dgd+g2+g3+g4) *c (dgl+gl) *c (dg5+g5) ]
[-c (dg2+dg3+dgd+g2+g3+g4) *s (dg5+95), s (dg2+dg3+dgé4+g2+g3+g4), c (dg2+dg3+dgd+g2+g3+g4) *

*c (dg5+g5) ]

p6 =
s (dgl+qgl) *s (dg2+g2) * (d12+12) —c (dg2+dg3+dgd+g2+g3+g4) *s (dgl+gl) * (d14+14) —c (dg2+dg3+g2+g3) *
*s (dgl+gl) * (d13+13) -s (dgl+qgl) * (d11+11)
c(dgl+gl) * (d11+11) +c (dg2+dg3+dgd+g2+g3+g4) *c (dgl+gl) * (d14+14) +c (dg2+dg3+g2+g3) *c (dgl+
+gl) * (d13+13) —c(dgl+qgl) *s (dg2+g2) * (d12+12)

dl10+10+s (dg2+dg3+g2+g3) * (d13+13) +c (dg2+g2) * (d12+12) +s (dg2+dg3+dgd+g2+g3+g4) * (d14+14)

Because of the complexity of the obtained
equations, the situation matrices 730...T60 are
split into the rotation matrices R30... R60 and
the position vectors p3...p6.

Among the above matrices, the most
important are 750 and 760. They are the
equations of the direct geometric model of
FANUC LR Mate 100iB, considering the
geometric errors and they express the position
and orientation of the frame {5} attached to the

5% joint, as well as the frame {6}, attached to the
end-effecter, with respect to the fixed frame{0}.

7. NUMERIC DATA

In order to make numeric substitutions into
the equations of the DGM, one defines the
parameters [On...l4n and they are initialized with
the nominal values of the constructive



dimensions of FANUC LR Mate 100iB, taken
from [2], expressed in millimeters.

10n = 350;
1ln = 150;
12n = 250;
13n = 220;
1l4n = 225;

Some values of generalized coordinate from
a robot program [6] are then stored into the
variables gln...q5n, expressed in degrees and
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dg4,dg5], [dgln,dg2n,dg3n,dg4n,dgbn])) ;
disp('Nom. numeric situation matrix:'")
display (T60nn)

disp('Real numeric situation matrix:'")
display (T60nr)

dTe0n = T60Onn - T60nr;

disp('Delta numeric sit. matrix:'")
display (dT60n)

save FANUC_geo_err

diary off

converted to radians, using the function
deg2rad():
gln = deg2rad(45);

g2n = deg2rad(1l2);

g3n = deg2rad(22.5);
g4n = deg2rad(-15);
gb5n = deg2rad(90);

The following step is to define by numerical
values the errors of constructive dimensions
dlOn...dl4n, as well as the errors of the
generalized coordinates, dg/n...dg5n:

dlOn = .235;

dlln = .12;
dl2n = -.07;
dl3n = .115;
dldn = -.089;

dgln = deg2rad(.35);

dg2n = deg2rad(.151);
dg3n = deg2rad(.255);
dg4n = deg2rad(.009);
dg5n = deg2rad(.425);

All numeric data will be substituted in the
basic form of 760, yielding two forms of the
transformation matrix: one for the nominal
mechanical structure (760nn) and one for the
real mechanical structure, including the errors
(T60nr).

T60n = subs(T60, [10,11,12,13,147],...
[10n, 11n, 12n, 13n, 1l4n]);
T60n = subs(T60n, [gl,g2,93,94,95], ...
[gln, g2n, g3n, g4n, g5n]);
T60nn = subs(T60n, [d10,d1l1,d1l2,...
dl3, dl4], zeros(1l,5));
T60nn = eval (subs(T60nn, [dgl,...
dg2, dg3, dg4, dg5], zeros(l,5)));
T60nr = subs(T60n, [d10,d1l1,d1l2,...
dl3,d1l4], [dl0On,dl1ln,d12n,d13n,dl4n]);
T60nr=eval (subs (T60nr, [dgl,dg2,dqg3, ...

The difference of the two matrices will mark
the operational coordinates errors (the Cartesian
components of the position vector, the first three
elements from the 4% column, as well as the
values of the errors of the rotation matrix):

T60nn =
-0.2360 -0.6665 0.7071 —-347.4894
0.2360 0.6665 0.7071 347.4894
-0.9426 0.3338 0 794.2528
0 0 0 1.0000
T60nr =
-0.2475 -0.6689 0.7010 -348.2283
0.2341 0.6607 0.7132 343.9996
-0.9402 0.3406 -0.0070 797.1329
0 0 0 1.0000
dT60n =
0.0115 0.0023 0.0061 0.7389
0.0019 0.0058 -0.0061 3.4897
-0.0025 -0.0068 0.0070 -2.8801
0 0 0 0

The last two lines of script save the
workspace into the data file
FANUC_geo_err.mat and close the diary file
FANUC _geo_err.txt.

8. CONCLUSION

The open chain architecture of serial robots
leads to geometric error propagation from link to
link and from joint to joint. To keep the robot in
its prescribed operating parameters, some
important error compensating measures have to
be taken. As a further development of this work,
the analysis of kinematic and dynamic [7, §]
errors must be performed, with the goal of
detecting and minimizing the source of
operational errors [9, 10]. Problems like path
planning [6] and vibration analysis [11, 12] can
also be considered.
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Modelul geometric al robotului FANUC LR Mate 100iB, tinind seama de erorile dimensionale si
ale coordonatelor generalizate

Rezumat: Metodele de modelare geometricd a robotilor industriali, utilizate de reguld in literatura de
specialitate, se refera strict la geometria nominala a acestora, robotul fiind considerat un sistem de solide
rigide, perfect din punct de vedere dimensional sau pozitional. Lucrarea de fata surprinde influenta erorilor
dimensionale si de coordonate generalizate asupra pozitiei si orientdrii efectorului final al robotului
FANUC LR Mate 100iB. In ecuatiile modelului geometric direct, determinate prin metoda matricelor de
situare, sunt introduse erorile dimensional-constructive ale robotului, respectiv erorile coordonatelor
generalizate. Particularizand aceste ecuatii prin valori numerice, este pusa in evidenta influenta acestor erori

asupra parametrilor operationali de pozitie si orientare.
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