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Abstract: This study discusses the development of training strategies for RRR (3 revolute joints) triaxial manipulators. Two robot structures
and a control phantom were constructed using incremental technology. An universal algorithm was developed to process and autonomously
repeat the trajectories of robot movements by imitation and learning. The coordinates of the model articulated positions were then saved
as coordinates of the manipulator position. For validation purposes, the newly developed training strategies and the repeatability of robot
movements were tested in stages. After the first stage of testing in terms of positioning accuracy, structural changes were introduced in the
robot by mechanical engineering to improve its manipulation quality. Next, another training strategy for the improved robot version was
developed for the same movement algorithm. This demonstrates the applicability of the developed control system in applications with different
structures and requirement for high control-command quality (possibility of using the developed algorithm in various robot designs).
Experimental results showed that the function of the developed RRR manipulator algorithm enabling the imitation of phantom trajectories
and their learning and memorization, along with the consideration of individual training strategies, can be applied to differing structures,
achieving positioning accuracy comparable to that of high-class motion equipment, and facilitating navigation of individual robot members.
The system composed of the simplified physical model and the manipulator can directly simplify and globalize the control of the robot over
significant distances. Additionally, the positioning accuracy was tested using the photogrammetric method, which is a complete novelty
in robot positioning research. Furthermore, it was demonstrated that for the first construction of the robot, it is possible to achieve an accuracy
of +1 mm in the automatic replay mode. Moreover, a construction accuracy of £0.52 mm at a maximum speed of 0.025 s/1° can also
be accomplished after manual repeat of the different model movements, i.e., after a learning procedure.
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1. INTRODUCTION manufacturing of elements; they were published in 1973 by Hau-
schen H. [12] and Warnecke H. J. et al. [13]. Moreover, many con-
temporary authors have emphasized the importance of automating
manipulation processes and problems related to their implementa-
tion [14, 15]. Furthermore, additional considerations related to the
results of control accuracy that enable the determination of the po-
tential quality of positioning.

Quality requirements are constantly growing and production
technologies keep developing; hence, more accurate and universal
measurement systems and methods [16, 17, 18] as well as diag-
nostics have to be applied [19]. Articulated robots that enable nu-
merical control along several axes are currently the most frequently
used manipulating machines, enabling dimensional and geometric
control. The universality of 3D scanner solutions was evidenced by
Andrzejewski J. [20]. In most cases, their programming is based on
the online programming procedure described by Chen X. et al. [21]
and Maini P. et al. [22]. Offline programming is also possible, as
reported by Mitsi S. et al. [23] and Larkin N. et al. [24]. In all the
above cases, the developer stays far from the operation site. This
creates the problem of lack of intuitive programming.

There are also reports of hybrid methods using offline and
online programming [25, 26]. However, such solutions have limited
applicability and are dedicated to specific purposes. In this respect,

In recent years, there has been a continuous and dynamic de-
velopment of industry, resulting in the Fourth Industrial Revolution
or Industry 4.0. The revolution aims to automate production and in-
crease the mobility of individual elements of the product chain [1,
2]. Gradually, companies are introducing autonomous solutions to
their factories that enable virtually maintenance-free work on pro-
duction stands [3, 4]. The human factor is definitely being replaced
by manipulators and both automatic production [5] and transport
devices [6], leaving only supervisory and control roles [7] for hu-
mans. However, such autonomous solutions are required to be uni-
versal and have high implementation precision, as described by
Jermak Cz. J. et al [8], and Jakubowicz M. et al. [9]. Such solutions
require substantial financial outlays, the profitability of which is
achieved only after a prescribed, usually long, period of time.

Existing methods for manipulating components and subassem-
blies involved in the overall production process are of key im-
portance for assembly and internal aspects of interstate handling
[10, 11]. Some of the first studies that raised issues regarding the
need to automate manipulation operations in order to improve in-
dustrial operations related to the control and quality of unattended
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it may be helpful to develop a robot operation mode by tracking the
trajectory of motion of a simplified physical model used for innova-
tive programming of manipulators in accordance with the guiding
principle of Industry 4.0 [27].

In industrial applications related to working machines, manipu-
lators, and their drives, the main criterion to determine their suita-
bility for a particular use is to obtain the best possible positioning
accuracy [28]. The operation algorithm is based on obtaining the
closest position to the original set position in each pass and cycle
of device operation. The main objective for the control system, me-
chanical structure, and developed program, which are collabora-
tively responsible for realizing the manipulator movement, is to ob-
tain maximum precision while maintaining the basic motion condi-
tions of the manipulator displacement trajectory. Hybrid methods
allowing offline and master-slave robot programming are commonly
used [29-31]. Research on such solutions has also been carried out
[32-34]. However, a constant limitation is the inability to apply one
universal algorithm to various mechanical manipulator designs. It is
necessary to create separate control programs for separate me-
chanical solutions of robots. None of the authors have previously
attempted to apply the same control algorithm to two completely
different robots.

It is important to note that autonomous solutions are gradually
being introduced, enabling nearly maintenance-free operation of
production workstations. The human factor is being replaced by
manipulators and automatic production and transport devices, leav-
ing only supervisory and control functions to humans. These solu-
tions must be universal and characterized by high implementation
precision, which involves significant financial investments that typi-
cally pay off only after a longer period of time.

In the context of Industry 4.0, the application of artificial intelli-
gence (Al) techniques plays a key role in optimizing production pro-
cesses. Azizi et al. [35] presented a hybrid Al algorithm for optimiz-
ing RFID network planning, which is significant for efficient resource
management in modern production systems. In another study, Azizi
[36] proposed the use of artificial neural networks to optimize the
dynamic behavior of robotic arms, contributing to increased sus-
tainability in Industry 4.0. Moreover, Latifi-Navid et al. [37] devel-
oped an autonomous robot for collecting tennis balls, using LIDAR
for environmental mapping and a camera for ball detection, demon-
strating the practical application of Al in mobile robotics. In the field
of mechanical systems control, the use of a Ring Probabilistic Logic
Neural Network (RPLNN) to design an active vehicle suspension
controller was presented by Azizi et al. [38], showcasing Al's po-
tential in improving the mechanical stability of structures.

All these studies emphasize the importance of integrating Al
techniques into various aspects of industrial automation, from net-
work planning to the control of robots and mechanical systems.
However, despite the advances in this field, there remains a need
for further research into universal control algorithms that could be
applied to different manipulator designs. In response to this need,
the present study focuses on the development and implementation
of a universal control program that is not dedicated to a single type
of manipulator but can be directly applied to various structures.

Therefore, the authors decided to create a universal control
program that would not be dedicated only to one type of manipula-
tor but could be directly applied to separate structures. For this pur-
pose, it was decided to design and build two different manipulators
from scratch. Then it was decided to apply the same control algo-
rithm to them, based on master-slave programming using a control
phantom (the ability of the manipulator to repeat the phantom's
movements and then recreate them as faithfully as possible). Next,
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it was decided to perform an appropriate learning procedure usinga
control phantom for each structure and then recreate the same tra-
jectories for each robot. Then, in order to verify the quality of posi-
tioning, it was decided to perform positioning quality tests using the
photogrammetric method. None of the authors attempted to inves-
tigate positioning accuracy using structured light scanners. Accord-
ing to the authors of the article, considering the measurement ac-
curacy of such a measurement system, it is a reliable source of
obtaining measurement information for the required positioning
quality measurements. This metrological approach is another nov-
elty when testing the accuracy of manipulator positions. Previous
studies focused on the optimization of manipulators to obtain better
metrological properties [39, 40]. However, the complex design and
implementation of a universal, intuitive control algorithm using a ro-
botic phantom that enables its application in various types of auto-
matic manipulation structures, allowing for the development of spe-
cific training strategies for specific tasks, have not been described
in the literature yet. Therefore, in this study, a research stand was
prepared in a configuration that enables the analysis of training
strategies using the developed phantom-manipulator control algo-
rithm on various types of structures. In addition, the accuracy of the
manipulability for specific robots was evaluated. Thus, a novel anal-
ysis is proposed that provides data for a clear comparison of the
positioning quality performance of two articulated manipulators with
significant design differences.

Previous scientific publications have not undertaken a compre-
hensive analysis of the issues related to the evaluation of position-
ing accuracy in three-axis manipulators in the context of the devel-
oped control algorithms. There has also been a lack of comparative
approaches that would include real-world verification of trajectory
reproduction quality in reference to programmed motion paths.

In response to this research gap, the authors of this study are
the first to propose a method for verifying and assessing the posi-
tioning accuracy of manipulators using advanced, previously un-
used measurement technologies in this area—namely, a structured
light scanner and a multisensor coordinate measuring machine
(CMM).

The application of these advanced metrological tools enables
precise reproduction and evaluation of deviations from the prede-
fined trajectory, allowing for an objective assessment of the effec-
tiveness of the designed control algorithms. Similar approaches to
the assessment of manipulator positioning accuracy have previ-
ously been explored by Wang et al. [41], who utilized 3D scanning
techniques to evaluate the precision of industrial robots, and by
Chen et al. [42], who employed multisensor measurement systems
for analyzing positioning accuracy in robotics.

Furthermore, research conducted by Li et al. [43] demonstrated
that integrating structured light scanning with robot control signifi-
cantly enhances the quality of trajectory reproduction. However,
these authors did not validate or compare their methods using dif-
ferent metrological systems, nor did they attempt to adapt their so-
lutions to various types of manipulators.

Therefore, the present study aimed to address this gap by com-
paring two distinct measurement systems in the context of position-
ing accuracy testing and evaluating the adaptability of the devel-
oped control algorithm to different robotic structures.

The proposed approach represents an innovative contribution
to the development of methods for evaluating the performance of
industrial manipulators, particularly in terms of their adaptability to
diverse applications within the Industry 4.0 environment, where pre-
cision and flexibility of control are of paramount importance.

381



§ sciendo

Patryk Mietlinski, Michat Jakubowicz, Lidia Marciniak-Podsadna, Michat Wieczorowski

DOI 10.2478/ama-2025-0045

Improvement and Control Trajectory Tracking of a Three-Axis Manipulator for New Training Strategies

2. CONSTRUCTION AND CONTROL ALGORITHM

2.1. Concept of manipulator constructions

Two different manipulators were used to compare the useful-
ness and universality of the devel-oped control system based on
serial motion kinematics. In this concept, the link with the attached
force performing the kinematic transfer is a unit of motion of the
kinematic set. A kinematic diagram must be defined to specify the
basic position of the members, their interconnections and positions,
and dimen-sional and geometric descriptions. Therefore, the ma-
nipulator structure is designed to integrate robot elements and re-
alize the relationship between sub-assemblies for the selected sys-
tem. A kinematic diagram of the compiled RRR robot is shown in
Fig. 1. Each member moves along a particular axis and is con-
nected to the rest of the system in an articulated manner. The inte-
grated movement of each axle enables the manipulator to be con-
trolled in the working space and realization of the assigned tasks.

To implement the actual design of the manipulator, a non-addi-
tive manufacturing method was employed. This gave rise to the ex-
pected behavior of the components required for their realization
while maintaining a relatively short manufacturing time (printing
speed of approximately 50 mm/s). A biodegradable polylactide
called PLA was used as the manufacturing material. This material
is charac-terized by a small processing cramp resulting from the
ease of FDM printing.

/
Fig. 1. Kinematic diagram of the RRR serial robot

In addition, pilot kinematic simulations of planned structures
were performed for pilot purposes, assuming conditions associated
with the type of manipulation of RRR robots. These simulations en-
abled the analysis of the Denavita—Hartenberg methodology used
by Qingbing Ch. et al. [44] and Li H. el. al. [32]. In the case of the
manipulator, RRR holds all the rotating connectors. For such a
combination, the angle of rotation 8¢ is always variable, the linear
displacement d; is always constant, and each connector has only
one degree of freedom. Therefore, to determine the location of the
individual components of the manipulator in space, the local coor-
dinate systems at each joint must be defined:
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The simulations aimed to obtain information on the marginal
positions and trajectories of robot movements to develop an initial
strategy for the control algorithm. The resulting information enabled
us to focus on specific problematic aspects of robot control. There-
fore, by recasting the parameters related to the movement of the
joints themselves and the homogeneous transformation matrix
(Equation 1), a matrix defining the individual marginal positions of
the joints and end-end elements of the manipulator (Fig. 2) was ob-
tained. Analyses, calculations, and simulations were performed us-

ing the RoboAnalyzer v. 7.5 software (Mechatronics Lab, India).
N

[ ]

Fig. 2. Form of the homogeneous transformation matrix; from the left to
the right: form of the third joint relative to the robot arm end; form
of the arm end relative to the base coordinate system (source:
RoboAnalyzer)

=

Based on these matrices, the trajectory of robot movements
could be simulated. These included the coordinates of the initial
points from which the movement of the robot arm was started, and
the marginal coordinates of the reference point for the extreme po-
sition. Thus, it was possible to delineate and visualize both the
working space and nature of the kinema-magnetic manipulation
system (Fig. 3).

Fig. 3. View of the drawn manipulator trajectory for the maximum
extreme position of the robot arm (source: RoboAnalyzer)
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2.2. Construction of the first manipulator

The design concept is based on a structure consisting of four
modules (Fig. 4). The first segment is the base and fixation of the
entire robot on the ground. This is an element of a structure that
cannot be moved when the manipulator is in operation. Moreover,
it acts as a support for the first motor that rotates in the first direc-
tion. The next module considers movement along the x-axis. It was
attached directly to the shaft of the first drive and located directly
above the base module, allowing eccentric movement with respect
to the shape of the bases. Another module was attached in a direc-
tion perpendicular to the segment, allowing movement along the x-
axis. This enables the next movement along the y-axis. This is re-
alized by means of a motor fixed to the previous component at an
angle of 90° in the relation shaft — i.e., the base. The last arm,
which is an extension of the previous subassembly moving along
the z-axis, was subsequently installed. The beginning of this mod-
ule was mounted on the shaft of the third motor, which was attached
to the end of the previous segment. These arms were connected
parallel to the base and previous module. At the end of the last
segment, it was possible to rigidly fix the robot tool with possibility
of articulation. In the described structure, individual shafts of servos
responsible for specific movements are connected directly to mov-
able modules without additional connecting elements. Thus, it was
possible to eliminate the additional play on the movable joints. Lo-
cating the motors in series with each member successively in-
creased the forces and moments as the number of segments in-
creased with respect to the distance from the attachment point. As
a result, the engine that was farthest from the point where the tool
was connected to the manipulator was loaded the most. Such a
structure reduced the stiffness of the machine, thereby reducing the
positioning accuracy. However, it enabled a quick and dynamic re-
sponse to changes during control.

Fig. 4. Model view of the first manipulator (left side) and view of the
finished construction of the first manipulator (right side)

2.3. Construction of the second manipulator

After the first construction was completed, some changes were
introduced. These changes ad-dressed two aspects. First, the in-
fluence of mechanical modifications of individual robot members on
the quality of positioning was considered. Second, the feasibility of
applying the same algorithm to two different RRR robot construc-
tions was verified. Thus, the usefulness of the executed program
and the possibility of introducing and correcting the operation for
different manipulators could be evaluated.

The design of the second robot was based on a modular struc-
ture with serial kinematics (Fig. 5). A fixed base was made to
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support the entire robot. Then, through the use of a bolt and nut,
bearings, and small spherical balls, the first movable module real-
izing the movement along the x-axis was mounted. An important
aspect was the additional use of a reduction gear on the servo and
the component carry-ing out the movement along the x-axis. This
allowed for the reduction of the forces and moments on the shaft-
first engine. On the first movable module, there were two servos
that moved along the y- and z-axes. In this way, additional moments
arising on individual parts of the arm due to the mass of the motors
themselves were reduced. Because all servos were mounted at a
considerable distance from the end of the arm, transmitting the
drive to the individual joints became a problem. Therefore, the arm
was moved along the y- and z-axes by connecting the individual
elements of the movement mecha-nisms by attaching rigid tendons
to them. Thus, it was possible to coordinate the movement of the
arm along both the y- and z-axes. Owing to the use of this type of
drive ratio, it was possible to reduce the weight of the arm and con-
trol the stiffness of the manipulator's movement at the expense of
the dy-namics of its reaction. Unfortunately, such a solution intro-
duced the possibility of creating additional play in the entire system
and the necessity to control the condition of the connection

in the movement areas of the main joints and connection points
of the tendons with individual movable elements of the arm.

Fig. 5. Model view of the second manipulator (left side) and view of the
finished construction of the second manipulator (right side)

2.4. Control algorithm

We decided to combine several types of control, creating an
original method for designing the tra-jectory of the manipulator's
movements. Through the activation of potentiometers in the form of
a simplified physical model and the separation of the electronic sys-
tem of the robot and phantom, the manipulator became a com-
pletely independent device. This enabled online robot programming
exactly where it was supposed to work — a phantom connected di-
rectly to the manipulator — and offline pro-gramming such that on
the basis of the model's movements, positions could be saved in
the electronic system. Then, by connecting the system to the robot,
the saved program was recreated. These two methods for planning
movements are related to teach-in programming, except that the
trainer need not be in front of the machine. In addition, with the ap-
propriate use of specific data transfer, it is possi-ble to train the ro-
bot in teleconference mode. Therefore, the developed solutions en-
abled the combi-nation of all types of control: direct, indirect, and
the use of direct programming languages. Additional-ly, PTP (point-
to-paint) control was used. This allowed the manipulator to move
smoothly from point to point (stored in memory) according to the
set motion trajectories by moving the phantom. In addition, by
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writing program code, the trajectories of the robot's movement
could be manually entered and set. In addition, it is possible to de-
termine the "home" position of the manipulator, from which it always
starts the execution of the stored program, and the speed of the
motor movement, thereby adjusting the positioning accuracy.The
logic diagram of the algorithm is shown in Figure 6.

Processed potentiometer
osition signal
Internal electronic
circuit of servo

BUTTON FOR START BUTTON Potentiometric
roenmiomeTerd SRS sensor of servo

PHYSICAL MODEL OF THE PHANTON

Potentiometer
position signal

Reference point
recording signal
Memory matrix

recovery signal

Feedback
signal

Movemnt of
e motor sh

Mechanical
transmission

End shaft movemnt

Fig. 6. Control algorithm diagram

The value given at the input in the transmitter is read by the
receiver and compared with the output signal changed by the con-
verter. This is how errors arise. They are fed to the corrective ele-
ment and amplifier. The amplified signal goes to the actuator, that
is, the DC electric motor. Its rotation value is the output value of the
entire system. The servomechanism is a follow-up system that
eliminates the displacement error. It does not control the entire ob-
ject but only its drive, i.e., the engine. Consequently, the execution
track is improved. The integral nature of the servo practically en-
sures zero static error while maintaining a high gain in the main
path, improving the system's ability to follow changes in the input
signal. Depending on the difference between the current and de-
fined positions, the motor is driven by a signal with a greater or
lesser duty cycle. The running motor, which drives the mechanical
transmission, also rotates the potentiometer, which is permanently
connected to the transmission. The movement of the potentiometer
causes a change in resistance, which is read by the internal system;
if it reaches an appropriate defined value for a given input signal,
the motor stops working because the servo has reached the pre-
scribed position.

3. RESEARCH METHODOLOGY
3.1. Research methodology of first construction

Stage |

The key movements of the manipulator implementing the tra-
jectories are the reconstruction of straight lines and one angle.
Therefore, we decided to execute a pattern printed on paper (Fig.
7). The geometry of five pairs of parallel lines was prepared with
distances of 10, 15, 20, 25, and 30 mm and a right angle.
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In the first phase, the robot imitated the movements of the phan-
tom at a distance of 500 mm from the manipulator. Additionally,
when imitating the movements, the robot marked the developed ge-
ometry (one of the six drawn) on a reference sheet attached to its
arm with a marker. During the movements, the learning process
took place, and the reference points were recorded in the memory
of the manipulator. After the learning process, the drawn geometry
was repeated 30 times with independent (automatic mode) execu-
tion of the developed training strategies to recreate the memorized
trajectories. The speed of the movement of the manipulator
reached 0,025 s/1°. A blank white sheet of paper was placed at the
base of the robot before each cycle was performed in playback
mode. During the implementation of the learned trajectories, the
manipulator marked the remembered key movement for a given
strategy in accordance with the pattern for a given geometric case.
After each cycle, the page was changed.

Fig. 8. View of the robot's workstation when executing predetermined
geometries

Stage |

After the completion of Stage |, the quality of the developed
training strategies had to be verified. Therefore, positioning accu-
racy was checked by examining the quality of the marked geome-
tries. The dimensions of the printed standard were measured. Ad-
ditionally, all the geometries marked on the sheet by the manipula-
tor were realized in accordance with the printed standard. Hence, it
was necessary to verify the created shapes using the actual dimen-
sions obtained after printing.

For the above analysis, a test was carried out on the Baty Ven-
ture XT multisensory measuring device (Fig. 9) equipped with a
self-calibrating zoom lens with a magnification of up to 12x and an
auto-focus system. This device enables measurements with a res-
olution of 0.5 ym. The measurement structure was based on opti-
mization using the finite element method.
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The test consisted in measuring the distance between two par-
allel lines or an angle. The center of each line was determined. The
points of geometry were then detected and displayed in the meas-
uring system of the machine. Thus, it was possible to create lines
from the selected points and measure the distance between them.
To ensure the test reliability, each geometry was measured 30
times.

After conducting research on the dimensions, it was necessary
to verify the positioning accuracy of the manipulator itself. To this
end, we analyzed the dimensions of the geometry created in auto-
matic mode by the robot after performing the learning procedure.
Each sample was tested. Thus, a set of 30 measurements was ob-
tained for each geometry. The samples were measured in the same
manner as the standard dimensions were checked. The results of
the analysis were saved after each measurement.

Fig. 9. Test stand including the Baty Venture XT measuring machine
3.2. Research methodology of second construction

Analysis of the first structure led to consideration of the second
structure. In this case, we intro-duced an application aspect to the
study. The manipulator was supposed to transfer the designed ele-
ment from one place to another. Three separate sequences were
analyzed. In each of them, the ma-nipulator took the object from the
same place and then transferred it to a given distance.

Each se-quence was preceded by a trajectory-learning proce-
dure in which the transfer distance was directly defined. The ma-
nipulator performed three sequences. In each of them, the element
was moved to a different distance successively: 84.0 mm, 121.2
mm, and 204.2 mm.

An importantissue, as in the first construction case, was to start
the sequence operation always from the same place - i.e., the
home position. This guaranteed the closest similarity of movement
and hence, the most reliable mapping of the trajectory and displace-
ment of the transferred element. In each sequence, the manipulator
per-formed 30 repetitions (cycles) in accordance with previously
learned trajectories (in total, 90 element movements were per-
formed).

A 3D scanner, Atos Core 300, was used to test the accuracy,
together with the dedicated Atos software that enables measure-
ment with a resolution of up to 0.182 mm. 3D scanning uses digiti-
zation, which is the process of applying data from real objects to
digital ones. The measurements provide a spatial cloud of points
that can be polygonized into a mesh of triangles.

acta mechanica et automatica, vol.19 no.3 (2025)

Based on the scanned data, a CAD model of the real station
was developed, and the starting point of movement was fixed.
Then, the real object displacement was analyzed in relation to the
fixed start and end points of the movement, and it was possible to
measure a real object in relation to its nominal values.

A view of the test stand during the examination of the second
structure from GOM INSPECT 2018 Professional software (GOM
GmbH, Germany) is presented in Fig. 10.

! Start 1
1 End 2

I~ Start—~End

Fig. 10. View of the test stand during the examination of the second
structure using GOM software

After each implementation of the trajectory cycle in each se-
quence, the actual distance of object displacement was measured
using a 3D scanner. The original position of the item and position
of the item after transfer were measured. Both measurements in
the cycle were taken against the previously determined reference
points. The relative difference between both positions resulted in a
distance displacement in the three axes, and thus, the correspond-
ing total displacement. Consequently, it was possible to determine
how the position of the transferred object in relation to its initial po-
sition changed in individual cycles for each sequence. The differ-
ence between the value of the set distance during the learning pro-
cedure and the value obtained in a particular cycle resulted in de-
viation from the original value. Accuracy analysis was conducted
based on the obtained data.

4. RESULTS AND DISCUSSION

4.1. Results of first construction

The results of the measurements of the proposed standard are
presented in Table 1. The results are listed for all the considered
geometries and calculations on the basis of the obtained values.
Table 1 includes drawing distances of 10, 15, 20, 25, and 30 mm,
and an angle of 90°. Similar to a previous study [45], for the analy-
sis of results, statistical parameters were used, such as standard
deviation g, skewness A, and kurtosis K.

The standard deviation can be determined from the following
expression:

0= [ i — 9 @
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where X is mean value calculated from the following formula:

= B )

o &i=1
where xi is a measurement result
n denotes the number of repetitions.
Properties were determined using a series of 30 repetitions

(n=30).
Skewness A was determined as follows:
3
_ n n xXi—X
A= (n-1)(n-2) l=1( o ) (4)
Kurtosis K was determined from the following expression:
_ nn+1) n (%% 4 _ 3(n-1)2
k= {(n—l)(n—z)(n—3) i=1( o ) } (n-2)(n-3) ()

To evaluate the measurement uncertainty of the determined
parameters, the type-A method for estimating the uncertainty was
used.

Extended uncertainty U0,95 is obtained by multiplying the
standard deviation by the appropriate factor:

g

U0,95 =k- In (6)

For the calculations, k = 1.960 was applied, which corresponds
to the quantile of the Gaussian distribution. If there are less than 30
repetitions, the coverage factor assumes the value of the Student's
quantile distribution. For example, for a confidence level P = 95%,
the quantile of the Student’s distribution is ta = 2,262. To check the
normality of the random variable, the x2 compliance test was used;
N indicates the number of repetitions [45, 46].

Results for R were calculated as the difference between maxi-
mum and minimum values.

Based on the obtained results and calculations, an analysis
was conducted; exemplary results are presented in Fig. 11.

Tab. 1. Results of the reference measurements and their calculations

10mm 15mm 20mm 25mm 30mm  90°
Mean 9.125 14.356 15.284 24.068 28.904 B9.876
Max 9.398 14.604 15.683 24.315 25.148 89.938
Min 8746 14148 18.851 23.733 28.624 B89.803
R 0.652 0456 0.832 0582 0.524 0.135
a 0178 0140 018% 0177 0132 0.034
A -0.589 0342 -0.053 -0.114 0104 0.012
K -0.197 -0.743 -0.042 -1.230 -0.120 -0.412
Upss 0064 0050 0.068 0.063 0.047 0.012
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Fig. 11. Value distribution histogram (left side) and distribution of the
result values +3c (right side) for parallel lines 20 mm apart

Measurement result [mm]
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The above histogram (Fig. 11) for parallel lines 20 mm apart
takes an asymmetric form close to the normal distribution, with a
clear peak reached for the values in the range of 19.350 mm. On
this basis, it can be concluded that the mean value (19.284 mm)
was recorded on one side of the distribution. This proves that the
lower limit of the results and density of the measurements are close
to the mean values. Additionally, Fig. 11 shows that most of the
measurement points oscillate around the mean value. This was
confirmed by the distribution of results. Note that most measure-
ments were at or above the mean value. Additionally, all values
were within the range (+ 30; -30). The difference between the max-
imum and minimum values was 0.832 mm. The skewness coeffi-
cient is negative, but remains at a very low level (-0.093), with little
scattering. The kurtosis was negative for all measurements, which
means scattering around the calculated mean of measurements.
However, kurtosis values relatively close to zero indicate that the
concentration of results is close to the average distribution. The
quality of manipulator positioning was analyzed on the basis of the
measurement results of the actual pattern.

For all geometries, calculations were made on the basis of the
obtained values presented in Table 2 for the original structure ge-
ometries. The same parameters were used for analysis. Moreover,
the same graphs were created as in the case of reference.

Tab. 2. Results of geometric measurements made by the robot and their
calculations

10mm 15mm 20mm 25mm 30mm  90°

Mean 5.711 14.614 15.004 24.448 259174 50.100
Max 9911 14,835 15.280 24.734 25.371 91.253
Min 9.450 14.200 18.680 23.825 28.940 88.048
R 0.481 0.655 0.600 05659 0431 3.205
g 0.130 0151 0177 0274 0135 0.81%
A -0.166  -0.171 -0.122 -0.470 -0.381 -0.530
K -0.884 -0.888 -1.127 -0.790 -1.240 -0.336
Upes  0.047 0.068 0.063 0.098 0.048 0.2593

Concerning the analysis of the geometry performed by the ma-
nipulator, it can be concluded that the average values of the results
for each case are very close to the reference ones. Kurtosis values
for all cases, similar to the pattern analysis, were below zero. lts
mean value is greater than the values of all reference values; there-
fore, it can be concluded that the dispersion is also greater. This is
justified because it is difficult to obtain a high level of a small range
of results using the teaching machine.

Then, the results had to be interpreted and compared in the
form of a relative error:

o=

-W
Y. 100% 7)

where x is the mean value
W denotes the reference value.

For the calculations using Equation 7, a graph was plotted (Fig.
12) showing the distribution of the relative error for the selected ge-
ometry made by the robot in relation to the standard.

Note that the geometries created by the manipulator against the
real measurement pattern show that the highest standard error was
obtained for parallel lines spaced 10 mm (6.4%). Thereafter, there
was a significant decrease in the error for the 15-mm distance
(1.8%). Increasing the distance led to similar errors, reaching 1.8%,
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1.5%, 1.6%, and 0.9%, respectively. The error for the largest gap
was twice that of the previous three. Regarding the mapping of the
right angle, an error of 0.2% can be observed. As in the case of
measurements of the standard itself, it can be stated that the im-
plementation of the geometric real dimensions became more accu-
rate with the increase in the distance between the created geome-
tries. The relative error did not exceed 7.0% in any case, reaching
a maximum of 6.4% for the smallest geometry, and decreasing by
a factor of 5 for the largest distances.

A plot was constructed to illustrate the distribution of the stand-
ard deviation (Fig. 13).

Relative error & [%]

1

| p—

H 10 [mm] B15 [mm] @20 [mm] @25 [mm] B30 [mm] B30 [9]
Fig. 12. Relative error robot — reference
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Fig. 13. Standard deviation distribution

Standard deviation is the usual criterion to determine the varia-
bility of results. It provides information about spreading and its dis-
tribution for the results obtained around the mean of measure-
ments. In accordance with the distributions shown in Fig. 13, it can
be concluded that the standard deviations for real standard meas-
urements as well as for geometry measurements made by the robot
related to the parallel lines are similar. The standard deviation did
not exceed 0.2 except for lines 25 mm apart. However, this increase
was small (0.274) and did not affect the overall analysis. A larger
standard deviation can be observed for the measurements at 90°
(0.819°). Despite the smallest relative error, the volatility of the re-
sults around the average is notably high (it remains low compared
to the global results).

Additionally, Fig. 14 shows the mean values of each geometry
with the corresponding error range and resolution — the maximum
and minimum values for both the measurement pattern and geom-
etry made by the manipulator.

Thus, itis possible to determine the range in which the obtained
values fell. As emphasized in the previous analysis, the values of
the pattern and geometry intervals made by the manipulator are

acta mechanica et automatica, vol.19 no.3 (2025)

similar, which proves that the measurements were properly made,
and the positioning accuracy was high. With respect to the disper-
sion of the reference values, a greater dispersion was registered
for the value at 90° — a difference of 3,2° that, given the size of the
angle, it is insignificant and acceptable.
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Fig. 14. Variability of measurement results for the analyzed geometries
4.2. Results of second construction

The displacement results obtained from the robot are listed in
Table 3. These results include all the displacements performed in
individual distance cycles and calculations made on the basis of
obtained values. In addition, statistical parameters were again con-
sidered, such as standard deviation, skewness, and kurtosis. The
experimental results are presented in Fig. 15. Before starting the
execution of the individual cycle in automatic mode, the distance of
the element transferred during the learning procedure was meas-
ured. Table 3 considers the above carrying lengths: 84.0, 121.2,
and 204.2 mm.

Tab. 3. Calculations of measurement results of element displacement by
the robot

Distance 1 Distance 2 Distance 3

B840mm 121.2mm 204.2 mm

Mean 83.883 131.353 204,587
Max 34.518 1321.446 204.763
Min 83.450 131.352 204,400

R 1.027 0.054 0.263

o 0.378 0.027 0.117

A 0.642 0.861 -0.165

K -1.060 -0.526 -1.270
Ulg a5 0.135 0.010 0.042
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According to Table 3, the average values for the second and
third items were above the set value, whereas for the first item, they
were below the set value. The deviations from the set value were
84.013218; 121.2 19225 204.213353. The lowest values for
both the maximum and minimum deviations were recorded at 121.2
mm. The positioning tolerance for the obtained results was also
smallest for the middle distance (0.094 mm). The worst result was
recorded for the smallest distance, 84.0 mm; it was 1.027 mm. For
extreme maximum distance, that is, 204.2 mm, a tolerance of 0.117
mm was obtained. The difference between the mean and set values
was the smallest for the minimum considered distance; this differ-
ence was 0.117 mm. These are similar results to the first case, but
with a positive value for 121.2 mm: 0.193 mm. The worst distance
in this comparison was the maximum one, for which the result was
0.387 mm.

The smallest skewness, as a parameter defining the nature of
the dispersion of data distribution from the resulting samples, was
recorded successively for 204.2 mm, 84.0 mm, and 121.2 mm. For
the third distance, the skewness is left-handed, indicating a slight
dispersion of the results above the average. For the first and sec-
ond items, right-handed dispersion of results below the average
was obtained. The histogram (Fig. 15) for the second item takes an
asymmetric form, close to the normal distribution, with a clear peak
reached for the values in the range 121,389 mm. Accordingly, it can
be concluded that the mean value (121.393 mm) was recorded on
one side of the distribution. This proves that the lower limit of the
results and the density of the measurements close to the average
values were maintained. Additionally, it can be observed in Fig. 15
that most of the measurement points revolve around the mean
value. Importantly, for all items and trials, no single result exceeding
130 was observed. This was confirmed by the distribution of the
values. It can be clearly observed that most of the measurements
were at or below the mean value.
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As shown in Fig. 16, the lowest variability of the observed re-
sults was recorded successively for displacements of 121.2 mm,
204.2 mm, and 84.0 mm. The standard deviations were 0.027 mm,
0.117 mm, and 0.378 mm, respectively. An important fact is the in-
creasing nature of the relative error (Fig. 16). For distance 1 (84.0
mm), distance 2 (121.2 mm), and distance 3 (204,2 mm), the errors
were 0.14%, 0.16%, and 0.19%, respectively.

5. CONCLUSIONS

This paper presents possibilities of applying a proprietary con-
trol algorithm to two different de-signs of RRR manipulators. Corre-
lations were found between the implementation of the distance be-
tween the start and end points of individual trajectories and the ac-
tual implementation of the manipu-lator's movements.

Analysis of the first proposed structure shows that the worst
standard deviation results were ob-tained for a distance in the mid-
dle of the interval. However, a relative error was observed for the
shortest distance. Owing to the design changes introduced, it was
possible to reduce the standard devi-ation in the middle range of
the working area at the expense of that in the upper range. Com-
paring the second structure with the first one, the relative error in
the lower range of the working area was signif-icantly reduced,
reaching its lowest value for all the displacements.

For both structures, a negative kurtosis was maintained for all
the displacements. Thus, it was pos-sible to determine both the dis-
tribution and concentration of the results. Negative kurtosis values
indi-cate a platykurtic distribution and a lack of outliers, which
strongly proves the clustering of results around the mean value.

An important parameter in a distribution is skewness. A skew-
ness coefficient below 0 indicates left-handed asymmetry of the dis-
tribution. This means that most of the results are above the aver-
age. In case of coefficient values above 0 (right-handed distribu-
tion), most results are below the mean. For both structures, nega-
tive values of skewness were obtained for all trajectories (except
for the positions of the first and second structures, which remained
close to 0). The difference in the results for the 84.0-mm and 121.2-
mm trajectories was due to a structural change and deliberate
change in the standard deviation and relative error by a design
change at the expense of other parameters. For both designs, the
individual positioning tests were inside the mean +3a interval. Ac-
cording to this analysis, a high level of repeatability and concentra-
tion of results was confirmed.

The algorithm for the first construction enabled the learning pro-
cess to be maintained and repro-duced in automatic mode below
+1.0 mm, taking into account the measurement of the pattern itself
as well as the measurement of the implementation of the marker
trajectory. However, for the second structure, the results were be-
low £0.6 mm.

The research conducted using all the applications, advanced
multisensory equipment, measure-ment methods, and statistical
analysis, has proven that the application of the same algorithm to
two different designs does not have to negatively affect the result-
ing positioning quality. By respecting the calculation rules of both
the trajectory of movements and geometric dimensions of the ma-
nipulator as well as the working area, with the same program exe-
cuting the manipulator's movement, it is possible to improve posi-
tioning parameters by interfering only with the mechanical struc-
ture. The statistical calculations used during the analysis of the re-
sults confirmed the assumptions related to the analysis of
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positioning quality and repeatability of the manipulator movement
trajectory in automatic mode.

In the subsequent stages of research, particular emphasis will
be placed on two key issues that may significantly influence the
further optimization of accuracy and reliability in the operation of
robotic manipulators in advanced industrial environments.

First, the application of a photogrammetric system is planned
for the precise determination of the spatial positions of individual
nodes within the manipulator’s kinematic structure. This approach
will enable high-resolution reconstruction of the robot's geometry
and accurate mapping of its actual motion trajectory, thereby allow-
ing for a detailed analysis of deviations from the pre-programmed
paths. Photogrammetry, as a non-contact and high-precision meas-
urement method, will be essential for evaluating spatial relation-
ships and identifying potential kinematic discontinuities under real
operating conditions.

Second, the impact of the payload mass on positioning accu-
racy will be examined. This factor is of crucial importance in real-
world industrial applications, where variations in the carried load
can cause structural deflections and inertial effects, which in turn
negatively affect trajectory tracking accuracy. The planned studies
will include manipulation tests under various payload conditions to
assess the extent to which load mass affects the stability and pre-
cision of positioning. These analyses will be conducted using two
independent measurement systems: a multisensor coordinate
measuring machine (CMM) and a photogrammetric system. This
dual-approach will allow for cross-verification of results and provide
a comprehensive evaluation of the applicability and accuracy of
both methods in the context of dynamic and spatial measurements.

The findings obtained from this research will make a significant
contribution to the development of universal and adaptive control
algorithms capable of compensating for structural deformations and
trajectory disturbances caused by variable load conditions. The ul-
timate goal of these activities is to enhance the precision, flexibility,
and reliability of robotic systems used within the framework of In-
dustry 4.0.
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