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Abstract: In this study, a manipulator calibration algorithm is suggested to decrease the positional
errors of an industrial robotic manipulator using a genetic algorithm to select optimal measurement
poses. First, a genetic algorithm based on the observability index is used for the selection of optimal
measurement poses. By employing the selected optimal poses, conventional kinematic calibration
is used to identify the geometric errors of the robot. Finally, to further improve the positional
accuracy of the robot, compliance errors are compensated by a radial basis function neural network
based on effective torques. The proposed method provides a novel and effective way to select
optimal measurement poses for the calibration process using a genetic algorithm and enhances the
accuracy of the robot manipulators by constructing a relationship between the effective torque and
the compliance errors using a radial basis function. The results of the experimental calibration and
validation processes carried out on a YS100 robot show the effectiveness of the proposed method in
comparison with the other calibration approaches.

Keywords: genetic algorithm; optimal measurement poses; robot accuracy; radial basis function;
robot calibration

1. Introduction

Robot manipulators are extensively employed in industry. Although manipulators are
extremely repeatable, their poor accuracy is well-known [1,2]. Research has shown that
the primary potential sources of errors are geometric errors and non-geometric errors [3,4].
The sources of geometric errors are an erroneous production, assembly errors, and mis-
alignment. Non-geometric errors occur because of elastic errors, alternating temperatures,
gear transmission, and backlash [5].

The methods of geometric calibration have been commonly studied for decades.
Denavit and Hartenberg proposed the D–H model [6], which is the most popular kinematic
calibration process. Recently, Klug et al. used the D–H model to construct a full workflow
for the automatic geometric model extraction of robotic total stations [7]. It has also been
used by other researchers with modifications [8–10]. Researchers have also used other
approaches for geometric calibration. A CPC model [11] was proposed by Zhang et al. to
avoid model singularities owing to the implementation of direction vectors of the joint
axes as link parameters. The POE method [12] was suggested by Park and Okamura to
avoid the problem of singularity. It has been adopted in recent research [13,14]. Gupta
proposed a zero-reference position method [15,16]. However, non-geometric defects were
not considered in these calibration algorithms. Researchers have used different methods to
examine joint compliance errors [17,18]. Nonetheless, these approaches do not take into
account the effect of kinematic errors.

To investigate the influence of both kinematic and compliance errors, Zhou and
Kang [19] suggested a method (SKCM) to simultaneously identify joint compliance and
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kinematic parameters. However, the approach assumed that the joint compliance parame-
ters were constant. In [9,20,21], calibration methods were proposed that considered both
geometric and non-geometric errors. Meggiolaro et al. [22] suggested a procedure for
approximating compliance errors where torque sensors were used through a polynomial
equation of the joint and link parameters. These calibration methods have been successfully
applied to industrial robotic manipulators, but the methods simply and randomly select
the poses of the robot for the calibration process.

To perform robot calibration, the measurement is an important step. The collected
measurement data are served as constraint equations on the parameters to be identified.
However, the data acquisition for experimental robot calibration always contains noise.
These inevitable errors degrade the calibration accuracy. To enhance the stability of the
calibration algorithm with respect to measurement errors, Daney and Pagegay [23] in-
creased the number of constraint equations. However, this approach took a lot of time and
effort. Another approach is to improve the numerical quality of the measurements. To
find an optimal set for robot configurations, numerous approaches have been used [24–26].
Recently, Jiang et al. suggested a calibration method for a serial robot that used a multi-
ple identification space [24]. An optimization model with two observability indexes was
introduced by Jia et al. [25]. A universal observability index was used in the work of
Wang et al. [26]. These methods depend on the relevant observability index of the measure-
ment configurations. A calibrated set that has a maximum observability index generates a
better robustness of the calibration process. Nevertheless, the above methods only dealt
with conventional kinematic calibration.

This work introduces a novel calibration method for improving the precision of
robotic manipulators. An optimal robot configuration set was first selected by a genetic
algorithm (GA) based on the observability index. GAs created by Holland and his col-
leagues [27] have been applied to numerous optimization problems. Due to the advantages
of GAs [28]—such as parallel searching, stability for noise, and easy evasion from the local
minima—configuration sets for optimal measurement poses were identified. Kinematic cal-
ibration was then used to determine the D-H constraints of the manipulator. Finally, using
effective torques, a radial basis function (RBF) compensator was employed to compensate
for the compliance errors.

Our method not only proposed the use of a GA for selecting the optimal poses to
calibrate the robot, but also combined the optimal pose method and kinematic calibration
method (KM). An RBF compensator was also used to compensate for the compliance errors
using effective torques. This determined the optimal set of poses for calibration, identified
the kinematic parameters, and compensated for the compliance errors. The benefits of the
proposed algorithm were that it could find the highest observability index configuration set,
it was easy to implement, it did not require torque sensors, and it improved the accuracy
of the robot. The benefits of the proposed method were illustrated using a YS100 robot in
comparison with the KM and SKCM [19].

The kinematic model of the YS100 robot is introduced in Section 2. In Section 3,
the genetic algorithm is used to select the optimal measurement poses. Based on these
optimal measurement poses, the RBF compensator that used effective torques is presented
in Section 4. The experimental calibration results of the proposed method in comparison
with other approaches is shown in Section 5. Finally, the conclusions are given in Section 6.

2. Kinematic Model of the YS100 Robot

In this work, a YS100 robot [19] was used to examine the proposed method. Figure 1
provides a sketch of the robot structure. The nominal parameters of it are shown in Table 1.
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Figure 1. Sketch of a serial robot (YS100).

Table 1. Nominal D–H constraints of the YS100 robot.

i αi−1
(deg)

ai−1
(m)

βi−1
(deg)

bi−1
(m)

di
(deg)

θi
(deg)

1 0 0 0 0 0.48 θ1
2 90 0.32 - - 0 θ2
3 0 0.87 0 - 0 θ3
4 90 0.2 - - 1.03 θ4
5 −90 0 - - 0 θ5
6 90 0 - - 0.185 θ6
T - 0.2 - 0.05 0.5 -

The tool frame {T} was related to the base frame {0} by:

0
T T = 0

1 T(θ 1)
1
2 T(θ2)

2
3 T(θ3)

3
4T(θ4)

4
5T(θ5)

5
6T(θ6)

6
T T (1)

The end-effector transformation was:

(6
T)T = TrX(a6)TrY(b6)TrZ(d7) (2)

3. Selecting Optimal Measurement Poses by a Genetic Algorithm

Assuming m (the measurement pose) was used to calibrate the robotic manipulator,
the dimension of the corresponding identification Jacobian matrix J was 3m× n [29] (where
only the position was considered) and n was the number of the identified parameters.
Using the singular value decomposition method, the identification Jacobian matrix became:

J = UΣV (3)

where U and V are orthonormal matrices. We assumed that 3m > n, thus producing:

Σ =



σ1 0 · · · · · ·
...

...
...

...
0 0 · · · σn
0 0 · · · 0
...

...
...

...
0 0 · · · 0


(4)

where Σ is a 3m× n matrix and σi are singular values where 1 ≤ i ≤ n.
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Numerous observability indices were created using these singular values to quantify
the quality of the pose selection. Menq et al. [30] suggested an observability index based
on the sum of all singularities. The inverse condition number was used by Driels and
Pathre [31]. Two observability indexes were suggested by Nahvi et al. [32].

In this work, an observability index based on the product of singular values was
used [33]. It is known as the best observability index for minimizing the variance of
parameters [34]. The observability index corresponded with the determinant of JT J and
det(JT J) = (σ1 · · · σn)

2.
When the observability index was maximized, the errors of the parameters were

best noticed.

O =
(σ1 . . . σn)

1
n

√
m

(5)

In [35], the observability (O) was approved to linearly correspond with the determinant
of JT J, invariant to scaling. This was the best observability index to minimize the variance
of the parameters.

A GA is a well-known evolution method that is stimulated by the rule of natural selec-
tion. GAs mimic the selection process of nature. In the natural environment, individuals
with the best fitness have a better chance of surviving. The genes of these individuals have
a higher possibility of transferring to their successor. GAs include five phases:

• Initial population;
• Fitness function;
• Selection;
• Crossover;
• Mutation.

In this study, a GA was applied to find the best robot configuration set for the calibra-
tion process based on the observability index.

The process was as follows:

1. The pool of the configuration measurement, Ω, was initialized.
2. The population was generated, including an n individual. Each individual had an m

configuration of measurements.
3. The fitness value of each individual based on the observability index, O, (Equation (5))

was then calculated.
4. Every individual was evaluated and ranked based on their fitness values.
5. When the terminating condition was reached, the process was stopped. The outputs

were the set of the m configuration of measurements of the individual with the highest
observability index, O.

6. The GA was used to produce the new population based on the observability index, O.
7. Steps 3–6 were repeated until the stopping criterion was satisfied.

In the steps of initializing and generating a new population by applying the genetic
algorithm, each individual set had to be checked for duplicate configurations. If any robot
configuration was replicated, its clone was eliminated and another configuration from the
pool of configuration measurements (Ω) was added. The result of this step was that the
robot configuration set had a maximum observability index, γ.

4. Identification of the Kinematic Parameters and Compliance Compensation Based on
the Selected Optimal Measurement Poses

The end-effector position of the robot was calculated by Equation 6:

Preal = Pkin + ∆Pkin + ∆Pc + ∆Pextra (6)

where Pkin is the robot end-effector position that was obtained by the kinematic parameter
and ∆Pkin, ∆Pc, and ∆Pextra are the position errors affected by the geometric errors, the
joint compliance errors, and the unmodeled errors, respectively. The errors of the robot
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end-effector mostly came from geometric errors and non-geometric errors. The geometric
errors were well-calibrated by the conventional kinematic calibration. However, the non-
geometric errors could not be neglected (in this work, the geometric errors and joint
deflection errors were assumed to be dominant ∆Pextra ). Therefore, Equation (6) could
be rewritten:

∆P = ∆Pkin + ∆Pc = Preal − Pkin (7)

Previous research [19] assumed that the joint could be modeled by a torsional spring
with a constant compliance parameter. Therefore, the relationship of the position error
caused by the joint compliance errors and the effective torques, τ, was linearized:

∆Pc = Je∆θc = JeτC (8)

where Je, ∆θc, and C are the Jacobian matrix that relates the effective torque to the position
errors affected by joint deflection [36], the joint deflection, and the vector of the joint
compliance parameters, respectively.

To achieve a better positional accuracy, the RBF was used to construct compliance
position errors caused by joint compliance errors based on the effective torque, τ.

Using the selected optimal poses with a maximum observability index, γ, from the
previous section, the kinematic parameters of the robot could be identified using a kinematic
calibration. The geometric errors, ∆Pkin, could be expressed as:

∆Pkin = Jkin∆φ (9)

where Jkin and ∆φ are the kinematic Jacobian matrix and kinematic parameter error vector,
respectively. The kinematic parameter error vector in Equation (9) could be identified using
the iterative least squares method:

∆φ = [(JT J)
−1

JT ]∆P (10)

The residual positional error was calculated by:

∆P = Pm − Pkin (11)

where Pm is the measured position vector.
After the kinematic calibration process, Pkin converged to the Pc

kin value. Therefore,
the residual positional errors of the end-effector could be obtained by:

∆Pres = Pm − Pc
kin (12)

In this work, the residual positional errors were assumed to occur from the compliance
errors (∆Pres = ∆Pmc). The joint compliance errors were also assumed to be the primary
source of the compliance errors. Therefore, the positional errors due to joint deflections
were considered to be equal to the residual positional errors, ∆Pres. To increase the precision
of the robot, the non-linear relationship of the effective torque and the compliance errors
were constructed by an RBF.

The RBF had six inputs and three outputs in this application. The inputs of the
RBF were the effective torque of the joints; the outputs implied three elements of the
position error vector. The total effective torques in the robot jth joint could be calculated by
Equation (13):

τi =
N+1

∑
j=i

τi,j =
N+1

∑
j=i

Jθi,j

T Fj (13)

where N = 6 is the number of DOF of the robot and FN+1 is the gravity force due to the
payload. Here, the gravity force accompanying the jth link was calculated by:
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Fj =
[
0 0 −Mjg

]
(14)

where Mj and g are the mass of the link (jth) and the gravity coefficient, respectively.
The mass of the link vector was described as follows:

M = [196.7 79.25 170.27 10.58 22.33 2.0 110] (15)

The Jacobian matrix in Equation (13) was calculated by:

Jθi,j
= zi × li,j (16)

where zi is the origin of the ith frame and li,j is the 3 × 1 vector between the origin of the
ith frame and was the mass center of the jth link.

The effective torques (Equation (13)) were the input of the RBF. This RBF was em-
ployed to construct the non-linear relationship, fRBF, of the effective torques and the
compliance errors:

∆Pc = fRBF(τ) (17)

Figure 2 presents the form of the RBF. The output of the hidden node, i, could be
obtained using Equation (18) [37]:

oj = e−n2
(18)

where the transfer function, n, was obtained from Equation (19) [37]:

n = ‖wi − p‖bi (19)

where n, wi, p, and bi are the transfer function, weight vector, input vector, and bias, respectively.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 7 of 12 
 

 
Figure 2. Kinematic structure of the RBF. 

 
Figure 3. Flowchart of the proposed method. 

5. Experiments and Results 
To perform the calibration process, the experimental study was performed on a six 

DOF robot manipulator (YS100) carrying a heavy load. An API laser tracker (measure-
ment accuracy of 0.01 mm/m, repeatability of ±0.006 mm/m) and an accompanying laser 
reflector attached to the end-effector of the robot were used for collecting the data. Figure 
4 presents the experimental calibration setup. 

Figure 2. Kinematic structure of the RBF.

The output layer was a linear layer that had three linear nodes representing the
positional error vector. The residual error of the robot end-effector after being compensated
for by the RBF could be obtained by the following equation:

e = ∆Pres − Pnn (20)

The RBF was trained using the methods in previous works [37,38], using computed
effective torques and residual errors. Generally, the proposed algorithm could be expressed
by the flowchart in the Figure 3.
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5. Experiments and Results

To perform the calibration process, the experimental study was performed on a six
DOF robot manipulator (YS100) carrying a heavy load. An API laser tracker (measurement
accuracy of 0.01 mm/m, repeatability of ±0.006 mm/m) and an accompanying laser
reflector attached to the end-effector of the robot were used for collecting the data. Figure 4
presents the experimental calibration setup.
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The proposed approach (GA-RBF-TCM) was examined on the YS100 robot in compari-
son with the kinematic calibration method (KM) and SKCM [19] in the experimental study.

The pool of robot configuration data contained 70 robotic configurations (Ω = 70).
These measurement settings were uniformly distributed around the accessible workspace.
Due to barriers such as walls and neighboring manipulators in the workplace where the
robot was positioned, the accessible workspace where the data measurements were taken
was a sub-workspace of the full workspace in practice. Figure 5 shows the process of
searching for 20 optimal poses by examining the genetic algorithm. In the next step, the
set of 20 optimal poses (set QOCal) was used in the experimental calibration in contrast to
other methods. The remaining 50 poses (QOVal) were used in the validation process.
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The initial values of the GA were population size
(
nPop = 35

)
, a crossover percentage

equal to 85%, 35% mutation, and a mutation rate equal to 0.1. After 100 interactions, the
observability index of the best set was O = 0.0182.

To confirm that the value of O was maximized, 1000 sets of robot configurations were
randomly selected from the pool of robot configuration data. Figure 6 presents the result of
the 1000 related values of the observability index related to the random set.
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The maximum value of these observability indexes was 0.01613. The mean value was
0.01357. From the results of the selection process, the GA method showed its ability to
determine the optimal poses with a maximum observability index value.
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To confirm the ability of the proposed method for choosing optimal poses, an optimal
set, QOCal , was used to calibrate the YS100 robot using the method in [35]. The remaining
50 poses (QOVal) were used in the validation process. In addition, a set of random poses,
QrandCal , including 20 poses from Ω, was taken to calibrate the robot using the kinematic
calibration method (KM) and SKCM [19]. The non-selected 50 pose QrandVal was used to
verify the calibration process. This random process was repeated 100 times. For each of the
100 random processes, the mean of the positional errors of the KM and SKCM methods
was compared with the mean and maximum positional errors of the proposed method,
both in the calibration and validation process.

Figure 7 shows the comparisons of the three methods in the calibration process. The
mean of the positional error of the end-effector using the proposed method was 0.1603 mm.
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The maximum of the positional error of the end-effector was 0.3996 mm and the
standard deviation of the positional error of the end-effector was 0.1011 mm. These results
showed the effectiveness of the proposed method. It was easy to see from Figure 7 that the
proposed technique outperformed the KM and SKCM methods. Using a 100 random set
QrandCal for the calibration, the KM had the highest of the mean of errors at 0.68 mm; the
lowest of the mean of errors was 0.32 mm and the average was about 0.5 mm. The SKCM
had the highest of mean of errors at 0.54 mm; the lowest of the mean of errors was 0.24 mm
and the average was about 0.41 mm. From these results, it was clear that the proposed
method had a better effectiveness in contrast to the KM and SKCM methods. The results
were confirmed again in the validation process.

Figure 8 shows the comparisons of the three methods in the validation process. The
mean of the error using the proposed method was 0.2388 mm. The maximum of the error
was 0.5930 mm and the standard deviation was 0.18 mm. These results were similar to
the results of the calibration process. Using the 100 random set QrandVal for the calibration,
the KM had the highest of the mean of errors at 2.18 mm; the lowest of the mean of errors
was 0.75 mm and the average was about 1.06 mm. The SKCM had the highest of the mean
of errors at 2.71 mm; the lowest of the mean of errors was 0.67 mm and the average was
about 0.99 mm. From these results, it was clear that the proposed method had a better
effectiveness in contrast to the KM and SKCM methods.
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6. Conclusions

This study proposed a new robot calibration approach to reduce positional errors using
a genetic algorithm to select the optimal measurement poses. First, a genetic algorithm
based on the observability index was used to select the optimal measurement poses. By
employing the selected optimal poses, kinematic calibration was used to identify the
geometric errors of the robot. Finally, to further improve the positional accuracy of the
robot, the compliance errors were compensated for by a radial basis function based on the
effective torques.

The proposed method provided an effective way to select the optimal measurement
poses for the calibration process using a genetic algorithm. The suggested approach also
constructed a relationship between the effective torque and the compliance errors using an
RBF. The benefits of the proposed approach are that it is simple to implement, it does not
require torque sensors, and it has a high capacity to increase the accuracy of the robot. The
results of the experimental calibration and validation processes carried out on a YS100 robot
showed the improved positional accuracy of the robot manipulator using the proposed
algorithm over the other robotic manipulator calibration approaches.
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