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Abstract. The use of robots in different manufacturing processes, as well as the use of offline programming in the manip-
ulators, aiming to maximize their working time, have gradually increased. However, the success of offline programming
is directly related to the good repeatability and accuracy of the robot, and the values of the latter factor are usually
worse than the first. A viable and inexpensive way that can improve the accuracy of manipulators is the robot calibration,
which can be statically or dynamically. Since geometric errors correspond to about 90% of all robot errors, the static
calibration process is the most used. Thus, this article aims to investigate some theoretical aspects of robot calibration
using parametric error modeling, performing a computational simulation of the calibration process of an ABB IRB-140
six degrees of freedom manipulator. For this, kinematic modeling was first carried out, followed by the identification and
optimization of the model. Among the results obtained, an optimized model with 24 parameters was obtained, free of
deficiencies and redundancies. In addition, it was also observed that a set with more than 40 points provides an irrelevant
improvement in calibration accuracy.

Keywords: robot calibration, model parameter optimization, accuracy improvement, parameter redundancies, numerical
improvement

1. INTRODUCTION

According to Ginani and Motta (2011), for a long time robots were employed in manufacturing processes, with the
aim of replacing human labor in unhealthy and repetitive tasks. However, with the diversification and expansion of robotic
applications, there was a need to improve the accuracy of trajectories obtained through off-line programming (Yang et al.,
2014), which consists of the technique of programming the robot without using the actual machine in fact (Motta, 2006).
In the industry shop-floor, the importance of off-line programming has been growing steadily, due to the urgency of
decreasing the downtime of the machine, and consequently increasing the working time of the robot (Motta, 2006). In
order to illustrate the importance of this type of programming, according to Motta and Mcmaster (1999), a welding line
with 30 robots and 40 welding points per robot it takes, approximately, 400 hours to program them.

However, despite the advantages of off-line programming over online programming, its success depends directly on the
good repeatability and accuracy of the robot (Motta, 2006). Gao et al. (2018) add that, in industrial robotic applications,
positioning accuracy is a critical factor, especially in the areas of welding, assembly, etc. According to (Ha, 2008), robots
in general have high repeatability over their accuracy, which implies that the problem is to improve and maintain the
accuracy of the system in various manufacturing environments. In numerical terms, the repeatability of the manipulators’
position is better than 1 mm, whereas the accuracy with which the robot can reach a certain position and orientation in
relation to an external or working coordinate system, has worse values (Duelen and Schroer, 1991).

In this context, a robotic manipulator is subject to numerous sources of positioning errors. A priori, these errors can be
grouped into two large groups: geometric errors, which result from the imprecision of the manufacturing processes and
joint errors, and non-geometric errors, arising from the action of the gravity and inertial forces causing joint deformation,
as well as numerical errors (Jang et al., 2001). According to Duelen and Schréer (1991), the position errors are caused
by differences between the actual and nominal dimensions of the robot, and due to elastic and plastic deformations of the
material. These errors are systematic and deterministic, and can be compensated, once the parameters of each robot are
known.

In view of this, it is evident the need of methods to improve the accuracy of the manipulators. Among the existing
methods, robot calibration is easy to implement and its cost is relatively low (Liu et al., 2016). From a mathematical
point of view, robot calibration is defined as the sequence of non-linear parameter estimates, whose unknown errors are
identified by minimizing a cost function (Motta et al., 2016), and make the mathematical model closer to the experimental
data considered. In general, calibration is divided into two categories: kinematic calibration (compensation of geometric
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errors) and dynamic calibration (compensation of non-geometric errors) (Liu et al., 2016). According to Motta (2005),
the geometric errors correspond to about 90% of all the errors of the robot, which justifies the fact that the kinematic
calibration process, also called static calibration, is widely used. In general, manipulators have positioning errors between
5 and 15 mm (even if they are new), and, after being properly calibrated, these errors can be reduced to values smaller
than 0.5 mm.

According to Motta (2005), the robot calibration comprises four steps: modeling, measurement, numerical identifi-
cation of the real physical characteristics of the robot and implementation of a new model or coordinate compensation.
According to Motta (1999), kinematic modeling consists of obtaining a mathematical model representative of the geome-
try and movement of the robot; during the measurement step, however, specific geometric characteristics of the robot are
measured with the aid of measuring equipment with known accuracy; in the third step (identification), on the other hand,
the values of the parameters of the model are identified; Finally, the model is corrected in the control system of the robot,
aiming to succeed in performing scheduled tasks.

Therefore, this research aims to investigate theoretical aspects of robot calibration, performing a computational sim-
ulation of the calibration process in a six degree-of- freedom manipulator (D.O.F.). The main contribution of this article
is a mathematical procedure to detect redundant and unidentifiable error parameters in the manipulator kinematic model,
since the precision and reliability of the identified error parameter values depend on the number of the error parameters
included in the model Bernard and Albright (1993). The use of this optimization technique improves the condition num-
ber of the system, reduces the number of measurement points required and improves the robot positioning accuracy. This
work is organized as follows: Section 2 shows the kinematic modeling for the IRB-140 manipulator from the conven-
tions of Denavit and Hartenberg and Hayati and Mirmirani; in Section 3 the parameterization of the kinematic model is
developed to identify the parameters; Section 4 presents pertinent fundamentals for model optimization; in Section 5, the
results obtained in the calibration evaluation are discussed; and, in Section 6, the conclusions of the work are shown.

2. KINEMATIC MODELING

According to Bernard and Albright (1993), the calibration process is based on a mathematical model of the physical
robot, which includes all significant and deterministic sources of position errors. For calibration purposes, the robot is
considered as a static system described by a model function, whose input values are joint angles, and the output values are
the position and orientation of the coordinate system located at the center point of the tool (TCP). This function is called
by Santolaria et al. (2008) as a direct kinematic model, and assumes the form expressed by Eq. (1).

y=f(bi,q) (D

In Equation (1),¢ = 1, ...,n corresponds to the number of rotating joints. This model calculates the position and the
orientation y of TCP, according to the value of the join variables 6; and the equations of the model defined in f, which
depend on parameters of the vector g to be optimized to obtain the smallest possible measurement error.

According to Motta (1999) and Motta et al. (2001), the first stage of kinematic modeling implies the assignment of an
orthogonal coordinate system for each robot link. Thus, initially the z should be made to coincide with the joint axis so
that if the joint is prismatic the direction of the z corresponds to the direction of motion and its direction is along the joint;
if the joint is of revolution, however, the direction of the z is in the positive direction of rotation about the z. The base
coordinate system can be defined with axes parallel to the world coordinate system. The origin of the base coordinate
system is coincident with the origin of the joint 1 (first joint), which assumes that the joint axis 1 is normal to the x-y
plane. Then the coordinate systems are inserted into the loop at your distal joint. A system is internal to the link to which
it is connected, and the next link moves in relation to it, ie the coordinate system i is in the i+/ junction. In relation to
the origin of the other coordinate systems, if the axes of a link intercept, the origin of the system connected to the link
is inserted at the intersection of the joint axes, on the other hand, if the axes of the joints are parallel, then the origin of
the joint is placed in the distal joint. Subsequently, if the origin of a system is described in relation to another coordinate
system using more than one direction, then it must be moved to use only one direction.

Therefore, the origins are described using the least number of link parameters. The axes x and y have their direction
defined according to the convention used to parameterize the transformations between the links, and can be obtained from
the rule of the right hand. The TCP coordinate system has the z axis in the same direction as the z axis of the last nested
joint n-1 coordinate system. From this convention, geometric parameters of length are established: p,,; (distance between
the coordinate systems i-/ and i), and n is the parallel axis located in the i-/ coordinate system.

Applying the right rules to the IRB-140 manipulator, the coordinate systems for each robot joint is obtained, as shown
in Fig. 1.

The homogeneous transformations used in the kinematic modeling were constructed in order to ensure that the model
is complete, continuous and minimal, which means that the Denavit-Hartemberg (DH) convention was used for perpendic-
ular rotary joints, while the Hayati-Mirmirani (HM) convention was used for parallel rotary joints, avoiding singularities
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Figure 1. Coordinate systems and geometrical parameters of the IRB-140.

in the error model Jacobian (Schroer et al., 1997) and (Motta, 1999). The elementary transformations for IRB-140 are
grouped in Tab. 1.

Table 1. Elementary transformation for the IRB-140.

Transformation Joint Type Parametrization
World frame to base frame W-B [Ty (pxb). T, (pyb). T, (pzb). Ry (0xb). Ry (0yb). R (6 2D)]

Joint 0 to Joint 1 JrlJr [R.(61).T.(pz1).Te(pz1).Re(r1)]
Joint 1 to Joint 2 JrlJr [R.(02).T,(pz2). Ty (pxa). Ry (a2)]
Joint 2 to Joint 3 JrllJr [R.(03).T,(pxs3).Ry(cs).Ry(53)]
Joint 3 to Joint 4 JrlJr R.(04).T.(pz4). Ty(pry).Re(cva)
Joint 4 to Joint 5 JrlJr R.(05).T,(pz5). Ty (pxs). Ry ()
Joint 5 to Joint 6 Jr||TCP [R.(6s).Tx(pze). Ty (pys). T (pz6)]

W = world, B = base, R = rotary, L = perpendicular

3. PARAMETER IDENTIFICATION

The kinematic equations of the manipulator are determined from the product between the homogeneous transforma-
tions of the base coordinate system and the TCP coordinate system, as expressed by Eq. (2).

TS =T (k) =T0.18.. T * HT@ ! 2)

In Equation (2) N corresponds to the number of joints. The vector containing the parameters with their respective
errors (p = [p{ pd...pT]"" ) may be included in the transformations, so that the exact transformation of the manipulator is
now indicated by Eq 3).

AT =T + AT Ay = ATi(Aps) 3)

where Ap; is the vector of loop parameter errors for the joint i. Therefore, the transformation of the last coordinate
system to the first coordinate system (with the errors of the parameters) is given by Eq. (4).

AY =Ty + AT, AT = AT(q, Ap) @)
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In Equation (4), AT is a nonlinear function, Ap = [ApT Ap¥...ApT]T is the vector of error parameters of the

manipulator, and ¢ is the vector of joint variables [#7, 03", 01,17, For m measured positions, we have the Eq. (5) and
Eq. (6), in wich n is the number of parameters and » is the number of joints (including tool).

~

A =AY = A(q,p) = (A(a1,p); s A(@m, p)T : R" x R™ ®)

AT = AT(q, Ap) = (AT(q1, Ap), ooy AT (g, Ap))T = R™ x R (6)

The identification process consists in making an ideal adjustment between the real positions (obtained by means of
measuring instruments) and the positions calculated by the kinematic model, resulting in the solution of a system of
non-linear equations represented by Eq. (7).

B(q,¢") = M(q) = B(q,p) + C(q, Ap), eR*"™ (7

In Equation (7), ¢ is the number of equations arising from each measurement position, B is a vector formed by the
position and orientation components of AM corresponds to the measured components and C is the vector of differential
motion formed by the rotation and position components of AT. If only position data are considered (as is the case of
the present work), each position measurement will provide three equations, and B will only include position components.
Because this is a problem where you are trying to fit data into a nonlinear model, nonlinear least squares is the most
recommended numerical method of solution (Motta er al., 2001). Neglecting the second-order products of the Jacobian
matrix, we have the mathematical expression for C in Eq. (8).

C(q,Ap) =J - Ap (8)
By replacing the equation (8) in Eq. (7) and rearranging the terms, we obtain the mathematical model represented by

Eq. (9).

M(q) — B(q,q) = J.Ap )

The notation present in Eq. (10), Eq. (11) and Eq. (12) allow to rewrite Eq. (9) to Eq. (13).

b = M(q) - B(q,p), eR*" (10)
J =J(q, Ap), eROm<n (11)
x = Ap, eR" (12)
r=J -z —b,eRo™ (13)

Equation (13) can be solved by the non-linear least squares method in the form of Eq. (14).

J-z=Db (14

The least squares problem can be solved by the method proposed by Levenberg-Marquardt. Based on Eq. (9) and
Eq. (14), this method can be formulated by Eq. (15).

zipr =z — [J@)"  Ixy) + g -1 - Ix) - blxy) (15)
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In Equation (15), p; is obtained by means of the relations shown in Eq. (16).

Hy = 0.001
pj = A-0.001 = if[blzj1)] > |blz;)]
p; = =5 > if[b(zj1)l < [b(x;)]
i =25<A<10

(16)

The parameterized error kinematic models for robot calibration must have three important properties: completeness,
continuity and minimality (Schrder ef al., 1997) and (Motta et al., 2016). Table 2 shows the IRB-140 transformations
with the added error parameters.

Table 2. Parametric transformations for the IRB-140.

Joint Type D-H Parametrization
W-B [Ty (pab + dpxb). T, (pyb + opyb). T, (pzb + dpzb). Ry (aw + 0y ). Ry (By + 95s). R (e + 071)]
JrlJr R, (91 + 691)~Tz (le + (szl).T$ (pxl + (5p$1).Rw (0(1 + (50(1)
JrLlJRr R. (02 + 002).T.(pze + dpz2).Tr(px1 + opz1).Re(ar + daq)
JR”JR [Rz (93 + 503).Tw(pa:3 + 5p23)RL (043 + 5043).Ry(ﬁ3 + (Sﬁg)]
JrLlJR [RZ (04 + 004).T.(pzg + 6pz4).Tr(pxy + Opry).Re(g + (50{4)]
JrlJgp [R.(05 + 005).T. (pzs + dpzs5). Ty (pxs + dpxs). Ry (s + das)]
Jr||TCP (R (06 + 606).Ty (pxe + dpxs).Ty(pys + dpyes).T- (pz6 + 0p26)]

It can be observed in Table 2 that the maximum number of parameters to be identified is 30.
4. MODEL OPTIMIZATION

The optimization of the kinematic model implemented in this work, aiming to improve the step of identifying the
parameters through the elimination of dependencies or redundancies, includes the decomposition into singular values, the
Jacobian column staggering and the Jacobian matrix conditioning number analysis.

The Decomposition in Singular Values (SVD), used by Wampler et al. (1990), Motta (1999), Bai and Teo (2003)
and Agheli and Nategh (2009), consists of a numerical technique used in linear algebra of ill-conditioned problems. In
addition, SVD allows you to adequately handle overdetermined problems and provides a diagnosis of where the difficulty
is in solving the problem. The Jacobian matrix used in the identification of the parameters is indicated in Eq. (17).

JBma:p = Usma3m - SBma:p : va’l;p )

In Equation (17), U e V are unitary orthogonal arrays and S is a diagonal matrix whose elements of the main diagonal
are singular values, which can be organized in descending order.

In problems involving matrices, the number of conditioning is important because it acts as a factor of amplification of
error and perturbation analysis (Bernard and Albright, 1993).The conditioning number is defined by Eq. (18).

k()= |- ||| (18)

in which J* corresponds to the pseudo-inverse of J. If the matrix norm is derived from the Euclidean vector norm, the
number of conditioning is determined by Eq. (19), which relates the largest (.S7) and the lowest (.5,-) singular values other
than zero.

_5
-3

According to Bernard and Albright (1993) and Motta (1999), the Jacobian column staggering is added to the identifi-
cation optimization procedure in order to improve the conditioning of the problem. Models based on factor scaling can be
estimated from robot errors (approximately 1 mm). Taking this into account, one can use Eq. (20) to obtain the stepped
singular values.

k(J) (19)

10-3
opi(q) = ’ (20)

2 T(p.q)|
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In equation (20) op;(q) is the singular value of the parameter p; in position ¢g. Therefore, the routine implemented
in this work to optimize the parametrized kinematic model, aiming to improve the parameter identification through the
elimination of dependencies or redundancies, uses the Singular Value Decomposition (SVD), a Jacobian column scaling
and analysis of the Jacobian matrix conditioning number. The optimization procedure has two steps:

1. Scaling the Jacobian matrix error parameters of the identification model, aiming to reduce the Jacobian condition
number k(J);

2. If k(J) is above 100, a second step is followed to identify which model parameter is producing the solution of the
error parameters to be deficient. This is performed by searching the smaller singular value .S, in the last column of
matrix V.

This implies that an optimized model is obtained from the complete model by excluding a small number of parameters
until k(J) is below 100.

5. RESULTS AND DISCUSSION

The computer simulation of the robot calibration process comprises all steps of a real calibration, i.e., kinematic
modeling, parameter identification using some selected positions (measurements) and the accuracy evaluation. In this
article, the simulations were performed using the IRB-140 manipulator, which has six degrees-of-freedom. Two kinematic
models were used: Simulated Pose Model and Estimated Pose Model. The first model includes the geometric parameters
and the addition of random errors in the variables of joints, allowing to simulate measurements of the TCP positions; the
second model, on the other hand, contains all sources of geometric errors identified in the first model, except for the errors
of the parameters that were eliminated in order to improve the identifiability of the model.

In this simulation, only position data were used, due to the types of measurement systems normally used. In mathe-
matical terms, each measurement point provided three measurement equations. In order to minimize measurement noise,
the number of equations must be two to three times larger than the number of parameters to be estimated. For the IRB-
140, the maximum number of parameters is 30, which resulted in the choice of 30 measurement points (Zhuang and Roth,
1996). The set of deviations to be added to the values of the kinematic parameters of the robot was selected randomly
between £ 1 mm for the translation parameters and 4= 0.0005 rad for the orientation parameters. Concerning the mea-
surement system, this was simulated from the addition of random errors, uniformly distributed between O and 1, to the
exact homogeneous transformations of the robot model.

The first step of the robot calibration process uses the parameter model optimization routine, consisting in selecting the
identifiable parameters from the analysis of the conditioning number of the Jacobian matrix by using the SVD. Figure 2
shows the evolution of the condition number as a function of the number of model parameters.

1010 Condition Number Evolution

108 F Pt 1

—_———

108 F / 5

4 4
10 =t

Condition Number

10%F_—=--7 :

100 | ! |
24 25 26 27 28 29 30

Number of Parameters

Figure 2. Calculated Condition Number of the Jacobian matrix during the identification step as a function of the number
of parameters.
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Figure 3. Robot accuracy as a function of the number of measurement points.

A brief analysis of Fig. 2 makes it possible to verify that, for 30 parameters, the condition number is of the order of 10°.
This indicates a poorly conditioned solution, which can lead to a larger number of iterations for the convergence by the
Levenberg-Marquardt algorithm, or the possibility of a local minimum being achieved even with a good convergence, or
both. In addition, it is observed that, as the number of parameters decreases (through analysis of the last column of matrix
V, indicating which parameters cause deficiencies or redundancies in the model), the condition number also decreases.
Thus, a model with 24 parameters was reached, whose condition number equals 54.

In addition, with the minimum number of error parameters in the model, the influence of the number of measurement
points on the robot accuracy was evaluated considering data sets with 10, 20, 30, 40, 50 and 60 points. The Figure 3 shows
the curves for the mean and maximum position errors, with their respective standard deviations, from which it is possible
to ascertain that the robot accuracy is proportional to the number of measured points. However, there is an irrelevant
improvement in the robot accuracy for sets above 40 points, demonstrating that a set with 30 points is enough perform the
robot calibration process.

The Figure 4 shows the deviation in TCP for each point in the set of 30 measurements, using the minimum calibrated
model with addition of random errors to simulate the measurement system. The investigation of the curve of Fig. 4 shows
that the maximum position error is 0.74 mm, less than the accuracy required in the automotive industry (about 2.5 mm)
in parts manufactured by robots programmed offline (Bernard and Albright, 1993).

The accuracy of the calibrated minimum model was also analyzed, and the results can be visualized in Fig. 5, where
the mean error and standard deviation at each iteration were calculated, respectively, by Eq. (21) and (22).

E = M 1)
n

n

In the Equations (21) and (22), M are the robot positions measured, A are the calculated positions and # is the number
of points measured. The results present in Fig. 5 express the effector positioning accuracy, calculated as the mean of the
absolute values of the residual errors between the simulated position and the expected (nominal) position of the effector,
at each iteration of the calibrated minimum model. In addition, the maximum error and the standard deviation are also
indicated. Analyzing the graph, it is verified that the position errors were reduced from approximately 1.0 mm in the first
iteration to 0.4 mm in the last iteration.



P. S. Oliveira, J. M. S. T. Motta
Kinematic Calibration of a 6-D.0O.F. Manipulator Using a Model Optimization Routine

08 . ' ‘ '
=-=%-=- Minimum Parameter Model |

. .___________:;*

o o
(%)) (o]
T T

TCP Position Error (mm)
o
I

02 '
0 5 10 15 20 25 30

Measured Point

Figure 4. Positioning accuracy obtained by applying the optimized calibration model.
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Figure 5. Evaluation of the calibrated model at each iteration.

6. CONCLUSION

In this work, a robot calibration methodology was presented using an optimization procedure to construct the error pa-
rameter model, aiming to eliminate deficiencies and redundancies of the parameters. To do so, a computational simulation
was performed encompassing all steps of the calibration process. As results, it was verified that the Jacobian condition
number of the model parameter matrix decreased as deficient and redundant parameters were eliminated, indicating an
improvement in the process to identify kinematic model parameters that could be used to fit a model closer to the real
robot. Furthermore, the influence of the number of measurement points on the robot accuracy after the calibration was
analyzed, showing that over 40 points the improvement in the IRB-140 robot accuracy is insignificant. With the minimum
calibrated model and 30 measurement points, the deviation in TCP for each measurement point was also investigated,
allowing a maximum error of 0.74 mm to be detected, which is lower than the error allowed by the automotive industry
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in terms of parts manufactured by off-line programmed manipulators. Finally, a precision analysis of the minimum cali-
brated model was performed, in which position errors were reduced from 1.0 mm (in the first iteration) to 0.4 mm (in the
last iteration)
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